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Abstract 

Concrete is sometimes regarded as a synonym of progress, resistance and durability. 

Still, this material is not immune to deterioration which affects its performance, 

ultimately leading to a loss of serviceability of structures. Among the various 

pathologies that can affect concrete is the alkali-aggregate reaction, which results from 

the chemical reaction between alkalis in the cement and reactive minerals present in 

aggregates. 

In Portugal, the alkali-aggregate reaction was recognized in structures in the beginning 

of the 1990’s and since then a lot of work has been carried out in order to study the 

components of concrete but also to repair the affected structures, when possible, and 

prevent the occurrence of this pathology. 

As part of a major project (Project IMPROVE), the work developed in this thesis focus 

on the prevention of alkali-aggregate reaction by investigating fourteen Portuguese 

aggregates that are currently being exploited for concrete purposes, namely granitic, 

volcanic and carbonate rocks. The aggregates were characterized by polarizing 

microscopy, complemented with several techniques, such as chemical analysis, 

scanning-electron microscopy, electron-probe micro-analysis, X-ray diffraction and 

phosphoric acid method. Expansion tests were performed by producing mortar-bars 

and concrete prisms with the aggregates and exposing the specimens to various 

environmental conditions in order to determine the potential reactivity of the different 

rock types. 

While the petrographic examination revealed the presence of potential deleterious 

materials in various aggregates, the expansion tests allowed confirming or discarding 

the possibility of these constituents to trigger alkali-aggregate reaction. The results 

were plotted in comparison charts in order to find which method best fits the 

petrographic conclusions and also to define which of the accelerated tests seems to 

correlate with field performance. The results obtained will be useful in predicting the 

field performance of concrete in accordance to international and national 

recommendations and specifications. 

 

Keywords: aggregates; petrography; alkali-aggregate reactions 
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Resumo 

O betão é, muitas vezes, considerado um sinónimo de progresso, resistência e 

durabilidade. No entanto, este material não é imune a deterioração, a qual afecta o seu 

desempenho em obra, levando, em último caso, a uma diminuição da vida útil das 

estruturas. Entre as diferentes patologias que podem afectar o betão encontra-se a 

reacção álcalis-agregado, a qual resulta da reacção química entre os álcalis do 

cimento e minerais reactivos presentes nos agregados. 

Em Portugal, a reacção álcalis-agregado foi reconhecida em estruturas no início da 

década de 90 do século passado, e desde aí um grande volume de trabalho tem vindo 

a ser desenvolvido com o objectivo de estudar os componentes do betão e também, 

quando possível, reparar as estruturas afectadas e prevenir a ocorrência desta 

patologia. 

Como parte de um projecto mais abrangente (Projeto IMPROVE), o trabalho 

desenvolvido no âmbito desta tese foca-se na prevenção da reacção álcalis-agregado 

através da investigação de catorze agregados portugueses, nomeadamente rochas 

graníticas, vulcânicas e carbonatadas, que atualmente se encontram a ser explorados 

para serem utilizados no fabrico de betão. A caracterização dos agregados foi 

realizada ao microscópio polarizante e complementada com diversas técnicas, tais 

como análise química, microscopia electrónica de varrimento, microssonda eletrónica, 

difração de raios-X e método do ácido fosfórico. Foram realizados ensaios de 

expansão através da produção de barras de argamassa e prismas de betão com os 

agregados investigados, expondo os provetes a várias condições ambientais com o 

objectivo de determinar a reatividade potencial dos diferentes tipos de rochas. 

Enquanto o exame petrográfico revelou a presença de componentes potencialmente 

reativos em vários agregados, os ensaios de expansão permitiram confirmar ou 

descartar a possibilidade destes constituintes desencadearem a reacção álcalis-

agregado. Os resultados foram projetados em gráficos comparativos com as finalidades 

de avaliar qual o ensaio que melhor se coaduna às conclusões do exame petrográfico e 

de definir qual dos ensaios acelerados se correlaciona com o desempenho em obra. Os 

resultados obtidos serão úteis na previsão do desempenho em obra dos agregados e do 

betão de acordo com recomendações e especificações nacionais. 

 

Palavras-chave: agregados; petrografia; reações álcalis-agregado 
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Fibrolite needles in association with biotite; O) Fluorite crystal; P) Rutile needles in 

partially chloritized biotite. 

Figure 52 – Aggregate GR1. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 53 – Aggregate GR1. Boxplot of the undulatory extinction angle of the quartz 

crystals. 

Figure 54 – Hand sample of aggregate GR2. 

Figure 55 – Microphotographs of aggregate GR2. All photos in XPL. A) Chess-board 

subgrain pattern in a quartz crystal with irregular boundaries; B) Preferred orientation 

of elongated quartz crystals with subgraining and recrystallized quartz grains; C) 

Globular quartz in microcline megacryst; D) Colonies of myrmekites in plagioclase. 

Polysinthetic twins show tapering edges; E) Parallel preferred orientation of plagioclase 

inclusions in a microcline megacryst; F) Flame-like perthites in K-feldspar; G) Bent and 

broken polysynthetic twin planes with tapering edges in plagioclase; H) 

Microclinitization and muscovitization of an altered plagioclase crystal.  

Figure 55 (cont.) – Microphotographs of aggregate GR2. Photos J and K in XPL. 

Photos I, L, M, N, O, and P in PPL.  I) Deformed biotite; J) Deformed muscovite; K) 

Bent muscovite crystal; L) Microcracked tourmaline; M) Biotite crystal with abundant 

zircon inclusions and pleochroic haloes; N) Euhedral apatite crystal with zircon 

inclusions; O) Leucoxene and opaque minerals along chlorite cleavage planes; P) 

Rutile needles scattered in chlorite. 

Figure 56 – Aggregate GR2. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 57 – Aggregate GR2. Boxplot of the undulatory extinction angle of quartz 

crystals. 

Figure 58 – Hand sample of aggregate GR3. 
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Figure 59 – Microphotographs of aggregate GR3. Photos B, C, D, E, F, G and H in 

XPL. Photo A in PPL.  A) Microcrack filled with oxides crossing the essential minerals 

of aggregate GR3; B) Extinction bands in quartz; C) Reaction texture between quartz 

and K-feldspar; D) Globular quartz in microcline megacryst; E) Globular quartz in 

plagioclase; F) Myrmekitised plagioclase; G) Perthitic microcline; H) Microcrystalline 

muscovite in the core of a microcraked plagioclase. Microcracks filled with oxides.  

Figure 59 (cont.) - Microphotographs of aggregate GR3. Photos J, L and O in XPL. 

Photos I, K, M, N and P in PPL. I) Poikilitic biotite with inclusions of zircon, apatite and 

opaque minerals. A slight chloritization can be observed on the left border along with 

the formation of rutile needles; J) Late muscovite with low interference colours; K) 

Pinkish andalusite crystal; L) Subhedral microcracked andalusite crystal in association 

with muscovite; M) Zircon inclusions in apatite; N) Leucoxene in muscovitized biotite; 

O) Chlorite with inclusions of apatite, zircon, opaque minerals. Leucoxene is filling the 

cleavage planes; P) Rutile needles in partially chloritized biotite. 

Figure 60 – Aggregate GR3. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 61 – Aggregate GR3. Boxplot of the undulatory extinction angle of the quartz 

crystals. 

Figure 62 – Hand sample of aggregate GR7. 

Figure 63 – Microphotographs of GR7 aggregate. All photos in XPL. A) Serrated limits 

in quartz grains; B) Undulatory extinction in quartz grain; C) Globular quartz in 

microcline; D) Micrographic quartz in plagioclase; E) Myrmekites in the interface 

plagioclase/microcline; F) Intra- and intercrystalline microcracks in quartz; G) Poikilitic 

microcline with plagioclase inclusions; H) Perthites in microcline.  

Figure 63 (cont.) - Microphotographs of GR7 aggregate. Photos I, J, L, M and N in 

XPL. Photos K, O and P in PPL. I) Carbonates and microcrystalline muscovite as 

alteration products in plagioclase; J) Oscillatory zoning in plagioclase showing 

microcrystalline muscovite as an alteration product; K) Inclusions of leucoxene, opaque 

minerals and fluorite in chloritized biotite; L) Chlorite with leucoxene filling its cleavage 

planes; M) Leucoxene, opaque minerals and K-feldspar along chlorite cleavage plains; 

N) Symplectic muscovite; O) Zircon inclusions with pleochroic haloes in biotite; P) 

Zircon and opaque mineral inclusions in apatite. 

Figure 64 – Aggregate GR7. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 65 – Aggregate GR7. Boxplot of the undulatory extinction angle of the quartz 

crystals. 

Figure 66 – Hand sample of aggregate GR17. 

Figure 67 - Microphotographs of aggregate GR17. All photos in XPL. A) Serrated 

boundaries in quartz crystals with scattered rutile inclusions; B) Chessboard subgrain 

pattern in a quartz crystal; C) Euhedral quartz inclusion in K-feldspar; D) Globular 

quartz in microcline; E) Micrographic quartz in an altered plagioclase; F) Myrmekites in 

plagioclase; G) Cross-hatch twinning in microcline; H) Microcline with inclusions of 

plagioclase and globular quartz.  

Figure 67 (cont.) - Microphotographs of GR17 aggregate. Photos I, J, K, M, N and O 

in XPL. Photos L and P in PPL. I) Perthites in K-feldspar; J) Altered plagioclase into 

microcrystalline muscovite; K) Biotite included in quartz; L) Apatite inclusions and 

muscovite flake replacing biotite with opaque minerals along the cleavage planes; M) 

Reaction texture between quartz and late muscovite; N) Zircon with pleochroic haloes 

in muscovite; O) Well-developed zircon in association with opaque mineral and 

leucoxene; P) Chloritized biotite with rutile inclusions. 

 

 

 

 

 

 

151 

 

 

 

 

 

 

 

152 

 

153 

 

153 

154 

 

 

 

 

157 

 

 

 

 

 

 

 

158 

 

159 

 

159 

160 

 

 

 

 

 

163 

 

 

 

 

 

 

164 

 



 
FCUP 

Characterization of the potential reactivity to alkalis of Portuguese aggregates for concrete 

xvii 

 
 
Figure 68 – Aggregate GR17. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 69 – Aggregate GR17. Boxplot of the undulatory extinction angle of the quartz 

crystals. 

Figure 70 – Hand sample of aggregate GR18. 

Figure 71 – Microphotographs of aggregate GR18. All photos in XPL. A) Undulatory 

extinction in a quartz crystal; B) Sutured quartz boundaries; C) Chessboard subgrain 

pattern in an elongated quartz crystal (on the top). Recrystallized quartz occurs in the 

interface of the larger grains; D) Globular quartz and plagioclase inclusions in 

microcline; E) Globular quartz in plagioclase; F) Myrmekites in plagioclase 

neighbouring K-feldspar; G) Microcline with cross-hatch and Carlsbad twins. Perthites 

can also be observed; H) Flame-like perthites in microcline.  

Figure 71 (cont.) - Microphotographs of aggregate GR18. Photos I, J, L, M and N in 

XPL. Photos K, O and P in PPL. I) Bent plagioclase crystal; J) Microcrystalline 

muscovite in the core of plagioclase. More well-developed late muscovite  also grows 

in plagioclase; K) Kinked cleavage planes in biotite; L) Folded muscovite crystal; M) 

Bent muscovite cleavage planes filled with leucoxene; N) Symplectic fringes of 

muscovite; O) Totally chloritized biotite with zircon, apatite and opaque mineral 

inclusions; P) Fibrolite needles replacing muscovite and biotite. 

Figure 72 – Aggregate GR18. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 73 – Aggregate GR18. Boxplot of the undulatory extinction angle of the quartz 

crystals. 

Figure 74 – Hand sample of aggregate GR19. 

Figure 75 – Microphotographs of aggregate GR19. All photos in XPL. A) Deformation 

lamellae in quartz; B) Chessboard subgrain pattern in a quartz crystal; C) Sutured 

quartz boundaries; D) Micrographic quartz in microcline; E) Myrmekites in plagioclase; 

F) Perthitic microcline; G) Microcline with cross-hatch twinning and a plagioclase 

inclusion; H) Albitic crown in an altered plagioclase crystal included in microcline.  

Figure 75 (cont.) – Microphotographs of aggregate GR19. Photos I, J, L, M and P in 

XPL. Photos K, N and O in PPL. I) Carlsbad twinning in plagioclase; J) Plagioclase 

with oscillatory zoning. The occurrence of microcrystalline muscovite is stronger in the 

calcium-richer core of the crystal; K) Biotite with numerous zircon inclusions and 

respective pleochroic haloes; L) Late symplectic muscovite growing on microcline; M) 

Slightly bent muscovite; N) Subhedral andalusite crystal with microcracks; O) 

Chloritized biotite with leucoxene filling the cleavage planes and inclusions of apatite; 

P) Fibrolite needles in plagioclase. 

Figure 76 – Aggregate GR19. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 77 – Aggregate GR19. Boxplot of the undulatory extinction angle of the quartz 

crystals. 

Figure 78 – Hand sample of aggregate GR20. 

Figure 79 – Microphotographs of aggregate GR20. All photos in XPL. A) Quartz with 

serrated boundaries and intercrystalline microcracks; B) Undulatory extinction in 

quartz; C) Globular quartz in plagioclase; D) Myrmekites in plagioclase neighbouring K-

feldspar; E) Perthites in orthoclase; F) Microcline with biotite and altered plagioclase 

inclusions; G) Albitization of orthoclase; H) Carlsbad twin in plagioclase.  
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Figure 79 (cont.) - Microphotographs of aggregate GR20. Photos I, K and M in XPL. 

Photos J, L, N, O and O in PPL. I) Plagioclase with oscillatory zoning; J) Biotite with 

inclusions of zircon, apatite and opaque minerals; K) Late muscovite including 

microcline; L) “Muscovite” that results from the loss of iron of biotite; M) Symplectic 

fringes of muscovite; N) Microcracked tourmaline crystal; O) Pinkish andalusite 

replaced by muscovite; P) Rutile needles in chloritized biotite. 

Figure 80 – Aggregate GR20. Classes of the undulatory extinction angle of the quartz 

crystals. 

Figure 81 – Aggregate GR20. Boxplot of the undulatory extinction angle of the quartz 

crystals. 

Figure 82 – Classification of the investigated granitic aggregates according to the 

QAPF modal classification of plutonic rocks (based on Streckeisen, 1976). The corners 

of the triangle are Q (quartz), A (alkali feldspar), P (plagioclase). The omission of F 

(feldspathoid) corner is justified by the silica oversaturation of the studied rocks. 

Figure 83 – Distribution of the investigated granitic aggregates in the ASTM C 289 

plot. 

Figure 84 – Expansion results for the granitic aggregates when submitted to the 

accelerated mortar-bar test at 80ºC (ASTM C 1260). 

Figure 85 – Expansion results for the granitic aggregates when submitted to the 

accelerated mortar-bar test at 80ºC (ASTM C 1260) during one year. 

Figure 86 – Expansion results of the accelerated concrete prism test at 60ºC (RILEM 

AAR-4.1) concerning the investigated granitic aggregates. 

Figure 87 – Expansion results of the extended accelerated concrete prism test at 60ºC 

(RILEM AAR-4.1) concerning the investigated granitic aggregates. 

Figure 88 – Expansion results of the concrete prism test at 38ºC (RILEM AAR-3) 

concerning the investigated granitic aggregates. 

Figure 89 – Expansion performance of aggregate GR2 in the concrete prism test at 

38ºC (RILEM AAR-3) for two years of testing. 

Figure 90 – Aggregate GR1. Void totally filled with gel. It was observed in the thin-

section produced from the concrete prism tested according to RILEM AAR-3. A) Under 

optical microscope (PPL); B) Image obtained by SEM. 

Figure 91 – Aggregate GR1. Voids filled by gel observed in the thin section from the 

concrete prism with aggregate GR1 tested according with RILEM AAR-4.1. A and B) 

Under optical microscope (PPL); C and D) Images obtained by SEM; E and F) Spectra 

by EDS. 

Figure 92 – Aggregate GR1. Gel in the interface of an aggregate particle and the 

cement paste, in the thin-section from the concrete prism tested according with RILEM 

AAR-4.1.  A and B) Under optical microscope (PPL); C and D) Images obtained by 

SEM; E and F) Spectra by EDS. 

Figure 93 – Aggregate GR2. Gel in the interface of an aggregate particle and the 

cement paste, in the thin section from the concrete prism tested according with RILEM 

AAR-3.  A and B) Under optical microscope (PPL); C and D) Images obtained by SEM; 

E and F) Spectra by EDS. 

Figure 94 – Aggregate GR2. Gel filling cracks inside the granitic particle of coarse 

aggregate, in the thin-section from the concrete prism tested according with RILEM 

AAR-3. In the interface between the aggregate particles and the cement paste 

ettringite acicular particles developed. A) Under optical microscope (PPL); B) Image 

obtained by SEM; C, D and E) Spectra by EDS (Z1, Z2, Z3). 

Figure 95 – Aggregate GR2. Acicular crystals of ettringite in the cracks between the 

aggregate particles and the cement paste.  A and B) Under optical microscope (PPL); 

C and D) Images obtained by SEM; E) Spectrum by EDS. 
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Figure 96 – Aggregate GR2. Gel in a void and filling a crack and void in the interface 

of cement paste with a granitic particle, in the thin- section from the concrete prism 

tested according with RILEM AAR-4.1. A and B) Under optical microscope (PPL); C 

and D) Images obtained by SEM; E and F) Spectra by EDS. In each field Z2 is similar 

to Z1. 

Figure 97 – Aggregate GR3. Gel forming layers in cracks in the interface of cement 

paste with the granitic particles, in the thin-section from the concrete prism tested 

according with RILEM AAR-4.1 (A, B, C under PPL; D under XPL). 

Figure 98 – Aggregate GR3. Gel in the interface of cement paste with the granitic 

particles, in the thin-section from the concrete prism tested according with AAR-4.1. A, 

B and C) Images obtained by SEM; D and E) EDS spectra. 

Figure 99 – Aggregate GR3. Gel inside a crack crossing a granitic particle in the thin-

section from the concrete prism tested according with RILEM AAR-4.1. A) Under 

optical microscope (PPL); B and C) Images obtained by SEM; D) EDS spectrum. 

Figure 100 – Comparison between the percentages of microcrystalline quartz and the 

undulatory extinction angles of the quartz crystals. 

Figure 101 – Comparison between the expansions of the granitic aggregates in ASTM 

C 1260 at fourteen days and the percentages of microcrystalline quartz.  

Figure 102 – Comparison between the expansions of the granitic aggregates in ASTM 

C 1260 at twenty-eight days and the percentages of the microcrystalline quartz. 

Figure 103 – Comparison between the expansions of the granitic aggregates in ASTM 

C 1260 at fourteen days and the undulatory extinction angles of the quartz crystals.  

Figure 104 – Comparison between the expansions of the granitic aggregates in ASTM 

C 1260 at twenty-eight days and the undulatory extinction angles of the quartz crystals. 

Figure 105 – Comparison between the expansions of the granitic aggregates in RILEM 

AAR-4.1 according to LNEC E 461 (2007) and the percentages of microcrystalline 

quartz. 

Figure 106 – Comparison between the expansions of the granitic aggregates in RILEM 

AAR-4.1 according to RILEM AAR-0 (2013) and the percentages of microcrystalline 

quartz.  

Figure 107 – Comparison between the expansions of the granitic aggregates in RILEM 

AAR-4.1 according to Lindgård et al. (2010) and the percentages of microcrystalline 

quartz. 

Figure 108 – Comparison between the expansions of the granitic aggregates RILEM 

AAR-4.1 according to LNEC E 461 (2007) and the undulatory extinction angles of the 

quartz crystals.  

Figure 109 – Comparison between the expansions of the granitic aggregates in RILEM 

AAR-4.1 according to RILEM AAR-0 (2013) and the undulatory extinction angles of the 

quartz crystals.  

Figure 110 – Comparison between the expansions of the granitic aggregates in RILEM 

AAR-4.1 according to Lindgård et al. (2010) and the undulatory extinction angles of the 

quartz crystals. 

Figure 111 – Comparison between the expansions of the granitic aggregates in RILEM 

AAR-3 and the percentages of microcrystalline quartz. 

Figure 112 – Comparison between the expansions of the granitic aggregates in RILEM 

AAR-3 and the undulatory extinction angles of the quartz crystals. 

Figure 113 – Simplified geological map of Porto Santo Island (adapted from Mata et 

al., 2013). 

Figure 114 – The Late Cretateous magmatism in the Portuguese Mainland. Black 

circles indicate the main magmatic events. Geodetic coordinates, Datum World 

Geodetic System 84 (Miranda et al., 2009). 
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Figure 115 – Effect in a diffractogram of a sample containing smectite and treated with 

ethylene glycol in comparison to an untreated (air-dried) sample (Moore and Reynolds, 

1997). 

Figure 116 – Chemical classification of the studied volcanic rocks used as aggregates 

using TAS (total alkali-silica diagram) (after Le Bas et al., 1986). The dashed line 

between the foidite field and the basanite-tephrite field indicates that further criteria 

must be used to separate these rock types (after Le Maitre et al., 2002). 

Figure 117 – Likelihood of correctly classifying alkali basalt and subalkali basalt using 

TAS (after Bellieni et al., 1983) assuming equal chances of a basalt being alkali or 

subalkali. 

Figure 118 – BS6hawaiite occurs as a massive (left sample) or as a vesicular (central 

sample) rock. Sometimes it is possible to observe cracks filled with carbonates (right 

sample). 

Figure 119 – Microphotographs of sample BS6hawaiite. Photos A, B and D in XPL. 

Photos C, E, F, G and H in PPL. A) Trachytic texture conferred by the alignment of 

plagioclase crystals; B) Carbonates partially replacing the rock groundmass; C) 

Yellowish-brown smectite filling a vesicle; D) Plagioclase microphenocryst with 

polysynthetic twinning and opaque minerals inclusions in a trachytic textured 

groundmass; E) Brown hornblende microphenocryst with opaque inclusions; F) Pale 

greenish augite crystals in the groundmass; G) Hexagonal apatite microphenocryst 

with parallel opaque inclusions and in association with opaque minerals; H) Apatite 

euhedral crystals clotted in the groundmass along opaque minerals. 

Figure 120 – Sample BS6hawaiite. SEM images and respective EDS spectra of 

fluorapatite (Z1 and Z3) and its ilmenite inclusions (Z2). 

Figure 121 – Sample BS6hawaiite. SEM images and respective EDS spectra of a 

plagioclase microphenocryst (Z1) and of a plagioclase crystal (Z2) and an alkali 

feldspar (sanidine) (Z3) which are part of the groundmass. 

Figure 122 – Sample BS6hawaiite. SEM images and respective EDS spectra of 

titanomagnetite, composed of exsolved lamellae of ilmenite and magnetite (Z1, Z2 and 

Z3), and of diopside (Z4). 

Figure 123 – Sample BS6hawaiite. SEM images and respective EDS spectra of 

amygdaloidal smectite group clay (Z4) and diopside (Z5). 

Figure 124 – X-ray diffractograms of sample BS6hawaiite v.s. BS6hawaiite + ethylene 

glycol. Smec – smectite; Sn – sanidine; Dp – diopside; Ti – titanomagnetite; Ad – 

andesine; Ap – apatite. 

Figure 125 – Reddish tint basalt which composes the diverse lithology of aggregate 

BS6. Elongated vesicles define a subparallel alignment. 

Figure 126 – Microphotographs of sample BS6basalt. Photos C and E in XPL. Photos A, 

B, D, F, G and H in PPL. A) Vesicle lined by clay minerals; B) Irregular shaped vesicles 

randomly distributed in a trachytic groundmass; C) Clot of pyroxenes; D) Iddingsite 

rimming in an altered and corroded olivine. Alteration is visible inside the crystal; E) 

Euhedral olivine altered to clay minerals; F) Elongated opaque minerals scattered in 

the groundmass; G) Large opaque mineral enclosing the groundmass; H) Poorly 

crystallized red-brownish material replacing volcanic glass. 

Figure 127 – Sample BS6basalt. SEM images and respective EDS spectra of titanian 

augite (Z1) and clay of the smectite group partially filling a vesicle (Z2 and Z3). 

Figure 128 – Sample BS6basalt. SEM images and respective EDS spectra of vesicle-

lining smectite group mineral evidencing a variation in element content (Z4 – Z8), 

titanomagnetite (Z9) and apatite (Z10). 

Figure 129 – Sample BS6basalt. SEM image and respective EDS spectrum of 

titanomagnetite (Z11). 
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Figure 130 – X-ray diffractograms of sample BS6basalt v.s. BS6basalt + ethylene glycol. 

Smec – smectite; Ad – andesine; Au – augite; Ti – titanomagnetite; Ap – apatite.Figure 

131 – Hand-samples of massive (left side) and vesicular (right side) BS6basanitoid. 

Vesicles may contain carbonate crystals (red arrow). 

Figure 132 – Microphotographs of sample BS6basanitoid. Photos A, B, D, E, F and H in 

XPL. Photos C and G in PPL. A) Carbonates with spherulitic texture in void; B) 

Carbonates disseminated in the groundmass; C) Titanian augite microphenocrysts in a 

monomineralic cluster (glomeroporphyritic texture); D) Hour-glass twinning in a zoned 

pyroxene microphenocryst; E) Skeletal olivine microphenocryst rimmed by iddingsite 

and with a glass-like inclusion (inside red circle); F) Glass-like material in an inclusion 

in olivine (inside red circle); G) Microcracks in olivine filled with opaque minerals; H) 

Plagioclase lath with polysynthetic twinning in the groundmass.  

Figure 133 – Sample BS6basanitoid. SEM images and respective EDS spectra of spinel 

(s.s.) (Z1), titanomagnetite (Z2) and titanian augite (Z3). 

Figure 134 – Aggregate BS6Basabitoid. SEM images and respective EDS spectra of 

titanian augite (Z3), nepheline (Z4) and plagioclase (Z5). 

Figure 135 – Aggregate BS6Basanitoid. SEM images and respective EDS spectra of Ca 

and Mg carbonates in voids (Z4) and (Z5). 

Figure 136 – Sample BS6basanitoid. SEM images and respective EDS spectra of glass-

like material (Z1), and Mg-rich olivine (Z2). 

Figure 137 – Sample BS6basanitoid. SEM images and respective EDS spectra of the 

glass-like inclusion (Z1) in Mg-rich olivine (Z2) rimmed by iddingsite (Z3). 

Figure 138 – Sample BS6basanitoid. SEM image and respective EDS spectra of glass-

like material (Z1) included in olivine (Z2). 

Figure 139 – Sample BS6basanitoid. SEM image of the analysed glass-like inclusion 

(inside red circle) in olivine. 

Figure 140 – X-ray diffractogram of sample BS6basanitoid. Lb – labradorite; Au – augite; 

Ol – olivine; N – nepheline; Ti – titanomagnetite; D – dolomite. 

Figure 141 – Massive (left side) and vesicular (right side) hand-samples of the 

basanitoid composing aggregate BS7. 

Figure 142 – Microphotographs of aggregate BS7. Photos B, C, D and E in XPL. 

Photos A, F, G and H in PPL. A) Irregular shaped vesicles are randomly distributed in  

the basanitoid; B) Skeletal olivine microphenocryst with embayments filled with 

groundmass; C) Skeletal olivine with evident zoning; D) The variation of the 

interference colours denotes the existence of zoning in this olivine microphenocryst; E) 

Embayed olivine microphenocryst in the vesicular textured sample. Note that 

plagioclase laths are following the microphenocryst and vesicles’ outline; F) Elongated 

section of augite in the groundmass; G) Olivine microphenocryts show abundant 

irregular fractures and alteration to iddingsite; H) Opaque minerals inclusions in olivine 

microphenocryst altered to iddingsite. 

Figure 143 – Aggregate BS7. SEM image and respective EDS spectra of Mg-rich 

olivine. From the core (Z1) to olivine’s periphery (Z2), there is an enrichment in Fe. 

Figure 144 – Aggregate BS7. SEM image and respective EDS spectra of olivine (Z1 

and Z2), plagioclase (Z3), titanian augite (Z4) and titanomagnetite (Z5).  

Figure 145 – Aggregate BS7. SEM image and respective EDS spectra of plagioclase 

crystals in the groundmass: andesine (Z3 and Z4) and of a rich sodium aluminosilicate 

(analcime) (Z5).  

Figure 146 – Aggregate BS7. SEM images and respective EDS spectra of 

titanomagnetite composed of exsolved lamellae of ilmenite and magnetite (Z7 and Z6). 
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Figure 147 – X-ray diffractogram of aggregate BS7. Ad – andesine; Au – augite; Ol – 

olivine; N – nepheline; Ti – titanomagnetite; G – goethite; Hm – hematite. 

Figure 148 – X-ray diffractogram of the insoluble residue (assay 1) of aggregate BS7. 

Dp – diopside; A – albite. 

Figure 149 – X-ray diffractogram of the insoluble residue (assay 2) of aggregate BS7. 

Q – quartz; Cr – cristobalite; Lb – labradorite; Ad – andesine; R – rutile. 

Figure 150 – Different macroscopic aspects of aggregate BS8 (from left to right: 

massive texture; onion skin weathering; and conchoidal fracture). 

Figure 151 – Microphotographs of aggregate BS8. Photos A, C, D, E, F and G in XPL. 

Photos B and H in PPL. A) General aspect of the groundmass in the sample with 

compact texture. A slight parallel orientation of the plagioclase laths can be observed 

conferring a trachytic texture; B) Augite microphenocryst. Fractures and cleavage 

planes can be clearly identified; C) Clot of augite and olivine microphenocryts 

(glomeroporphyritic texture); D) Pyroxene cluster. Zoning is evident; E) Iddingsite 

mantle in olivine microphenocrysts. The partially enclosed crystals are pyroxenes; F) 

Zoned olivine. A homogeneous core is surrounded by a continuously zoned mantle, as 

indicated by the variation in interference colours; G) Skeletal olivine with a central gap 

filled with groundmass; H) Cluster of euhedral opaque minerals. 

Figure 152 – Aggregate BS8. SEM image and respective EDS spectra of fluorapatite 

(Z1), aluminium silicate clay (Z2) replacing plagioclase crystals (Z3), titanian augite 

(Z4) and titanomagnetite (Z5).  

Figure 153 – Aggregate BS8. SEM images and respective EDS spectra of titanian 

augites (Z6 and Z7), aluminium silicate clay replacing plagioclase (Z8) and plagioclase 

(Z9).  

Figure 154 – Aggregate BS8. SEM image and respective EDS spectra of olivine (Z10 
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Figure 155 – Aggregate BS8. SEM image of the analysed poorly-crystallized material 
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Figure 156 – X-ray diffractogram of aggregate BS8. Ad – andesine; Au – augite; Ol – 

olivine; Hb – hornblende; Mo – muscovite; K – kaolinite; Ti – titanomagnetite. 

Figure 157 – Hand sample of aggregate BS9. 

Figure 158 – Microphotographs of aggregate BS9. Photos A, E and F in XPL. Photos 

B, C, D, G and H in PPL. A) Intergranular doleritic texture: olivine microphenocryts 

scattered in a groundmass of plagioclase, pyroxene and olivine; B) Pinkish-brown 

cluster of titaniferous augite; C) Titaniferous augite microphenocryst altered to 

serpentine; D) Bipyramidal section of an olivine microphenocryst altered to serpentine; 

E) Olivine microphenocryst with abundant microcracks filled with serpentine; F) 

Glomeroporphyritic texture conferred by the clustering of olivine microphenocrysts; G) 

Square-shaped opaque minerals forming  a small cluster; H) Serpentine along 

microcracks of a olivine microphenocryst. It is possible to identify inclusions of opaque 

minerals.  

Figure 159 – Aggregate BS9. SEM image and respective EDS spectra of titanian 

augite (Z1), plagioclase (Z2), rich-sodium aluminosilicate (possibly albite) (Z3) and 

titanomagnetite (Z4), 

Figure 160 – Aggregate BS9. SEM images and respective EDS spectra of flaky 

smectite-chlorite group clay (Z5) filling microcracks in Mg-rich olivine (Z6). 

Figure 161 – Aggregate BS9. SEM image and respective EDS spectra of titanian 

augite (Z7), smectite-chlorite group clay (Z8 and Z9), anorthoclase (Z10) and albite 

(Z11). 
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Figure 164 – X-ray diffractograms of aggregate BS9 v.s. BS9 + ethylene glycol. Smec 
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Mo – muscovite; K – kaolinite; Ti – titanomagnetite. 
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60ºC (RILEM AAR-4.1) concerning the aggregate BS9. 
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Figure 170 – Aggregate BS6. Gel-like material in a crack in the interface of the 

aggregate particle with the cement paste in the thin-section from the concrete prism 

tested according with RILEM AAR-4.1. A and B) Under optical microscope (PPL); C) 

Image obtained by SEM; D, E and F) EDS spectra, including the composition of the gel 
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Figure 171 – Aggregate BS8. Material formed in a deeply altered particle of the sand 

fraction in the thin-section from the concrete prism tested according to AAR-4.1. A) 
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1.1 Subject 

Concrete is one of the most commonly used building materials since the 19th century. 

The production of concrete involves the mixture of the binder, coarse and fine 

aggregates, water for hydration, and additives to control workability and flow properties 

(EN 206-1, 2007).  

In the early 1900s it was recognised that concrete, although thought to be a very 

durable material, could deteriorate in consequence of different mechanisms and affect 

the good functioning of the structures. Durability of concrete is defined by its ability to 

resist to the exposure to weather (e.g. frost, freeze/thaw cycling) and to aggressive 

chemicals (e.g. acid solutions). These factors often work in addition to each other and 

together contribute to accelerate the decay of the concrete and the structures. A large 

amount of money is spent in repair and remediation measures and therefore the 

prevention of the deterioration is crucial to ensure sustainable construction industry 

(Fernandes and Broekmans, 2013). 

For the correct identification of the causes of deterioration, research has been 

developed worldwide on a global basis in order to characterize the concrete 

constituents and to evaluate their performance under different exposure conditions 

(Hobbs, 1988; ACI Committee 221, 1998; Lindgård et al., 2012a).  

Regarding the different damage mechanisms that can affect the concrete, alkali-

aggregate reaction is the one in which the activities developed by geologists are more 

rewarding, in special what concerns the application of petrographic methods and 

techniques (St John et al., 1998; Smith and Collis, 2001). 

Alkali-aggregate reaction (AAR) is a chemical reaction in either mortar or concrete 

involving the hydroxyl (OH-) ions associated with the alkalis sodium and potassium 

from Portland cement or other sources, with certain mineral phases that may be 

present in the coarse or fine aggregates. Two main types of alkali-aggregate reaction 

are distinguished, namely alkali-silica reaction (ASR) and alkali-carbonate reaction 

(ACR) (RILEM AAR-6.1, 2013). 

ASR is thought to involve amorphous, disordered or poorly crystallized silica in the 

aggregate, exposed to the concrete interior at pH~14. In consequence of the reaction, 

a hygroscopic alkali-silica gel is formed (Hobbs, 1988; Lindgård et al., 2012a) which gel 

expands and exerts swelling pressures inside the reactive aggregate particle, sufficient 

to induce and propagate fractures. However, deleterious ASR will only occur if the 
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following three conditions are simultaneously fulfilled (Hobbs, 1988; Fournier et al., 

2010): presence of sufficient fluid, sufficient availability of alkalis and reactive forms of 

silica. 

A lot of research has been developed since middle 1900s in order to identify the 

components of the rocks and minerals that are involved in this process of deterioration. 

In fact, this type of deterioration mechanism has been identified in different countries in 

all the continents along decades and national recommendations have been established 

in order to prevent the occurrence of the reactions. As example, ASR was accepted as 

an issue in the UK in 1971 (Sims, 1992; BRE Digest 330, 2004), in Germany in 1960, 

in France in 1976 (Louarn and Larive, 1993), in Japan in 1983 (Nishibayashi et al., 

1992). In New Zealand, ASR was considered an issue since 1943 (St John, 1992). 

Some countries, such as the Netherlands, denied the occurrence of ASR for decades 

until it became very evident mainly in viaducts (Broekmans, 2002). 

In Portugal, the first structures affected by alkali-aggregate reactions were diagnosed in 

the 1990s. Since then, a large number of concrete dams and bridges have been 

studied and diagnosed to have deteriorated due to this mechanism (Silva and 

Rodrigues, 1993; Neiva et al., 1995; Ramos et al., 1996; Braga Reis et al., 1996a; 

Fernandes, 2005; Santos Silva, 2005; Castro, 2008). 

The evaluation of the susceptibility of the different main types of aggregates used in 

concrete in Portugal is showing to be of the highest importance in order to prevent this 

reaction in future constructions. There are different methods of evaluation of the 

aggregates which differ in duration and costs. Also, some tests have shown to have 

limited application to the various types of rocks. 

The present work has been partially funded by the project IMPROVE – “Improvement 

of performance of aggregates in the inhibition of alkali-aggregate reactions in concrete” 

which aims to evaluate accurately the conditions to minimize the occurrence of AAR in 

Portugal, namely by: 

- a correct assessment of the potential reactivity of Portuguese aggregates; 

- the study of the conditions of the application of these rocks in order to establish 

guidelines and recommendations to be used in large structures; 

- contributing for the knowledge of the AAR mechanisms. 



FCUP 
Chapter 1 - Introduction 

5 

 

The recommendations to be elaborated and updated according to the main findings of 

the project will have an innovative character and it is intended that the principles can be 

adopted on a global basis in international projects.  

In this thesis three different types of rocks were selected and a wide number of tests 

applied. The most common aggregates used in the Mainland are of granitic 

composition and carbonate rocks. Volcanic rocks are used in the islands of Azores and 

Madeira and seldom in the Mainland. Therefore, the selected samples are of the three 

types: granitic (eight samples), volcanic (four samples) and carbonate (two samples). 

The volcanic rocks of Azores are being studied under a scope of a specific research 

project and were not included in the present study.  

 

1.2 Objectives 

Concerning the historical background presented above and the situation in Portugal 

regarding the problematic of alkali-aggregate reactions, the main objectives of this 

thesis are: 

(i) to characterize the potential alkali-reactivity of Portuguese aggregates for concrete 

through the use of an adequate methodology, in conformity with international and 

Portuguese recommendations and specifications; 

(ii) to define the best test method to assess the potential reactivity of the slow/late 

reactive aggregates; 

(iii) to establish possible correlations between the different test methods and between 

those and the petrographic method; 

(iv) to contribute for the elaboration of new Portuguese standards for the prevention of 

AAR.  

The ultimate goal of the present work is to contribute to a better knowledge of alkali-

aggregate reaction in Portugal, and thus to the sustainable exploitation of the 

aggregates and their use in future safe constructions. 

In order to achieve these goals, several procedures were carried out. The methodology 

follows the Portuguese and international recommendations. The procedures worldwide 

accepted include a cascade of tests which start with quicker and cheaper tests and 

develop towards longer tests. The long term tests have practical limitations related to 
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the duration (one year) and its incompatibility with the deadlines involved in 

construction works. They are usually performed when doubts still remain after the 

accomplishment of the first tests and whenever the aggregates are classified as 

potentially reactive to alkalis by the petrographic method and by the accelerated mortar 

and concrete expansion tests. It is recognized that in the laboratory tests the 

specimens are submitted to extreme conditions quite different from those verified in 

real structures. Therefore, the long term test should be the one which best reflects the 

exposure conditions of the structures. However, experience shows that even this test 

can show limitations for certain aggregates. 

Taking into account the aforementioned, the procedures that were carried out in the 

scope of the present work were performed according to the following sequence:  

- identification of the main Portuguese suppliers of aggregates for current constructions 

in the Mainland and Madeira and Porto Santo Islands; 

- collection of representative samples of aggregates from selected quarries; 

- assessment of the potential reactivity of aggregates. For this purpose, two 

approaches were followed, namely:  

(i) visual methods – petrographic examination and complementary methods; 

(ii) laboratory tests based on the performance of the aggregates when used in mortar 

and concrete mixtures and exposed to extreme conditions. 

In the schedule established for the work developed some overlapping of activities 

occurred in order to take the best advantage of the time available. In consequence, the 

charts presented show in some cases different duration of the laboratory tests which is 

due to the different timetable for the collection of the samples, manufacture of the 

sieved fractions and starting of the different tests. 

 

1.3 Organization of the thesis 

This thesis is organized in the following nine chapters: 

Chapter 1 – Introduction  

Chapter 2 – Alkali-aggregate reaction 

Chapter 3 – Alkali-silica reaction in Portugal 
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Chapter 4 – Materials and methods 

Chapter 5 – Characterization of granitic aggregates 

Chapter 6 – Characterization of volcanic aggregates 

Chapter 7 – Characterization of carbonate aggregates  

Chapter 8 – Overall discussion of laboratory tests 

Chapter 9 – Conclusions and future research 

 

The introductory Chapter 1 includes a brief historical background on the problematic of 

the alkali-aggregate reactions and describes the objectives and organization of the 

thesis. 

In Chapter 2, an overview on the mechanisms of alkali-aggregate reaction, focusing 

particularly on alkali-silica reaction as a deleterious mechanism of concrete, is 

presented. The effects of this phenomenon in concrete structures are referred as its 

occurrence involves the expense of large amounts of money in many countries around 

the world. 

The state-of-the-art concerning alkali-aggregate reaction in Portugal, including its 

manifestations in field structures, is the subject of Chapter 3. Existent national 

specifications and recommendations regarding the prevention of this type of pathology 

are presented. 

The materials and methods applied in this investigation are described in Chapter 4. 

Concerning the methodology, the main advantages and drawbacks of each test 

method are discussed, based on the literature and on the international experience with 

the tests for different aggregate types. 

Chapters 5, 6 and 7 deal with the characterization of the potential alkali reactivity of the 

selected Portuguese granitic, volcanic and carbonate aggregates, respectively. All the 

chapters start with an overview of the problematic concerning the respective aggregate 

type followed by a description of the studied materials.The results of the petrographic 

assessment are presented as well as the results of the tests applied for their 

performance evaluation. The discussion of the results leads to the delineation of the 

main conclusions regarding each rock type. 
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An overall discussion of the laboratory tests is made in Chapter 8 concerning the 

performance of all the investigated aggregates. In this chapter comparative charts are 

drawn in which the results from the laboratory tests are plotted. The adequacy of the 

applied methodology for each aggregate type is also discussed as well as the 

usefulness of each test method considering the specific characteristics of the studied 

rock types towards the alkali-aggregate reactions. 

The last chapter, Chapter 9, refers to the general conclusions of the research, 

emphasising the most important aspects of the obtained results and pointing the 

direction for future investigations. 

In the Annexes, the worksheets from the expansion tests are included for reference. 

These files are plotted as received from the laboratory and, therefore, they are settled 

in Portuguese. However, their reading will not be a problem as the worksheets follow 

the international laboratory procedures. 
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ALKALI-AGGREGATE REACTION 
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2.1 Overview 

Alkali-aggregate reaction (AAR) is a chemical reaction in either mortar or concrete 

involving the hydroxyl (OH-) ions associated with the alkalis sodium and potassium 

from Portland cement or other sources, with certain mineral phases that may be 

present in the coarse or fine aggregates (RILEM AAR-6.1, 2013) leading to the 

premature distress and loss in serviceability of affected concrete structures. This 

phenomenon was first observed in the 1930s in California (USA) and later documented 

by Stanton (1940) (Fig. 1). Since then, many other cases affecting various types of 

concrete structures, such as dams, bridges and pavements, have been reported 

worldwide. 

 

 

Figure 1 – Thomas Stanton standing next to a wall affected by alkali-aggregate reaction 

(http://www.fhwa.dot.gov/pavement/concrete/reactive/issue01.cfm). 

 

As a generic term, AAR has been subject to several subdivisions. In 1975, Gillot 

attempted to divide AAR in three subcategories taking into account the reactive 

components involved and the reaction mechanisms, as follows: 
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- alkali-silica reaction (ASR) – reactive constituents include meta-stable silica forms 

(e.g. opal, chalcedony, cristobalite, tridymite, and acidic volcanic glasses in accordance 

to a list by Mielenz (1946)); 

- alkali-silicate reaction – fine-grained and strained quartz along disordered silica forms 

and phyllosilicates are considered to be the reactive phases in some sedimentary and 

metamorphic rocks and possibly in granitic rocks; 

- alkali-carbonate reaction (ACR) – coarse grain-sized dolomite in dolomitic carbonate 

rocks is the reactive constituent. 

Later on, taking into consideration apparently distinguishable characteristics – delayed 

onset of expansion of concrete prism tests and the very long term span before cracking 

becomes evident in concrete structures (up to twenty years) – the Canadian Standard 

Association (CSA, 1986) renamed alkali-silicate reaction as “slow/late expanding alkali-

silicate/silica reaction” (SLEASS). Recently, Jensen (2012a, 2013) proposed a 

reclassification of AAR, based on the expansion rate and the intervening reactive 

minerals and rocks rather than on reaction mechanisms, into: “very fast reactive AAR” 

(includes ACR and some very unstable silica constituents; the damaging effect in 

concrete occurs from few days (laboratory) to less than one year), “fast reactive ASR” 

(damaging effect generally within few years) and “slow reactive ASR” (damaging effect 

within ten years or more).  

Currently, AAR is considered to be divided into two groups (RILEM AAR-6.1, 2013; 

USDT, 2013): ASR and ACR. ASR is regarded as the most common AAR type on a 

worldwide basis, whilst ACR is much less commonly observed.  

In this thesis the focus will be put on ASR since it is the most common reaction and 

there is a general agreement towards its mechanisms. In what concerns ACR, 

consensus has not yet been reached since its triggering mechanisms seem far from 

being completely clarified and accepted. This subject will be addressed in Chapter 7 in 

an attempt to contribute to the comprehension of the matter. 

 

2.2 Key parameters controlling ASR 

There are three widely accepted necessary and sufficient requirements for ASR to 

occur (Fig. 2): 1) the presence of reactive forms of silica in the aggregate; 2) a source 

of alkalis (controlling the concentration of OH- ions in the pore solution); and 3) 
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sufficient moisture. The optimum combination of conditions 1) and 2) is essential to 

initiate ASR whereas condition 3) is essential to cause swelling of a gel (Zollinger et al., 

2009). As the simultaneous presence of these parameters is required, the absence of 

any of them will inhibit ASR to happen (Nixon et al., 2004). For this reason, all 

recommendations in order to avoid ASR are based in the suppression of at least one of 

the mentioned key parameters (CR 1901, 1995; Braga Reis and Santos Silva, 1996, 

1997; LNEC E 461, 2007). 

 

 

 

 

 

 

 

 

 

Figure 2 – Primary factors influencing alkali-silica reaction in concrete; 
1
 Supplementary Cementitious Materials  

(adapted from Zollinger et al., 2009). 

 

Once initiated, the reaction is highly affected by any pre-existing or transient conditions 

that may alter the availability of any one of the three mentioned parameters. The wide 

range of materials, mixture characteristics and exposure conditions found within a 

single concrete element lead to significant variation of the associated deterioration over 

the structure’s geometry and service life (Deschenes et al., 2009). 

 

2.2.1 Reactive minerals 

As previously mentioned, ASR occurs between the alkaline pore fluid and one or more 

silica reactive components in the aggregate. In Tab. 1 the silica phases considered as 

potentially reactive to alkalis are presented. 

Silica 

Sufficient 

Moisture 

Sufficient 

Alkalis 

ASR 

  Reactive Minerals 
 

  Amorphous silica 
  Cryptocrystalline quartz 
  Strained quartz 
  Tridymite 
  Cristobalite 
  Moganite 
  Opal 
  Volcanic glass 

 

 

  Moisture 
 

  Relative Humidity > 80 % 
  External sources 
   

 

 

Source of Alkalis 
 

  Portland cement 
  SCMs

1
 

  Aggregate 
  Chemical admixtures 
  External sources 
 (seawater and de-icing 
salt) 
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Table 1 – Potentially alkali-reactive siliceous components (adapted from RILEM AAR-1, 2003; Mindess et al., 2003; 

Blight and Alexander, 2011; RILEM AAR-1.1, 2013). 

Mineral type Physical form Occurrence 
Alkali-silica reactive 
components 

Cristobalite crystalline Very high temperature form of silica 
with a lower density than quartz 
occurring in certain felsic volcanic rocks 
or as metastable constituent in some 
acid volcanic rocks, in some 
sandstones containing siliceous fossils 
and in some flints. Uncommon. 

Cristobalite is reactive. 

Tridymite crystalline High temperature silica polymorph 
occurring as a metastable constituent in 
some acid volcanic rocks and as a low 
temperature form in some sandstones 
containing siliceous fossils and in some 
flints with a lower density than quartz. 
Uncommon. 

Tridymite is reactive. 

Quartz crystalline The most abundant mineral in the 
earth’s crust and the most common 
crystalline form of silica. 

Intensely fractured, 
granulated or highly-
strained quartz is 
possibly reactive. Some 
microcrystalline (< 100 
µm) or cryptocrystalline 
(< 10 µm) forms are 
reactive. 

Moganite crystalline Little known silica polymorph occurring 
frequently in chert/flint, and in other 
lithologies altered at low temperature.  

Moganite is probably 
reactive. 

Chalcedony, 
Chalcedonic 
silica 

microcrystalline 
quartz/poorly 
crystalline 

Very fine-grained silica variety with a 
distinctive feather-like microstructure. 
Widespread. 

Chalcedony is reactive. 

Opal or 
Opaline silica 

amorphous Essentially hydrated amorphous silica 
with low density and variable water 
content. Common as a minor 
constituent in sedimentary rocks. Opal 
varieties include opal-AN (amorphous), 
opal-C (structure similar to cristobalite) 
and opal-CT (structure similar to 
cristobalite and tridymite). 

Opaline silica is highly 
reactive. 

Volcanic glass amorphous Non-crystalline phase within some 
volcanic rocks, may be “devitrified” to 
very fine or incipient crystals. 

Some volcanic glass 
(dacitic and rhyolitic 
glass (SiO2 > 62 %), 
hydrated rhyolitic glass) 
or devitrified glass is 
reactive. Tridymite or 
cristobalite might be 
present when glass is 
devitrified. 

Artificial glass amorphous Alkali-silica-rich-glass phases (e.g. 
Pyrex) 

Disordered opaline 
phases. 
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As silica is the main constituent of Earth’s crust, the presence of siliceous components 

is common in igneous, metamorphic and sedimentary rocks. Such fact has been 

responsible for the classification of a great number of rock types as potentially reactive. 

However, there is evidence that apparently similar rock types can vary greatly in 

reactivity in practice depending on their geological history. For several rock types, there 

are reactive or non-reactive varieties according to differences in the detailed 

mineralogical composition or texture (RILEM AAR-1, 2003). Therefore it is inaccurate 

to rely only on the rock type criterion for aggregate reactivity and instead strong 

attention should be focused on the type of reactive siliceous constituents in the rock. 

Different lists have been published throughout the years with the aim to facilitate the 

identification of rock types and respective potential reactive minerals (e.g. Mielenz, 

1946; LNEC E 415, 1993; Silva and Rodrigues, 1993; BS 7943, 1999; Le Roux et al., 

1999; CSA A23.2-15A, 2009; RILEM AAR-1, 2003; ASTM C 294, 2005). In opposition, 

other lists focus on the rocks and minerals considered to be of low reactivity (e.g. BRE 

Digest 330, 2004). In Tab. 2 the rock types and potentially alkali-reactive minerals 

according to RILEM AAR-1 (2003) and RILEM AAR-1.1 (2013) are given. 

Since the rate of reaction varies according with the reactive silica minerals present in 

rocks, Lindgård et al. (2010) classified aggregates as “fast” to “normal” reactive when 

reaction takes place between five to twenty years (e.g. aggregates containing 

amorphous silica forms) and as “slow/late” reactive when reaction starts only after 

fifteen to twenty years (e.g. aggregates containing highly strained quartz). 

Aggregate’s constitutive minerals are identified by petrographic analysis. This 

procedure will be further addressed in Chapter 4. 
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Table 2 – Rock types, definitions and potentially alkali-reactive mineral constituents  

(adapted from RILEM AAR-1, 2003; RILEM AAR-1.1, 2013). 

Rock type  Definition 
Potentially alkali-silica reactive 
mineral constituents 

Andesite Fine grained volcanic rock of intermediate 
composition. 

Cristobalite and tridymite, interstitial 
glass or devitrified glass, opaline 
silica or chalcedony from low-
temperature alteration 

Argillite 
(slate/claystone) 

Sedimentary rock or weakly 
metamorphosed argillaceous rock with or 
without slaty cleavage. 

Microcrystalline or cryptocrystalline 
quartz. 

Basalt (dolerite) Fine-grained volcanic rock of basic 
composition, chemically slightly poorer in 
silica than andesite. 

Cristobalite, tridymite, interstitial 
glass in the matrix, or devitrified 
glass, opaline silica or chalcedony 
from low-temperature alteration. 

Chert/flint Chert is a non-systematic name for fine 
grained sedimentary rock consisting of 
chalcedonic, opaline, cryptocrystalline 
and/or microcrystalline silica, occurring as 
contiguous beds or layers whereas flint is 
the nodular equivalent. 

Microcrystalline or cryptocrystalline 
quartz. Some varieties may contain 
chalcedony, opal and moganite. 

Dolomite Carbonate sedimentary rock containing 
more dolomite than calcite or other non-
carbonate minerals. 

Finely disseminated quartz, opal or 
chalcedony. Fine-grained dolomite 
may be prone to dissolution under 
high-pH conditions as in concrete 
(ACR). 

Diorite Plutonic rock rich in plagioclase and poor in 
quartz and K-feldspar. 

Microcrystalline quartz. 

Gneiss Medium to coarse grained high-grade 
metamorphic rock, with characteristic 
alterning dark/light coloured bands at 
millimetre- to metre scale. 

Strained quartz from (tectonic) 
deformation, and/or poorly (micro-, 
crypto-) crystalline interstitial quartz. 

Granite, 
granodiorite 

Plutonic rock with quartz, K-feldspar and 
plagioclase as essential minerals. 
Granodiorite is richer in plagioclase and 
poorer in K-feldspar than granite. 

Strained quartz by deformation 
(rather common along intrusive 
margins), or poorly (micro-, crypto-) 
crystalline quartz. 

Granulite Fine grained metamorphic rock with 
characteristic granular texture, of higher 
grade than gneiss, only lower than eclogite. 

Strained quartz by deformation, or 
poorly (micro-, crypto-) crystalline 
interstitial quartz. 

Greywacke Sandstone characterised by the presence 
of a mud matrix embedding detritus which 
may include rock fragments. It that may 
also contain organic matter. 

Very fined grained quartz with a 
large accessible area and/or the 
presence of poorly (micro-, crypto-) 
crystalline quartz. 

Hornfels Fine-grained contact-metamorphic rock 
formed at high temperature and shallow 
depth, characteristically without a foliation 
or banding. 

Very fined grained quartz with a 
large accessible area and/or the 
presence of poorly (micro-, crypto-) 
crystalline quartz. 

Limestone, marl, 
chalk 

Chemical sedimentary rock predominantly 
composed of calcite possibly with 
subordinate amounts of dolomite. 
Limestone with 33-67 vol% clay impurities 
is known as marl, and very pure but little 
consolidated limestone as chalk. 

Very fined grained quartz and poorly 
(micro-, crypto-) crystalline silica with 
a large surface area. Finely 
disseminated clays may cause 
swelling, but this is not considered 
deleterious ASR. 
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(cont. Table 2) 

Mylonite, 
pseudotachylite, 
fault 
breccia/gouge, 
cataclasite 

Dynamo-metamorphic rock with a finely 
foliated texture formed by ductile 
deformation under geological conditions. 
The glassy matrix in “pseudotachylite” 
results from seismic friction-melting and 
rapid quenching immediately after. Under 
brittle geological conditions, “fault breccia” 
forms (“fault gouge” being its finer 
counterpart). 

Strained quartz, glass matrix 
(pseudotachylite), and/or very fine 
grained and poorly (micro-, crypto-) 
crystalline silica from tectonic 
crushing. 

Quartzite Metamorphic rock formed by 
recrystallization of a quartz-rich precursor 
under geological conditions from lowest to 
highest grade, when it can be termed 
meta-quartzite. When originated from a 
sandstone it can be termed ortho-quartzite. 

Deformed-strained quartz, and/or the 
presence of poorly (micro-, crypto-) 
crystalline silica along grain 
boundaries or interstitial silica. 

Rhyolite (dacite, 
porphyry) 

Fine-grained to glassy felsic volcanic rock, 
richer in silica than andesite and basalt. 

Cristobalite and tridymite, interstitial 
glass in the matrix, or devitrified 
glass, opaline or chalcedonic from 
low-temperature alteration. 

Sandstone, 
siltstone 

Sedimentary rocks composed of debris 
from geological weathering, erosion and 
deposition. Grain size of sandstone varies 
from 2 mm to 0.063 mm, of siltstone from 
0.063 mm to 0.002 mm (yet smaller grains 
are called clay). 

Very fined grained quartz with a 
large accessible area and/or the 
presence of poorly (micro-, crypto-) 
crystalline quartz. Highly reactive 
varieties contain opaline silica in the 
cementing matrix. 

Tuff Pyroclastic rock of volcanic origin 
composed of deposited ash particles. 

Siliceous glass or devitrified glass, 
cristobalite and tridymite, poorly 
(micro-, crypto-) crystalline quartz. 
Opal and/or chalcedony are common 
products of natural tuff weathering 
and alteration. 

 

2.2.1.1 “Pessimum” content 

It has been observed that there is not always a linear relationship between the content 

of potentially reactive constituent and the related expansion (Sims and Brown, 1998; 

Lindgård et al., 2012a). A phenomenon termed the “pessimum” content occurs with 

certain rapidly reacting forms of silica, notably opal. This refers to a critical aggregate 

content at which measured expansion is the greatest. Decreasing levels of expansion 

will develop for contents of the reactive constituents above or below this value (e.g. 

Gillot, 1975; French, 1980; Hobbs, 1988; Besem and Demars, 1989; Grattan-Bellew, 

2001; Le Roux, 2001; RILEM AAR-1, 2003; Garcia-Diaz et al., 2010; Blight and 

Alexander, 2011; Brouard, 2012).  

Four areas were distinguished by Hobbs (1988) in the “pessimum” curve (Fig. 3): areas 

A and D where the reaction occurs but is too weak because of lack in reactive silica 

(area A) or in alkalis (area D) to induce an expansion phenomenon; area B where the 

reaction occurs with an excess of alkalis, the swelling increases with the reactive silica 
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content; and area C where the reaction occurs with an excess of reactive silica. The 

swelling drops with the increase in reactive silica content. These explanations are 

based on the assumption that the amount of alkali hydroxide is limited. However, 

“pessimum” content was also observed in concrete submitted to the accelerated 

mortar-bar test where alkali hydroxide is continuously supplied from the outside into the 

concrete (e.g. Bleszynski and Thomas, 1998). 

 

 

Figure 3 – “Pessimum” behaviour of pure siliceous aggregate. Water/cement ratio and aggregate/cement ratio are 0.4 

and 2.75, respectively; 6.0 kg/m
3
 of Na2Oeq (Hobbs, 1988). 

 

As an example, the “pessimum” content for aggregates containing flint occurs for 

values around 20 % to 30 %. When the flint proportion is more than 60 % in 

aggregates, no expansion develops any more, although for exceptionally dense flints 

this rule may not be applicable (Rayment and Haynes, 1993; BRE Digest 330, 2004). 

For pure opal, which is one of the most reactive forms of silica, the “pessimum” content 

is commonly between 2 % and 5 % (Vivian, 1947; Brouard, 2012), and the contents 

from 15 % and up are inhibitors of expansion. In general, “pessimum” content of silica 

minerals increases with a decrease in the potential reactivity from opal to 

microcrystalline quartz (Katayama, 2012a). The “pessimum” contents of potentially 

alkali-reactive silica minerals are presented in Tab. 3. 
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Table 3 – “Pessimum” proportions of alkali-reactive minerals in mortar-bars (Katayama, 2012a). 

Silica mineral “Pessimum” content 

Opal < 5 % 

Cristobalite < 10 % 

Tridymite < 10 % 

Chalcedony 20 % 

Cryptocrystalline quartz 50 % 

Microcrystalline quartz > 80 % 

 

Concretes based on pure reactive flint aggregates (both fine and coarse) have 

compositions generally located in area D of the “pessimum curve” – in spite of a high 

level in alkalis (> 5.0 kg/m3). These concretes containing reactive pure silica do not 

swell (Garcia-Diaz et al., 2010). However, if these kinds of aggregates are mixed with 

non-reactive ones, leading to proportions of flint lower than 60 % by a diluting effect, 

the combinations become potentially reactive and behave like any other common 

potentially reactive aggregates. By adding more non-reactive aggregates the 

combination can become non-reactive again if the proportion of flint drops under a level 

of a few percent (Brouard, 2012). As concluded by this last referenced author, 

potentially reactive aggregates with a “pessimum” behaviour are so intensely and 

quickly reactive that they are paradoxically non-expansive and do not generate any 

trouble in concrete as long as they are used alone or mixed with potentially reactive 

aggregates. If they are mixed with innocuous aggregates, the combination will likely 

lead to expansion and damage depending on the proportion of non-reactive 

aggregates. As so, it is extremely important to correctly identify potentially reactive 

aggregates with a “pessimum” effect. 

 

2.2.1.2 Grading, size and shape 

The influence of grading, size and shape of aggregate particles in ASR is still a matter 

of concern for researchers, since a generalization of these parameters effects remains 

puzzling. The difficulty to generalize results could be explained by differences of 

experimental conditions, and particularly the combined effects of aggregate size and 

specimen size on ASR expansion (Gao et al., 2012, 2013). 

Since the first published paper on ASR by Stanton (1940) it has been observed in 

accelerated mortar-bar and concrete tests that the size of aggregate plays a role in the 
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regarded pathologic process. According to the mentioned author, opal aggregate 

particles varying from 170 µm to 600 µm developed greater expansion than coarser 

particles. Diamond and Thaulow (1974), when testing opal aggregates in the range of 

20 µm to 125 µm, verified that the smaller fractions expanded more promptly than the 

coarser ones which needed a prolonged exposure. The work of Lu and co-workers 

(2008) on Spratt’s argillaceous dolomite limestone also lead to the conclusion that, 

within a certain aggregate size range, the finer the aggregate particles, the faster and 

higher the reaction rate and the expansion. Zhang et al. (1999) stated that for siliceous 

aggregates, the smaller the size, the greater the expansion when the aggregate size is 

within the range of 0.15 mm – 10 mm. Furthermore, the aggregate size can affect the 

expansion of ASR when there are larger aggregates in the specimen. The expansion is 

smaller at an early age, but will increase continuously at later ages. Hobbs and 

Gutteridge (1979) found that for an opaline rock, expansion increased with decreasing 

particle size, when reaction takes place at the surface of the particles. When reaction 

occurs within the aggregate particle, the rate of gel formation is independent of the 

particle size. 

However, Stanton (1940) also concluded that if a reactive aggregate is ground to 

sufficient fineness expansion does not occur (pozzolanic effect). For example, the 

works of Vivian (1951), Bonnet and Vivian (1955), Poyet et al. (2006) and Zhu et al. 

(2009) corroborate this finding. 

In an attempt to provide experimental data concerning the effect of particle size of a 

reactive siliceous limestone, Multon et al. (2010) stressed that the aggregate size 

causing the highest ASR expansion is dependent on the nature and composition of the 

aggregate. It was also concluded that expansion was higher for coarser particles 

(Multon et al., 2008). In addition, Wigum and Lindgård (2008) stated that slow reactive 

Norwegian coarse aggregates have proven to be more harmful in the field than fine 

aggregates. 

Barisone and Restivo (2000) and Lu et al. (2004, 2006a,b) emphasized the role of 

mechanical processes in the preparation of laboratory expansion tests, such as 

grinding and crushing, on aggregates. These actions can destroy the original 

microstructure characteristic of the rocks, leading to an under-estimation of the alkali 

reactivity in accelerated mortar-bar tests.  

The shape of particles can also be pointed out as being an influencing factor on ASR 

reactivity. For example, Ramyar et al. (2005) showed that the angularity of particles 

had a negligible effect on ASR expansion for extreme large and small particles. On the 
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contrary, for intermediate size fractions, the angularity effect on ASR expansion was 

clearer. They also concluded that the size effect of the particles was more pronounced 

in crushed aggregate when compared to round gravels of the same aggregate type. 

A “pessimum” size effect has also been detected for various types of aggregates (e.g. 

Diamond and Thaulow, 1974; Ichikawa, 2009; Gao et al., 2012, 2013). 

Dunant and Scrivener (2012) suggested that, in general, the effect of aggregate size on 

ASR expansion could be due to various chemical or mechanical causes: different 

mineralogy of aggregates at different sizes; diffusion process of the alkalis or water to 

the core of larger aggregates; and fracture mechanical effect of the forces exerted by 

aggregates on their neighbours and the different crack propagation lengths in 

aggregates as a function of their size. 

 

2.2.2 Sources of alkalis 

The members of Group 1 of the periodic table of elements are called alkali metals 

(lithium, sodium, potassium, rubidium, cesium and francium) (Fig. 4). Their valence 

electron configuration are ns1, where n is the period number, and their physical and 

chemical properties are dominated by the ease with which the single valence electron 

can be removed. All alkali metals produce hydrogen and alkali hydroxide when they 

come in contact with water – lithium in a lesser extent, but with increasing vigour down 

the group (Jones and Atkins, 2000). 

The alkalinity (i.e. hydroxyl ion concentration) of the pore solution is primarily 

influenced by sodium and potassium contributions from the Portland cement binder (i.e. 

cement and supplementary cementitious materials (SCMs) (e.g. fly ash, ground 

granulated blast furnace slag, silica fume, metakaolin and rice hush ash)) used in 

concrete mixture (Poole, 1992; Zollinger et al., 2009; Blight and Alexander, 2011; 

RILEM AAR-7.1, 2013). The alkalis in the cement are derived from raw materials such 

as clay, limestone, chalk and shale or even from coal ash when coal is used as a fuel 

(Gillot, 1975; Wigum, 1995a). The alkali compounds in the binder consist mainly of: (i) 

sulphates (Na2SO4 – thenardite; K2SO4 - arcanite; (Na,K)2SO4 – sodium and calcium 

sulphate; and K2Ca2(SO4)3 – calcium langbeinite) (Concrete Society, 1987; Stivenard-

Gireaud, 1987; Fernandes, 2005); (ii) alkali aluminates, alkali aluminoferrites and alkali 

silicates (Hobbs, 1988). Alkali sulphates are readily soluble upon mixing with water 

while alkali from the aluminates and silicates will be slowly released during the on-
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going hydration process (Fournier and Bérubé, 1993). Other sources, such as 

aggregates (see subchapter 2.2.2.3), chemical admixtures (e.g. superplasticizers) and 

mix water (salt) and external sources (e.g. groundwater containing sulphates, 

seawater, de-icing salts and industrial brines) can also contribute additional alkalis thus 

promoting the increase of pH of the pore solution. Even SCMs, commonly used in 

concrete as an effective mitigation measure of deterioration, and thus of ASR, can 

sometimes contribute with alkali (e.g. Duchesne and Bérubé, 1994; Santos Silva, 2005; 

Shehata and Thomas, 2006; Lothenbach et al., 2011; Siddique and Khan, 2011; 

Thomas, 2011). Additionally, concrete exposure site conditions may also facilitate the 

incoming of alkalis into the system. 

 

Figure 4 – Alkali metals in the period table of elements (http://www.onlinemathlearning.com/alkali-metals.html). 

 

2.2.2.1 Alkalis and pH in the cement 

In ASR, cement alkalis content is quantified by the equivalent sodium oxide (Na2Oeq), 

expressed as a percentage by mass of the cement, as follows in Eq. 1: 

%Na2Oeq = %Na2O + 0.658%K2O         (Equation 1) 

The constant 0.658 in Eq. 1 (often rounded to 0.60) is from the ratio of the atomic mass 

of Na2O (61.98 g) to K2O (94.20 g), and allows the equivalent effect of potassium in 

contributing alkalis to be quantified. 
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Portland cements may be classified as low, medium or high alkali. According to ASTM 

C 150 (2012), low-alkali cement is defined as having an equivalent sodium oxide 

content of no more than 0.60 %. The alkali-silica reaction takes place only at high OH- 

concentrations, which implies high values of pH in the pore water. On its turn, the pH of 

the pore solution depends on the alkali content of the cement. According to Hobbs 

(1988), a high alkali-cement leads to a pH of between 13.5 and 13.9, while a low-alkali 

cement results in a pH of 12.7 to 13.1. An increase in pH of 1.0 represents a ten-fold 

increase in hydroxyl ion concentration, implying that this concentration with a low-alkali 

cement is about ten times lower than when a high-alkali cement is used (Neville, 1999). 

The increasing expansions of concretes made with the same alkali-susceptible 

aggregate and increasing Na2Oeq is showed in Fig. 5. 

 

Figure 5 – Effect of cement alkalinity on ASR. Malmesbury coarse aggregate (greywacke) in combination with different 

cements. Cement content of concrete = 350 kg/m
3
. Stored under ASTM C 227 conditions above water in sealed 

containers at 30ºC. The figures in brackets refer to the total %Na2Oeq of the cement (Oberholster, 1986). 

 

As already discussed, cement having a Na2Oeq of less than 0.60 % is generally 

regarded as low-alkali cement (ASTM C 150, 2012), being used to reduce ASR with 

particular success with slightly reactive to moderately reactive aggregates. Higher alkali 

levels, between 0.65 % and 0.80 %, also have been safely used with certain 

moderately reactive aggregates (Farny and Kosmatka, 1997). Nonetheless, several 

reports testify that even this value may be high when used with reactive aggregate. For 

example, Prince and Perami (1993) stated that the use of this limit is not enough to 

supress ASR. 
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2.2.2.2 Sufficient alkalis 

Stievenard-Gireaud (1987) considered that reaction may occur even for lower alkali 

contents and recommends that when reactive aggregates are used, cement should 

have between 0.30 % and 0.40 % of Na2Oeq in order to diminish the risk of reaction; 

deleterious reactivity was observed with certain highly reactive glassy volcanic 

aggregates, especially andesite and rhyolitic rocks, when low-alkali cements (0.35 to 

0.60 % Na2Oeq) were used (Stark, 1981; Kosmatka and Fiorato, 1991). Besides the 

presence of a highly reactive aggregate, low-alkali cement can still exhibit ASR if 

moisture movement concentrates the alkalis in one location (leaching) (e.g. Nixon et 

al., 1979; Perenchio et al., 1991; Åhs, 2011). The same will happen if alkalis are 

provided by certain mineral and chemical admixtures, as well as from the aggregates 

and mixing water (Farny and Kosmatka, 1997), or if total alkali content of concrete is 

high due to a high cement content (Oberholster, 1983; Jensen, 1993).  

However, it is the total alkali content in the concrete that should be considered rather 

than the alkali content of the cement itself, since this last value does not consider the 

alkali contribution from other sources other than cement. The total alkali content is 

determined as a summation of all the alkalis contributed from all possible sources 

excluding flying ash and ground granulated blast furnace slag if in higher percentages 

than 30 % of the binder total (LNEC E 461, 2007). However, commonly only the alkalis 

from the cement or cementitious materials are included in this determination because 

alkali contribution from other ingredients is usually small (Farny and Kosmatka, 1997). 

Therefore, the total alkali content of concrete is determined as follows in Eq. 2: 

 

Na2Oeq (concrete) kg/m3 = cement content (kg/m3) x (%Na2Oeq (cement))/100 + other sources of alkalis     

(Equation 2) 

 

This value must be limited depending on the type of reactive aggregate. The accepted 

allowable limit of alkali content used in Canada and some European countries is 3.0 

kg/m3 of concrete (Hawkins, 1983; Jensen, 1993; CSA-A23.1, 1994; NB-21, 2008). 

Based on a relationship between the alkali content in concrete and the expansion at 

two years, the same value was reported as threshold Na2Oeq (Fig. 6) (Folliard et al., 

2007). Figure 7 shows the total alkali content of concrete for different cement alkali 

levels and cement contents, along with the generally accepted 3.0 kg/m3 limit. Still, 
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there is no rule without exception, and evidence of ASR damage even when the alkali 

content is less than the regarded limit have been reported (e.g. Sims, 1992; Wood, 

2000).  

 

Figure 6 – Effects of alkali content on expansion of concrete prisms stored over water at 38ºC, leading to the 

development of an S-shape pattern curve (CSA – Canadian Standard Association) (Folliard et al., 2007). 

 

Figure 7 – Alkalis (as Na2Oeq) per cubic meter of concrete as a function of cement alkali and cement content (Farny and 

Kosmatka, 1997). 

Cement alkalis 
(Na2O equivalente), percent 

A
lk

a
lis

, 
k
ilo

g
ra

m
s
 p

e
r 

c
u

b
ic

 m
e

te
r 

o
f 

c
o
n

c
re

te
 



FCUP 

Chapter 2 - Alkali-aggregate reaction 

26 

 

2.2.2.3 Alkalis release from aggregates 

Some aggregate lithologies containing certain alkali rich minerals, such as micas, clay 

minerals, alkali feldspars, feldspathoids, zeolites, dawsonite, volcanic glass and even 

unwashed marine sands and artificial materials (e.g. expanded shale and artificial 

glass) may present themselves as a potential source of alkalis thus causing a 

disruptive expansion even when the total alkali concrete content is less than 3.0 kg/m3 

Na2Oeq (e.g. Van Aardt and Visser, 1978; Grattan-Bellew and Beaudoin, 1980; Stark 

and Bhatty, 1986; Hobbs, 1988; Grattan-Bellew, 1994; Bérubé et al., 2002a; Goguel 

and Milestone, 2000; Constantiner and Diamond, 2003; Gillot and Rogers, 2003; Lu et 

al., 2006c). Furthermore, geological alteration and/or weathering of minerals, such as 

feldspars into secondary clay minerals, can greatly contribute to alkalis release. 

Despite most of the alkalis are safely chemically bound within stable minerals and thus 

not releasable, given that the aggregate makes up a high proportion (~75 % by weight) 

of the concrete, even a small proportion of these minerals have the potential to 

contribute with significant amounts of alkali to the pore solution, providing an extra 

source for further ASR expansion (RILEM AAR-7.3, 2013). 

The monitoring of releasable alkalis from aggregates, mainly using external saturated 

solutions such as lime, calcium hydroxide, alkali hydroxide solutions or even distilled 

water, has been a common practice among researchers (e.g. Hansen, 1959; 

Kawamura et al., 1989; LCPC, 1993; Bérubé et al., 2000, 2002b; Bérubé and Fournier, 

2004; Lu et al., 2006c). Despite the effort, there is still little consensus on the matter, 

especially in what concerns the absolute amount of alkalis that can be derived from the 

aggregate and on the test procedure (aggregate sample preparation, extraction 

solution and duration of extraction period) that should be followed in order to accurately 

assess the amount of releasable alkalis (Bérubé and Fournier 2004; Lu et al., 2006c). 

Moreover, the correlation of the results of laboratory tests with field experience has 

proved to be quite challenging (RILEM AAR-7.3, 2013). 

In 1977, Van Aardt and Visser proposed the solution theory in order to explain alkali 

contribution from aggregates. They claimed that under moist conditions, Ca(OH)2 and 

lime in concrete react with alkali feldspar aggregates. As a consequence, alkalis will be 

released as KOH, NaOH and/or as potassium and sodium silicate, the late being gels 

and partially soluble in water. When alkalis reach a certain concentration, the calcium 

silicates will dissolve in the potassium and sodium silicates, freeing a gel containing 

Ca, K, Na and silica around and inside the aggregate. This will lead to the formation of 

dark glassy reaction rims that are often observed in concrete. The authors also 
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recommended precaution in the use of alkali feldspar rocks that can provide alkalis to 

the pore solution, such as granites. 

The Canadian hot-water extraction method discussed in Bérubé et al. (2002b) was 

used by Bérubé et al. (2000, 2002a) for assessing the available alkali content in 

concrete. It led to the conclusion that the soluble alkalis content often largely exceeded 

the water-soluble alkali content expected to be released by cement, often by 1 kg/m3 

Na2Oeq, mainly when feldspar-rich aggregates were present. The release of alkalis was 

often more effective in alkaline solutions rather than in water or lime-saturated 

solutions. 

After examining mortars made with low-alkali cement and different alkali-bearing 

feldspars, Constantiner and Diamond (2003) reported that these minerals can 

contribute with alkalis to the pore solution. They also confirmed that the released alkalis 

can be subsequently removed from the solution by reactive aggregates therefore 

participating in ASR. These conclusions were in accordance with previous observations 

of Kawamura et al. (1989) when exposing two highly reactive andesite rocks containing 

feldspars to a calcium hydroxide solution. 

In 2004, after reviewing test procedures and affecting factors for evaluating the alkalis 

releasable by aggregates in concrete, Bérubé and Fournier suggested a new test 

methodology which uses alkali hydroxide solutions rather than lime-saturated solution. 

This last mentioned solution is considered by the authors to provide values that are 

underestimated while alkali solutions appear more realistic. 

The releasable alkali from the granitic aggregate used in the Three-Gorges concrete 

dam in China was compared with the ones from a gneiss and a feldspar by extraction 

in distilled water and super-saturated calcium hydroxide solution (Lu et al., 2006c). It 

was observed that gneiss, containing micas and altered feldspar, released more alkalis 

than granite and feldspar. The implied researchers also verified that the finer the 

particles and the higher the temperature, the greater and faster the alkali extraction. 

Wang et al. (2008a) investigated two alkali-bearing rocks (nephelyne syenite and 

alaskite) using an accelerate test method. It was reported that these aggregates could 

increase ASR expansion when low alkali cements were used, but the enhance effect 

was weaken in the presence of high alkali cements. The alkalis release from the 

studied minerals was considered directly dependent on the saturation condition of the 

solution. 
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In another work, Wang et al. (2008b) used thermodynamic analysis to assess alkali 

contribution by alkaline minerals in concrete. The achieved theoretical maximum alkali 

released from those minerals presents the following order: dawsonite > leucite > 

nepheline > dehydration analcime > Na-feldspar > K-feldspar in alkaline solution with 

pH > 13. With the increasing of pH in alkaline solution, the maximum amounts of alkali 

released from alkali minerals increased, with the exception of nepheline. It was also 

concluded that using low water-to-cement ratio and preventing water from entering the 

concrete could effectively restrain alkali released from aggregates. They also showed 

that using low water/cement ratio along lower cement content in normal concrete the 

pore solution/aggregate ratio would decrease significantly. Therefore, a decrease in the 

amount of the pore solution produced an increment of the concentration of alkalis, 

which decreased the decomposition reaction rate of alkali minerals in concrete. The 

results achieved by these authors showed that the maximum released alkali content 

was increased by forty times when the pore solution/aggregate ratio was increased 

from 0.05 to 2. 

Locati and co-workers (2010a) demonstrated the importance of microstructure and 

texture of the aggregate in the dissolution process and, therefore, in alkali release. The 

analysis of thin-sections along microscopy of polished surfaces by scanning electron 

microscope (SEM) containing potassic and calco-sodic feldspars showed evidences 

that leaching under alkaline conditions mainly occurred in weakness zones such as 

cleavage zones, twins, grain-grain contact and, in the case of perthites, in the finer and 

less abundant phase. 

At the moment, a standardised test method (RILEM AAR-8) is being developed in order 

to determine the proportion of alkalis that might be released from an aggregate in 

concrete. The method is based upon extraction using an alkali solution saturated with 

Ca(OH)2, similar to that of concrete pore solution (RILEM AAR-0, 2013). Hopefully, 

guidance on the application and interpretation of AAR-8 will be available soon. Till then, 

the use of petrographic examination is recommended to identify minerals that are 

pointed out as being a potential source of alkalis and to avoid the use of aggregates 

containing significant amounts of such minerals (e.g. gneiss and mica schist) (RILEM 

AAR-7.3, 2013). 

Despite the consolidated fact that some minerals can provide alkalis into the concrete 

pore solution, the RILEM specification to minimize damage from alkali reactions in 

concrete (RILEM AAR-7.1, 2013) recommends that, unless there is a national evidence 

to the contrary, this source of alkalis should not be included in the calculation of alkali 
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content in concrete except in high risk structures when using aggregates containing 

significant amounts of altered and/or weathered feldspar, or other minerals capable of 

releasing alkalis. Such procedure is justified by the fact that in timescales appropriate 

to most concrete structures, the potentially releasable alkalis are not readily available in 

the pore solution. However, for long-term service structures, concern must exist since 

aggregates can contribute alkalis in the long-term, supressing the precautions taken in 

designing the concrete (RILEM AAR-7.3, 2013). 

 

2.2.3 Moisture 

Water plays two important and distinct roles in ASR: 1) as mean of transport for ions in 

the pore solution; and 2) as an essential element for gel swelling to take place, leading 

eventually to concrete deterioration (e.g. Poole, 1992; Poyet et al., 2006; Zollinger et 

al., 2009; Lindgård et al., 2012a). Therefore, a linear relation can be established: the 

more water, the stronger degradation (e.g. Larive et al., 2000). 

When all the necessary compositional factors are present, the likelihood and extent of 

damaging ASR is dependent above all on the supply of moisture (internal + external). 

In the majority of cases, a supply of moisture extraneous to the concrete itself is 

required (RILEM AAR-7.1, 2013), although the moisture provided by mixing water is 

generally high enough to generate expansion (Larive, 1998; Multon, 2004). Multon and 

Toutlemond (2010) reported that a supply of water to ASR-affected concretes in which 

the maximum potential expansion had not been reached because of lack in available 

water, caused the formation of new gels. The study conducted by Kagimoto and 

Kawamura (2011) on alkali silica damaged structures suggested that intercepting water 

from outside sources is effective for controlling the growth of ASR surface cracks in 

concrete. 

The availability of external moisture is governed by the environment to which the 

concrete structures are exposed. Environmental moisture can be supplied from 

different sources such as rain, snow, seawater, atmospheric humidity, moisture from 

the underlying soil, etc. In drier climates, where external moisture is limited, moisture 

may derive, not directly from the surroundings, but from sources such as poor drainage 

(e.g. leaking joints or ponding on the structure), or from condensation. Such sources 

may be intermittent but may result in a reservoir of moisture that builds up in the 

structure, and causes ongoing ASR (Blight and Alexander, 2011). 
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The water content in ASR-affected structures is normally expressed as relative 

humidity (RH), which is a measure of the thermodynamic state of the pore water. 

However, its measurement is very difficult and uncertain, particularly in the field 

(Lindgård et al., 2012a). 

It has been established through a large number of laboratory tests that there is a critical 

limit for ASR to develop which lies between 80 % and 90 % (e.g. Olafsson, 1986; Stark, 

1991; Kurihara and Katawaki, 1989; Larive et al., 2000). This fact is well represented in 

Fig. 8, where different aggregate types display very small expansion at a RH below 80 

% when submitted to the accelerated concrete prism test ASTM C 1293. Above 80 % 

of RH, expansion increases exponentially, stressing the enormous effect of moisture on 

expansion (Zollinger et al., 2009). However, RH is a function of the pore structure, the 

temperature, the chemical conditions and the moisture history and thus, the threshold 

values depend on the concrete under investigation (Martin et al., 2012). 

 

 
Figure 8 – Effects of relative humidity on expansion of different aggregates using the ASTM C 1293 (Pedneault, 1996). 

 

It is also very important to consider the interaction between environment and the 

structure. For example, thinner and massive elements in a structure will have different 

internal moisture conditions even with the same external environment (Blight and 

Alexander, 2011). Thin concrete elements exposed to dry environments (average RH < 

75 % and no exposure to external moisture sources (RILEM AAR-7.1, 2013)) are 

unlikely to be deleteriously affected by AAR. In thicker or sealed concrete elements, the 
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residual mix water “locked in” can be sufficient to trigger ASR even in dry 

environments, other conditions being met. Thus, internal moisture will be retained, 

while the outer portions dry. Figure 9 shows that it is possible in arid regions, like New 

Mexico, to have a concrete with RH ≥ 80 % just a few centimetres beneath its surface, 

even after many decades. On the other hand, immersed thin concrete elements are 

also not expected to be affected by ASR-related expansion, because the leaching of 

the alkalis out of the concrete can be significant and prevent expansion (e.g. Fournier 

and Bérubé, 2000; Blight and Alexander, 2011; Feiteira et al., 2013). 

 

 

Figure 9 – Relative humidity v.s. depth of concrete for pavement in various climates (California – Mediterranean; 

Georgia – Humid to subtropical; New Mexico – Semi-arid to arid; South Dakota – Continental) (Stark, 1993). 

 

According to Santos Silva (2005), all concrete structures must be considered as 

susceptible to ASR, with exception of concretes that are able to self-regulate the 

internal moisture to values lower than 80 % and to stay permanently protected from 

environmental conditions and from other sources of moisture, although this is an 

improbable scenario.  
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2.2.4 Other parameters controlling ASR 

Besides the three essential aforementioned parameters, other factors/conditions can 

influence alkali-silica reactivity or its effects. 

Permeability, which in turn is related to the amount of mixing water, or water to cement 

ratio (w/c), is pointed out as one of the most important factors controlling concrete 

durability (Fournier and Bérubé, 1993). The influence of w/c on ASR is still not 

completely understood. A lower w/c in concrete will generally lead to improved 

mechanical behaviour, lower internal free water content, lower permeability and 

reduced ingress/movement of moisture inside the concrete (Fournier and Bérubé, 

2000). However, the alkali concentration will rise, increasing the potential for ASR 

(Ramachandran, 1998). Besides these facts, contradicting data on the effect of w/c in 

ASR has been supplied by several authors. Some have reported that lowering w/c 

would reduce the expansion (e.g. Gillot, 1975; Stark, 1995) while others witnessed the 

increase of expansion with decreasing w/c ratios (e.g. Bérubé and Fournier, 1990). 

High temperature is generally considered a reaction accelerator. Several laboratory 

investigations have shown that rising temperature increases ASR although the ultimate 

expansion is not necessary greater in the long term (e.g. Hobbs, 1988; Chatterji, 2005). 

Hobbs (1992) found that the reaction occurred seven times faster for specimens stored 

at 38ºC than for those stored externally at an average temperature of 9ºC. The rate 

was four times faster than for samples stored at 20ºC. The reaction generally tends to 

mature and cease in about twenty years but longer periods may be expected in colder 

climates and shorter periods in hot climates (Zollinger et al., 2009). Typically in 

temperate and cooler climates ASR begin to cause visible damage after five to ten 

years and then may continue for thirty years longer. In warmer climates the reactions 

are accelerated (RILEM AAR-7.1, 2013). In a recent study conducted by Fournier et al. 

(2009), concrete specimens were studied in outdoor exposure sites in Austin, Texas 

(USA) and Ottawa (Canada). They conclude that structures incorporating a certain 

reactive aggregate can develop expansion and cracking in the field about four to five 

times faster under warmer conditions, such as the ones prevailing in Texas, compared 

to those found in cooler climates where colder winter and freezing conditions are 

prevailing, like in Ottawa. 

Massive concrete elements may be relatively more at risk regarding ASR because of 

the time required to dissipate the heat resulting from cement hydration. Also, high 

temperature gradients generated at early ages in massive concrete elements can 
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generate microcracking, with the risk of accelerating moisture ingress and 

consequently the development of ASR (Fournier and Bérubé, 2000). 

Surface cracking resulting from ASR can accelerate the overall deterioration of 

concrete through processes such as corrosion of reinforcing bars, freezing and thawing 

and sulphate attack. On the other hand, the cracking resulting by the late deleterious 

mechanisms can induce or accelerate ASR when potentially reactive aggregates are 

incorporated in concrete (Fournier and Bérubé, 2000). 

In concrete roads the stress variation caused by fluctuating loads may also be an 

aggravating factor of ASR (RILEM AAR-7.1, 2013). 

Finally, porosity may also play a role on ASR. The voids created by the use of air 

entraining agents in concrete can accommodate the expanding ASR products and thus 

reduce expansion (e.g. Pleau et al., 1989; Ramachandran, 1998), but generally not 

enough to prevent concrete deterioration (Fournier and Bérubé, 2000). 

Taking into account all parameters, RILEM AAR-7.1 (2013) defined three 

environmental classes according to the affecting factors, highlightening the role played 

by moisture (Tab. 4). 

 

Table 4 – Environmental classes according to RILEM AAR-7.1 (2013) and RILEM-7.2 (2013). 

Environmental 
class 

Description Environment of concrete 

E1 
Dry environment protected 
from extraneous moisture 

Internal concrete within buildings in dry service 
conditions. 

E2 Exposed extraneous moisture 

Internal concrete in buildings where humidity is 
high (e.g. laundries, tanks, swimming pools). 
Concrete exposed to moisture from the external 
atmosphere, to non-aggressive ground or 
immersed in water. 
Internal mass concrete should be included in this 
category. 

E3 
Exposed extraneous moisture 
plus aggravating factors 

Internal or external concrete exposed to de-icing 
salts. 
Concrete exposed to wetting and drying by 
seawater or to salt spray. 
Concrete exposed to freezing and thawing whilst 
wet. 
Concrete subjected to prolonged elevated 
temperatures whilst wet. 
Concrete roads subject to fluctuating loads. 
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2.3 Mechanisms of ASR 

The chemical mechanisms behind ASR are very complex and not still fully understood, 

though their study has been carried out for decades. The next sub-chapters are 

intended to give a scope of what has been accomplished on the matter. 

 

2.3.1 Alkali-silica gel formation 

For a satisfactory comprehension on the chemistry involved in the development of ASR 

products it is important to be familiar with the basic unit of silicates and by 

consequence of reactive silica minerals – the silica tetrahedron. The silica tetrahedron 

consists of a central silicon cation (Si4+) surrounded by four oxygen anions (O2-) in the 

corners (Fig. 10). This structure is a very strong and stable combination that easily links 

up together in minerals, sharing oxygen at their corners. 

 

Figure 10 – Three ways of drawing the silica tetrahedron: a) Left: ball and stick model, showing the silicon cation in 

orange surrounded by four oxygen anions in blue; b) Centre: space-filling model; c) Right: geometric shorthand 

(http://www.visionlearning.com/library/module_viewer.php?mid=140). 

 

In crystalline forms of silica, such as silica polymorphs stable at atmospheric pressure 

(quartz, tridymite and cristobalite) (Fig. 11), silica tetrahedra are joined through their 

vertices by oxygens, each of them linked to two silicons conferring a tridimensional 

network with a low surface area. However, at the crystal surface incomplete tetrahedra 

form which means that a surface oxygen ion bounded to only one silicon ion bears a 

single negative charge, and a surface silicon ion lacking one oxygen ion to complete 

the silica tetrahedron bears a single positive charge, developing unsatisfied charges 

(Carman, 1940).  
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Figure 11 – Stability fields of the different silica polimorphs (Swamy et al., 1994). 

 

As for disordered forms of silica, such as opal and volcanic glass, silica tetrahedra 

produce a random three-dimensional network without regular structure (Fig. 12). This 

disordered arrangement leads to an open and defective amorphous silica structure with 

a large specific area, increasing reactivity with aqueous solutions (Carman, 1940). 

 

 

Figure 12 – Crystalline (A) and amorphous silica (B) structures 

(http://people.ce.gatech.edu/~kkurtis/gwillis/tutorials/asr_theory_final.ppt). 

 

A B 
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In order to neutralize charges at silica surface and in holes, achieving balance, surface 

silicon ions will attempt to complete tetrahedral coordination which can be 

accomplished by ions OH- and H+, when water is present, leading to silica 

depolymerisation (Eq. 3). Since silica bond (Si-O-Si) is stronger than hydroxyl bond (H-

O), in aqueous medium hydrogen ions can be freed conferring silica surfaces a weakly 

acidic character (Carman, 1940). In this dissolution process, all four bonds in a 

tetrahedron may react forming silicate ions and small polymers, such as the monomer 

Si(OH)4 when the silicon tetrahedron ends up having a silicon in the centre and 

hydroxyls in the corners (Prezzi et al., 1997; Garcia-Diaz et al., 2006). 

 

≡ Si-O-Si   +   H2O  →  2 ≡ Si-OH        (Equation 3 ) 

 

It should be stressed that silica forms have different solubilities (Heaney et al., 1994), in 

accordance to their activity, being quartz the least soluble and glassy silica the most 

soluble, while the other polymorphs are intermediate (Robie et al., 1978).  

In what concerns pH, silica is soluble at extreme values in strongly alkaline 

environments, and less around neutral values. At high pH, silica surface is negatively 

charged attracting cations from solution. The sequence of reactions involved in silica 

depolymerisation, from pH 9 till reaching a final completion at pH > 12, is presented 

below (Heaney et al., 1994; Broekmans, 2004; Fernandes, 2005): 

 

SiO2  +  2H2O ↔  H3SiO4
-  + H+  at pH > 9     (Equation 4) 

H3SiO4
- ↔  H2SiO4

2-  +  H+   at pH > 10   (Equation 5) 

H2SiO4
2-  ↔  HSiO4

3- + H+    at pH > 11   (Equation 6) 

HSiO4
3-  ↔  SiO4

4-  +  H+      at pH > 12   (Equation 7) 

 

For example, the solubility of well crystallized silica is negligible in high pH and if it 

occurs, it would be only at the surface of the aggregate while the solubility of 

disordered silica increases exponentially with pH (Fig. 13) (Zollinger et al., 2009). 

Besides pH and degree of crystallinity of reactive siliceous phases, the amount of 
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dissolved silica is also governed by temperature (Fig. 14), the presence of other 

dissolved species in solution and particle size of siliceous component(s) (Broekmans, 

2004, 2012).  

 

 

Figure 13 – Effect of pH on dissolution of amorphous silica (Tang and Su-Fen in Zollinger, 2009). 

 

 
Figure 14 – Solubility of silica polymorphs with temperature based on equations from Rimstidt and Barnes (1980) 

(Dove, 1995). 
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In Portland cement based concretes (pH ≥ 12.5), an alkaline medium with extreme 

basicity, reactive silica phases within coarse and/or fine aggregates are chemically 

unstable. Assuming similar particle sizes, silica types can most probably be arranged in 

terms of solubility under ASR conditions in decreasing order as: opal-AN, opal-C, opal-

CT (see page 14) (Gutteridge and Hobbs, 1980), moganite, chalcedony, fine grained 

quartz (i.e. chert/flint), and coarse grained quartz (Broekmans, 2012). In 2004, 

Broekmans dedicated a full article to the inner properties of silica minerals, mainly of 

quartz, and how these can affect their behaviour under ASR conditions. 

Alkalis in cement occur initially diffused within the anhydrous phases. The hydration 

process leads to the formation of soluble alkali hydroxides (NaOH and KOH) that 

accumulate in the pore solution. Calcium occurs as anhydrous calcium oxide (CaO) in 

the cement, which by hydration results in non-soluble calcium silicate hydrate (C-S-H) 

and in soluble calcium hydroxide (Ca(OH)2) (Bažant and Steffens, 2000). 

In spite of being called alkali-silica reaction, in truth it is the high hydroxyl 

concentration, along high pH values, that triggers the chemical reaction with reactive 

silica components. The presence of a high concentration of alkali ions contributes to an 

equally high concentration of hydroxyl maintaining equilibrium in the pore solution. 

Alkali cations play a more significant role when incorporated into the reaction products.   

Different theories have been presented by several authors throughout the years in 

order to explain the mechanisms involved in ASR. Despite some proposals suggested 

more steps were involved in ASR (e.g. Wang and Gillot, 1991; Helmuth and Stark, 

1992; Kurtis et al., 1998), nowadays, this deleterious reaction is generally regarded as 

being a two-stage process (e.g. Dent Glasser and Kataoka, 1981, 1982; Poole, 1992; 

Fournier and Bérubé, 1993; Garcia-Diaz et al., 2006; Ichikawa and Miura, 2007; Pan et 

al., 2012), being summarized as follows: 

1) The first step consists in an acid-base neutralization reaction with formation of     

SiO-
5/2H tetrahedra through the rupture of siloxane (Si-O-Si) networks in aggregates by 

hydroxyl (OH-) ions present in the pore solution: 

 

2SiO2 + OH-  →  SiO-
5/2 + SiO5/2H          (Equation 8) 
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2) In the second step, due to the continued OH- attack on the siloxane structure, the 

dissolution of silica takes place forming silicate ions, H2SiO4
2-, H3SiO4

-, and small 

polymers: 

 

SiO-
5/2 + OH- + ½ H2O  →  H2SiO4

2-     (Equation 9) 

 

Then, silicate ions are precipitated by positive charged Na+, K+ and Ca2+ ions provided 

from the pore solution of concrete leading to the formation of a viscous alkali-silica gel 

that swells upon water absorption, and ultimately leading, when the induced strains 

surpass the tensile capacity of the concrete, to cracking (Fig. 15) accompanied by the 

loss of strength, elastic modulus and durability (e.g. Hobbs, 1980; Swamy and Al-

Asaly, 1988; Jones and Clark, 1998; Giaccio et al., 2008; Çopuroğlu, 2010).  

 

 
Figure 15 – Alkali-silica reaction process (Deschenes et al., 2009). 

 

Viscosity is an important parameter governing the mobility of ASR gel (Poole, 1992). 

Gel products exhibit a wide range of viscosities depending on the amount of 

incorporated water. At the beginning of the reaction gel is very viscous, but as the 

reaction progresses it becomes gradually more fluid by water uptake until it is fluid 

enough to flow along cracks and to fill pores and voids in the cement paste. When Ca2+ 

enters gel composition, this reaction product becomes even more viscous. The 

relations between composition, viscosity and swelling are not fully understood (Ben 

Haha, 2006). 
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2.3.2 Alkali-silica gel structure and composition 

Alkali-silica gel usually exhibits an amorphous structure to X-rays and optically is 

isotropic, though a modest birefringence may be observable (St John et al., 1998). 

However, the crystallization of fine crystals over time has also been reported (e.g. 

Davis and Oberholster, 1988; Thaulow et al., 1996; Peterson et al., 2006). Generally, 

these crystalline phases exhibit a “rosette-like agglomerate” of prismatic crystals (e.g. 

Jensen, 1993; Fernandes et al., 2007; Jun and Jin, 2010; Katayama, 2012b; Locati et 

al., 2012). 

The composition and properties of the gel have been studied throughout the years in 

an attempt to understand the composition and texture of this product and to compare it 

with natural known substances but there is no stoichiometric composition still 

established.  

The attempt of defining ASR gel chemical composition has been a challenging quest. 

Several authors have endeavoured on investigating this matter, but several questions 

seem to remain unanswered. It should be kept in mind that the amount of cement and 

admixtures used, the water-cement ratio of the mixture, and the ingress of foreign ions 

with permeating fluids determine the type and concentration of ions available in 

solution, which directly influence the chemical composition and expansion ability of the 

colloidal system (Prezzi et al., 1997).  

The varied and still indefinite composition of the calcium, sodium, potassium silicate 

products (e.g. Scrivener and Monteiro, 1994; Brouxel, 1993; Bérubé and Fournier, 

1986; Diamond, 2000; Peterson et al., 2006; Locati et al., 2012) depends mainly on the 

composition of the alkali present on the pore solution and on the nature of the reactive 

silica form, temperature of reaction and concentration of reactants (e.g. Poole, 1992; St 

John et al., 1998). 

SEM with energy dispersive spectrometry (EDS) and X-ray diffraction (XRD) analysis 

have proved to be powerful tools in the attempt to define ASR gel composition (e.g. 

Thaulow et al., 1996; Kawamura et al., 1998; Diamond, 2000; Kawamura and Iwahori, 

2004; Peterson et al., 2006; Fernandes et al. 2004, 2007; Fernandes, 2009; Šachlová 

et al., 2010; Katayama, 2012b; Locati et al., 2012). 

Based on several studies (e.g. Gutteridge and Hobbs, 1980; Kirkpatrick, 1991; Powers 

and Steinour, 1955a,b), Helmuth and Stark (1992) stated that, though extremely 

variable in composition, ASR gels are two-component mixtures of alkali-calcium-
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silicate-hydrate (C-N-(K)-S-H gel, which can be considered as C-S-H) and alkali-

silicate-hydrate (N-(K)-S-H gel) of nearly fixed compositions. Liang et al. (1992), Dron 

and Brivot (1993), Kurtis et al. (1998) are among the researchers who later supported 

this two-phased theory. However the results of Diamond’s (2000) research arose 

several questions that the model of Helmuth and Stark (1992) could not satisfactorily 

answer. 

In 1996, Thaulow and co-workers analysed alkali-silica reaction products in concrete 

railroad ties using mylonitic aggregates and came up with a gel composition ranging 

from 53 % to 63 % silica, 20 % to 30 % calcium and a constant potassium and sodium 

content of about 15 %. The dominance of silica, the lower and varying contents of 

calcium and relatively constant contents of alkalis were also observed by Fernandes 

(2009) in the study of three major structures. The same investigators also concluded 

that gel composition and texture are strongly influenced by its position (calcium content 

raises when gel is in contact with cement paste, decreasing significantly or even 

disappearing when gel is close or in reactive aggregates; a reverse behaviour 

characterizes silica), a finding that was in accordance with the work of Regourd et al. 

(1981), Regourd and Hornain (1986), Moranville-Regourd (1989), Bérubé and Fournier 

(1986); Wang and Gillot (1991); Liang et al. (1992), Kawamura (2001) and Peterson et 

al. (2006).  

Liang et al. (1992) findings were supported by Thaulow et al. (1996) and Šachlová et 

al. (2010) in what concerns the existence of a direct variation of gel composition and 

structure with ageing (younger concretes show a more amorphous structure, a more 

uniform composition and a lower calcium content than older concretes). Initially the gel 

absorbs lots of water, but does not exert significant pressure. In later stages, due to the 

evolution of the reactions, the Ca content increases and the gel becomes more viscous 

and expansive than the original alkali-rich gel. The structural arrangement of alkali-

silica gel over time was also encouraged by Peterson et al. (2006) research. However, 

in what concerns gel composition, the aforementioned conclusion was not corroborated 

by Fernandes (2009). 

Wieker and co-workers (1998, 2000) proposed that the structure of ASR gel is similar 

to that of kanemite (Na2O4(OH)2.H2O), a layer sodium silicate. This was later confirmed 

by the work of Hou et al. (2004a) and has evolved into general consensus nowadays 

(Broekmans, 2012). 

Concerning the chemical composition of rosette-like agglomerates, Peterson et al. 

(2006) reported a similar composition to okenite (CaSi2O5·2H2O) with potassium and 
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sodium substitutions, in accordance to the work of Cole and Lancucki (1983) while 

studying a crystallized gel. Davies and Oberholster (1986) and Moranville-Regourd 

(1989) also refer okenite, among other phases, as a crystalline product of ASR. 

Katayama (2012a,b) stated that gels and rosettes have identical compositions, 

irrespective to the type of ASR and aggregate, keeping the same cation ratio as the 

host gel vein (Katayama et al., 2004). Also according to Katayama (2012a,b), ASR gels 

crystalize into rosettes in a tie line of cryptophyllite-rhodesite (K2Ca(Si4O10) ·5H2O-

KHCa2Si8O19·5H2O), possibly forming a solid solution between mountainite 

(KNa2Ca2(Si8O19(OH))·6H2O) and shlykovite (KCa(Si4O9(OH))·3H2O), or a mixed layer 

of wider range. Nonetheless, this matter needs a more thorough investigation. The 

formation of rosette crystals is claimed by the former author not to be responsible for 

expansion, since it was not observed a volume increase or crystallization pressure, in 

opposition to ASR gel formation that creates hydrostatic pressure. 

Besides the essential components of ASR products, there are also reports of the 

presence of aluminium, sulphur, magnesium and iron (Prince et al., 2001; Leemann 

and Holzer, 2005; Fernandes et al., 2007; Fernandes, 2009). Besides these elements, 

zeolitic phases were also detected (e.g. Marfil and Maiza, 1993, 2001; Locati et al., 

2012). However, Hou et al. (2004b) stressed that in EDS the analysed excitation 

volumes are of order of several cubic microns, and for this reason analyses may 

contain phases other than ASR gel. 

In what concerns the comparison of gel characteristics in field concrete and laboratory 

cured materials, Moranville-Regourd (1989) reported that the alkali-silica reaction 

products observed in concretes or mortars that have been cured in accelerated 

conditions are quite similar to those found in cores taken from structures; however, 

other workers have observed differences due to storage conditions. Among them, are 

Gavrilenko et al. (2007) who compared concrete cores taken from Spanish dams and 

mortar-bars made up with the same aggregates (crushed granitic mylonite and 

quartzite) and tested according to the ASTM C 1260 testing procedure. In both cases 

they found large varieties of gel: compact smooth gel (amorphous), lepispheres and 

sheet sponge or clot morphology (crystalline/porous). The authors found a very 

different chemical composition between field and laboratory reaction products. 
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2.3.3 Expansion and cracking mechanisms 

In what concerns mechanisms of expansion, diverse theories have been proposed. 

Nonetheless, till now none of the following seem to satisfactorily explain all the 

experimental results. 

Hansen (1944) was the first to propose an osmotic pressure cell theory in order to 

describe the mechanism of expansion. According to this model, the hardened cement 

paste surrounding the aggregate behaves as a semi-permeable membrane on silicate 

ions passage. The membrane enables water molecules and alkali hydroxides to diffuse 

in, but blocks the passage of silicate ions into the pore solution. The alkali-silicate 

formed on the aggregate’s surface would draw solution from the cement paste to form 

a liquid-filled pocket (osmotic pressure cell) that swells by increasing hydrostatic 

pressure, inducing cracking in the confining cement paste. Other researchers, such as 

Dent Glasser (1979), Diamond (1989) and Poole (1992) applied this theory to the 

mechanism of expansion due to ASR. 

In 1952, McGowan and Vivian presented a mechanical/swelling theory in which a solid 

alkali-silicate layer forms on the surface of the reactive particle and absorbs moisture 

from the pore solution. The resultant gel swells causing expansive pressure and 

eventually leads to cracking. In these authors’ opinion, cracking in concrete should 

relieve the osmotic pressure and prevent any further expansion. Tang (1981) 

expressed his support on this theory. 

For Powers and Steinour (1955a,b) both the osmotic pressure cell theory and the 

swelling theory were essentially the same. Depending on the amount of imbibed water, 

alkali-silica gel can exist either as a solid or a colloidal fluid. The expansion of concrete 

is caused primarily through the osmotic pressure cell of fluid gel, or through the solid 

gel swelling. 

A theory of ion diffusion was suggested by Chatterji (1979, 1989) and Chatterji and co-

workers (1986, 1988). In this model hydrated ions move from low to high concentration 

regions. In opposition to the osmotic pressure cell theory, in this theory silicate ions are 

able to diffuse out of the reactive particles. When the amount of materials (Na+, K+, 

Ca2+, OH- and water) entering a reactive silica particle exceeds the amount of materials 

leaving (SiO2
2-), expansion occurs. 

Dron and Brivot (1992, 1993) based on the observation that cracks in ASR-affected 

concrete are filled with minerals precipitated from the hydrated gel, proposed that 
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hydrated gel is diffused far from the aggregate into micro-pores and channels 

connecting the pores. The gel then reacts with Ca2+ ions and expands leading to 

concrete cracking (theory of crystallization pressure). However the reason why the gel 

generates an expansive pressure in the pores is unclear. Furthermore, this model 

cannot predict the cracking of the aggregate particle, since expansion gives a 

compressive pressure to the aggregate. 

In the aforementioned mechanisms, cracking occurs only in the cement paste while the 

particle under compression pressure would not fracture.  

Goltermann (1995) and Idorn (2001), based on cracking patterns in ASR-affected 

concrete, claimed that expansive pressure due to hydrated gel formation develops also 

inside the reactive grain. The aggregate expands inhomogeneously, causing tension 

inside of it. The expansive pressure is then released causing the crack of both the 

aggregate and surrounding cement paste. 

Prezzi et al. (1997) developed a model based on fundamental chemistry principles, the 

expansion characteristics of mortar-bars and the chemical composition of the gel 

formed in samples. These authors argued that expansive forces are caused by electric 

double layer repulsion effects similar to “clay swelling”. High negative silica charges 

(Bolt, 1957; Rodrigues et al., 1999) are counterbalanced by an electric double layer of 

positive charges that develops and adsorbs around silica surface. The double layers 

are composed of calcium, potassium and sodium and some other ions, but always 

maintaining a net charge equal to zero. The system will form a colloidal suspension 

and then a gel network or coagulate as a precipitate. The chemistry of the reaction 

product depends on the chemistry of the pore solution, pore structure in the concrete 

and exposure conditions. Although Diamond (1989) indicated expansive pressures due 

to swelling of gel are in the range of 6 MPa to 7 MPa, Prezzi et al. (1997) estimated a 

range of 2.2 MPa to 10.3 MPa.  This model is consistent with the established silica 

dissolution mechanisms, and also explains why Na+ and K+ are more strongly attracted 

to the negatively charged hydrated silica surfaces than Ca2+. The works developed by 

Rodrigues et al. (1999, 2001) and Tambelli et al. (2006) are in agreement with this 

theory. 

In 2001, Prince et al. demonstrated that the mechanisms ruling the natural alteration of 

rock also lead to the development of ASR, although it is a very slow process which 

occurs at the geological time scale. In order to achieve this conclusion, the alteration of 

granite was used to distinguish two processes: 1) existing minerals are transformed 

into expansive minerals such as the transformation of biotite into chlorite and 



FCUP 

Chapter 2 - Alkali-aggregate reaction 

45 

 

expansive smectite. The expansion occurs in the structural layers of the mineral and 

may cause relatively localized deterioration in the original material; 2) mineral 

constituents are hydrolysed in the surrounding water, which gradually becomes satured 

with silica, alumina and several cations. New phases evolve forming gels or well-

crystallized products which can generate forces strong enough to crack rock and 

concrete in a confined environment. 

Grounded on the quantitative measurement of the reaction degree by Bulteel et al. 

(2000), Garcia-Diaz et al. (2006) presented the aforementioned model based on the 

volume balance between the aggregate expansion and the swelling of mortar-bars. The 

damage mechanism is decomposed into three major steps in accordance to tetrahedra 

formation by breaking up siloxane bonds and the dissolution of these tetrahedra. 

Ichikawa and Miura (2007) proposed that an insoluble and rigid dark reaction rim is 

generated around reactive aggregates by the reaction of alkali silica and calcium ions. 

This rim does not allow the diffusion of viscous alkali-silicate gel, but permits 

penetration of alkali solution, acting like a semi-permeable hard membrane. Hence, the 

alkali-silica gel generated after the formation of the rim is kept inside the reactive 

particle and the consequent expansive pressure cracks the aggregate and the 

surrounding cement paste when the strength of the material is surpassed. According to 

this theory, ASR does not cause the deterioration of concrete if the reaction is 

completed before the formation of the rim. 

On their turn, Ponce and Batic (2006) added that the mineralogy and fabric of the rock 

are responsible for different manifestations of the reaction in the aggregate and in the 

interfacial transition zone. 

 

2.3.4 Gel composition v.s. expansibility 

Another issue that has been keeping researchers intrigued relates to the relation 

between gel composition and expansibility, mainly in what concerns the role played by 

calcium hydroxide in ASR. 

Powers and Steinour (1955a,b) theorized that ASR could be safe our unsafe according 

to the relative amounts of calcium and alkalis in the reaction products. High calcium 

gels (alkali-calcium-silicate-hydrate gel) are considered to be nonswelling, forming 

safely at the particle surface as long as calcium ions can penetrate the reaction zone. 

On another hand, if calcium concentrations are too low, swelling gels are formed, 
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leading to concrete deterioration. Helmuth and Stark (1992) shared this point of view 

and added that the calcium hydroxide content of gels must be more than about 53 % in 

order to supress the swelling component. Also according to Powers and Steinour 

(1955a) and to French (1989) and Lagerblad and Trägårdh (1992), within the cement 

paste, the ASR gel becomes richer in calcium with time, releasing alkalis to the pore 

solution. This way, an alkali recycling is provided. According to this phenomenon, ASR 

may theoretically continue until all the reactive silica is transformed into gel (Wigum, 

1995a; Lindgård et al., 2012a). 

In Chatterji´s (1989) model, calcium hydroxide plays a reverse role to the one 

suggested by Powers and Steinour (1955a,b). He suggested that the presence of solid 

calcium hydroxide, along reactive silica and alkali hydroxides, is imperative for 

deleterious ASR. Besides this key difference, Chatterji (1989) added that ASR products 

cause or aggravate expansion, rather than preventing it, by blocking the escape of 

dissolved silica from reacted particles. Thomas (1998, 2001), Struble and Diamond 

(1981), Kamamura et al. (1998), and Hou et al. (2004b) also agreed that calcium is 

required for the formation of expansive gel. Otherwise silica would dissolve in the high 

alkali pore solution. 

Although supportive that calcium hydroxide aggravates ASR expansions, Wang and 

Gillot (1991), are in disagreement with the interpretation given by Chatterji’s (1989), 

keeping Powers and Steinour’s model in their discussion. Wang and Gillott (1991) 

suggested that calcium hydroxide provides an abundant source of hydroxyl ions, and 

that calcium ions replace alkalis in partially reacted silica to regenerate alkalis, 

maintaining a high pH and a continued reaction within aggregate particles, increasing 

expansion. 

Scrivener and Monteiro (1994) described a type of ASR gel with higher calcium content 

which imbibes a similar amount of water compared to a gel with a lower calcium 

content. 

According to Prezzi et al. (1997) model, a sodium gel has a greater expansion potential 

than a calcium gel, since monovalent ions produce larger double-layer thicknesses and 

repulsion forces than bivalent cations which is in accordance with the postulated by 

Powers and Steinour theory (1955a,b). Prezzi and co-workers’ theory is also able to 

explain the existence of a higher concentration of calcium in the electrical double layer 

than in the pore solution which implies a high calcium content in the reaction products 

(Chatterji, 2005). 
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Diamond (2000) stated that ASR gel is neither consistently low nor high in calcium, 

varying from one particle to another. 

The suggestion that calcium may play a catalytic role by promoting cross-linking of 

silicate ions in solution during the gel polymerization was made by Gaboriaud et al. 

(1999) and sustained by Hagelia (2008). 

The assessment of ASR-damaged structures led Fernandes et al. (2007) and 

Fernandes (2009) to conclude that expansion occurs even when low or zero amounts 

of calcium are present in gel. 

The work of Jun and Jin (2010), using electron-probe micro-analyser (EPMA), showed 

that there is a correlation between CaO/SiO2 ratios of reactive products and expansion 

values – expansions increase for lower CaO/SiO2 ratios. 

In what concerns the behaviour of potassium and sodium ions, both behave similarly in 

the ASR reaction, but according to Hou et al. (2004a) the rate of reaction appeared to 

be faster with potassium than with sodium. This assumption agrees with reports of 

Wijnen et al. (1990). Borchers and Müller (in Lindgård et al., 2012a) found opposite 

results, concluding that sodium produces a higher reaction rate in laboratory tests than 

potassium.  

Among others, Bokern (2008) showed that an increase in the alkali content in ASR gel 

in mortars decreases the expansion. 

Discussion is being held regarding the relationship between the viscosity and the 

composition of gel. Kawamura and Iwahori (2004) pointed out that the viscosity of low 

Na2O/SiO2 gels is much higher than high Na2O/SiO2 gel. This low viscosity leads to 

exudation of great amounts of gel on the surface of bars with alkali content higher than 

2 % of the cement. This exudation limits the gel content inside the mortar-bars and 

possibly resulting in reduced expansion. 

 

2.4 Recognising ASR in a concrete structure 

It is worth remembering that the presence of viscous gel does not necessarily imply 

deleterious ASR. For this reason, and taking into account all ASR influencing factors, a 

cause-and-effect relationship must link the presence of reaction products to harmful 

expansion. It must be emphasized that due to the slowness of ASR deterioration, the 

risk of catastrophic failure is low. However, ASR can cause serviceability problems and 
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can also aggravate other deterioration mechanisms such as those that occur in freeze-

thaw damage, de-icer or sulphate exposures. Likewise, deterioration caused by other 

mechanisms can contribute for enhancing ASR (e.g. providing alkalis ingress) (Farny 

and Kosmatka, 1997). 

The recognition of ASR in a concrete structure may not present itself as an easy task, 

since its indicative external features can be also caused by several other deleterious 

physical and chemical causes. In another words, no type of site observation is 

exclusively characteristic, or reliably symptomatic of ASR (BCA, 1992). 

Figure 16 shows an exemplificative scheme for preliminary diagnostic examination of 

affected structures in order to diagnose the true cause/s of damage. The site inspection 

of the affected structure should be designed in accordance to the type of structure 

concerned, and the environmental conditions to which the structure is exposed must be 

taken into consideration. Attention should also be drawn to situations where roof 

leakages, ponded water, groundwater, seawater or sea spray, de-icing salts, or 

condensation can occur (Blight and Alexander, 2011). The steps for a good site 

inspection of concrete structures are described, for example, in BCA (1992) and in 

RILEM AAR-6.1 (2013). 

 

 
Figure 16 – Scheme for preliminary diagnostic examination of concrete structures to ascertain probable deterioration 

mechanism (Blight and Alexander, 2011). 
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2.4.1 ASR external concrete features  

During site inspection, visible signs of deterioration must be carefully recorded by 

means of photographs or freehand sketches, along additional information comprising, 

for example, widths, directions, spacing and location of cracks.  

A description of external concrete features suggestive of ASR is following presented. 

 

2.4.1.1 Cracking 

Cracking is the main external evidence of ASR in concrete (BRE Digest 330, 2004). 

Expansive ASR begins with the formation of gel either in or around a reactive 

aggregate particle within concrete. Where gel produces a pressure that exceeds the 

tensile strength of concrete, this material cracks in a 3- or 4-pronged star pattern (Fig. 

17). This cracking is usually enough to relieve the accumulating pressure and 

accommodate the resulting volume increase. As more particles react, cracks radiating 

from these “stars” coalesce to form a network resembling a geographical map, typically 

known as map cracking. At late stages, new cracks continue to develop, subdividing 

the original polygonal areas between cracks into smaller polygons, and in addition 

existing cracks widen (> 10 mm in extreme cases (Hobbs, 1988)) and lengthen (Fig. 

17, stage 4). The sites of the crack development are determined by the location of the 

reacting silica on the aggregates and by the availability of OH- and moisture (Gillot, 

1975; Ferraris, 1995). Typically cracks show discoloration where bleached, pinkish or 

brownish margins can extend up to several millimetres in each side of the crack (Poole, 

1992), however this is not necessarily indicative of ASR. 

Map cracking (Fig. 18) characteristically occurs in a random pattern, since there is not 

a preferential direction for cracks to propagate and the sites of crack initiation are not 

uniformly distributed in concrete (Ferraris, 1995), with varying density (St Jonh et al., 

1998; Sarkar et al., 2004). However, when concrete is restrained, as most concrete 

structures are, the pattern of cracking is modified and cracks will be oriented along the 

stress direction. Since reinforcement parallels the major stress direction, linear ASR 

cracks occur roughly parallel to main reinforcing bars (Poole, 1992; BRE Digest 330, 

2004). In non-reinforced concrete, the orientation of major cracks can be influenced by 

external restraint. For example, in gravity dams expansion is less restrained in an 

upward direction and cracking is thus predominantly horizontal (Farny and Kosmatka, 
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1997). The development of map cracking and its influencing factors are represented in 

Fig. 19. 

 

 

 
Figure 17 – Schema of the progression and consequence of the swelling of the ASR gel (Hobbs, 1988). 

 

 

 

Figure 18 – Map cracking in the crest of a concrete dam. 
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Figure 19 – Expansion (A) and cracking (B) due to ASR (adapted from Courtier in Deschenes et al., 2009). 

 

Nonetheless, other physical and chemical causes besides ASR may generate similar 

concrete cracking patterns (e.g. differential settlement, drying shrinkage, seismic 

accelerations, thermal contraction, frost attack, inadequate loading of the structure, 

sulphate attack as a result of chloride ingress) (BRE Digest 330, 2004; Blight and 

Alexander, 2011). 

 

2.4.1.2 Movements, displacements and deformations 

The extent of ASR often varies throughout the volume of the concrete or within the 

different components of the affected structure. The resultant overall, uneven or 

differential concrete swelling may cause distresses such as relative movement, 

misalignment (Fig. 20), distortion, excessive deflection or separation of adjacent 

concrete members or structural units, closure of joints causing extrusion of jointing and 

sealing materials, and ultimately spalling of concrete at expansion or construction joints 

(Fournier et al., 2004). A careful study in order to diagnose the cause of such 

movement is imperative, since loading, uniform or differential shrinkage, thermal or 

moisture movements, gravity effects, creep, impact or vibration can also be responsible 

for the described deleterious effect (BCA, 1992; Poole, 1992). 
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Figure 20 – Misalignments due to AAR in two different dams (left – Canada; right – Norway). 

 

2.4.1.3 Surface deposits (exudations v.s. efflorescence) 

Exudations are surface deposits of ASR gel sometimes observed along cracks and 

pores in concrete. These deposits result from the moisture movement through pores 

and cracks in concrete which transports the ASR gel to the surface, where it exudes. 

Where present, exudations are indicative that there has been sufficient moisture to 

carry the gel to the surface. The exuded gel is usually white due to carbonation of the 

originally colourless gel on contact with air (St John et al., 1998; Sarka et al., 2004) 

(Fig. 21). As for the texture, it is characteristically jelly-like. Knudson and Thalow 

(1975), Fernandes et al. (2007) and Fernandes (2009) observed that gel in exudations 

is composed of silicon and alkalis while calcium is absent, in agreement with what was 

referred by Taylor (1998). The lack of calcium can be explained by a short 

transportation in the cement paste.  

Efflorescence are sugary white surface deposits but of mineral salts derived from the 

pore solution, varying from calcium carbonate, sulphides, sulphates, chlorides and 

other salts of calcium and sodium. It should be emphasized that the presence of 

surface deposits is not indicative of ASR as other mechanisms, such as frost action or 

the transmission of water through concrete, can also cause efflorescence (without the 

presence of ASR gel) (Russell, 1983; Farny and Kosmatka, 1997; Fournier et al., 

2004). 
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Figure 21 – White exudation in a concrete observed inside a dam gallery.  

 

2.4.1.4 Pop-outs 

A pop-out is caused by a conical fragment breaking out of the surface of the concrete, 

leaving a depression that may vary in size (Fig. 22), but is usually 25 mm to 50 mm 

wide. However, pop-outs resulting from sand-sized particles can be much smaller. A 

fractured aggregate particle can be found at the bottom of the small crater. 

 

Figure 22 – Schematic model of pop-out formation (Idorn, 1967). 
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The number, size and location of pop-outs are indicative about the quality of 

aggregates in a concrete. A pop-out caused by expansive ASR is formed in order to 

relieve pressure created by the gel just beneath the concrete surface. In good 

examples it is possible to locate the presence of gel at the site of a pop-out. Besides 

being a cosmetic nuisance (Fig. 23), pop-outs do not usually affect concrete durability 

and their presence is not necessarily an indicator that the concrete structure will 

expand and develop map cracking or other signs of ASR distress. Pop-outs can also 

be caused by mechanisms other than ASR, especially by freezing and thawing of low 

density porous aggregates lying near the concrete surface (BCA, 1992; Poole, 1992; 

ACI Committee 221, 1998; Farny and Kosmatka, 1997). 

 

 

Figure 23 – Pop-out in a concrete structure. 

 

 

Table 5 displays a list of features that may indicate ASR and classifies their occurrence 

as indicating a low, medium or high probability of ASR. 
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Table 5 – Classification system for site or field observations (RILEM AAR-6.1, 2013). 

Feature Probability of ASR 

Low Medium High 

Expansion and/or 
displacement of 
elements 

None Some Structure shows symptoms of 
increase in concrete volume 
leading to displacement and 
misalignment of elements. 

Cracking and crack 
pattern 

None Some cracking 
patterns typical of 
ASR (i.e. map-
cracking or cracks 
aligned with major 
reinforcement 
stress) 

Extensive map-cracking or 
cracking aligned with major 
reinforcement or stress; 

Misalignment of facings 
(differential expansion, on each 
side of the crack…). 

Indications below are sometimes features of ASR but their absence does not rule out 
ASR. 

Surface discoloration None Slight surface 
discoloration 
associated with 
some cracks. 

Line of crack having dark 
discoloration with an adjacent 
zone of light-coloured concrete. 

Pop-outs with ASR gel 
deposit 

None Some Many 

Exudations None White exudations 
around some 
cracks. 

Colourless. Jelly-like 
exudations readily identifiable 
as ASR gel associated with 
some cracks. 

Environment Dry and 
sheltered  

Outdoor exposure 
but sheltered from 
wetting. 

Parts of component frequently 
exposed to moisture, e.g. rain, 
groundwater, water due to 
natural function of the structure 
(hydraulic dam). 

 

 

2.4.2 Laboratory investigation 

When the preliminary assessment suggests that damage was caused by ASR, the 

following step comprises taking samples of the concrete, usually by diamond core 

drilling, for further examination. The core samples need to represent not only the 

surface concrete but also the concrete at depth and ideally they should be no less than 

70 mm in diameter (Concrete Society, 2010), but dependent on aggregate size. Core 

samples must be carefully labeled, showing the location in the structure from which 

they were collected, as well as giving notes regarding the visual appearance of the 
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concrete at their locality (Blight and Alexander, 2011). An example of a site core record 

sheet can be found in BCA (1992).  

 

2.4.2.1 Petrographic examination 

After the aforementioned procedure, petrographic examination, which includes a visual 

and a micro-analysis (Jepsen and Christensen, 1989), is ready to be carried out. 

Petrographic examination of concrete specimens is considered to be an extremely 

valuable technique in the evaluation of the condition of concrete, and especially in the 

diagnosis of the cause of deterioration. The practice procedures for a full petrographic 

examination of concrete can be found, for example, in French (1991), St John et al. 

(1998), APG-SR2 (2010), Concrete Society (2010) and ASTM C 856 (2011). 

A preliminary visual examination of samples, with naked-eye, a magnifying lens (7x – 

10x) and even a stereo binocular microscope (magnification up to 40x – 50x), will allow 

the identification of macroscopic features such as (APG-SR2, 2010; Concrete Society, 

2010; Fournier et al., 2010): the nature of the external surfaces; the type and condition 

of the cement paste; macroscopic cracking and its distribution; the distribution, size 

range and type of the aggregate; damp patches on the concrete surface; the presence, 

size position and condition of reinforcement; carbonation depth; and any superficial 

evidence of deleterious processes affecting concrete. 

In concrete affected by ASR, typically the heart concrete expands in opposition to the 

outer surfaces that do not. This means that the outer surfaces go into tension and 

macrocraks are formed at 90º angles to the exposed surfaces. The interconnecting 

cracks, together with the macrocracks close to the exposure surfaces, indicate that 

expansion has occurred in the interior of concrete (BCA, 1992) (Fig. 24). Besides 

cracking, the presence of features like aggregates coated in gel and air pockets filled 

with gel on the surface of the core, can be likewise indicative of the reaction (BRE 

Digest 330, 2004). 
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Figure 24 – Internal macrocrack pattern which can be caused by ASR. A) Reactive silica in the sand fraction; B) 

Reactive silica in the coarse aggregate (BCA, 1992). 

 

Following the macroscopic description of cores, broken (fresh) surfaces, polished and 

thin-sections may be prepared from the drilled cores for micro-analysis. Microscopic 

examination of thin-sections of concrete, when conducted by a qualified petrographer, 

is considered the most reliable method for diagnosing deleterious mechanisms, such 

as ASR (Sims, 1987; BCA, 1992). Other techniques, such as image analysis and SEM-

EDS may be used as a complement to microscopy analysis. This last technique, along 

chemical mapping, can be extremely helpful in the identification of ASR in its earliest 

stage, where its identification is considered more difficult (Concrete Society, 2010). 

The microscopic textures of concrete affected by ASR are variable and depend on the 

extent of reaction, the size and distribution of reacting aggregates and the environment 

of the concrete structure (Concrete Society, 2010). Therefore, alkali-silica reaction 

products have variable optical properties in thin-section, morphology and chemical 

composition, related to position (inside the alkali-reactive particle, or in the paste) and 

age. Several petrographic features can be found within the aggregate and surrounding 

concrete matrix: microcracks, reaction rims, reaction product gel and loss of cement 

paste-aggregate bond (Tab. 6). The first three mentioned features allow an 

unequivocally identification of ASR as the cause of damage (e.g. Jensen, 1993; St 

John et al., 1998; BRE Digest 330, 2004).  

 

 

 

 

 

A B 
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Table 6 – Features to look for in petrographic examination according to different methods (Fournier et al., 2004, 2010). 

Methods of examination Features 

Macroscopic examination 
(using a 10x lens) 

Damp patches, discoloration or staining at the surface of the 
cores, gel exudations at the surface and/or around the periphery 
of the core. 
Aggregates particle and shape distribution (e.g. preferential 
orientation of particles) relative to the orientation of concrete 
placement and the direction of coring. 
Cracking type and location/orientation (i.e. surface 
macrocracking, around/or through aggregate particles), width, 
depth, crack orientation in the cement paste and versus the 
aggregate particle shape. 
Secondary products in voids/pores, cracks, around aggregate 
particles or exuding from the core. 
Reaction rims around aggregate particles. 

Microscopic examination 
on polished sections  
(using a stereo-binocular 
microscope) 

Characteristics of the fine and coarse aggregates (petrographic 
nature, texture, grain size, shape, distribution, proportion, etc.). 
Characteristics of the micro-cracking pattern, including intensity, 
size range of crack sizes, apparent association with particular 
aggregate type, cracking in or around aggregate particles, 
extension in the cement paste; cracks filled or not with ASR 
products, etc. 
Reaction and/or alteration rims. 
Reaction products (location and distribution, etc.). 
Estimate of the relative proportion of the concrete constituents. 
Characteristics of the air-void parameters. 
Cement paste-aggregate bond, etc. 

Microscopic examination of 
thin-sections 
(petrographic microscope, 
SEM) 

Petrographic nature of coarse and fine aggregates, presence of 
secondary products in air voids (e.g. calcium hydroxide, ettringite, 
alkali-silica gel, calcium carbonate, gypsum, etc.). 
Sites of expansive reaction - occurrences of features that provide 
evidence of reaction and emanation of expansive forces, i.e., 
reactive aggregate particles showing cracking internally or at the 
cement/aggregate interface with cracks propagating into the 
surrounding matrix and cracks filled or partially filled with gel. 
Basic characteristics of the concrete might be assessed by 
experienced petrographers, such as: water to cement ratio, 
degree of cement hydration, paste porosity, cement clinker 
composition, presence of supplementary cementitious materials 
such as fly ashes and slags, presence of contaminants. 
Other features such as reaction rims, dedolomitization features, 
brucite and carbonation. 

Examination of broken 
concrete pieces (fracture 
surfaces) 
(using a stereo-binocular 
and/or SEM) 

Presence, distribution and abundance of reaction products on 
fractured surfaces (paste and aggregates), in voids of the cement 
paste, aggregate-cement paste bond, etc. 
Presence of other reaction products (e.g. ettringite, etc.). 
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Table 7 classifies the occurrence of ASR features obtained from petrographic 

examination as indicative of low, medium and high probability of ASR. 

 

Table 7 – Classification system for petrographic examination (modified from CSA A 864-00 in Fournier et al., 2010). 

Probability of ASR Nature and extent of features  

Low No potentially reactive rock types (from petrographic examination of 
thin-sections): 

 No alkali-silica gel present (or only in a very few voids), no 
(or very few) reaction rims, no (or very few) sites of 
expansive reaction, very limited cracking within the 
aggregate particles that extends, or not, in the cement 
paste. 

 Presence of other indicative features rarely found. 

Medium Presence of some features generally consistent with ASR: 

 Damp patches on core surfaces. 

 Presence of potentially reactive rock types (from 
petrographic examination of thin-sections). 

 Cracking/microcracking within a fair number of aggregate 
particles; some of the cracks may extend in the cement 
paste. 

 Alkali-silica gel observed in cracks within a fair number of 
aggregate particles and/or cracks within the cement paste 
and/or air voids. 

 Darkening of cement paste around reactive aggregate 
particles, cracks or voids (“gelification”). 

 Reaction rims around the internal periphery of a fair number 
of reactive particles. 

High Presence of extensive signs of ASR as described in the previous 
section but observed in larger frequency, for instance: 

 Evidence of site of expansion reaction, i.e., locations within 
the concrete where evidence or reaction and emanation of 
swelling pressure can be positively identified, and/or; 

 Presence of gel in cracks and voids associated with several 
reactive particles and readily visible to the unaided eye or 
under low magnification. 

 

 

Microcracks 

Microcracking resulting from ASR is generated through forces applied by the 

expanding aggregate particles and/or swelling of alkali-silica gel. Therefore, 

microcracks occur within and adjacent to particles of reacting aggregate (Gillot, 1975) 

(Fig. 25). The crack patterns of ASR tend to be quite distinctive in thin-section, 
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frequently interconnecting reacting aggregate particles, and in many cases, it is 

possible to follow the cracks to the source of reaction (BCA, 1992; Concrete Society, 

2010). According to Katayama (2011), the typical ASR sequence of cracking involves 

four distinct stages: 1) formation of reaction rim; 2) cracking within aggregate; 3) crack 

extension from aggregate into cement paste; and 4) infilling of ASR gel within air voids. 

In Fig. 26 the sketches of some alkali susceptible rocks and respective characteristic 

patterns when affected by ASR are displayed. The proportion of aggregates showing 

internal cracking generally increases with progressing ASR. In extreme cases, cracks 

run through several reacted aggregates constituting a weakness plane where the 

concrete core will preferentially break. It is also possible to identify in such stages 

cracks filled with gel running through non-reactive aggregate particles. Consequently, 

great care should be taken to correctly identify the sites, or the aggregate particles, that 

have generated the expansive forces (Fournier et al., 2010). 

The application of yellow dye in the mounting media (resin) can be used for 

impregnating polished slabs or thin-sections allowing the examination of microcracks 

and porosity in concrete, especially under UV light. 

 

Figure 25 – Microcracks within an aggregate. (Microphotograph in plane polarized light (PPL)). 

200 µm 
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Figure 26 – Sketches displaying texture, morphology and compositions of the primary alkali susceptible rocks and 

characteristic patterns when affected by ASR (Idorn et al., 1992). 

 

Reaction rims  

Reaction rims form on surfaces of reacted aggregate particles. Such ASR feature does 

not correspond to a reaction rim per se, but rather to a typical arrangement of reaction 

products precipitated on a crack: 1) a dark rim covering the immediate internal 

periphery of the particle. This rim is composed by amorphous gel responsible for 

revealing a dark colour under refracting light; and 2) a white deposit going through the 

central portion of the particle showing a powdery aspect. This inner rim is formed by 

rosette-like crystalline products which are white in reflected light (Jensen, 1993; 

Fournier et al., 2010).  

 

Gel 

The identification of the presence and nature of gel may not present itself as an easy 

task. As so, it is very important to correctly select and prepare polished or thin-sections 

from concrete in order to prevent the washing out of ASR gel with water. This can be 

overcome using a non-aqueous lubricant to avoid dissolution of the water-soluble 

compounds. 
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Under optical microscope the alkali-silica gel varies from colourless via various shades 

of tan to deep dark brown in contact with cement paste, with very low interference 

colours demonstrating its amorphous nature (Broekmans, 2012). Shrinkage cracks are 

common and they are produced by the preparation of the thin-sections. Gel occurs, 

lining or filling completely voids and cracks (Fig. 27). Usually the cracks start inside the 

coarse aggregate particles and extend to the binder. In the cracks, the gel is more 

frequent close to the interfaces aggregate-binder. Most of the work developed about 

alkali-silica gel includes the observation under SEM with semi-quantitative analyses by 

EDS. The characteristics are quite well known. The gel occurs as (Knudsen and 

Thaulow, 1975; Kawamura et al., 1998; Moranville-Regourd, 1989; Fernandes, 2007, 

2009): 

- Smooth surface of amorphous, massive, alkali-silica gel with shrinkage cracks; 

- Fibrous, rosette like material. 

Gels that have been resident in the alkali-reactive concrete for prolonged time are often 

acicular/fibrous or platy/flaky crystalline with moderate birefringence. Cross-cutting 

relationships of different gel ‘veinlets’ suggest that clear amorphous gel generally 

represents a younger generation than crystalline gel does (Dron and Brivot, 1996).  

In cross-polarized light (XPL) typical amorphous gel is isotropic. When this reaction 

product converts into a crystalline form, first-order white interference colours can be 

observed (Ingham, 2011). The amount of surfaces covered by this reaction product 

depends on several factors, which include, for example, the extent of the reaction-

expansion process and the availability of water. It should be kept in mind that the 

quantity of gel present is not necessarily directly proportional to the amount of damage 

caused by ASR (BCA, 1992; Fournier et al., 2010).  

The petrographic microscope is a privileged tool for locating the presence and 

distribution of reactive aggregate particles as well of gel in thin-section. The use of 

SEM-EDS on polished sections or broken concrete fragments allows the identification 

of the presence and distribution of ASR reaction products through its typical textural 

(Fig. 28), chemical and compositional characteristics (Fournier et al., 2010). 
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Figure 27 – Brownish gel filling a void. It is possible to observe microcracks in the matrix responsible for gel infilling 

(Microphotograph in PPL). 

 

 

Figure 28 – Alkali-silica gel texture in SEM (secondary electrons imaging mode). 

 

 

200 µm 
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Cement paste-aggregate bond 

The loss of cement paste-aggregate bond may be indicative, but not exclusive, of ASR. 

Due to the nature and the arrangement of hydrates in the boundary zone between the 

cement paste and aggregate particles, debonding can be explained by the formation of 

a preferential weakness zone where cracks will initiate and propagate (Fournier et al., 

2010). 

 

2.4.2.2 The Damaging Rating Index 

A petrographic method that has been conquering more and more supporters since it 

was first described by Grattan-Bellew and Danay (1992) and Dunbar and Grattan-

Bellew (1995) is the Damaging Rating Index (DRI). According to this methodology, a 

concrete sample, either extracted from a structure or collected after completion of 

laboratory tests, is prepared for petrographic evaluation. The concrete specimen is 

generally cut axially in two, providing maximum surface area. The surface is then 

polished and segmented by a grid of a minimum of 200 squares that are 1 cm by 1 cm 

in size (Fig. 29). The sample is then observed using a stereomicroscope at 16x 

magnification and the number of features commonly associated with ASR is counted. 

The total number of each feature is then multiplied by weighting factors (Tab. 8) which 

reflect the relative importance of each of the features in the overall deterioration 

process. The DRI represents the normalized value (to 100 cm2) of the presence of 

these features once their counts have been weighted and multiplied (Shrimer, 2000; 

Reactive Solutions, 2009; Fournier et al., 2010). According to Grattan-Bellew (1995), a 

DRI value above 50 is suggestive of damage due to ASR, values between 20 and 50 

indicate that ASR is in progress but has not yet caused damage whilst values below 20 

do not necessarily mean the concrete is affected by ASR, since certain features that 

the DRI comprises can occur in any concrete. 

DRI values can vary widely as a function of the experience of the operator. In order to 

overcome this weakness, work conducted by Villeneuve et al. (2012) showed that this 

variability can be significantly reduced by improving the definition of the different 

features of deterioration and by appropriate training of petrographers using reference 

sections and well-illustrated instructions, proposing a revised DRI method. Rivard et al. 

(2002) found that the relative importance of the petrographic symptoms of ASR, in 

terms of how they correlate with the measured expansions, can differ significantly from 

one aggregate to another. The authors also concluded that the method at 16 x 
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magnification is not really applicable to ASR caused by fine aggregates. Despite these 

drawbacks, the DRI can provide complementary information on the type and extent of 

concrete deterioration due to ASR when used alongside other petrographic methods 

(e.g. Rivard et al., 2000; Shrimer, 2000; Fischboeck and Harmuth, 2009). The method 

also has proved valuable in the determination of the extent of damage between 

structures that incorporate different types of reactive aggregates as well as of the 

progress of damage when the test is carried out regularly on deteriorating concrete 

elements (Villeneuve et al., 2012). 

 

 

Figure 29 – Prepared concrete sample for DRI evaluation. 

 

 

Table 8 – Petrographic features and their corresponding weighting factors for DRI (Grattan-Bellew, 2012). 

Petrographic feature Abbreviation Weighting factor 

Coarse aggregate with cracks CCA x 0.25 

Coarse aggregate with cracks and gel C + GCA x 2.0 

Coarse aggregate debonded CAD x 3.0 

Reaction rims around aggregate RR x 0.5 

Cement paste with cracks CCP x 2.0 

Cement paste with cracks and gel C + GCP x 4.0 

Air voids lined or filled with gel GAV x 0.5 
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3.1 Historical background 

Portugal is located in southwestern Europe, namely in the Iberian Peninsula. A total 

area of 92.090 km2 comprises the Portuguese Mainland and two Autonomous Regions, 

consisting in Madeira (30º - 33º N; 16º - 17º W) and Azores Archipelagos (37º - 40º N; 

25º - 31º W) located in the Atlantic Ocean. 

It was only in the beginning of the 1990 decade that ASR was firstly recognized as a 

problem in Portuguese structures by the scientific community thanks to the works of 

Braga Reis (1990), Silva (1992) and Silva and Rodrigues (1993). The late 

acknowledgement of ASR in Portugal can be mainly justified by the use of slow 

reactive aggregates (deformed quartz, for example, in granites, granodiorites and 

quartzites), which are quite abundant in the territory and that were used in the 

construction boost that took place in the 1950 and 1960 decades, comprising the 

construction of several large dams and bridges (Fernandes, 2005; Fernandes and 

Noronha, 2010).  

Since the 1990’s, a lot of work has been carried out by the “Laboratório Nacional de 

Engenharia Civil” (LNEC) and later by University of Porto aiming the diagnose of ASR 

damaged structures and also the evaluation of factors that can affect ASR in Portugal 

(e.g. Braga Reis et al., 1996a,b; Silva et al., 1996; Fernandes and Noronha, 2010). 

Special emphasis should be put on the work of Silva (1992) which divided the 

Portuguese Mainland according to the rock potentiality in originating ASR in concrete. 

A list of Portuguese potential reactive aggregates and of rocks and minerals 

considered as a possible source of alkalis was also presented by the author and later 

on by Silva et al. (1996). 

Besides the lithological conditions, another issue that must be also taken into account, 

and that was considered, for example by Braga Reis et al. (1996b) and Santos Silva 

(2005), is the climate condition of Portugal. Generically, our country presents a 

temperate climate (Figs. 30 and 31), which does not provide such favorable conditions 

for the development of ASR in aerial structures  as the more severe conditions present 

in the North of Europe. However, in the Mainland, there is some climatic contrast 

between the northern and southern regions and the coastal and the inner regions. The 

highest precipitation rates are verified in the North, coinciding with the highest 

concentrations of hydroelectric concrete structures, and a higher population density in 

the coastal zones. From the co-existence of these factors it can be concluded that the 

occurrence of ASR in the Portuguese Mainland is more favored in the North and 
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coastal regions (Santos Silva, 2001, 2005; Barreto Santos and Brito, 2008) than in the 

South and in the interior of the country. The conditions found in southern and inner 

regions of the Mainland are not very different from the ones verified in Madeira 

Archipelago, especially in what concerns relative humidity and precipitation. However, 

slightly higher temperatures are verified. As for Azores, in S. Miguel Island, relative 

humidity and precipitation are more comparable to the ones found in northern and 

coastal regions of the Mainland, thus favoring ASR. Table 9 displays the weather 

conditions for the year 2012 in the Portuguese Mainland and Madeira and Azores 

Archipelagos.  

 

 

Figure 30 – Köppen-Geiger climate classification for the Iberian Peninsula and the Balearic Islands (E – polar climates: 

ET – tundra; D – cold climates: Dfc – cold with a dry season and fresh Summer; Dfb – cold without dry season and 

temperate Summer; Dsc – cold with dry and fresh Summer; Dsb – cold with temperate and dry Summer; C – temperate 

climates: Cfb – temperate with a dry season or hot Summer; Cfa – temperate without a dry season or hot Summer; Csb 

– temperate with dry and temperate Summer; Csa – temperate with dry and hot Summer; B – dry climates: BSk – cold 

steppe; BSh – hot steppe; BWk – cold desert; BWh – hot desert) (Atlas Climático Ibérico, 2011). 
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Figure 31 – Köppen-Geiger climate classification for the Archipelagos of the Azores and Madeira (E – Polar climates: 

ET – tundra; D – cold climates: Dsc – cold with dry and fresh Summer; C – temperate climates: Cfc – temperate with no 

dry season with a short and cool Summer; Cfb – temperate with a dry season and hot Summer; Cfa – temperate without 

a dry season and hot Summer; Csc – temperate with hot and dry Summer; Csb – temperate with dry and warm 

Summers; Csa – temperate with dry and cool Summers; B – dry climates: BSk – cold steppe; BSh – hot steppe; BWk – 

cold desert; BWh – hot desert) (Atlas Climático dos Arquipélagos das Cánarias, da Madeira e dos Açores, 2012). 

 

Table 9 – Climatic contrast in the Portuguese Mainland and Madeira and Azores Archipelagos  
(year 2012 – mean values)  (source: Instituto Português do Mar e do Ar). 

Weather station 
Minimum  

temperatures (ºC) 
Maximum  

temperatures (ºC) 
Relative  

humidity (%) 
Precipitation  

(mm) 

Moncorvo 8.0 19.9 63.3 30.4 

Porto 10.7 19.0 70.6 73.8 

Lisboa 12.8 21.5 68.1 51.4 

Elvas 9.7 23.7 57.7 34.5 

Sagres 12.5 20.7 78.4 37.6 

 Madeira (Madeira) 17.4 23.3 64.8 43.4 

Porto Santo (Madeira) 16.6 22.1 74.4 46.2 

S. Miguel (Azores) 14.9 19.9 82.0 75.7 
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The ASR problematic in Portugal has also been a subject of several PhD thesis 

(Fernandes, 2005; Santos Silva, 2005; Piteira Gomes, 2008) and Master thesis 

(Castro, 2008; Rodrigues, 2009; Antunes, 2010; Medeiros, 2011; Lamas, 2012; Leal, 

2012): Fernandes (2005) used petrographic characterization as an assessment tool on 

the evaluation of the potential reactivity of granitic aggregates to alkalis and also 

diagnosed the existence of deleterious chemical reactions of internal origin in two large 

dams (Cabril and Alto Rabagão); Santos Silva (2005) studied the use of SCMs (fly ash 

and metakaolin) in the prevention of ASR based on laboratory expansion tests; Piteira 

Gomes (2008) used modeling to evaluate the structural stability of some ASR-affected 

structures; Castro (2008), on her Master thesis, tried to establish a possible correlation 

between the age and deformation features of granitic rocks used as aggregates and 

their potential reactivity to alkalis; Rodrigues (2009) characterized by petrographic 

methods concrete deterioration products in several structures; Antunes (2010) focused 

on the analysis of expansive chemical reactions of internal origin and their structural 

effects; Medeiros (2011) studied several volcanic aggregates from Azores mainly 

based on their petrographic characterization, aiming to assess their performance in 

laboratory tests, such as expansion tests; more recently, Lamas (2012) and Leal 

(2012) assessed the potential reactivity of aggregates from different parts of the world 

through petrographic characterization. While Leal (2012) focused on sedimentary and 

metamorphic aggregates, Lamas (2012) concentrated her study on igneous 

aggregates, including some granitic rocks used on the construction of Portuguese 

dams. 

 

3.2 National recommendations 

The study of ASR-affected structures by LNEC has enabled the development of 

recommendations and specifications in order to prevent this deleterious mechanism. 

Therefore, in specification LNEC E 415 (1993), concerning the petrographic 

characterization of aggregates, a list of potential reactive rocks and minerals as well as 

a list of potential mineralogical and lithological sources of alkalis are presented. 

According to the same specification it is possible to categorize the undulatory extinction 

of cataclastic quartz (quartz which underwent high stresses responsible for 

deformations in the crystalline network and/or crystalline partitioning) in three classes 

according to the undulatory extinction angle value (Tab. 10). However, the earlier 

mentioned quartz definition is considered vague. 
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Table 10 – Classes of undulatory extinction according to LNEC E 415 (1993). 

Undulatory extinction angle (º) Class of undulatory extinction 

0 – 15 weak 

15 – 25 moderate 

25 – 35 strong 

 

The studies performed by Santos Silva (2005) led to the conclusion that the test 

methods employed in Portugal till 2004 were inappropriate for evaluating the alkali 

reactivity of the aggregates (Santos Silva and Gonçalves, 2006). In addition, the use of 

undulatory extinction and respective angle in assessing the potential reactivity of 

aggregates was also questioned (RILEM AAR-1, 2003). Therefore, LNEC prepared the 

specification LNEC E 461 (2007) for ASR inhibition in concrete, which is pointed out by 

Annex G.3 of the Portuguese recommendation on aggregates for concrete NP EN 

12620:2002+A1 (2010). Besides identifying rocks and minerals potentially reactive to 

alkalis (Tab. 11)1 and also the ones that can behave as a source of alkalis (Tab. 12) 

this specification defines the methodologies to assess the reactivity of aggregates and 

the possibility of the concrete mixtures to develop ASR. For this last purpose, the 

quantification of reactive silica forms is carried out under the polarizing microscope. If 

necessary, petrographic characterization can be complemented by laboratory 

expansion tests. Aggregates are then classified in three categories as follows (Fig. 32): 

Class I – non-reactive aggregates (reactive silica < 2.0 vol%); Class II and III – 

aggregates potentially reactive. The probability of occurrence of expansive reactions 

with Class III aggregates is higher than the one with Class II aggregates. Some 

granitoids defined as Class I after expanding less than 0.10 % in the accelerated 

mortar-bar test have demonstrated to be potentially reactive to alkalis in field 

structures. For this type of aggregates, the application of the methodology in Fig. 33 is 

recommended as these rocks are by default of Class II. Also, if a carbonate rock 

contains a low SiO2 content (SiO2 ≤ 2.0 %) in the insoluble residue, the methodology 

presented in Fig. 32 can be waived (the aggregate is classified as Class I). 

Furthermore, LNEC E 461 (2007) establishes the measures to be adopted in order to 

avoid the occurrence of expansion reactions in concrete, such as ASR (Santos Silva 

and Gonçalves, 2006). It should be noticed that the specification does not address the 

reaction involving carbonate aggregates (ACR), because dedolomitization of a 

                                                             
1
It should be noted that the Portuguese specification considers in the mineral group silex, chert and obsidian, which are 

not minerals but rocks constituted almost entirely by silica forms. 
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carbonate aggregate was only recognized until now in one Portuguese deteriorated 

structure. However, it is worth mentioning that expansion, in this case, is associated 

with sulphate attack (Braga Reis and Santos Silva, 1995). 

 

Table 11 – Potentially reactive rocks and minerals to alkalis (LNEC E 461, 2007). 

Minerals Rocks Main reactive minerals in rocks 

Opal 

Chalcedony 

Chert 

Tectonized quartz 

Tridymite 

Cristobalite 

Obsidian 

Jasper 

Lidite 

Ftanite 

Diatomite 

Silicious schist 

Phyllite 

Opal  

Chalcedony  

Chert 

Tectonized quartz 

Greywacke 

Hornfels 

Quartzite 

Granitoid 

Tectonized quartz 

Volcanites  

(rhyolite, dacite, andesite, 

basalt) 

Glassy silica 

Limestone 

Dolomite 
Silicious inclusions (chert) 

 

 

 

 

Table 12 – Minerals considered as potential sources of alkalis and its bearing rocks (LNEC E 461, 2007). 

Sources of (minerals): 

Rocks 

Potassium Sodium 

Sanidine 

Orthoclase 

Microcline 

Leucite 

Biotite 

Muscovite 

Albite 

Oligoclase 

Nepheline 

Sodalite 

Granitoids 

Syenite 

Trachyte 

Hornfels 

Leptinite 

Arkose 

Greywacke 
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The quantity of soluble alkalis allowed by the Portuguese specification LNEC E 461 

(2007), as function of aggregates reactivity class, is presented in Tab. 13. Notice that 

3.0 kg/m3 Na2Oeq is the highest value of considered alkalis in concrete when potentially 

reactive aggregates are applied. 

 

Table 13 – Limit content of soluble alkalis in concrete (I – innocuous behaviour; II and III – potentially deleterious 
behaviour (LNEC E 461, 2007). 

Aggregates reactivity class Threshold of alkalis (kg/m
3
 of concrete) 

I no requirement 

II ≤ 3.0 

III ≤ 2.5 

 

 

 

 

Figure 32 – Methodology in order to assess aggregate reactivity (LNEC E 461, 2007). 
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Figure 33 – Methodology for assessing the susceptibility of an aggregate or concrete mixture to develop alkali-silica 

reactions (LNEC E 461, 2007). 

 

 

3.3 Case studies 

The production of an inventory of the Portuguese concrete structures with ASR 

evidence may present itself as an unsuccessful task, since a lot of work has been 

edited as confidential reports. Nonetheless, an effort was made in order to refer all 

undisclosed cases which implied the omission of some important data (e.g. name of 

the structure). 

Pracana dam is generally accepted as the first Portuguese concrete structure to be 

diagnosed as affected by ASR and has undergone a rehabilitation process. Following 

this case, several other dams were also reported as suffering from the same pathology. 

At this moment, seventeen Portuguese dams were diagnosed as being ASR-affected 

(Fig. 34).  
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Figure 34 – Portuguese dams affected by ASR (Source: Project IMPROVE). 

 

 

In Tab. 14 the reported cases, so far, of ASR in Portuguese concrete dams are 

displayed by year of completion of the structure. Table 15 complements the previous 

table with the reference publications. Some of these dams can also present internal 

sulphate reaction (ISR) as a concrete pathology. In all these structures slow reactive 

aggregates were used, such as granite and quartzite. Exception was made for Fagilde 

dam, which was built with limestone containing chalcedony. This can explain why this 

more recent dam, completed in 1984, took seventeen years to be diagnosed as 

suffering from ASR, while the other older dams took around twenty-five to thirty years, 

or even more, to be reported as affected by the same deleterious mechanism. An 

updated inventory of the ASR-affected Portuguese concrete dams can be found in 

Lopes Batista and Piteira Gomes (2012). 

According to Camelo (2011) there are sixty-five concrete and masonry dams in 

Portugal. Among these, twenty-five are more than fifty years-old. The same author 

states that in 2050, thirty-six dams will be more than seventy-five years and nine will 
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FCUP 

Chapter 3 – Alkali-silica reaction in Portugal 

78 

 

have more than one hundred years. This clearly suggests that an increasing number of 

ASR-affected dams is surely expected in the next decades, as well as several 

demolitions of these structures following the example of Alto Ceira dam. At the present 

time, LNEC is responsible for the monitoring of fifty-one large concrete dams in 

Portugal in order to assure the safety of these structures (Lopes Batista and Piteira 

Gomes, 2012). 

 

Table 14 – ASR affected dams in Portugal (adapted from Lopes Batista and Piteira Gomes, 2012). 

Dam 
Structural  

type 

Height 
(m) 

Conclusion 
date 

Aggregate Reaction 
type Coarse Fine 

Santa Luzia   Arch 76  1942 Quartzite Quartzite ASR 

Alto Ceira Arch  36  1949 
Quartzite, quartz and 
siliceous metapelite 

Quartzic and 
feldspatic 
sands, 
schist, 
metapelite 
and mica 

ASR 

Pracana Buttress 60  1951 

Metagreywacke, 
graphitic phyllite, 
quartzite, silliceous 
arenite, chloritic 
phyllite, dolerite 

Quartzite ISR-ASR 

Covão do Meio Arch 28 1953 Granite ? ASR 

Cabril Arch  132 1954 Granite Granite ISR-ASR 

Caniçada Arch  76 1955 Granite Granite ASR 

Picote Arch  100 1958 Granite Granite ASR 

Miranda Buttress 80 1961 Granite Granite ASR 

Bemposta Arch-gravity 87 1964 Granite Granite ASR 

Alto Rabagão Arch 94 1964 Granite Granite ASR 

Caia Buttress 52 1967 Granite, orthogneiss 

Alluvionar 
quartzitic and 
metapelitic 
sands 

ISR-ASR 

Fratel Gate  43 1973 Granite 
Siliceous 
sand 

ISR-ASR 

Aguieira Multiple arch 89 1981 Granite 
Siliceous 
sand 

ASR 

Coimbra Gate 40 1981 ? 
Siliceous 
sand 

ASR (?) 

Monte Novo Gravity  30  1982 Granite ? ASR 

Fagilde Gravity  27 1984 
Limestone, 
chalcedony 

Siliceous 
sand 

ISR-ASR 

 

 



FCUP 

Chapter 3 – Alkali-silica reaction in Portugal 

79 

 

Table 15 – Reference publications of ASR affected dams in Portugal. 

Dam References 

Santa Luzia  Ramos et al. (1992); Silva (1992); Ramos et al. (1996); Ramos and Batista (2001); 
Silva (2001); Santos Silva (2005) 

Alto Ceira Silva (1992); Braga Reis and Santos Silva (1996); Braga Reis et al. (1996a,b); 
Ramos et al. (1996); Ramos and Batista (2001); Silva (2001); Santos Silva (2005) 

Pracana Silva (1992); Neiva et al. (1995); Silva (2001) 

Covão do Meio Lopes Batista and Piteira Gomes (2012) 

Cabril Silva (1992); Braga Reis and Santos Silva (1996); Braga Reis et al. (1996a,b); Silva 
(2001); Fernandes et al. (2004); Fernandes (2005); Santos Silva (2005) 

Caniçada Lopes Batista and Piteira Gomes (2012) 

Picote Santos Silva (2005); Lamas (2012) 

Miranda Lamas (2012) 

Bemposta Castro (2008); Castro et al. (2009) 

Alto Rabagão Fernandes (2005); Fernandes et al. (2007) 

Caia Silva (1992) 

Roxo Silva (1992) 

Fratel Castro (2008); Castro et al. (2009) 

Aguieira Lopes Batista and Piteira Gomes (2012)  

Coimbra Lopes Batista and Piteira Gomes (2012) 

Monte Novo Lopes Batista and Piteira Gomes (2012) 

Fagilde Silva (2001); Fernandes et al. (2008) 

 

 

Besides dams, other concrete structures, such as thirteen bridges (Fig. 35), were also 

diagnosed has being affected by ASR. Unfortunately, the information concerning these 

structures is scarce since the work developed was presented as confidential reports, 

with limited access. The available information concerning these structures is presented 

in Tab. 16. 
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Figure 35 – Portuguese bridges and viaducts affected by ASR (Source: Project IMPROVE). 

 

 

Table 16 – Other ASR affected structures in Portugal. 

Structure 
Conclusion 
date 

Aggregate References 

Duarte Pacheco 
viaduct  

1944 Coarse limestone and alluvial 
sands mainly composed of 
quartz and some alkali feldspar 

Braga Reis et al. (1996a,b); 
Appleton and Costa (2001); 
Santos Silva (2005) 

Figueira da Foz 
bridge 

 

1982 Limestone and crushed gravel  Santos Silva (2005) 

Baixa do Mondego 
viaduct (A1 Lisboa – 
Porto) 

- - Santos Silva (2005) 

Bridge over 
Guadiana river in 
Pedrógão 

- Crushed gravel Santos Silva (2005) 

Santa Maria airport 
runway (Azores) 

1950’s Basalt Braga Reis et al. (1996a) 

Railway sleepers - Alluvial deposits (mainly 
quartzite) 

Santos Silva (2005); Santos 
Silva et al. (2008) 
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Some published work also refers to a number of structures suffering from ASR but 

which names were not disclosed, such as: a viaduct built in the 1940’s decade near the 

Portuguese shoreline (Braga Reis et al., 1996a); a bridge over Douro river (Castro, 

2008); water deposits in Lisbon (Santos Silva, 2005); two bridges and a water reservoir 

in central coast Portugal (Braga Reis and Santos Silva, 1998); and two dams 

(Rodrigues, 2009). In addition, the Department of Geosciences, Environment and 

Spatial Planning of Faculty of Sciences of the University of Porto (DGAOT) has been 

responsible for several reports which include, for example, three bridges in Lisbon 

region with ASR manifestations. 

 

3.4 Project IMPROVE 

With the recent construction of some large structures, namely three dams, three long 

tunnels and several bridges, it is absolutely critical that a careful selection of the 

aggregates is carried out in order to ensure a sustained development and to guarantee 

that the present populations and upcoming generations will have high quality, long 

lasting and safe structures. To ensure these goals, the exploitation and transformation 

of enormous quantities of rocks, namely granitic and volcanic rocks, limestones and 

dolomites is necessary. Therefore, an accurate characterization of the aggregates to 

be used in concrete is of the highest importance from the economic point of view, in 

order to prevent the deterioration of the structures and to ensure a long serviceability 

life. 

Project IMPROVE (Improvement of performance of aggregates in the inhibition of 

alkali-aggregate reactions in concrete), funded by Fundação para a Ciência e 

Tecnologia (FCT) (Ref: PTDC/ECM/115486/2009) arised in order to accurately 

evaluate the conditions to minimise the occurrence of AAR in the Portuguese Mainland 

and in Azores and Madeira Archipelagos, namely by: 

-  a correct assessment of the potential reactivity of aggregates; 

- the study of the conditions of the application of these rocks in order to establish 

guidelines and recommendations to be used in large structures; 

- contributing for the knowledge of the AAR mechanisms. 
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This project includes a diversified team of researchers with different backgrounds from 

LNEC and Universities of Porto, Évora and Lisboa and counts with the involvement of 

national and international consultants. 

Project IMPROVE comprises eight distinct tasks summarized in Tab. 17. 

 

Table 17 – Tasks included in Project IMPROVE. 

Task Nº.  Description 

1 Creation of a database of aggregates exploited in Portugal. In this database it is 
possible to find information concerning the quarries and exploited aggregates (e.g. 
registration number, name, owners/producers, dimension, geographical 
coordinates, type of aggregate, structures built with the aggregates) but also about 
the laboratory tests performed on the aggregates (e.g. petrographic 
characterization and expansion tests). 

2 Sampling and preparation of aggregates selected from the list of quarries, namely 
for petrographic characterization, chemical analyses and expansion tests. 

3 Petrographic characterization of the selected aggregates according to RILEM AAR-
1 and LNEC E 461. This work will allow the creation of certified laboratories for 
petrographic analyses of concrete aggregates. 

4 Evaluation of the performance of the selected aggregates in expansion tests 
(ASTM C 1260, RILEM AAR-3, RILEM AAR-4, RILEM AAR-5). It is intended that 
the results of the petrographic analysis are compared with those obtained in the 
laboratory tests under accelerated conditions, as these tests are not as exigent as 
the petrographic analysis in what concerns the expertise of the operator, meaning 
that they can be carried out by aggregate producers on a regular basis with a low 
investment. The results obtained will allow the definition of a methodology which 
can classify undoubtedly the national aggregates for concrete, namely those for 
which the traditional methods have a number of limitations, such as granitic rocks. 

5 Evaluation of deteriorated concrete structures. Sampling of concrete structures will 
be made, after site inspection, where the investigated reactive aggregates were 
used. In laboratory, samples will be prepared in several portions that will be 
subjected to different protocol procedures in order to be studied through different 
methodologies (e.g. petrographic characterization, XRD, SEM-EDS). 

6 Evaluation of the reactivity of different aggregates (especially granitic ones) with 
different types of cement (e.g. with lower content of Portland clinker) or with fine 
aggregates obtained from crushing which can be used as pozzolanic additions to 
the cement paste. 

7 Evaluation of the behaviour of aggregates for concrete under natural exposure 
conditions combined with the study of the influence of other processes of 
deterioration on the development of AAR. 

8 Analysis and publication of the results obtained in the different tasks aiming a direct 
benefit in the national industry (e.g. aggregates, mineral materials and concrete 
producers, waste recycling companies, cement producers, etc.) allowing an 
improvement of the civil engineering field and, therefore, a great impact on the 
economy and sustainability of construction. 
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4.1 Materials 

Although Portugal is a small country, it has an extremely rich geologic history which is 

responsible for the abundance of distinct lithologies. As a consequence of this 

availability, Portuguese aggregates used for concrete purposes may present distinct 

natures (Tab. 18). According to the statistics division of the governmental organization 

Direcção Geral de Energia e Geologia (DGEG), 902.050.328 tons of aggregates were 

produced in Portugal between 2000 and 2011. The same source states that since 1998 

the national consumption per year, including materials for cement, lays between 10 and 

12 ton per inhabitant, which indicates a national consumption over 100 million tons per 

year. For a better understanding of the aggregate’s diversity, the geotectonic and 

geological setting of the Portuguese Mainland is presented in subchapter 4.1.1.1. Since 

volcanic aggregates of Madeira Archipelago, namely from Madeira and Porto Santo 

Islands, were also investigated under the scope of this thesis, its geotectonic and 

geological setting are presented in subchapter 4.1.1.2. 

 

Table 18 – Main materials applied as aggregates in Portugal between the years 2000 and 2011 
(source: Direcção Geral de Energia e Geologia, 2013). 

Sedimentary rocks limestone; dolomitic limestone; sand; gravel; greywacke 

Metamorphic rocks schist; gneiss; marble; serpentinite; quartzite 

Igneous rocks 
granite; basalt (mainly Azores and Madeira Islands); trachyte (Azores 
Islands); andesite (Azores Islands); diorite; syenite; gabbro; dolerite 

 

 

4.1.1 Geotectonic and geological setting of Portugal (except Azores) 

4.1.1.1 The Portuguese Mainland 

The Iberian Variscan belt, also known as the Iberian Massif, is a large arcuate segment 

of the European Variscan Fold Belt which extends over more than 3000 km from 

eastern Germany to the Iberian Peninsula (Sant’Ovaia et al., 2010), representing the 

largest continuous exposure of Pre-Permian rocks within Europe (Ribeiro et al., 1990). 

The Iberian Massif occupies most of the western and central part of the Iberian 

Peninsula. Mainly based on contrasting stratigraphic, tectonic, metamorphic and 

magmatic characteristics, different authors have proposed the division of the Iberian 

Massif into distinct zones. The first attempt is attributed to Lotze (1945) who 
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established the division of the Iberian Massif into six zones. Several refinements of 

Lotze’s proposed classical zonation have followed, especially in what concerns zone 

boundaries and correlations (e.g. Bard et al., 1971; Julivert et al., 1974; Farias et al., 

1987; Matte, 2001; Martínez Catalán et al., 2007). Currently, it is accepted that in the 

Iberian Massif it is possible to distinguish the following geotectonic zones from E and 

NE to W and SW (Dallmeyer and Martínez-Garcia, 1990; Martínez Catalán, 2012): the 

Cantabrian Zone, the West Asturian-Leonese Zone, the Galicia-Trás-os-Montes Zone, 

the Central Iberian Zone, the Ossa Morena Zone and the South Portuguese Zone 

(considered as South Portuguese Terrain by Ribeiro et al., 2007 and Ribeiro, 2013). In 

Portugal, the margins of the Iberian Massif are covered by the Lusitanian and the 

Algarve sedimentary basins of Meso-Cenozoic age and also by Lower-Tagus and Sado 

Basins. 

The concentration of the aforementioned distinct zones and surface deposits is 

responsible for the lithological diversification that can be found in the Portuguese 

Mainland (Fig. 36). 

 

Figure 36 – Geological map of the Portuguese Mainland (http://webcarta.net/carta/mapa.php?id=28974&lg=en). 
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4.1.1.2 The Madeira Archipelago 

The Madeira Archipelago is situated in the eastern North Atlantic Ocean on 140-Ma old 

African oceanic crust at the end of a slightly curved NE-SW oriented age-progressive 

chain of islands and seamounts extending from the Iberian Massif shelf almost 900 km 

to the southwest. This belt of volcanoes was interpreted as a > 70 Ma-old hotspot track 

associated to a mantle plume (e.g. Morgan, 1982; Geldmacher et al., 2000, 2001; 

Brum da Silveira et al., 2010). The Archipelago consists of the following Islands: 

Madeira (0 Ma – > 5.2 Ma); Desertas (Ilhéu Chão, Deserta Grande and Bugio (1.9 Ma 

– 5.1 Ma)), which are located on a submarine ridge extending more than 60 km SSE 

from the eastern tip of Madeira Island; and Porto Santo (11 Ma – 14 Ma) (Geldmacher 

et al., 2000, 2001; Schwarz et al., 2005; Klügel et al., 2009; Gurenko et al., 2013). 

Although administratively included in Madeira Archipelago, the Selvagens Islands are 

not included in the Madeira-Desertas-Porto Santo group due to its distinct geographic-

geological positioning (near the transition between the oceanic and the continental 

African domains) and by the chemistry of their lavas with affinities with the volcanic 

province of Canary Islands (e.g. Geldmacher et al., 2001, 2005; Krastel and 

Schmincke, 2002; Mata et al., 2010, 2013). The Archipelago, together with other 

central Atlantic Islands, forms the geographical unit of Macaronesia (Burton and 

MacDonald, 2008). 

It is possible to distinguish in Madeira-Desertas-Porto Santo group two distinct 

subgroups: Madeira and Desertas with similar geologic evidences, being Desertas 

considered an extension of Madeira Island; and Porto Santo with a greater expansion 

of submarine volcanism and a much older and diverse lithology than Madeira, 

expressed by the abundance of acid volcanic rocks, such as trachytes and rhyolites 

(Ferreira, 1985; Mata et al., 2013). 

The abundance and parallel alignment of dikes and eruptive centers along the long 

axes of Madeira and the Desertas ridge indicate both are volcanic rift zones. Their axes 

intersect at an angle of approximately 110º just east of Madeira (Geldmacher et al., 

2000; Klügel et al., 2009; Mata et al., 2013). Another structure, named Funchal ridge, is 

composed of at least a dozen volcanic cones clustered at its southern tip and is located 

to the south of Funchal. This ridge was first described and mapped in 2001 and may 

represent another rift arm of Madeira (Schwarz et al., 2005) (Fig. 37). 
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Figure 37 – Geological map of Madeira Archipelago. The dashed line indicates the postulated Madeira hotspot track 

(Schwarz et al., 2005). 

 

4.1.2 Selected aggregates 

The work developed under this investigation falls into tasks 2, 3 and 4 of project 

IMPROVE. To accomplish what has been proposed, several aggregate producers were 

contacted in order to get their permission for collecting and studying the aggregates 

exploited in their respective quarries. It should be mentioned that the selection of 

materials to be investigated was not random and care was taken in choosing 

aggregates that could possibly behave differently in what concerns AAR. For example, 

the selection of granites with different geological histories was taken into consideration 

when selecting granitic quarries. Currently, seventy-five Portuguese aggregates have 

been selected and are being investigated under the scope of project IMPROVE. A few 

more dozens of aggregates are expected to increase this number. The distributions of 

IMPROVE’s selected aggregates quarried in the Mainland and in Madeira and Azores 

are presented in Figs. 38, 39, and 40, respectively. 
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Figure 38 – Geographic and geological distribution of IMPROVE’s selected aggregate quarries in the Portuguese 

Mainland (Source: Laboratório Nacional de Energia e Geologia and Project IMPROVE). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39 – Geographic and geological distribution of IMPROVE’s selected aggregate quarries in Madeira and Porto 

Santo Islands (Source: Laboratório Nacional de Energia e Geologia and Project IMPROVE). 
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Figure 40 – Geographic and geological distribution of IMPROVE’s selected aggregate quarries in Azores Islands  
(Source: Laboratório Nacional de Energia e Geologia and Project IMPROVE). 

 

 

From the seventy-five selected aggregates, fourteen aggregates were investigated 

under the scope of this thesis: eight granitic aggregates, four volcanic aggregates and 

two carbonate aggregates. The higher number of granitic aggregates in comparison to 

the other aggregate types is justified by the abundance of this lithology in the north and 

centre of Portugal, which allowed an easier sampling of these materials by the 

University of Porto research team. The problematic that each type of aggregates arises 

in what concerns AAR will be further discussed in the respective chapters. 

Since project IMPROVE protects producers’ confidentiality, a codification for 

aggregates has been established according to Tab. 19. It consists in two capital letters 

representative of the lithology followed by an identification number. 
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Table 19 – IMPROVE nomenclature for aggregates under investigation (# - identification number). 

Rock type Lithologic nature Codification 
Number of 
aggregates 

Igneous 

Plutonic 
Granitic GR# 26 

Diorite DT# 2 

Volcanic 
Basaltic BS# 9 

Ignimbrite IG# 1 

Metamorphic 

Quartzite QT# 2 

Schist XT# 2 

Amphibolite AF# 1 

Sedimentary 
(Carbonate) 

Limestone CL# 11 

Dolomite DL# 2 

Alluvial Materials Siliceous 

Sand  AR# 13 

Gravel BR# 6 

 Total 75 

 

 

4.2 Methods 

The best way to prevent AAR is to take appropriate precautions before concrete is 

placed (Farny and Kosmatka, 1997). As so, the potential of aggregate for AAR can be 

tested by various standard laboratory tests. However, the evaluation of AAR potential 

should not be carried out solely, but as a specialised extension to the routine 

assessment of the suitability of an aggregate (RILEM AAR-0, 2013). 

A laboratory test method has two, somewhat contradictory, objectives: to ascertain 

alkali-aggregate reactivity in a reasonable short time; and to evaluate and set 

acceptable expansion limits, due to the alkali-aggregate reaction, of a reactive 

aggregate-cement combination (i.e. a performance test). In most national specifications 

these two goals are combined in a single test method. The acceptance criterion is often 

subjectively chosen (Wigum et al., 2006). 
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According to Blight and Alexander (2011) it is possible to consider three main 

categories of aggregate tests for AAR which, in many cases, follow a natural 

progression (Tab. 20): 

- initial and essentially qualitative screening tests used to make a preliminary 

assessment of aggregate susceptibility to AAR. The use of petrography is extremely 

useful for an initial indication if the likelihood of AAR occurring within a given aggregate 

source, by identifying possibly alkali-reactive phases. The cost of petrographic 

examination is meaningless in comparison with that of having to face the 

consequences of AAR developing in a structure; 

- indicator tests to differentiate between potentially reactive and innocuous aggregates. 

This category includes accelerated mortar-bar tests (e.g. ASTM C 1260) and ASTM C 

289 chemical method; 

- performance tests (e.g. concrete prism tests), giving information on limiting alkali 

contents to avoid damaging expansions. These tests are used to assess the reactivity 

performance of particular concrete mixes. Thus, greater reliance can be based on the 

results in terms of a specific project. A further advantage is that they can be used to 

evaluate the effect of SCMs on potential AAR. Nonetheless, in general, at least three 

months are required in order to obtain meaningful results. Tests that take a long period 

of time are obviously more expensive. The use of the test requires careful pre-planning. 
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Table 20 – Aggregate assessment for AAR (excluding carbonate rock assessment) (adapted from Blight and Alexander, 2011). 

Testing designation and 
purpose 

Material tested Procedure and duration Assessment criteria and test outcomes Test standards Limitations and remarks 

1 Initial Screening Tests (Non- or Semi-Quantitative); quantitative assessment by particle or point-counting 

Petrographic Examination. 
Petrographic examination 
procedures for aggregates, 
according to standard 

descriptive nomenclature, as 
an aid to determine their 
performance. 

Coarse and fine 

aggregates, or rock 
cores 

Standard petrographic 

techniques, including 
optical microscopy, XRD 
analysis, SEM-EDS, 

differential thermal 
analysis, etc. 

Presence and quantities of deleterious 

components. 
Also evidences of silica gel formation, cracking 
of aggregates and matrix, reaction rims, 

formation of crystalline silicates*. 

ASTM C 294 and 

C 295 
BS 812: Part 104 
BS 7943 

EN 932-3 
RILEM AAR-1.1 

CSA A23.2-15A 

These tests are for 

identification of potentially 
reactive constituents, and 
characterization of minerals 

making up concrete 
aggregates. 
They are essential to confirm 

whether cracking is AAR-
related or not. 

Gel-Pat Test 
Detection of reactive silica, 
e.g. opaline silica 

Gravel-sized particles Particles embedded in a 

cement pat, at 20ºC or at 
80ºC; examined for 10 
days for signs of reaction. 

Evidence of AAR gel and reaction. Appendix to BS 

7943 
RILEM AAR-1 

Does not require 

sophisticated equipment, and 
can be performed on site. 

2 Rapid Indicator Tests (to determine whether aggregates are potentially reactive or innocuous)  

Ultra-accelerated mortar-

bar test** 
Determination of potential 
reactivity of siliceous 

aggregates. 

Mortar-bars containing 

aggregates proposed 
for construction. 

Mortar-bars placed in 1 N 

NaOH at 80ºC for 14 days. 

Expansions after 14 days: < 0.10 % non-

expansive; 0.10 % - 0.20 % - ambiguous; > 0.20 
% - potentially deleterious 

ASTM C 1260 

RILEM AAR-2 
CSA A23.2-25A 

Not recommended for 

carbonate aggregates and 
slow reactive aggregates. 
Quick and simple to carry out 

but too severe. 

Potential alkali reactivity of 
aggregates (chemical 

method). 
Determination of potential 
reactivity of siliceous 

aggregates. 

Aggregates crushed 
and sieved (150 µm -

300 µm) 

Aggregates placed in 1 N 
NaOH at 80ºC for 24 h. 

Analysed for dissolved 
silica and reduction in 
alkalinity. 

Results checked against calibration curve; 
pass/fail criterion (innocuous, deleterious or 

potentially deleterious) 

ASTM C 289 Not recommended for 
aggregates such as 

greywacke, hornfels, 
quartzite, granite, etc. Test 
shows some aggregates to be 

innocuous when they are 
known to have a poor service 
record. 
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(cont. Table 20) 

3 Performance Tests (e.g. to provide information on limiting alkalis or structural performance) 

Concrete Prism Method 
Determining the potential 
AAR expansion of cement-
aggregate combinations. 

Concrete aggregates 

proposed for actual 
construction with 
alkalis boost. 

Concrete prisms stored 

over water (RH ≥ 95 %) at 
38ºC. Duration 3 months 
to 1 year. 

Any combination of cement and aggregate 

giving expansion after 52 weeks:  
< 0.05 % - non-expansive (CSA: < 0.04 %) 
0.05 % – 0.10 % - potentially or moderately 

expansive (CSA: 0.04 % - 0.12 %) 
> 0.10% - expansive (CSA: > 0.12 %) 

ASTM C 1293 

BS 812: Part 123 
CSA A23.2-14A 
RILEM AAR-3 

Advantage that actual mixes 

can be tested in proportions 
specified. Can be used to 
evaluate effect of 

supplementary cementitious 
materials, and to assess alkali 
carbonate reactive 

aggregates. Long test 
duration required for 
meaningful results. 

Ultra-accelerated concrete 
prism test 
Determining the potential 

AAR expansion of cement-
aggregate combinations. 

Concrete prisms 
containing aggregates 
proposed for 

construction. 

Concrete prisms stored 
over water (RH ≥ 95 %)  at 
60ºC. Duration at least 20 

weeks; longer for some 
slow reactive aggregates. 

Expansion after 3 months: < 0.02 % - non-
expansive: < 0.02 % after 6 months indicates 
minimal risk of AAR. 

Shape of expansion curve to be considered 
also. 

RILEM AAR-4 Used to assess reactivity 
performance of particular 
concrete mixes. 

Long-term structural 
monitoring 

Actual structures and 
structural members. 

Procedures designed for 
particular structures: 
generally involve 

monitoring expansions, 
deflections, and cracking 
with time; full-scale load 

testing may also be carried 
out.  

Criteria depend on particular structure. 
Excessive expansions, deflections or cracking 
taken as appropriate criteria. 

Institute of 
Structural 
Engineers (1992) 

 

On occasions, structural 
monitoring is the only way to 
assess the performance of an 

AAR-affected structure and to 
assess its on-going integrity. 

 
* Petrographic methods are also applied in concrete petrography for the assessment of the aggregates that show reactivity in field structures or laboratory prisms. 
** Method not considered on the original table.
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AAR-1 Petrographical Examination Carried Out? 

Yes No

Class I Class II or III

No further 

action required

Silica IIS (IIIS)
Silica & Carbonate 

IISC (IIISC)
Carbonate IIC (IIIC)

Rapid Screening Test? Rapid Screening Test? 

YesYes No 

Both AAR-2 and AAR-5 

Concrete Microbar Test

AAR-2 Ultra-accelerated 

Mortar Bar Test

Non-

reactive

Reactive or 

Potentially 

Reactive

Non-

reactive

Reactive or 

Potentially 

Reactive

Either And/or
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AAR-4.1 60ºC  Concrete Prism Test AAR-3 38ºC  Concrete Prism Test

4.2.1 Applied methodology 

In order to predict the behaviour of the selected aggregates towards AAR, the 

methodology proposed by RILEM (Réunion Internationale de Laboratoires et Experts 

des Matériaux) Technical Committee TC 219-ACS (Alkali-aggregate reaction in 

concrete structures: performance testing and appraisal) was adopted. This choice is 

justified not only by the major contributions given by the mentioned committee to the 

understanding and testing of AAR, but also by the fact that the proposed integrated 

RILEM methodology aims for global acceptance and usage, replacing the current 

diversity of national standard laboratory tests. 

In RILEM AAR-0 (2013) an outline guide for the use of RILEM methods on the 

assessment of the alkali-reactivity potential of aggregates is provided. Various methods 

are proposed: petrographic examination (AAR-1.1); rapid testing using the accelerated 

mortar-bar expansion (AAR-2); long-term reference concrete prism test (AAR-3); ultra-

accelerated concrete prism test (AAR-4.1); and carbonate aggregate testing (AAR-5). 

The principles are illustrated by the flow chart given in Fig. 41. As stressed by Blight 

and Alexander (2011), these methods are useful only as tests for AAR susceptibility 

and they do not indicate if a structure will be affected by AAR. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 41 – Integrated assessment scheme of RILEM’s methodology (RILEM AAR-0, 2013). 
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Besides RILEM’s methodology, other tests that have been documented as providing 

profitable information concerning alkali potential reactivity of aggregates, such as 

ASTM C 289 chemical method, were also performed. 

 

4.2.1.1 Petrographic examination method (RILEM AAR-1.1) 

The assessment of the potential alkali-reactivity of concrete aggregates shall always 

begin with petrographic analysis (RILEM AAR-0, 2013). This procedure allows the 

determination of individual and combined aggregate compositions and the identification 

of the types and concentrations of any potentially reactive features. RILEM AAR-1.1 

(2013) classifies an aggregate in the following classes: 

Class I – very unlikely to be alkali-reactive 

Class II – alkali-reactivity uncertain 

Class III – very likely to be alkali-reactive (aggregates containing opal or opaline silica) 

In the case of aggregates being classified as Class II and III, the material is additionally 

sub-classified according to the siliceous and/or carbonate nature of the potentially 

reactive constituents, as follows: 

Classes II-S and III-S – aggregate samples contain particulate constituents judged to 

be potentially alkali-silica reactive (ASR). 

Classes II-C and III-C – aggregate samples contain particulate constituents, such as 

dolomite, judged to be associated with alkali-reactive carbonates (ACR). 

Classes II-SC and III-SC – aggregate samples contain both particulate constituents 

judged to be potentially alkali-silica reactive (ASR) and particulate carbonate 

constituents judged to be potentially reactive (ACR). 

When petrography indicates Class II or Class III, it becomes necessary to decide on 

the most appropriate further tests to be carried out in accordance to RILEM AAR-0 

(2013) flow chart (Fig. 42). 

RILEM AAR 1.1 (2013) emphasizes that the acceptance and experience with reactive 

constituents varies between countries. Therefore, final assessment of reactive 

constituents should, where possible, follow national or regional experience, 



FCUP 
Chapter 4 – Materials and methods 

97 

 
recommendations and specifications, such as the Portuguese specifications LNEC E 

415 (1993) and LNEC E 461 (2007). 

The RILEM petrographic method protocol consists of sequenced analytical procedures 

(Fig. 42), initiated by sample acquisition and preparation according, for example, to the 

procedures described in EN 932-1 (1996) and ASTM D75-03  (2003). The 

accomplishment of the concerned method requires an educated and qualified geologist 

or petrographer for identifying the constituent minerals and rock types and correctly 

interpreting these in terms of their potential to develop deleterious AAR, using 

macroscopic determination, thin-section petrography, and/or supplementary analytical 

techniques (e.g. Jensen, 2001; Lindgård et al., 2010). 

The RILEM petrographic method essentially comprises two mutually beneficial 

techniques: 

- Macroscopic petrography to determine mineral and rock types of coarse aggregate 

particles (> 4 mm) by manual splitting in order to separate lithological groups based 

upon macroscopic appearance and features (e.g. colour, mineral content, particle 

structure, texture/fabric, morphology, size, density, locally recognized alkali-reactivity, 

etc.). The macroscopic mineral content of each lithological group is then assessed 

using a hand lens and/or a stereomicroscope, and applicable mineral and/or rock 

nomenclature is established in Annex 1 of RILEM AAR-1.1 (2013). The total weight of 

all particles in each lithological group is recorded and its proportion relative to the bulk 

sample calculated as weight percent (wt%), and then converted to volume percentages 

(vol%) using density (kg/m3) for each distinguished group. The overall sum total of all 

potentially alkali-reactive lithological groups identified shall be stated in vol%. 

- Thin-section petrography using an optical microscope (total magnification ranging 

from ~20x – 500x) for determination of minerals by their optical properties. This 

technique can be applied to fine aggregate particles (< 4mm), fine-grained rock types, 

as well as on coarse aggregate particles that cannot be unequivocally identified 

through macroscopic determination. When possible, point-counting shall be used on 

thin-sections for quantification of modal contents of constituent minerals and rock types 

in volume percent (vol%). The point-counting of a thin-section is carried out in regular 

increments in two directions together defining an orthogonal grid covering the entire 

specimen. During point-counting, the operator must identify and group all rocks and 

minerals (i.e. provide an assessment of both the reactive and non-reactive ones) 

located under the cross hair at each point of the grid. Only particles located under the 

cross hairs are counted including edges. Any points falling in resin in-between particles 
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Figure 42 – Flow chart for petrographic assessment of aggregate materials to determine AAR potential according to 

RILEM AAR-1.1 (2013). 
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are invalid and not counted. A reliable assessment implies that the number of points to 

be counted in each thin-section must significantly exceed the number of particles 

present to assure that also the smaller sized particles in the thin-section are properly 

represented. Therefore, grid spacing has to be adjusted to suit a given size fraction, to 

enable counting the required number of points for reliable assessment while covering 

the entire specimen area. Typically, counting of minimum 1000 particles provides 

satisfactory results. Depending on particle size, the total number of particles required to 

achieve statistical reliability may be divided over multiple thin-sections (Lindgård et al., 

2010; RILEM AAR-1.1, 2013). After concluding the point-counting on all required thin-

sections, all valid points counted are summarized according to the respective lithology, 

along the overall sum of all counts in all assessed thin-sections. The modal content in 

volume percent for each identified lithology is then calculated as in Eq. 10: 

 

modal content [vol%] = ∑lithology/∑total x 100%     (Equation 10) 

 

According to the petrographic method, calculated percentage values are rounded off to 

the nearest integer and presented without decimals. Relative errors are estimated 

using Howarth (1998) diagrams and reported together with their respective modal 

contents. A final table shall comprise all data on lithological groups per size fraction, 

respective alkali-reactivity potentials according to local experience, modal contents and 

analytical errors. 

Thin-section assessment by petrography is subjected to analytical error related to 

sample representativeness, specimen proportions, mechanical inaccuracy of the point-

counter device and statistical reliability. The operator error can also contribute to 

overall total uncertainty, which may be due to, for example, misidentification of 

observed species, activation of the wrong key on the point-counter device, 

misjudgement of the location of cross hairs, among others (RILEM AAR-1.1, 2013).  

According to the international trial part of the PARTNER Programme (Lindgård et al., 

2010), the RILEM petrographic method can produce very quick results in comparison 

to other laboratory tests. The overall results for this method seem quite effective at 

identifying reactive materials, but can be in disagreement with field experience when 

“pessimum” effects operate. This method also successfully identifies the potential 

alkali-reactivity of slow reactive aggregates. The same trial showed that there is a poor 

precision of the petrographic method between laboratories – the identification of the 
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rocks and minerals is similar, but the classification of the degree of alkali-silica 

reactivity varies a lot, which is suggestive of a need for education of petrographers – 

but in accordance with the analytical error. 

 

4.2.1.2 Supplementary techniques to petrography 

When both macroscopic and thin-section petrography cannot provide a reliable account 

concerning minerals and rock types present in the material concerned (e.g. rocks 

containing finely disseminated reactive minerals), supplementary techniques, namely 

hydrochloric acid method, phosphoric acid method, X-ray diffraction method, gel-pat 

test, SEM and micro-analysis, staining for mineral identification in thin-section, 

macroscopic detection of invisible sulphide and chemical analysis of whole rock 

composition, may be required (RILEM AAR-1.1, 2013). The supplementary methods 

used in this investigation are described below. 

 

Chemical analysis of whole-rock composition 

Assessment of the chemical compositions of whole-rock can be either carried out by X-

ray fluorescence or by inductively-coupled plasma – atomic emission spectrometry 

(ICP-AES) to determine contents of major elements (as oxides), together with loss on 

ignition (LOI) to obtain the content of volatile species. ICP-AES was the technique used 

for geochemical analysis of the Portuguese aggregates under investigation, and as so, 

it will be described below. 

ICP-AES, also referred as ICP-OES (inductively-coupled plasma – optical emission 

spectrometry), is being increasingly used in geochemistry because it is a multi-element 

technique (analysis of 30 or more elements of the periodic table in a single assay). 

Solid sample material is digested with concentrated strong acid solutions, commonly by 

microwave decomposition in 7 N HNO3 (Šulcek and Povondra, 1992), and less 

commonly in an acid mixture known as aqua regia (1HCl:3HNO3). The final solution is 

nebulized into a rarefied noble gas (usually argon (Ar)) and introduced to the plasma 

“torch” (generated by a MHz-frequency induction coil) with a temperature of up to 

~10.000 K (1 K = -272.15 ºC). The emitted light spectrum is recorded by a 

spectrometer and processed to element (or oxide) concentration in wt%. The lower 
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limits of detection (LD or LoD) of ACP-AES analysis are typically on the order of parts 

per million (1 ppm = 1 µg.g-1) (RILEM AAR-1.1, 2013).  

A separate procedure is needed for determination of LOI, comprising both organic and 

inorganic carbon from decomposed CO3
2-, as well as hydrous species including zeolitic 

water, hydroxyl and silanol. The method consists in the determination of the sample’s 

weight loss after roasting at 1050ºC for two hours. Weight gain of the sample usually 

implies oxidation of iron, which is therefore reported as fully oxidized Fe2O3-total. Total-

carbon (TC) and total-sulfur (TS) determination can be achieved by infrared 

spectroscopy of CO2 and/or SO3 emitted by combustion of a separate amount of 

sample material at 1450ºC (RILEM AAR-1.1, 2013). 

In the present work chemical analysis was performed as an important complementary 

method in relation to volcanic and carbonate rocks. Volcanic rocks are very fine-

grained rocks for which the point-counting method is very difficult to perform and most 

of the times not accurate. For point-counting the thin-sections should be 15 µm thick so 

that the crystals of the different minerals were not overlapped. This unusual thickness 

requires extra care in the preparation of the thin-sections. Also, it turns the identification 

of the minerals more difficult due to slightly different optical characteristics than the 

observed under the 30 µm typical thickness. The performance of the chemical analysis 

permitted the classification of the volcanic rocks based on the main oxides.  

In what concerns the carbonate rocks, the chemical analysis served to detect the 

possible presence of micro- to cryptocrystalline silica scattered in the carbonate matrix 

in order to classify the rocks in Class I or Class II according with the content of SiO2 (> 

or < 2.0 %). However, generally, the percentage of insoluble residue can give the 

needed information.  

 

Scanning electron microscopy (SEM) and micro-analysis 

A scanning electron microscope (SEM) is used for imaging of samples, providing an 

image magnification up to 50.000x and resolution typically between 1 nm and 10 nm, 

much superior to the conventional light microscope. In a typical SEM, a mounted 

specimen is placed on a motorized sample stage in a vacuum chamber (≤ 10-5Torr), 

and imaged by a stationary electron beam scanning horizontally across the specimen 

in two perpendicular (x and y) directions. An image can be formed from secondary 

electrons (SE) (atomic electrons ejected from the specimen as a result of inelastic 



FCUP 
Chapter 4 – Materials and methods 

102 

 
scattering) originating from ≤ 100 nm under the sample surface (SE mode), or from 

backscattered electrons (BE) (incident electrons elastically scattered through more 

than 90 degrees) originating from up to ~1 µm depth (BE mode). SE imaging is most 

reliable for the study of the topography of the sample. As for BE images, these can 

show contrast due to variations in chemical composition of a specimen, since the 

backscattering coefficient ɳ (the fraction of primary electrons that escape as BE) 

increases with atomic number (Z) (heavier element species (> Z) appear lighter whilst 

lighter species (< Z) appear darker) (Egerton, 2007). 

The development of an environmental scanning electron microscope (ESEM) has 

enabled the observation of samples under near-ambient conditions (1 – 10 Torr) in 

order to overcome the unsuitableness for examination of samples associated with 

vapour or volatile components without careful pre-treatment (Goodhew et al., 2001). 

Besides SE and BE emissions, X-ray emission is also of particular interest in SEM 

analysis, since the generation of characteristic X-ray photons allows in situ chemical 

analysis. Characteristic X-ray depend on the atomic number Z of the atom involved and 

on the quantum numbers of the energy levels involved in the electron transition 

(Egerton, 2007). An energy-dispersive X-ray spectrometer (EDS or EDX) coupled to 

SEM allows recording the whole spectrum of incoming X-ray photons as a histogram. 

The peak surface area is a measure for the relative abundance of a given element 

species in the sample. Typically, an EDS detector is operated without calibration 

against known standards. For reliable assessment of light element species (< Z) and/or 

at low concentrations, other instrumentation is required (RILEM AAR-1.1, 2003). 

The electron-probe micro-analyser (EPMA) is specifically designed for quantitative 

chemical analysis. EPMA generates an electron probe with substantial current, as 

required to record an X-ray spectrum with good statistics (low noise) within a 

reasonable time period. The EPMA is fitted with several (4 to 5) wavelength dispersive 

spectrometers (WDS) so that more than a single wavelength range can be recorded 

simultaneously (Egerton, 2007). As the equipment is calibrated against known 

standards, results are suitable for quantitative assessment, also for light elements. 

Acquired data can be recast into mineral composition formula following standardized 

procedures (e.g. Papike, 1987, 1988; Deer et al., 1992). WDS is particularly 

recommended for reliable assessment of Na and to a lesser extent, Si, Al and K 

(Broekmans, 2012; RILEM AAR-1.1, 2013). 

An important issue to account for in both SEM and EPMA analysis is the specimen 

preparation. For imaging in SEM, the surface of the specimens can be sputtered with 
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metals, such as gold (Au) and palladium (Pd), which contributes to optimizing image 

quality, especially relevant for 3D specimens. For SEM-EDS or EPMA analysis, 

specimens are coated with a thin film of carbon (C), to minimize attenuation of the 

incident probe beam as well as of the emerging X-rays. According to RILEM AAR-1.1 

(2013), for reliable quantitative assessment, species should be prepared as thin-

sections and finished with high-quality polish (0.25 µm diamond). 

 

Phosphoric acid method 

The phosphoric acid method is used to extract silica minerals (quartz, cristobalite and 

tridymite), often missed by polarising microscopy and direct SEM observations, from 

the rock and to dissolve completely other silicates (e.g. feldspars, clay minerals), 

carbonates and metal oxides. The method is of great use in the detection of reactive 

silica minerals in concrete aggregates, mainly in carbonate (e.g. Katayama, 2010a) and 

volcanic rocks (e.g. Katayama et al., 1989, 1996).The phosphoric acid extraction was 

developed from the method of Talvitie (1951) and was primarily published in Japanese 

(JCAS I-31, 1996) and later on translated by Sumito Cement Company. It is now 

possible to find this method outline in several publications (e.g. Grattan-Bellew, 2001; 

Katayama, 2010a; RILEM AAR-1.1, 2013). 

According to this technique, a representative sample is ground to pass a 75 µm sieve, 

and 0.30 g of pulverized sample is weighed into a 250 mL Phillips beaker (similar to 

neckless Erlenmeyer). Then 25 mL of 15 M concentrated hydrophosphoric acid 

(H3PO4) solution are added and the beaker opening is covered with a glass Hirsch 

funnel to limit evaporation. An electrical heater is used to swimmer the preparation for 

twelve minutes. The beaker is gently swirled, in regular intervals, to avoid overheating. 

After boiling, the beaker is put on a cold surface and the glass funnel is removed, 

letting adhering liquid run down the flask wall. After cooling to ambient temperature, the 

beaker wall is washed with 125 mL of 60ºC – 70ºC hot water. A vigorous swirl is 

needed to completely dissolve the gelatinous phosphoric acid. In a fume hood, 10 mL 

of 1.55 M fluoboric acid (HBF4) solution are added followed by a vigorous swirl. Next, 

10 mL of paper suspension are added and the interior of the beaker is washed with 25 

mL of distilled water. The beaker is let to stand for one hour, and then filtered over 

wash-free cellulose paper. After, the residue is washed with excess hot 3 M 

hydrochloric acid (HCl) solution, and then with hot distilled water to remove all traces of 

acid. The cellulose filter paper is then transferred to a tared platinum (Pt) crucible, and 
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gently heated to dry and char the cellulose filter paper, which is then ignited to 

maximum 800ºC to remove any remains from the cellulose filter paper. The crucible is 

allowed to cool in a desiccator and weighed. The residue weight represents the sum 

content in silica minerals (quartz + cristobalite + tridymite). 

The relative proportions of phase/s of silica can be then determined by X-ray diffraction 

of the residue. As for sedimentary rocks, and in particular carbonate rocks with 

argillaceous matrix, the presence of crypto- to microcrystalline quartz can be confirmed 

by SEM.  

 

X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a method used for the identification of crystalline materials 

and minerals, and under certain conditions also quantification. When monochromatic 

X-ray beams of suitable wavelength strike a crystalline plane, the X-rays are reflected 

by the atoms of the crystal. The signal is reinforced in a particular direction if the rays 

reflected by the different planes are in phase. This phenomenon corresponds to 

Bragg’s law (Eq. 11), 

 

2d sinϴ = nλ    (Equation 11) 

 

where d is the space between atomic planes of the inter-reticular distance in the crystal 

(d(hkl)); λ is the wavelength; ϴ is the angle between beam and atomic plane; and n is 

the order of diffraction (integer number). All the planes of a crystal diffract the X-ray 

when the crystal is tilted at certain angles ϴ of the incident beam of wavelength λ in 

accordance to Bragg’s law. The angles ϴ are linked to wavelength λ and distance d, 

which are expressed in Angstroms or nanometres (1 Å = 0.1 nm = 10-10 m). If the 

wavelength is known, measuring the angle of reflection makes it possible to determine 

the inter-reticular spaces (Pansu and Gautheyrou, 2006). The emerging patterns of 

diffracting angles and their relative intensities are unique for each crystalline mineral 

(group) and can be used for identification, usually by automated comparison with an 

electronic database of known and indexed patterns (RILEM AAR-1.1, 2013). 
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Sample preparation for XRD analysis implies the powdering of the material in order to 

achieve an average random orientation of an “infinite number” of crystallites in a > 1 

cm3 specimen (RILEM AAR-1.1, 2013). Good quality powder (< 5 µm) of uniform size is 

obtained by using so-called micronizer (Bish and Reynolds, 1989). 

 

4.2.1.3 Expansion tests 

As already mentioned, the assessment of the aggregate’s expansion by laboratory 

tests was made using RILEM’s recommendations for expansion tests (AAR-2, AAR-3 

and AAR-4.1). However, an exception was made concerning the accelerated mortar-

bar test due to the unavailability of suitable mortar-bar moulds. Instead, the ASTM C 

1260 accelerated mortar-bar was used, since it is a similar method to RILEM AAR-2 

and it is also recommended by the Portuguese specification LNEC E 461 (2007).  

The aggregate’s sizes used in all expansion tests are available in Tab. 21. 

 

Table 21 – Aggregate’s sizes used in expansion laboratory tests. 

Recommendations Fine aggregates Coarse aggregates 

ASTM C 1260 0 mm – 4.75 mm – 

RILEM AAR-5 4 mm – 8 mm 

RILEM AAR-4.1 0 mm – 4 mm 4 mm – 22.4 mm 

RILEM AAR-3 0 mm – 4 mm 4 mm – 22.4 mm 

 

 

Screening test: Accelerated mortar-bar test at 80ºC (ASTM C 1260) 

The accelerated or ultra-accelerated mortar-bar test is probably the most widely used 

accelerated test for determining the potential alkali-silica reactivity of aggregates 

(Fournier et al., 2006). The accelerated mortar-bar test ASTM C 1260 (2007) is based 

on the South African National Building Research Institute (NBRI) mortar-bar test 

(Oberholster and Davies, 1986; Davies and Oberholster, 1987). In this method, three 

mortar-prims, each measuring approximately 25 x 25 x 285 mm, are casted from the 

aggregates to be tested (Fig. 43). This aggregate is either natural sand or crushed 
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aggregate with a grade made to a certain specification (Tab. 21). After being 

demoulded, the prisms are stored for twenty-four hours in 80±2ºC hot water, after 

which their lengths are measured. Then the prisms are submerged in hot 80±2ºC 1 N 

NaOH for fourteen days during which at least three measurements are taken. The 

expansion is calculated, and the mean expansion of the three prisms after fourteen 

days of exposure is given as the result. 

 

 

Figure 43 – A) Casting of mortar-bars used in ASTM C 1260; B) Final aspect of mortar-bars after demoulding. 

 

 

The accelerated mortar-bar test RILEM AAR-2 (2000) is a development of ASTM C 

1260 and allows the use of short fat prisms (40 x 40 x 160 mm) alternatively to long 

thin bars (25 x 25 x 225 – 230 mm), which are more similar to the ones used in ASTM 

C 1260 test. 

After fourteen days, expansions of less than 0.10 % are indicative of non-reactive 

cement-aggregate combination; expansions over 0.20 % indicate potentially 

deleterious behaviour; expansions between 0.10 % and 0.20 % are considered 

ambiguous, including both aggregates that are known to be innocuous or deleterious in 

field performance and additional confirmatory tests should be performed. This criterion 

is also used in RILEM AAR-2, although it has not yet been finally agreed. In the 

absence of local experience, aggregates yielding expansion values in this last range 

should be regarded as potentially reactive and confirmatory tests should also be 

performed (RILEM AAR-0, 2013). Laboratory coefficients of variation of about 5 % to 

10 % (Fournier and Bérubé, 2000) and 15 % (Rogers, 1999) were reported for the 

accelerated mortar-bar test. 

A B 
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The reliability of the accelerated mortar-bar test is generally determined by comparing 

accelerated mortar-bar expansions to that obtained in the concrete prism test or to the 

field performance of the aggregates under test. Sometimes it is possible to find 

discrepancies between the results of the accelerated mortar-bar test and the concrete 

prism test (e.g. Feng and Clark, 2012). When accelerated mortar-bar test classifies an 

aggregate as reactive, it is recommended, when possible, that the concrete prism test 

is performed to confirm the potential reactivity of such aggregate. When an aggregate 

passes the accelerated mortar-bar test but fails the concrete prism test, the situation 

requires critical attention (Fournier et al., 2006). Among these aggregates are granites 

(Shayan, 2007), granitic gneisses (Hooton and Rogers, 1992; Shayan and Morris, 

2001; Shayan, 2007), metabasalts (Hooton and Rogers, 1992), greywackes (Freitag et 

al., 2000), aggregates containing more than 2.0 % porous flint (Soers, 1990; STAR, 

1999) and river sands containing many quartz grains (Deng et al., 2008). Concerning 

this kind of aggregates, several authors have proposed extending the testing period of 

the accelerated mortar-bar test and/or lowering its detection limits (e.g. Shayan et al., 

1988; Hooton and Rogers, 1992; Santos Silva and Braga Reis, 2000; Shayan and 

Morris, 2001; Dana et al., 2004; ASTM C 1260, 2007). For Portuguese aggregates, 

Santos Silva and Braga Reis (2000) proposed that if after fourteen days the expansion 

is larger than 0.10 % the test should be extended to twenty-eight days and the 

aggregate should be considered ambiguous if the expansion is less than 0.20 % after 

this period of time. 

The inadequacy of this test method towards slow reactive aggregates does not seem to 

be in accordance with ASTM C 1260 (2007) where it is referred that the accelerated 

mortar-bar test is especially useful for this kind of aggregates, although an exception is 

made concerning granitic gneisses and metabasalts. Also, according to the 

international trial part of the PARTNER Programme (Lindgård et al., 2010), where 

RILEM AAR-2 was used, the accelerated mortar-bar test was considered effective in 

assessing the potential reactivity of European aggregates, including in the identification 

of slow reactive aggregate combinations, but the slow reactive aggregates studied in 

this scope were quartzite, sandstone, rhyolite and mylonite. The accelerated mortar-bar 

test has also shown ineffectiveness in detecting reactive carbonate aggregates 

(Grosbois and Fontaine, 2000; Lu et al., 2008) and for this reason a complementary 

method (RILEM AAR-5) was developed. 

When examining Icelandic aggregates, Einarsdóttir and Wigum (2008) reported that 

the accelerated mortar-bar test (RILEM AAR-2) exhibits relatively higher expansion 

when compared to the concrete prism tests (RILEM AAR-3 and RILEM AAR-4). 
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This accelerated mortar-bar test does not evaluate combinations of aggregates with 

SCMs (ASTM C 1260, 2007; Einarsdóttir and Wigum, 2008) and, in some cases, 

measured expansions can vary significantly for different cements (Simon and Wathne, 

2000). 

The results of accelerated mortar-bar test are also reported to be affected by physical 

and mineralogical characteristics of the aggregates. According to Lu et al. (2006a,b), 

any processing action performed on the tested aggregate (e.g. crushing, grinding) 

should, ideally, maintain its textural characteristics and therefore the very fine particles 

used in the accelerated mortar-bar test may not be always suited for testing the alkali 

aggregate reactivity. Also, the test conditions are not representative of those 

encountered by concrete in service, being considered very severe (e.g. Bérubé et al., 

1992; Grattan-Bellew, 1997; Fournier et al., 2006; Zollinger et al., 2009; Fertig and 

Tanner, 2012). 

In general, the accelerated mortar-bar test is quick, relatively simple to carry out and a 

good screening tool (Grattan-Bellew, 1997; Nixon and Sims, 2000; Shayan, 2007; 

Lindgård et al., 2010). 

 

Screening test:  Carbonate aggregate testing (RILEM AAR-5) 

RILEM AAR-5 test (RILEM AAR-5, 2013) was developed in order to complement the 

ultra-accelerated mortar-bar test (RILEM AAR-2 or ASTM C 1260) which was found not 

to be successful by itself in assessing potentially reactive carbonate aggregates. AAR-

5 is based on the Chinese accelerated microbar method (Xu et al., 2000) and the AAR-

2 method. The RILEM AAR-5 method is useful when the carbonate aggregate contains 

both reactive silica and a kind of dolomite that is prone to dedolomitization. RILEM 

AAR-5 is similar to RILEM AAR-2 or ASTM C 1260: three bars are prepared with 

aggregate and reference cement. Enough NaOH is added to the mix water in order to 

bring the alkali content of the concrete up to 1.5 % Na2Oeq. After twenty-four hours, the 

bars are demoulded and heated up in water to 80ºC during another twenty-four hours, 

then immersed in 1 M NaOH at 80ºC and the expansions are measured. The main 

difference between both accelerated expansion tests resides in the size of the 

aggregates used (4 mm – 8 mm for RILEM AAR-5; 0 mm – 4.75 mm for ASTM C 1260) 

and in the use of short fat specimens of 40 x 40 x 160 mm (which are also considered 

in AAR-2).  
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The evaluation of expansion results is made after storage for fourteen days in NaOH. 

Continuation of storage and measurement until twenty-eight or fifty-six days is 

recommended in order to collect data that may be useful for establishing criteria to 

predict AAR-3 results (RILEM AAR-5, 2013). 

The basis of the AAR-5 method is that some carbonate aggregates, though 

expansively reactive according to both field experience and concrete test results, do 

not show to be potentially reactive in the mortar-bar test.  In typical ASR, the mortar-bar 

method may be expected to produce greater expansion than the concrete-bar (4 mm – 

8 mm aggregate method). However, investigations have demonstrated that expansion 

is greater in the concrete-bar test for carbonate aggregates (i.e. aggregates comprising 

crushed carbonate rock or natural aggregates containing a substantial proportion of 

carbonate rocks and minerals) that have been associated with carbonate-related 

expansion in concrete structures.  Also, these materials are not necessarily identified 

using the mortar-bar method alone. Therefore, in the AAR-5 method, if the concrete-

bars expand more than the conventional mortar-bars, the reactivity of the aggregate is 

probably not of the normal ASR type and further investigation using the longer-term 

AAR-4.1 and AAR-3 concrete prism tests will be required (RILEM AAR-0, 2013).  

Interpretation of the comparison between the RILEM AAR-2/ASTM C 1260 and AAR-5 

results at fourteen days may be summarised as follows (RILEM AAR-0, 2013): 

RILEM AAR-2 ≥ 0.08 % and: 

 AAR-5 < AAR-2 = potential ASR  

 AAR-5 ≥ AAR-2 = possible combination of ASR and carbonate reaction 

RILEM AAR-2 < 0.08 % and: 

 AAR-5 ≥ AAR-2 = possible carbonate reaction 

 AAR-5 < AAR-2 = unlikely to be reactive (no further testing necessary) 

 

It should be kept in mind that the mechanism involving the expansion of carbonate 

rocks is not fully understood and more research is needed and urgent, since this kind 

of material is widely used as aggregate for concrete. The procedure according to 

RILEM AAR-0 (2013) for AAR assessment of carbonate rocks is presented in the flow 

chart of Fig. 44. 
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* There is limited experience in using AAR-4.1 for carbonate rocks/aggregates. 

Figure 44 – Flow chart for AAR assessment of carbonate rocks (RILEM AAR-0, 2013). 
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Performance test: Accelerated concrete prism test at 60ºC (RILEM 

AAR-4.1) 

The accelerated concrete prism method at 60ºC (RILEM AAR-4.1, 2013) is an 

accelerated version of RILEM AAR-3 concrete prism test at 38ºC for evaluating the 

reactivity of an aggregate combination. 

Three concrete prisms, each measuring approximately 75 x 75 x 285 mm are prepared 

with fine and coarse aggregates and an ordinary Portland cement with total alkali 

content of 0.9 % to 1.2 % Na2Oeq. If necessary sodium hydroxide can be added to the 

concrete mix water so as to increase the alkali content of the binder. After demoulding, 

the prisms are sealed in containers over water (Fig. 45). Containers are then stored in 

a reactor generating a constant temperature of 60±2ºC and a relative humidity as close 

as possible to 100 %. Periodic measurements are made during fifteen weeks in order 

to determine whether any expansion has occurred. 

 

 

Figure 45 – Concrete prisms stored over water in a sealing container. 

 

There is not still an agreement concerning the criteria for interpretation of the results of 

the concrete prism test at 60ºC, but, according to RILEM AAR-0 (2013), it seems that a 

maximum expansion in test of 0.030 % at fifteen weeks indicates a non-reactive 

aggregate combination. In the case of aggregate combinations providing expansion 

greater than 0.030 % at fifteen weeks, in the absence of local experience to the 
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contrary, precautions should be taken to minimize the risk of ASR damage to any 

concrete in which the material is used. However, according to the Portuguese 

experience, and thus to LNEC E 461 (2007), results above 0.020 % at twelve weeks 

are sufficient to consider aggregates as potentially reactive to alkalis. 

According to the PARTNER Programme international trial (Lindgård et al., 2010), 

RILEM AAR-4.1 shows a better overall precision than RILEM AAR-3. Like RILEM AAR-

3, the precision of RILEM AAR-4.1 allows to distinguish between non-reactive and 

reactive materials, but not between small differences of reactivity. The band of 

uncertainty is less than 0.010 % at the proposed limiting value of 0.030 %. Though, 

these conclusions are related to an alternative version of RILEM AAR-4.1 which 

comprises wrapped concrete prisms, a constant temperature room at 60ºC rather than 

a reactor and a testing period of twenty weeks. The precision of RILEM AAR-4.1 

alternative method rather than the RILEM AAR-4.1 method was, in this case, 

assessed, because too few laboratories had the reactor necessary to perform the test 

according to the original method. Meanwhile, the alternative (wrapped concrete prisms) 

concrete prism test has been withdrawn due to high difference in expansion between 

unwrapped and wrapped prisms (Lindgård et al., 2010). 

Also according to Lindgård et al. (2010) the original RILEM AAR-4.1 version proved to 

be the most consistent RILEM expansion method, including the identification of slow 

reactive aggregates, even though it did not necessarily show that the expansion would 

be slow. Shayan et al. (2008) also concluded that RILEM AAR-4.1 clearly identified 

slow reactive aggregates as reactive in opposition to the concrete prism test at 38ºC 

(similar to AAR-3). 

Fournier et al. (2006) verified that in a concrete prism test at 60ºC (similar to RILEM 

AAR-4.1) the ultimate expansion was considerably lower in comparison to a concrete 

prism test at 38ºC (similar to RILEM AAR-3). The authors justified this difference by a 

higher extent of alkali leaching from the concrete prisms at more elevated temperatures 

and changes in pore solution. 

Ideker et al. (2010) showed their concern about the use of concrete prisms similar to 

RILEM AAR-4.1 since a significant reduction in expansion was observed in comparison 

to tests similar to RILEM AAR-3, which may lead to inaccurate predictions concerning 

aggregate reactivity. This fact was attributed to the influence of storage conditions on 

the rate extent of alkali leaching of aggregates and the contribution of alkalis of the 

“non-reactive” fine aggregate used for testing coarse reactive aggregates. 
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Another drawback concerning RILEM AAR-4.1 is that there is limited experience in 

using this method for carbonate aggregates (RILEM AAR-0, 2013). 

 

Performance test: Concrete prism test at 38ºC (RILEM AAR-3) 

The RILEM AAR-3 concrete prism test (RILEM AAR-3, 2013) can have two distinct 

applications: (1) testing of the potential alkali-reactivity of aggregate combinations; and 

(2) determination of the alkali threshold of a particular aggregate combination. In the 

current research, only application (1) was used. Its procedure will be described below. 

Three concrete prims, each measuring approximately 75 x 75 x 285 mm, are prepared 

with fine and coarse aggregate and a reference cement with a high alkali content such 

that the total alkali content is in the range of 0.9 % to 1.2 % Na2Oeq (Fig. 46). If 

necessary, sodium hydroxide can be added to the concrete mix water in order to boost 

the alkali content of the binder. After demoulding, the specimens are stored in a closed 

plastic bag over water in individual containers for maintaining a high constant 

temperature at 38ºC±2ºC and relative humidity conditions not less than 95 %. 

Measurements are made at 20ºC and at periodic intervals, during twelve months, to 

determine whether any expansion has occurred. 

 

 

Figure 46 – Preparation of concrete prisms for RILEM AAR-3. 
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According to RILEM AAR-0 (2013), the criteria for the interpretation of the results of 

RILEM AAR-3 have not yet been finally agreed. However, on the basis of worldwide 

trials carried out by RILEM, it appears that results (usually after twelve months) of less 

than 0.050 % are likely to indicate non-expansive materials, while results exceeding 

0.10 % indicate expansive materials. As for results in the intermediate range 0.050 % 

to 0.10 % it is still not possible to give a definitive interpretative guidance. In the 

absence of additional local experience, aggregates yielding in this range will need to be 

regarded as being potentially alkali-reactive. There is some evidence that a lower 

criterion at twelve months (perhaps 0.040 % or even 0.030 %) might be applicable for 

some slow reactive aggregates. 

Furthermore, RILEM’s outline guide also emphasizes that in many cases expansion will 

have ended or the rate of expansion will become greatly reduced by the end of the 

standard twelve-month testing period. However, in some cases, expansion might still 

be occurring at twelve months, suggesting that the above criteria possibly could be 

exceeded during an extended period of testing. If possible, testing may be continued 

until expansion ceases or it has become clear whether or not the criteria will be 

exceeded. If test extension is not practicable, a judgement, based on the inspection of 

the shape of the expansion curve up to twelve months, as to whether or not the criteria 

would be likely to be exceeded during further testing will have to be made. In such a 

case, it is suggested that, in the absence of any relevant local experience, the result 

should be considered to have exceeded the criteria if it is estimated that these criteria 

would be likely to be exceeded during an extension of testing to twenty-four months. 

Although the concrete prism test at 38ºC is generally regarded as the best indicator of 

field performance in what concerns AAR, several drawbacks have been reported. The 

results of the international trial part of the PARTNER Programme (Lindgård et al., 

2010) indicated that the repeatability1 of RILEM AAR-3 is good, whilst the 

reproducibility2 is quite poor (with a large difference in results between laboratories) 

and about half of the expansion value. The precision is, however, good enough to 

discriminate between non-reactive and reactive materials. For the limiting value 0.05 

%, which differentiates between reactive and non-reactive aggregate combinations, 

there is a band of uncertainty of 0.025 %, and the lowest result for a reactive aggregate 

should exceed 0.075 %. This was found to be the case for all the aggregates which 

react in normal timescales and when their record of field reactivity is well established.  

                                                             
1
 This is a measure to determine the spread in results obtained between the individual prisms, tested at the 

same laboratory, same aggregate combinations and same concrete (RILEM AAR-0, 2012). 
2
 This is a measure to compare the difference in the mean value obtained between the different 

laboratories (RILEM AAR-0, 2012). 
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Although better than other expansion tests at demonstrating the slowness of the 

expansion, the same trial considered RILEM AAR-3 not well suited for identifying slow 

reactive aggregates. Such conclusion is corroborated by the works of Shayan (2007) 

and Shayan et al., (2008) on slow reactive Australian aggregates (gneissose and 

deformed granites) using a method similar to RILEM AAR-3. However, the 

effectiveness of RILEM AAR-3 could be improved by extending its normal one year test 

period to two years and a maximum expansion limit of 0.040 % (RILEM AAR-7.3, 

2013). It should be mentioned that the international trial part of the PARTNER 

Programme used a variation of AAR-3 in which the prisms were wrapped. Wrapping is 

not recommended by RILEM AAR-0 (2013). 

 

4.2.1.4 Additional tests 

Chemical method (ASTM C 289) 

In 1947, Mielenz et al. (1947) developed a rapid chemical test in order to determine the 

potential reactivity of silica-bearing aggregates. This method was subsequently 

standardized as ASTM C 289 in 1952 and has undergone several minor revisions until 

the current version in 2007 (ASTM C 289, 2007). The chemical method enables the 

calculation of dissolved silica (Sc) and of reduction in alkalinity (Rc) of a representative 

25 g of aggregate, crushed and sieved to pass a 300-µm sieve and to be retained on a 

150-µm sieve, placed in a 25 mL 1 N NaOH solution at 80 ºC during twenty-four hours. 

After cooling, the solution is filtered, the amount of silica is determined, and the 

reduction in alkalinity of sodium hydroxide is measured by tritation with HCl using 

phenolphthalein as an indicator. After these procedures, the determined values of Sc 

and Rc are plotted on a logarithmic graph where the domains of innocuous, potentially 

deleterious and deleterious aggregates are defined (Fig. 47). 

Although this is a rapid screening test that has been widely used over the years, its 

results are not always satisfactory. For example, the category “aggregate considered 

potentially reactive” is vague, it does not give any indication towards the expansion 

potential and the values of Sc and Rc are susceptible to operator’s techniques and 

judgement and by a number of factors, such as grain size. For instance, quartz 

solubility increases as its grain size is reduced, hence the material finer than 300 µm 

can increase the measured value of dissolved silica (Grattan-Bellew, 1983; ACI 

Committee 221, 1998). The presence of carbonates, gypsum, zeolites, clay minerals, 
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hydrated magnesium silicates (e.g. serpentine), iron oxides or organic matter affects 

the results of the chemical test. Also, the use of phenolphthalein as an indicator in 

tritration can produce misleading results in the presence of carbonate ions and of 

certain amounts of silica in solution (Grattan-Bellew, 2001). According to BRE Digest 

330 (2004), the chemical method classifies a wide range of siliceous aggregates as 

susceptible to attack by alkalis, including aggregates which have been used for many 

years to produce durable concrete, and it gives no information on the reactivity of 

different aggregate combinations.  

 

 

Figure 47 – Graph illustrating the division between innocuous and deleterious aggregates in accordance to ASTM C 

289 chemical test (adapted from ASTM C 289, 2007 and Fernandes, 2005). 

 

ASTM C 289 has also been pointed out as being insensitive to “pessimum” behaviour, 

whereby expansion is maximised at a certain content of reactive silica in the aggregate. 

Therefore, an innocuous classification can be given for an aggregate combination 

containing a “pessimum” proportion of reactive silica while a potentially deleterious 

classification can be attributed at the same constituents combined so that the 

“pessimum” is substantially exceeded (Sims, 1987). 
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According to Wigum et al. (1997), there are two main problems associated with ASTM 

C 289: its widespread use on rocks for which it was not designed; and the influence of 

minor or trace amounts of rock that are not in the specified size range of the test and 

need to be washed out of the aggregate prior to testing. 

ASTM C 289 is not applicable to slow reactive aggregates whose reactive phases are 

cryptocrystalline, microcrystalline and strained quartz embedded in metamorphic (e.g. 

gneiss, metagraywacke, argillite, quartzite) or plutonic rocks (e.g. granite) (e.g. 

Stievenard-Gireaud, 1987; Oberholster and Davies, 1986; Shayan and Morris, 2001; 

Santos Silva, 2005; ASTM C 289, 2007; Castro, 2008; Couto et al., 2012; Rolim et al., 

2012; Tiecher et al., 2012a).  

The method is also not applicable to carbonate expansive aggregates (e.g. Swenson, 

1957; ASTM C 289, 2007) and for this reason a modified version of this test was 

developed (Fournier and Bérubé, 1990). 

Despite all the presented drawbacks, it should be noted that this test in combination 

with other methods (e.g. petrographic examination, expansibility tests, phosphoric acid 

extraction method) allows the evaluation of the potential reactivity of a wide range of 

siliceous aggregates (Grattan-Bellew, 1983; Katayama et al., 1989). This method is 

suited to evaluate volcanic and sedimentary rocks whose reactive mineral phases are 

opal, chalcedony, cristobalite, tridymite and volcanic glass (Katayama and Kaneshige, 

1986; Katayama et al., 1989; Katayama et al., 1996; Wakizaka, 2000). The ASTM C 

289 chemical test has proven to be well applicable to Cenozoic volcanic rocks in Japan 

and in the Circum-Pacific regions (Katayama et al., 1989; Wakizaka, 2000; Katayama, 

2010b) where a good correlation has been obtained with ASTM C 227 mortar-bar test 

adapted for early-expansive aggregates containing natural forms of metastable silica 

and volcanic glass (Kennerley and St John, 1988). Nonetheless, the presence of 

smectite may mislead ASTM C 289 results since it increases reduction in alkalinity 

values (e.g. Wakizaka, 2000; Katayama, 2010b). In what concerns volcanic glass, 

according to Katayama et al. (1989), there is a linear relationship between its SiO2 

content and the log of dissolved silica in ASTM C 289 chemical test – dacitic and 

rhyolitic glasses (SiO2 > 62 wt%) are considered potentially reactive, while basaltic 

glass is innocuous. 
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Modified chemical method 

Although the standard ASTM C 289 (2007) chemical method is one of the most widely 

used tests for evaluating the potential alkali-reactivity of aggregates this test has failed 

in assessing the potential alkali-reactivity of certain carbonate aggregates (e.g. 

Swenson, 1957; Swenson and Gillot, 1964; Fournier and Bérubé, 1990) and a number 

of modifications have been proposed in order to overcome its deficiencies (Mielenz and 

Benton, 1958; Bérard and Le Roux, 1986; Fournier and Bérubé, 1990; Sorentino et al., 

1992; Bérubé and Fournier, 1993). One of those versions was proposed by Fournier 

and Bérubé (1990) consisting in acid treatment of unwashed 150 µm – 300 µm 

aggregate particles with concentrated HCl (12 N) to dissolve the carbonate phases, 

leaving the insoluble silica/silicate residue (0 µm – 300 µm in size) which is then filtered 

off and washed with distilled water. The percentage of insoluble residue in the 

aggregate is determined and this value is used to correct the amount of silica dissolved 

(Sc) to allow for the very small proportion of the total aggregate used in determination. 

The modified chemical test is then run on 12.5 g samples of the acid insoluble residue 

instead of the 25 g specified in ASTM C 289 (Bérubé and Fournier, 1993; Grattan-

Bellew, 2001). When compared to the results obtained by running this test on the 

whole rock, the removal of the carbonate phases usually results in moving the points to 

the right of the diagram suggested in ASTM C 289 for evaluating the results of the test, 

i.e., towards the deleterious or potentially deleterious area (Fig. 48). According to 

Fournier and Bérubé (1990) and Grattan-Bellew (2001) there is a poor correlation 

between the amount of dissolved silica measured in the modified chemical method and 

the amount of expansion measured in the concrete prism test. This is indicative that the 

nature and the amount of insoluble residues within the carbonate rocks are not the only 

parameters that govern their potential for deleterious expansion in concrete (Fournier 

and Bérubé, 1990) and that the modified version of the chemical test suffers from the 

same limitations as the standard chemical test (Grattan-Bellew, 2001). 
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Figure 48 – Plot of Sc v.s. Rc showing the increase in Sc values obtained using the modified chemical test, comparing 

the results obtained using ASTM C 289. The arrows show the increase in Sc obtained with the modified test procedure 

(graph plotted with data from Bérubé and Fournier (1990) in Grattan-Bellew, 2001). 

 

4.3 Methodologies’ main advantages and disadvantages 

In Tab. 22 the main advantages and drawbacks of the applied methodology are 

displayed. 

 

Table 22 - Main advantages and disadvantages of the applied methodology (adapted from Santos Silva, 2005; Lindgård 
et al., 2010; Blight and Alexander, 2011; Alaejos and Lanza, 2012; RILEM AAR-0, 2013). 

 
Advantages Disadvantages 

RILEM AAR-1 - Quick; 
- Identification of type and content of 
any potentially reactive features; 
- Successful in the identification of 
slow reactive aggregates; 
- Can be complemented by several 
techniques (e.g. chemical bulk 
analysis, XRD, SEM-EDS, 
phosphoric acid method, expansion 
test, etc). 

- Some reactive minerals may be difficult to 
identify; 
- Absence of a recommended value as a 
classification criterion; 
- Does not give any information regarding 
concrete’s expansion; 
- Results dependent on petrographer’s 
experience; 
- Thin-section assessment subjected  to 
analytical error; 
- Insensitive to “pessimum” behaviour. 
- Petrographic method is considered laborious 
to carry out. 
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(cont. Table 22) 

ASTM C 1260 - Quick (16 days); 
- Relatively simple to carry out; 
- Good screening tool; 
- Important on the evaluation of 
extremely reactive siliceous 
aggregates. 

- Severe testing conditions (80ºC), not 
representative of those encountered by 
concrete in service; 
- Ineffective in detecting the potential reactivity 
of carbonate aggregates and of slow reactive 
aggregates; 
- Inconclusive when the expansion result is 
between 0.10 % and 0.20 % at 14 days; 
- Mortar’s behaviour may differ from concrete’s 
behaviour made with the same type of 
aggregates; 
- Does not evaluate combinations of 
aggregates with SCMs. 

RILEM AAR-5 - Quick (16 days); 
- Complements ASTM C 1260 on the 
assessment of carbonate aggregates 
reactivity. 

- Exclusive for carbonate aggregates; 
- Severe testing conditions (80ºC), not 
representative of those encountered by 
concrete in service. 
 

RILEM AAR-4 - Relatively quick (15 weeks); 
- Allows to distinguish between non-
reactive and reactive aggregates; 
- Most consistent RILEM method, 
even for identifying slow reactive 
aggregates; 
- Allows to evaluate combinations of 

aggregates with SCMs. 

- High alkali leaching from prisms; 
- Criterion for interpretation is not yet agreed; 
- Severe testing conditions (60ºC), not 
representative of those encountered by 
concrete in service. 
 

RILEM AAR-3 - Best indicator of field performance 
concerning AAR; 
- More realistic than mortar tests. 
- Good at discriminating reactive from 
non-reactive aggregates; 
- Allows to evaluate combinations of 
aggregates; 
- Allows the evaluation of 
combinations of aggregate with 
SCMs. 
 

- Very slow ( ≥ 1 year); 
- Poor reproducibility between laboratories; 
- High alkali leaching from prisms; 
- Criterion for interpretation is not yet agreed. 

ASTM C 289 - Very quick (2 days); 
- Allows the evaluation of the 
potential reactivity of a wide range of 
siliceous aggregates, in combination 
with other methods, such as 
petrographic examination. 

- Not suited for slow reactive aggregates nor 
for carbonate aggregates; 
- Does not provide information towards 
expansion; 
- Insensitive to “pessimum” behaviour; 
- Complex execution; 
- Results may be influenced by operator. 
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In this investigation, the methods applied concerning each aggregate type are 

presented in Tab. 23. 

 

Table 23 – Methods applied to each aggregate type. 

Methods Granitic Volcanic Carbonate 

RILEM AAR-1.1       

ASTM C 1260       

RILEM AAR-5 n/a n/a   

RILEM AAR-4       

RILEM AAR-3       

ASTM C 289       

 
      - applied  
n/a - not applicable 
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5.1 Overview 

Although granitic aggregates are commonly considered as being innocuous or unlikely 

to be reactive to alkalis (e.g. Concrete Society, 2010), a number of reports have been 

published worldwide showing that in some countries granites behave as reactive (e.g. 

RILEM AAR-1, 2003). It has been verified that granites, under some circumstances, 

may react with alkalis causing a slow deleterious reaction in concrete structures 

(Cortelezzi et al., 1990) and are, therefore, considered, among other quartz bearing 

rocks, as slow reactive according to the classification in Lindgård et al. (2010). Several 

factors were pointed out as being responsible for the reactivity of granitic rocks and a 

number of methods to predict the behaviour of this type of rock have been proposed. 

The next paragraphs summarize the studies developed so far. 

In the middle of the last century, the first statements that alkali-aggregate reactions in 

quartz bearing rocks were a consequence of this mineral’s defective crystal lattice were 

made (e.g. Brown, 1955). Till then, little importance was given to textural features of 

rocks used as aggregates. Taking into account the work of DeHills and Corvalán 

(1964) in Chilean granitic rocks, who found it was possible to correlate the value of the 

undulatory extinction angle of quartz crystals, the degree of deformation in their lattices 

and the intensity of deformation processes, Gogte (1973) showed the importance of the 

petrographic examination of aggregates by concluding that the potential alkali-reactivity 

of some crystalline rocks was related to the content and straining effects in quartz. 

According to the author, the increased number of dislocations in quartz in response to 

strain cause greater reactivity due to the weakening of the silicon-oxygen bond. The 

increase in dislocations creates regions of small misorientation within an individual 

grain, known as subgrains, which optically appear as extinction differences named 

undulatory extinction (Vernon, 2004). Further researches using the measurement of the 

undulatory extinction angle as a parameter for evaluating the potential alkali-reactivity 

of aggregates have followed (Dolar-Mantuani, 1981, 1983). Meanwhile, the usefulness 

of the undulatory extinction angle was questioned (e.g. Grattan-Bellew, 1986, 1992; 

Thomson and Grattan-Bellew, 1993; Thomson et al., 1994; Wenk et al., 2008) and it 

was pointed out as being a possible indicator rather than a diagnostic feature for alkali-

silica reactivity (West, 1991, 1994), since quartz showing high undulatory extinction 

angles is usually associated with the presence of microcrystalline quartz (Grattan-

Bellew, 2001; Fernandes, 2005). However, the evaluation of the undulatory extinction 

in quartz crystals as an identifying parameter of potential ASR has not been totally 

dropped out and recently Tiecher et al. (2012a), after the observation of quartz-rich 



FCUP 

Chapter 5 – Characterization of granitic aggregates 
126 

 

strained Brazilian aggregates, have proposed different quartz deformation degrees 

taking into account the presence and the intensity of undulatory extinction. The same 

authors also concluded that rocks predominantly formed by quartz grains with a 

marked undulatory extinction and featuring deformation bands are highly prone to 

developing ASR. 

Further studies showed that there is a positive correlation between the amount of 

microcrystalline quartz, resulting from the conversion of a mineral grain which 

previously showed undulatory extinction into an agglomeration of smaller new grains in 

response to deformation, and mortar and/or concrete expansion tests (e.g. Grattan-

Bellew, 1992; Kerrick and Hooton, 1992; Shayan, 1993; Thomson et al., 1994; Wenk et 

al., 2008). Kerrick and Hooton (1992) and Shayan (1993) attributed ASR to the 

presence of microcrystalline quartz in replacement of deformed quartz, and stated that 

the reaction takes place at grain boundaries and zones containing the finely divided 

quartz which present a larger surface area. According to the work of Grattan-Bellew 

(1992) the solubility of quartz is highly increased by grain sizes less than 100 µm due 

to the increased surface area. Also according to Kerrick and Hooton (1992) and 

Shayan (1993), the presence of foliations can provide an enhanced penetration of 

alkali solutions. A new approach made by Wigum (1995a), which included the 

quantification of the average surface area of quartz by grain size measurement in 

cataclastic rocks, made the estimation of the amount of microcrystalline quartz present 

in the rock possible. Therefore, the alkali-reactivity of those kinds of rocks was related 

to the total grain boundary area of quartz which is strongly influenced by subgrain 

development (Wigum, 1995a,b; Wigum et al., 2000). Taking those facts into account, 

the recrystallization of the quartz can explain the decrease in the reactivity of strongly 

mylonitised rocks (Locati et al., 2010b), since the amalgamation of smaller grains into 

larger ones, which occurs when the geothermal gradient increases, leads to a smaller 

total grain boundary area of quartz (Wigum et al., 2000). The presence of myrmekites, 

defined as a vermicular intergrowth of quartz and sodic plagioclase formed by 

replacement of K-feldspar, typically in deformed granitic rocks (Vernon, 2004), were 

also considered by Wigum (1995a,b) as a preferential site for ASR. 

Wenk et al. (2008) demonstrated that there is a positive correlation between ASR and 

dislocation density, playing dislocations, accompanied by grain size reduction, a major 

role in the process. The same authors also corroborated the work of Monteiro et al. 

(2001) by showing that there is a linear relationship between biotite preferred 

orientation and quartz susceptibility to ASR.  In addition, the comparison of two granitic 

aggregates from Spanish dams led the authors to conclude that the ASR is slower 
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when the reactive component involved is strained and microcracked quartz, and faster 

when it involves microcrystalline quartz. In the first case the main mechanism of 

formation and storage of gel was associated to microcracks rather than to subgrain 

boundaries (Velasco-Torres et al., 2010). 

In spite of microcrystalline quartz being pointed out as the major responsible for ASR in 

slow reactive aggregates, other minerals such as micas and feldspars have been 

suggested to also unleash this deleterious reaction (e.g. Yan et al., 2004; Hagelia and 

Fernandes, 2012). 

In Portugal, large amounts of granitic aggregates are produced every day. The huge 

abundance of this material, especially in the North of the country, has been contributing 

to the building of major structures. Several cases concerning granitic aggregates and 

alkali-silica reaction have been detected and investigated (e.g. Santos Silva and Braga 

Reis, 2000; Fernandes, 2005, 2009; Fernandes et al., 2004, 2007; Santos Silva, 2005; 

Castro, 2008; Santos Silva et al., 2008; Castro et al., 2009).The work developed so far 

has shown that the behaviour towards ASR of Portuguese granitic aggregates is 

puzzling and that the currently used assessment methodologies have not proven totally 

satisfactory. 

 

5.2 Materials 

In this study, eight crushed granitic aggregates, from distinct Portuguese active 

quarries, were studied, aiming their petrographic characterization and their laboratory 

performance, when applied as aggregates in mortar and concrete.  

All the investigated granitic rocks referred in this study outcrop in the Central Iberian 

Zone (CIZ) and are Hercynian in age (Dias et al., 1998, 2010). There was a clear 

intention in selecting granitic rocks with diverse emplacement ages. 

To keep the producers request for confidentiality of the quarries locations, aggregates 

have been codified in accordance to the nomenclature established by the project 

IMPROVE as GR1, GR2, GR3, GR7, GR17, GR18, GR19 and GR20. 

The lithology and age of each granitic aggregate are displayed in Tab. 24. 
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Table 24 – Codification, lithology and age of the studied granitic rocks according to Dias et al. (1998, 2010). 

Aggregate Lithology Age 

GR1 granite late-D3 

GR2 granite syn-D3 

GR3 granite late- to post-D3 

GR7 granite late- to post-D3 

GR17 granite late-D3 

GR18 granite syn- to late-D3 

GR19 granite syn-D3 

GR20 granite syn- to late-D3 

 

 

Geotectonic and geological setting of selected granitic aggregates 

Portuguese Hercynian granitic rocks have diverse geological histories, which 

generated different degrees of strain that are directly responsible for some granites’ 

main characteristics (e.g. texture, mineralogy). Particularly in the NW of the CIZ, a 

significant volume of granitic rocks (60 % - 70 % of the outcropping rocks) occurs, 

corresponding to successive magmatic impulses that mainly took place after the 

Hercynian syn-collisional thickening stage (Dias et al., 2010). These rocks, sometimes 

in association with basic to intermediate composition rocks, define alignments in close 

relation to Hercynian structures (Ferreira et al., 1987). The granitic rocks are 

characterized by a strong compositional variability and diverse typology, varying from 

aluminium-potassic to calc-alkaline and to sub-alkaline affinity (Dias et al., 1998; Dias, 

2001; Noronha et al., 2006). 

During the 20th century, several criteria were used in the classification of the CIZ 

Hercynian granitic rocks. Nevertheless, it was not an easy task to find affinities 

between the different facies, as well as understanding the meaning of their variability 

(Ferreira et al., 1987). Firstly, supported in geological data, Shermerhorn (1956) and 

Oen (1958, 1960), subdivided the granitic rocks in oldest granites, older granites and 

younger granites. For the following classification attempts, the work of Torre de 

Assunção (1962) in granitic rocks of Minho and Douro regions was taken into great 

account. Capdevila and Floor (1970), based on geochemical and petrographic data, 

classified the granitoids in two groups: two-mica granitoids and calc-alkaline 

granodiorites with dominant biotite. From genetic criteria, granitic rocks were grouped 

in meso-crustal granitoids and infra- or basi-crustal granitoids (Capdevila et al., 1973; 
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Corretgé et al., 1977). Based, essentially, on petrographic criteria, the granitic rocks of 

the NW Iberian Peninsula can be distributed in S type (sedimentary protolith) and I type 

(igneous protolite), adopting the classification of White and Chappell (1977). 

In 1987, Ferreira and co-workers, essentially based in structural, petrographic, 

mineralogical, textural and geochemical characteristics, classified the granitic rocks in 

agreement with their emplacement period using the D3 Hercynian deformation phase 

as referential and together with the prevailing mica observed in the rock (biotite 

granites:  biotite >> muscovite; and two-mica granites; muscovite > biotite). 

The acceptance and usage of the classification proposed by Ferreira et al. (1987) did 

not withhold its refinement throughout the years. Thus, nowadays, granitic rocks are 

considered as syn-tectonic, late-tectonic and post-tectonic in terms of installation 

period being, in this case, the D3 phase of the Hercynian Orogeny the referential since 

these granitoids emplaced predominantly during and after the last ductile deformation 

phase (Dias, 2001; Noronha et al., 2006; Dias et al., 2010). As so, the granitoids are 

distributed in four groups (Dias et al., 2010): 

(1) syn-D3 granitoids – biotitic monzogranites/granodiorites weakly to moderately 

peraluminous and two-mica granites strongly peraluminous (312-321 Ma); 

(2) late-D3 granitoids – weakly to moderately peraluminous essentially biotitic 

monzogranites/granodiorites sometimes associated to basic to intermediate 

rocks, occurring also strongly peraluminous two-mica granites (305-312 Ma); 

(3) late- to post-D3 granitoids – strongly peraluminous two-mica granites (300 Ma); 

(4) post-D3 granitoids – slightly metaluminous and peraluminous biotitic to biotitic-

muscovitic granites (290-299 Ma). 

 

In Fig. 49 the geological distribution of Hercynian syn- to post-D3 granitoids in CIZ, 

northern Portugal, is presented. 
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Figure 49 – Geological distribution of Hercynian syn- to post-D3 granitoids in the CIZ, northern Portugal. 

 

5.3 Methods 

In order to predict the field performance of the granitic aggregates and to compare 

results, petrographic characterization (RILEM AAR-1.1, 2013; LNEC E 461, 2007), 

chemical and expansion tests, namely ASTM C 289, ASTM C 1260 accelerated 

mortar-bar test, RILEM AAR-4.1 and RILEM AAR-3 concrete prism tests were carried 

out. 

Crushed aggregates of various grain sizes from each quarry were collected, in a total 

amount of about 100 kg. Hand samples of the eight different granitic aggregates were 

also field sampled. 
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5.3.1 Petrographic characterization 

Geochemical analyses, which include major and trace elements, were performed on all 

granitic aggregates at Activation Laboratories (ACTLABS), in Canada, by lithium 

metaborate/tetraborate fusion – inductively coupled plasma (ICP).  

Since each of the studied rocks has homogeneous characteristics in the exploited area 

of the corresponding quarries, representative thin-sections (30 µm) of the eight granitic 

aggregates were produced. For this purpose, hand-samples were sliced and glued with 

araldite to glasses to produce thin-sections. The thin-sections were prepared totally by 

manual processes from the progressive grinding to the final polishing at the 

laboratories of DGAOT and University of Trás-os-Montes e Alto Douro (UTAD). The 

thin-sections were studied under a Nikon Eclipse E 400 POL polarizing microscope 

according to the procedure named “whole rock petro” (Lindgård and Haugen, 2006) in 

DGAOT facilities. For microphotographic record, a Zeiss Axio Cam was used. A careful 

description of the essential minerals (minerals whose presence in the rock determines 

the root name given to it (Gill, 2010)) and of the accessory minerals (minerals present 

in the rock (often in minor amounts) that tell us little about its key chemical 

characteristics and therefore have little to contribute to rock nomenclature (Gill, 2010)) 

was made. Minerals’ description is displayed from the most to the least abundant. The 

symmetrical extinction angle method was used to assess plagioclase in respect to its 

composition. As so, the maximum extinction angle found for plagioclase in each 

aggregate is presented. 

For the quantification of the potential reactive features, a PELCON automatic point-

counter (version 01) was attached to the polarizing microscope. For all aggregates, a 

pace of 0.3 mm was used with exception for the coarse-grained aggregate GR7. In this 

case a pace of 0.5 mm was used in order to successfully evaluate the percentage of 

reactive features present in each thin-section. The constituent minerals of each granitic 

aggregate were distributed in the following groups: quartz; K-feldspar; plagioclase; 

muscovite; biotite + chlorite; microcrystalline quartz; and others. The number of points 

of microcrystalline quartz counted per aggregate and the absolute and relative errors 

estimated according to Howarth (1998) are reported together with the respective modal 

contents. The assessment of reactivity to alkalis was based on local experience with 

granitic aggregates, namely on the dimensions of the quartz crystals (presence of 

quartz crystals < 100 μm = microcrystalline quartz (Grattan-Bellew, 1992; RILEM AAR-

1.1, 2013)) and according to the classes established by RILEM AAR-1.1 (2013) and by 

Portuguese specification LNEC E 461 (2007). Myrmekitic quartz was included in the 
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microcrystalline quartz group and considered as a potentially reactive form of silica, 

following the work of Wigum (1995a,b). It must be highlighted that the main objective of 

the point-counting was the assessment of the content in microcrystalline quartz. The 

classification of the aggregates according to well-known charts is optional in order to 

attribute a more detailed designation to the granitic rocks. Therefore, the results of 

point-counting were used to classify the investigated granitic aggregates according to 

the plutonic rocks QAPF classification (based on Streckeisen, 1976), as recommended 

by the International Union of Geological Sciences (IUGS). This classification is based 

on the relative proportions of  the following mineral groups for which volume modal 

data is usually determined: Q (quartz); A (alkali feldspar (orthoclase, microcline, 

perthite, anorthoclase, sanidine and albitic plagioclase)); P (plagioclase); F 

(feldspathoids); and M (mafic and related minerals (e.g. mica, amphibole, pyroxene, 

olivine, opaque minerals, zircon, apatite, sphene, epidote, allanite, garnet, melilite, 

monticellite, primary carbonate)) (Le Maitre et al., 2002). It should also be referred that 

the mafic mineral content of the studied aggregates is less than 90 % and that the P 

group results can be a little underestimated since the alteration of plagioclase to 

microcrystalline muscovite was accounted as muscovite. This is justified by the 

importance of micas as a mineral potently involved in alkalis release (e.g. LNEC E 415, 

1993; LNEC E 461, 2007). All the studied rocks have already been thoroughly 

described, but cannot be disclosed due Project IMPROVE’s policies. 

Besides the dimension, deformation evidences of the quartz crystals, including the 

undulatory extinction angle, were also taken into account in the evaluation of the 

potential reactivity to alkalis of the granitic aggregates. When deformed quartz is 

observed in crossed polarizers, as the stage is rotated from the bright position a dark 

extinction band begins to form which moves across the crystal as the stage is rotated. 

The rotation angle between the first and the last appearance of the extinction band as it 

moves across the crystal is called undulatory extinction angle (Grattan-Bellew, 2001). 

Besides the stress level attained by the rock and the expertise of the operator, the 

undulatory extinction angle is affected by the orientation of the grain, being measured 

relative to its optical axes, and also by the size of the crystal, since small crystals yield 

smaller angles. These factors make reproducible undulatory results hard to obtain 

(Grattan-Bellew, 2001; Fernandes, 2005). Although the undulatory extinction angle is 

not commonly used as a direct indicator of potential alkali reactivity, its use still arises 

some questions that need a total and an irrevocable clarification. For this reason, it was 

decided to evaluate this parameter aiming to contribute to the enlightenment on the 

matter.  The method used for the determination of the undulatory extinction angle is 
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described in DeHills and Corvallán (1964) and was applied to thirty quartz grains of each 

granitic aggregate. According to the aforementioned authors, the determination of the 

undulatory extinction angle consists in the difference between the reading on the 

microscope stage of the first clear evidence of undulatory extinction and the reading of 

the last evidence of undulatory extinction in a quartz grain. The undulatory extinction 

angle was classified in respect to the most representative class of each aggregate 

plotted in a histogram in accordance to LNEC E 415 (1993). Descriptive statistic tools 

(e.g. mean, median, mode) were also applied along boxplots with the aim to complement 

the interpretation given by the histograms. 

 

5.3.2 Chemical method 

For the chemical method, the granitic aggregates were prepared and tested at the 

Inorganic Geochemistry Laboratory of the DGAOT according to ASTM C 289 (2007) 

standard previously described in Chapter 4. 

 

5.3.3 Expansion tests 

The aggregates were crushed, sieved and weighed according to the requirements of 

the accelerated mortar-bar test at 80ºC (ASTM C 1260), the accelerated concrete 

prism test at 60ºC (RILEM 4.1) and the concrete prism test at 38ºC (RILEM AAR-3) at 

DGAOT. All tests were carried out at LNEC. The preparation of the mortar and 

concrete mixes was made according to Tab. 25. Concrete prisms were stored 

unwrapped both in AAR-4.1 and AAR-3 tests. 

 

Table 25 – Characteristics of the mixes used for mortar-bar and concrete prism tests. 

Test Cement/aggregate Water/cement 
Cement 

Type Na
2
O

eq 
(%) 

ASTM C 1260 0.44 0.47 CEM I 42.5 R Alhandra 0.86 – 0.89 

RILEM AAR-4.1 0.25 0.45 CEM I 42.5 R Alhandra 0.89 

RILEM AAR-3 0.25 – 0.26 0.45 CEM I 42.5 R Alhandra 0.89 
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5.3.4 Post-mortem concrete petrography 

In order to confirm by petrographic methods the occurrence of ASR in the concrete 

prisms and mortar-bars tested in laboratory conditions, samples were selected and 

prepared for the production of polished thin-sections. 

The polished thin-sections were produced by manual methods as described 

aforementioned for thin-sections for petrographic purposes. 

The observation under optical microscope Nikon Eclipse E 400 POL aimed at the 

identification of the manifestations of ASR in the concrete and mortar, namely: 

- cracks in the aggregates; 

- cracks in the cement paste or in the interfaces aggregate-binder; 

- presence of alkali-silica gel in the cracks; 

- presence of alkali-silica gel in the voids; 

- gel replacing fine aggregate particles. 

 

SEM-EDS (High Resolution Schottky Environmental Scanning Electron Microscope: 

Quanta 400 FEG ESEM/EDAX Genesis X4M: 15 kV and 10.0 mm working distance) 

was used to confirm the occurrence and to identify the composition of ASR products. 

The SEM-EDS examination was performed along X-ray micro-analysis and electron 

backscattered diffraction analysis at Centro de Materiais da Universidade do Porto 

(CEMUP). Samples were coated with a carbon thin film by vapour deposition 

equipment JEOL JEE – 4X Vacuum Evaporator. 

 

5.4 Results 

5.4.1 Petrographic examination method 

The results of the geochemical analyses of the granitic rocks used as aggregates are 

presented in Tab. 26.  

From Tab. 26 it can be verified that all the granitic aggregates have SiO2 contents 

above 65.00 %; the values vary from 67.05 % in GR1 to 73.18 % for GR7. GR7 is the 

granite with the lowest content in Al2O3 (12.93 %) while on all other granites the content 

is above 14.00 %. The Na2O content (2.57 % to 3.05 %) for all the samples is lower 

than the K2O content (3.98 % to 5.56 %). 



FCUP 

Chapter 5 – Characterization of granitic aggregates 
135 

 

The low loss on ignition (LOI) values indicates that all granites are weakly altered 

rocks. Aggregate GR18 shows the highest value (2.29 %). 

 

Table 26 – Geochemistry of the investigated granitic aggregates. 

 
GR1 GR2 GR3 GR7 GR17 GR18 GR19 GR20 

SiO2 (%) 67.05 72.76 71.17 73.18 70.92 70.12 70.23 71.19 

Al2O3 (%) 14.87 14.13 14.37 12.93 14.10 14.98 14.75 14.35 

Fe2O3(T)(%) 3.74 1.58 1.81 2.50 2.92 2.61 2.99 2.20 

MnO (%) 0.05 0.03 0.04 0.04 0.04 0.04 0.05 0.03 

MgO (%) 1.18 0.48 0.56 0.39 0.51 0.69 0.79 0.77 

CaO (%) 1.90 0.57 0.90 1.09 1.04 0.89 1.12 0.56 

Na2O (%) 2.71 2.81 2.88 2.72 2.57 3.05 3.00 2.65 

K2O (%) 5.09 4.43 4.80 4.52 5.56 4.50 3.98 4.56 

TiO2 (%) 0.74 0.21 0.25 0.28 0.77 0.31 0.38 0.23 

P2O5 (%) 0.36 0.33 0.29 0.15 0.64 0.24 0.27 0.38 

LOI (%) 0.88 1.63 1.57 0.95 1.20 2.29 1.26 1.85 

Total (%) 98.56 98.98 98.63 98.74 100.30 100.10 98.83 98.77 

Ba (ppm) 720 201 332 374 571 337 465 238 

Sr (ppm) 234 81 119 95 95 105 295 58 

Y (ppm) 19 12 8 18 15 18 11 12 

Sc (ppm) 6 5 3 4 1 5 5 5 

Zr (ppm) 288 81 107 177 365 114 133 79 

Be (ppm) 4 9 3 7 6 8 3 3 

V (ppm) 43 13 13 18 17 30 28 22 
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5.4.1.1 Aggregate GR1 

Aggregate GR1 is medium-grained with porphyritic tendency granite. Sparse K-feldspar 

megacrysts (up to 20 mm) are scattered in a quartz, feldspar and biotite matrix (Fig. 

50). It is possible to observe sparse centimetric fine-grained xenoliths of tonalitic 

composition. GR1 hand sample exhibits no signs of deformation. 

 

 

Figure 50 – Hand sample of aggregate GR1. 

 

Under polarizing microscope hypidiomorphic texture was identified in which quartz, K-

feldspar and plagioclase are the essential minerals. Biotite, muscovite, zircon, apatite, 

opaque minerals, chlorite, rutile, leucoxene, monazite, fluorite, fibrolite and epidote are 

the accessory minerals. Intra- and intercrystalline microcracks filled with 

microcrystalline muscovite and oxides are frequent, especially in quartz and 

plagioclase crystals. 

Plagioclase is the most common mineral in this aggregate and occurs in euhedral to 

subhedral crystals (up to 3.3 mm) with distinctive polysynthetic twins occasionally along 

with the Carlsbad twinning. This mineral’s composition is compatible with oligoclase-

andesine (17.0º). Zoned crystals can be distinguished. Plagioclase crystals are usually 

slightly altered into microcrystalline muscovite and seldom into epidote, especially in 

the more calcic cores of zoned plagioclase and also along cleavage, twinning planes 
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and microcracks. Globular and micrographic quartz can seldom be found in 

plagioclase. On the contrary, myrmekites are rather frequent. Inclusions of zircon are 

sometimes observed. 

Quartz is present in aggregate GR1 in various sizes, but mainly in well-developed 

crystals (up to 2 mm). Its boundaries vary from straight to serrated. Quartz grains 

display undulatory extinction. Sometimes it is possible to find inclusions of biotite, 

plagioclase and rutile. Frequently, globular (up to 600 µm) and micrographic (up to 500 

µm) quartz occur in K-feldspar and more rarely in plagioclase. Myrmekites are very 

common in plagioclases neighbouring K-feldspar crystals.  

K-feldspar occurs both as orthoclase and as microcline in well-developed megacrysts 

(up to 15 mm) and in smaller crystals scattered in the matrix. In microcline, the cross-

hatch twinning, sometimes along with the Carlsbad twinning, is very distinct. Biotite and 

plagioclase inclusions can be found in K-feldspar, sometimes with preferred orientation, 

Also, globular and micrographic quartz appears very often scattered in megacrysts. 

Both K-feldspar types can present microperthites and are slightly altered. 

Biotite subhedral flakes are abundant and strongly pleochroic between dark-brown and 

yellowish-brown. Biotite sometimes occurs in clusters of crystals. Plentiful inclusions of 

zircon, apatite, opaque minerals, leucoxene and rare monazite, fluorite, fibrolite and 

rutile can be identified in this phyllosilicate. The replacement of biotite by muscovite 

and chlorite is common. 

Subhedral to anhedral muscovite occurs as a late mineral replacing biotite and 

developing mainly on K-feldspar and plagioclase. Sometimes it is possible to observe 

symplectic fringes due to intergrowths with quartz. Microcrystalline muscovite is 

common as an alteration product of plagioclase. 

Zircon euhedral crystals as well as monazite inclusions with pleochroic haloes are very 

frequent in biotite plates. 

Apatite euhedral grains occur mainly in association with biotite but can also be included 

in the plagioclase. Zircon inclusions can occasionally be observed in apatite. 

Euhedral to subhedral opaque minerals are associated with biotite, especially along 

cleavage planes, and the replacement by leucoxene is common. It is also possible to 

find opaque minerals inside plagioclase. 

Leucoxene occurs as a replacement mineral of opaque minerals along the biotite 

cleavage planes. 
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Fibrolite needles occur in association with biotite. 

Colourless fluorite crystals with a purplish tone in their boundaries are associated with 

biotite. 

Rutile needles can occur scattered in chloritized biotite and quartz. 

Small epidote crystals resulting from the alteration of plagioclase are seldom present in 

this mineral. 

Figure 51 illustrates the different mineralogical and textural aspects of aggregate GR1. 

The results of the point-counting method applied on aggregate GR1 are displayed in 

Tab. 27. 

 

Table 27 – Aggregate GR1. Point-counting method results (all values in vol%, with exception of relative error (%)). 

Minerals GR1 
Absolute error Relative error 

lower  upper 

Plagioclase 30.5    

K-Feldspar 26.8    

Quartz 25.1    

Biotite + Chlorite 10.2    

Muscovite 3.8    

Microcrystalline quartz 2.4 0.5 0.6 21.3 – 25.5 

Others 1.2    

Total 100    

 

 

The presence of microcrystalline quartz, which occurs as myrmekites and globular and 

micrographic quartz, and its respective percentage allows classifying aggregate GR1 

as Class II-S according to RILEM AAR-1.1 (2013) and as Class II according to LNEC E 

461 (2007) (> 2.0 vol% quartz). It should be noted that the percentage of reactive 

material encountered is very close to the limiting value of 2.0 vol% considered by the 

aforementioned Portuguese specification. According to the calculated absolute errors, 

the true value of microcrystalline quartz lies between 1.9 vol% and 3.0 vol%. The 

relative error ranges from 21.3 % to 25.5 %. However, the Portuguese specification 

advice is that granitic rocks are always considered as Class II in what concerns the 

methodology to follow in the assessment of potential reactivity. 
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Figure 51 – Microphotographs of aggregate GR1. Photos A, B, C, D, E, F and G in cross-polarized light (XPL). Photo H 

in plane polarized light (PPL).  A) Subgrains in a quartz crystal; B) Micrographic quartz in a microcline megacryst; C) 

Globular quartz in a plagioclase with polysynthetic and Carlsbad twinning; D) Myrmekites in plagioclase crystal 

neighbouring microcline; E) Cross-hatch and Carlsbad twinning in a perthitic microcline; F) Plagioclase with oscillatory 

zoning; G) Albitic crown in plagioclase; H) Biotite with inclusions of monazite and zircon. 
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Figure 51 (cont.) – Microphotographs of aggregate GR1. Photos I and J in XPL. Photos K, L, M, N, O and P in PPL. I) 

Symplectic fringes of muscovite and vermicular quartz in plagioclase; J) Plagioclase altered into microcrystalline 

muscovite; K) Prismatic zircon included in plagioclase; L) Apatite, opaque minerals and zircon  inclusions in biotite; M) 

Leucoxene filling cleavage planes in muscovitized biotite; N) Fibrolite needles in association with biotite; O) Fluorite 

crystal; P) Rutile needles in partially chloritized biotite. 
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Concerning the undulatory extinction angle, the most representative class is the [15º-

25º[ (Fig. 52). According to LNEC E 415 (1993), the undulatory extinction angle is 

classified as moderate. In addition, the mean (16.7º), median (16.0º), mode (16.0º) and 

third quartile (which indicates that 75 % of the data is less than 19.0º) values (Fig. 53) 

of the quartz population submitted to the measurement of the extinction angle are all 

comprised in the indicated class. 

 

 

 

 

Figure 52 – Aggregate GR1. Classes of the undulatory extinction angle of the quartz crystals. 
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Figure 53 – Aggregate GR1. Boxplot of the undulatory extinction angle of the quartz crystals. 
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5.4.1.2 Aggregate GR2 

Aggregate GR2 is medium to coarse-grained porphyritic granite. Its feldspar 

megacrysts (up to 55 mm) are scattered in a quartz, feldspar, biotite and muscovite 

matrix. Biotite and muscovite crystals can be observed inside the megacrysts. In this 

unweathered granite the preferred orientation of minerals is quite evident (Fig. 54). 

 

 

Figure 54 – Hand sample of aggregate GR2. 

 

Quartz, K-feldspar and plagioclase were recognized under the polarizing microscope 

as the essential minerals of the hypidiomorphic granite that composes aggregate GR2. 

Its accessory minerals are biotite, muscovite, tourmaline, zircon, apatite, opaque 

minerals, leucoxene, chlorite and rutile. Aggregate GR2 shows evidences of intense 

deformation with preferred orientation of minerals, namely of the crystals of quartz, 

muscovite and biotite. 

Quartz occurs in anhedral crystals that vary from abundant small recrystallized grains 

to well-developed crystals (up to 1.1 mm). Its boundaries are usually irregular and may 

vary from serrated to sutured. Subgrains, which optically confer undulatory extinction to 

the grains, are present in quartz. Quartz grains can also be bent and elongated 

marking a parallel preferred orientation. Globular quartz (up to 600 µm) is abundant in 

K-feldspar megacrysts. This type of quartz can also be observed, although less 
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frequently, in plagioclase. In the former mineral, late quartz tends to show skeletal 

shapes and worm-like intergrowths (myrmekites). Intra- and intercrystalline microcracks 

are often present and are sometimes filled with microcrystalline muscovite. 

Subhedral to anhedral microcline (up to 22 mm) represents the K-feldspar in aggregate 

GR2 occurring both in megacrysts and in the matrix. The cross-hatch twin is 

sometimes accompanied by the Carlsbad twin. The poikilitic character of the 

megacrysts is highlighted by the presence of oriented plagioclase and biotite 

inclusions. Slightly altered microcline megacryts are very rich in late globular quartz 

and perthites. 

Plagioclase occurs as oligoclase (12.5º) in well-developed euhedral to subhedral 

crystals (up to 5.2 mm) showing polysynthetic twinning sometimes along with Carlsbad 

twinning. Twinning planes are often broken and/or bent. The alteration into 

microcrystalline muscovite is strong, particularly in the core of zoned crystals and in the 

cleavage and twinning planes. Late quartz occurs in plagioclase, in globular and 

skeletal shapes, but less frequently than in K-feldspar. Myrmekites are present in 

plagioclase limits near K-feldspar boundaries. The microclinitization of plagioclase 

crystals can sometimes be observed. 

Muscovite occurs both as a primary and as a late mineral. Primary muscovite 

expresses in well-developed subhedral plates associated to biotite. Late muscovite 

replaces biotite showing opaque minerals and leucoxene along its cleavage planes. It 

also develops mainly on K-feldspar and plagioclase crystals. Microcrystalline muscovite 

is abundant in plagioclase. It is also possible to observe symplectitic fringes. Bent and 

elongated muscovite crystals can be identified as well as undulatory extinction. 

Subhedral biotite flakes are strongly pleochroic from reddish-brown to yellowish-brown. 

This phyllosilicate is frequently bent and elongated. Inclusions of zircon are very 

abundant along with apatite, opaque minerals and leucoxene. The chloritization and 

muscovitization of biotite are rather frequent. 

Tourmaline occurs in greenish-yellow crystals with slight pleochroism. Its crystals 

present multiple microcracks filled with microcrystalline muscovite. Tourmaline is a late 

mineral associated to chlorite and to late muscovite. 

Zircon prisms are extremely abundant in biotite and develop pleochroic haloes. This 

mineral can also be observed in apatite. 
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Apatite euhedral crystals occur associated to biotite. Very well-developed grains are 

frequent containing, in this case, inclusions of zircon. 

Opaque minerals occur in biotite, chlorite and muscovite, especially filling cleavage 

planes and are frequently altered to leucoxene. 

Leucoxene is very frequent, resulting from the alteration of opaque minerals. It occurs 

in biotite, chlorite and muscovite, particularly along the cleavage planes. 

Chlorite is frequently observed partially or totally replacing biotite. Rutile needles are 

often associated with these minerals. 

In Figure 55 the main characteristic aspects of aggregate GR2 are displayed. 

The results achieved by the point-counting method are displayed in Tab. 28. 

 

Table 28 – Aggregate GR2. Point-counting method results (all values in vol% with exception of relative error (%)). 

Minerals GR2 
Absolute error 

Relative error 
lower upper 

K-Feldspar 26.3    

Plagioclase 26.1    

Microcrystalline quartz 21.7 1.4 1.4 6.4 – 6.4 

Quartz 12.5    

Muscovite 9.7    

Biotite + Chlorite 3.1    

Others 0.6    

Total 100    

 

The percentage of microcrystalline quartz (21.7 vol%), in this case mostly expressed by 

the abundant presence of small recrystallized quartz grains, indicates that aggregate 

GR2 is classified as Class II-S by RILEM AAR-1.1 (2013) and as Class II by LNEC E 

461 (2007), therefore following the methodology of assessment recommended in this 

specification. The absolute errors indicate that the real value of reactive constituents is 

comprised between 20.3 vol% and 23.1 vol%. A relative error of 6.4 % was estimated.  

According to LNEC E 415 (1993), the undulatory extinction angle is considered as 

moderate in respect to the most representative class [15º-25º[ (Fig. 56 ). The mean 

(20.4º), median (20.0º), mode (18.0º) and the third quartile (23.0º) values (Fig. 57) are 

included in this class. It is also important to note that the maximum determined value 

corresponds to the upper limit of the class [25º-35º], which is indicative of the presence 

of quartz crystals with strong deformation. 
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Figure 55 – Microphotographs of aggregate GR2. All photos in XPL. A) Chess-board subgrain pattern in a quartz crystal 

with irregular boundaries; B) Preferred orientation of elongated quartz crystals with subgraining and recrystallized quartz 

grains; C) Globular quartz in microcline megacryst; D) Colonies of myrmekites in plagioclase. Polysinthetic twins show 

tapering edges; E) Parallel preferred orientation of plagioclase inclusions in a microcline megacryst; F) Flame-like 

perthites in K-feldspar; G) Bent and broken polysynthetic twin planes with tapering edges in plagioclase; H) 

Microclinitization and muscovitization of an altered plagioclase crystal. 
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Figure 55 (cont.) – Microphotographs of aggregate GR2. Photos J and K in XPL. Photos I, L, M, N, O, and P in PPL.  I) 

Deformed biotite; J) Deformed muscovite; K) Bent muscovite crystal; L) Microcracked tourmaline; M) Biotite crystal with 

abundant zircon inclusions and pleochroic haloes; N) Euhedral apatite crystal with zircon inclusions; O) Leucoxene and 

opaque minerals along chlorite cleavage planes; P) Rutile needles scattered in chlorite. 
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Figure 56 – Aggregate GR2. Classes of the undulatory extinction angle of the quartz crystals. 
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Figure 57 – Aggregate GR2. Boxplot of the undulatory extinction angle of quartz crystals. 
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5.4.1.3 Aggregate GR3 

Aggregate GR3 is medium to coarse-grained, porphyritic granite. Sparse feldspar 

megacrysts (up to 21 mm) are scattered in a quartz, feldspar and biotite matrix (Fig. 

58). This granitic aggregate shows no signs of deformation. 

 

 

Figure 58 – Hand sample of aggregate GR3. 

 

Microscopically, quartz, K-feldspar and plagioclase were identified as the essential 

minerals of this hypidiomorphic granitic aggregate. Muscovite, biotite, zircon, apatite, 

andalusite, opaque minerals, chlorite, rutile and leucoxene are the accessory minerals. 

The more well-developed crystals are crossed by abundant microcracks filled with 

oxides and microcrystalline muscovite. Oxides were also identified highlighting the 

minerals’ outline. 

Polysynthetic twinned plagioclase occurs as oligoclase (14.5º) in euhedral to subhedral 

crystals (up to 3.2 mm) with occasional oscillatory zoning. Frequent microcrystalline 

muscovite and rare calcite are present as plagioclase’s alteration products. Globular 

and micrographic quartz and myrmekites can sometimes be found in plagioclase. 

Subhedral to anhedral quartz crystals occur in different sizes (up to 1.5 mm) mainly 

dispersed in the matrix. Its boundaries are predominantly serrated. Quartz grains, 
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mainly the larger ones, can show undulatory extinction. Sometimes, biotite, 

plagioclase, K-feldspar and apatite can be found as inclusions. Late globular (up to 400 

µm) and micrographic (up to 370 µm) quartz is commonly found in K-feldspar 

megacrysts and less frequently in plagioclase. Occasionally myrmekites are present in 

plagioclase neighbouring K-feldspar. 

Slightly altered K-feldspar is represented by orthoclase and microcline. It forms 

essentially megacrysts (up to 15 mm) but can also be present in the matrix. Orthoclase 

occurs essentially in megacrysts with some microclinitization. Microcline shows cross-

hatch twinned crystals, sometimes along with Carlsbad twinning. Poikilitic megacrysts 

contain oriented inclusions of plagioclase, biotite and scarcely of opaque minerals and 

apatite. Perthites can often be observed. Globular and micrographic quartz are 

frequently scattered in K-feldspar megacrysts. 

Muscovite is the most abundant mica and occurs as a late mineral in anhedral to 

subhedral crystals. It frequently replaces biotite, and, in this case, is easily identified by 

its cleavage planes filled with opaque minerals and leucoxene, besides containing 

biotite relics. It also replaces andalusite. Muscovite grows on K-feldspar and 

plagioclase. Microcrystalline muscovite results from the alteration of plagioclase. 

Biotite occurs in subhedral strongly pleochroic flakes varying from reddish-brown to 

light-brown. Abundant inclusions of zircon, apatite and opaque minerals are frequently 

dispersed in this mica. Also, opaque minerals tend to be present in biotite cleavage 

planes along with leucoxene and K-feldspar lenses. Chlorite and rutile can be 

sometimes observed. The replacement of biotite by late muscovite is very common. 

Andalusite occurs in anhedral to subhedral pinkish crystals. It is always found in 

association with muscovite. 

Euhedral zircon with pleochroic haloes occurs very frequently included in biotite. 

Apatite crystals occur in prismatic and basal crystals mainly in biotite but can also be 

found in K-feldspar, quartz and seldom in plagioclase. Sometimes it is possible to find 

zircon inclusions in apatite. 

Opaque minerals are associated with biotite, occurring especially in cleavage planes. 

More rarely opaque minerals can be observed in K-feldspar megacrysts. 

Leucoxene replaces opaque minerals and is found along cleavage planes of biotite and 

muscovite. 
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Rutile needles occur along chlorite in altered biotite. 

Figure 59 displays mineralogical and textural aspects of aggregate GR3. 

The percentage of the distinct minerals in aggregate GR3 is displayed in Tab. 29. 

 

Table 29 – Aggregate GR3. Point-counting method results (all values in vol% with exception of relative error (%)). 

Minerals GR3 
Absolute error 

Relative error 
lower upper 

Plagioclase 36.0    

Quartz 28.8    

K-Feldspar 20.4    

Muscovite 9.5    

Biotite + Chlorite 3.8    

Microcrystalline quartz 1.0 0.3 0.4 30.0 – 40.0 

Others 0.5    

Total 100    

 

The percentage of microcrystalline quartz (1.0 vol%) contained in aggregate GR3 as 

myrmekitic, micrographic and globular quartz enables the classification of this 

aggregate as Class I by both RILEM AAR-1.1 (2013) and LNEC E 461 (2007). The true 

values of microcrystalline quartz, estimated by the absolute errors, lie between 0.7 

vol% and 1.4 vol%. The relative error ranges between 30.0 % and 40.0 %. However, as 

already stated, the methodology to be followed for granitic rocks will attribute Class II to 

this aggregate in LNEC E 461 (2007).  

The assessment of the undulatory extinction angle allows its classification as moderate 

(class [15º-25º[) (Fig. 60) according to LNEC E 415 (1993). The mean (18.5º), median 

(18.0º), mode (15.0º) and third quartile (22.0º) are all enclosed in this class (Fig. 61).  
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Figure 59 – Microphotographs of aggregate GR3. Photos B, C, D, E, F, G and H in XPL. Photo A in PPL.  A) Microcrack 

filled with oxides crossing the essential minerals of aggregate GR3; B) Extinction bands in quartz; C) Reaction texture 

between quartz and K-feldspar; D) Globular quartz in microcline megacryst; E) Globular quartz in plagioclase; F) 

Myrmekitised plagioclase; G) Perthitic microcline; H) Microcrystalline muscovite in the core of a microcraked 

plagioclase. Microcracks filled with oxides. 
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Figure 59 (cont.) - Microphotographs of aggregate GR3. Photos J, L and O in XPL. Photos I, K, M, N and P in PPL. I) 

Poikilitic biotite with inclusions of zircon, apatite and opaque minerals. A slight chloritization can be observed on the left 

border along with the formation of rutile needles; J) Late muscovite with low interference colours; K) Pinkish andalusite 

crystal; L) Subhedral microcracked andalusite crystal in association with muscovite; M) Zircon inclusions in apatite; N) 

Leucoxene in muscovitized biotite; O) Chlorite with inclusions of apatite, zircon, opaque minerals. Leucoxene is filling 

the cleavage planes; P) Rutile needles in partially chloritized biotite. 
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Figure 60 – Aggregate GR3. Classes of the undulatory extinction angle of the quartz crystals. 

 

 

 

 

 

 

 

 

 

 

Figure 61 – Aggregate GR3. Boxplot of the undulatory extinction angle of the quartz crystals. 
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5.4.1.4 Aggregate GR7 

Aggregate GR7 is medium to coarse-grained porphyritic granite, which exhibits K-

feldspar megacrysts that can reach 40 mm long in hand sample, scattered in a quartz, 

feldspar and biotite matrix. It apparently shows no signs of deformation (Fig. 62). 

 

 

Figure 62 – Hand sample of aggregate GR7. 

 

Quartz, K-feldspar and plagioclase were identified under petrographic microscope as 

the essential minerals of this hypidiomorphic granite. As accessory minerals, biotite, 

muscovite, zircon, apatite, rutile, chlorite, carbonates, opaque minerals, leucoxene and 

fluorite were observed. 

Quartz occurs mainly in large (up to 5.5 mm) rounded to irregular grains, which 

boundaries vary from straight to serrated. Crystals show evidences of undulatory 

extinction and can contain inclusions of plagioclase, biotite, zircon and earlier quartz. 

Late quartz forms myrmekites and is also present as globular (up to 210 µm) and 

micrographic (up to 430 µm) shaped. Globular and micrographic quartz occur scattered 

in K-feldspar megacrysts, in plagioclase and in muscovite. Occasionally, myrmekites 

appear in the interface plagioclase/K-feldspar. The well-developed quartz crystals 

present, sometimes, intra- and intercrystalline microcracks filled by muscovite. 



FCUP 

Chapter 5 – Characterization of granitic aggregates 
155 

 

K-feldspar is represented by microcline with cross-hatch twinning, rarely in association 

with Carlsbad twinning, as well-developed euhedral megacrysts (up to 22 mm) and 

subhedric crystals in the matrix. The alteration of this mineral is witnessed in plane 

polarized light by the presence of a brownish material. Microcline usually contains 

inclusions of plagioclase and biotite, which can be oriented. Late quartz, as mentioned 

before, occurs especially with globular shape in microcline. Microperthites are often 

visible. Albitization of K-feldspar is a common phenomenon. 

Plagioclase crystals, with a composition compatible with the one of oligoclase (14.0º), 

are large (up to 4.7 mm) and mainly euhedral. They present polysynthetic twinning 

sometimes along with Carlsbad twinning. The alteration of this mineral to 

microcrystalline muscovite and sometimes to carbonates is quite intense, especially in 

the more calcic cores of zoned plagioclases and along the twinning and cleavage 

planes. Biotite and apatite may be included in plagioclase as well as globular, 

micrographic and myrmekitic quartz. 

Muscovite is common as a late phase exhibiting, generally, anhedral shapes and low 

polarization colours mainly on K-feldspar and plagioclase. It frequently replaces biotite, 

and occurs as an alteration product of plagioclase. Symplectic textures with quartz can 

occur near K-feldspars crystals. 

Biotite occurs generally in clusters of subhedral crystals which are commonly replaced 

by chlorite and by secondary muscovite due to the loss of iron. It is strongly pleochroic 

from reddish brown to light yellowish-brown and contains abundant zircon inclusions 

besides those of apatite, rutile, opaque minerals, leucoxene and less frequently fluorite. 

Leucoxene, opaque minerals and K-feldspar are commonly found along the biotite 

cleavage plains. Slightly bent cleavage planes can be observed. 

Zircon prims occur mainly in biotite but can also be found in plagioclase and apatite. 

Pleochroic haloes are very frequent in biotite. 

Apatite colourless prisms are quite abundant occurring preferentially in association with 

biotite but can also be found in plagioclase and rarely in K-feldspar. Inclusions of 

opaque minerals and zircons can occur in larger apatite crystals. 

Leucoxene euhedral to subhedral crystals occur in biotite, especially along the 

cleavage planes, replacing opaque minerals. Leucoxene crystals show abundant 

internal reflections. 

Euhedral rutile inclusions occur in chloritized biotites. 
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Carbonate minute crystals occur frequently in the calcium-richer cores of the 

plagioclase crystals. 

Opaque minerals are euhedral to subhedral shaped and are frequently included in 

biotite and sometimes in the more well-developed apatites. Their alteration to 

leucoxene is very common. 

Purplish euhedral fluorite crystals can occur inside biotite crystals in association with 

leucoxene. 

Microphotographs of the mineralogy and of the general textures of aggregate GR7 are 

presented in Figure 63. 

The scarcity of microcrystalline quartz (0.1 vol%) (Tab 30), mainly related to the coarse 

size of the minerals present in this non-deformed granite, allows its classification 

concerning alkalis reactivity as Class I according to RILEM AAR-1.1 (2013) and LNEC 

E 461 (2007). According to this last specification, the methodology to be followed will 

signify that Class II is attributed to this aggregate. The estimation of the absolute errors 

indicates a true value of microcrystalline quartz between 0.04 vol% and 0.22 vol%. The 

relative error is comprised between 60.0 % and 120.0 %. 

 

Table 30 – Aggregate GR7. Point-counting method results (all values in vol%, with exception of relative error (%)). 

Minerals GR7 
Absolute error 

Relative error 
lower upper 

Quartz 31.8    

K-Feldspar 28.2    

Plagioclase 20.3    

Muscovite 13.0    

Biotite + Chlorite 5.4    

Microcrystalline quartz 0.1 0.06 0.12 60.0 – 120.0 

Others 1.2    

Total 100    

 

The analysis of histograms concerning the distribution of the undulatory extinction 

angles indicates that this parameter is preferably classified as weak (class [0º-15º[) 

according to LNEC E 415 (1993), although with a moderate tendency due to the also 

large expression of class [15º-25º[ (Fig. 64). This is confirmed by the boxplot, where 

the mean (14.5º), median (14.0º) and mode (13.0º) values belong to class [0º-15º[, 

whilst the third quartile value (16.0º) belongs to class [15º-25º[ (Fig.65). However, the 

small size of the box highlights the low variability of the results. 
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Figure 63 – Microphotographs of GR7 aggregate. All photos in XPL. A) Serrated limits in quartz grains; B) Undulatory 

extinction in quartz grain; C) Globular quartz in microcline; D) Micrographic quartz in plagioclase; E) Myrmekites in the 

interface plagioclase/microcline; F) Intra- and intercrystalline microcracks in quartz; G) Poikilitic microcline with 

plagioclase inclusions; H) Perthites in microcline. 
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Figure 63 (cont.) - Microphotographs of GR7 aggregate. Photos I, J, L, M and N in XPL. Photos K, O and P in PPL. I) 

Carbonates and microcrystalline muscovite as alteration products in plagioclase; J) Oscillatory zoning in plagioclase 

showing microcrystalline muscovite as an alteration product; K) Inclusions of leucoxene, opaque minerals and fluorite in 

chloritized biotite; L) Chlorite with leucoxene filling its cleavage planes; M) Leucoxene, opaque minerals and K-feldspar 

along chlorite cleavage plains; N) Symplectic muscovite; O) Zircon inclusions with pleochroic haloes in biotite; P) Zircon 

and opaque mineral inclusions in apatite. 
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Figure 64 – Aggregate GR7. Classes of the undulatory extinction angle of the quartz crystals. 
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Figure 65 – Aggregate GR7. Boxplot of the undulatory extinction angle of the quartz crystals. 
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5.4.1.5 Aggregate GR17 

Aggregate GR17 is fine to medium-grained granite. Small sparse feldspar megacrysts 

(up to 10 mm) can be found scattered in a quartz, feldspar, biotite and muscovite 

matrix (Fig. 66). Apparently the rock shows no signs of deformation.  

 

 

Figure 66 – Hand sample of aggregate GR17. 

 

Aggregate GR17 presents a hypidiomorphic texture. Quartz, K-feldspar and 

plagioclase are the essential minerals. The accessory minerals are biotite, muscovite, 

apatite, zircon, rutile, opaque minerals, chlorite and leucoxene. 

Quartz crystals exist in various sizes (up to 2.5 mm) exhibiting euhedral to anhedral 

shapes. Crystal boundaries are irregular and serrated. Sometimes quartz shows weak 

undulatory extinction that is more evident in the larger grains. Zircon, apatite, 

plagioclase, biotite and especially rutile needles can occur as inclusions. Late quartz is 

present in globular (up to 220 µm) and micrographic (up to 430 µm) shapes in K-

feldspar and in plagioclase. Myrmekites are rare. 

K-feldspar occurs in subhedral to anhedral crystals (up to 4.2 mm) both as microcline 

with cross-hatch twinning and also as orthoclase seldom showing Carlsbad twinning. 

Orthoclase crystals are, overall, more well-developed than microcline and the other 
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minerals in the rock, presenting abundant perthites. Inclusions of plagioclase, biotite, 

zircon, apatite and opaque minerals can be found in both K-feldspar types. Globular 

and micrographic quartz and late muscovite can occur. The alteration of K-feldspar is 

evident in the brownish shade in plane polarized light. 

Plagioclase occurs as oligoclase (11.0º) in euhedral to subhedral crystals (up to 4.6 

mm). It shows strong alteration into microcrystalline muscovite. Polysynthetic twinning 

is present sometimes along with Carlsbad twinning. Globular and micrographic quartz 

as well as apatite inclusions are frequent. Myrmekites are rare. Leucoxene and opaque 

minerals can also be found, especially near the plagioclase borders. 

Muscovite is mainly secondary resulting of post-magmatic processes. Its subhedral to 

anhedral flakes are usually well-developed. When muscovite is in replacement of 

biotite, opaque minerals along the cleavage planes, frequent apatite and zircon 

inclusions and relics of biotite are found. Minute flakes of muscovite are extremely 

frequent in plagioclase as alteration products. 

Subhedral crystals of biotite show a strong pleochroism between reddish-brown to 

yellowish-brown. Its crystals can occur partially or totally chloritized and are frequently 

replaced by muscovite due to the loss of iron. Abundant inclusions of zircon, apatite, 

rutile, leucoxene and opaque minerals are present. Biotite can be included in quartz, K-

feldspar and in plagioclase crystals. 

Inclusions of euhedral zircons with pleochroic haloes are frequent in biotite crystals but 

can also be found in quartz, K-feldspar and muscovite. 

Apatite is a very abundant inclusion in all the essential minerals. It occurs in euhedral 

prismatic and basal crystals. 

Euhedral to subhedral opaque minerals are frequent in biotite. Their alteration to 

leucoxene is rather frequent. 

Leucoxene occurs as an alteration product of opaque minerals in inclusions in biotite, 

muscovite, plagioclase and quartz. 

Rutile occurs in needle-shaped euhedral crystals extremely abundant in the quartz 

crystals and in the chloritized biotite. 

Figure 67 illustrates mineralogical and textural aspects of aggregate GR17. 
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According to the results of the point-counting method displayed in Tab. 31, the 

percentage of microcrystalline quartz (1.5 vol%), represented by myrmekites and 

micrographic and globular quartz, allows the classification of aggregate GR17 as Class 

I according to both RILEM AAR-1.1 (2013) and to LNEC E 461 (2007). Again, Class II 

will be considered in what concerns the methodology of assessment for this aggregate. 

The determined absolute errors indicate that the real value of reactive features lies 

between 1.15 vol% and 2.00 vol%. The relative error is comprised between 23.3 % and 

33.3 %. 

 

Table 31 – Aggregate GR17. Point-counting method results (all values in vol%, with exception of relative error (%)). 

Minerals GR17 
Absolute error 

Relative error 
lower upper 

Quartz 28.4    

K-Feldspar 25.0    

Plagioclase 19.0    

Muscovite 17.4    

Biotite + Chlorite 6.6    

Microcrystalline quartz 1.5 0.35 0.5 23.3 – 33.3 

Others 2.1    

Total 100    

 

The most representative class of the undulatory extinction angle corresponds to class 

[15º-25º[ (Fig. 68). Therefore, according to LNEC E 415 (1993), the undulatory 

extinction of quartz crystals in aggregate GR17 is classified as moderate. The mean 

(16.5º), median (15.0º) and mode (15.0º) values are also comprised in this class (Fig. 

69). The slight higher value of the mean in respect to the median value is justified by 

the existence of outliers towards the maximum value. The third quartile value indicates 

that 75 % of the investigated quartz population shows an undulatory extinction angle 

below 20.0º. All these conclusions are consistent with the classification suggested by 

the histograms. 

 

 

 



FCUP 

Chapter 5 – Characterization of granitic aggregates 
163 

 

  

  

  

  

 

Figure 67 - Microphotographs of aggregate GR17. All photos in XPL. A) Serrated boundaries in quartz crystals with 

scattered rutile inclusions; B) Chessboard subgrain pattern in a quartz crystal; C) Euhedral quartz inclusion in K-

feldspar; D) Globular quartz in microcline; E) Micrographic quartz in an altered plagioclase; F) Myrmekites in 

plagioclase; G) Cross-hatch twinning in microcline; H) Microcline with inclusions of plagioclase and globular quartz. 
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Figure 67 (cont.) - Microphotographs of GR17 aggregate. Photos I, J, K, M, N and O in XPL. Photos L and P in PPL. I) 

Perthites in K-feldspar; J) Altered plagioclase into microcrystalline muscovite; K) Biotite included in quartz; L) Apatite 

inclusions and muscovite flake replacing biotite with opaque minerals along the cleavage planes; M) Reaction texture 

between quartz and late muscovite; N) Zircon with pleochroic haloes in muscovite; O) Well-developed zircon in 

association with opaque mineral and leucoxene; P) Chloritized biotite with rutile inclusions. 
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Figure 68 – Aggregate GR17. Classes of the undulatory extinction angle of the quartz crystals. 
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Figure 69 – Aggregate GR17. Boxplot of the undulatory extinction angle of the quartz crystals. 
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5.4.1.6 Aggregate GR18 

Aggregate GR18 is medium-grained porphyritic granite with feldspar megacrysts (up to 

35 mm) scattered in a quartz, feldspar, biotite and muscovite matrix. Biotite inclusions 

can be observed in the megacrysts. In this unweathered granite, minerals show a weak 

preferred orientation, especially of the phyllosilicates (Fig. 70). 

 

 

Figure 70 – Hand sample of aggregate GR18. 

 

The essential minerals of aggregate GR18 hypidiomorphic granite consist of quartz, K-

feldspar and plagioclase. The accessory minerals are represented by biotite, 

muscovite, apatite, zircon, opaque minerals, chlorite, leucoxene and fibrolite. Aspects 

of deformation are well represented in this rock. Intra- and intercrystalline microcracks, 

sometimes filled with microcrystalline muscovite or quartz, frequently intersect all the 

essential minerals. 

Quartz is present in various sizes (up to 3.1 mm). Quartz boundaries are overall 

irregular, varying from serrated to sutured. Signs of deformation in this mineral are 

clear and materialized by the presence of undulatory extinction and deformataion 

lamellae. There is also tectonized quartz which occurs abundantly in the borders of 

deformed quartz grains. It is also possible to distinguish stretched quartz crystals. 

Inclusions of biotite and zircon can be found in the quartz crystals. Late quartz can be 
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observed in K-feldspar and in plagioclase, especially with globular shapes (up to 450 

µm). Myrmekites are identified in plagioclase boundaries contiguous to K-feldspar. 

Euhedral to subhedral plagioclase crystals (up to 3.3 mm) occur as oligoclase (11.5º) 

and exhibit polysynthetic twinning. This weakness planes frequently display signs of 

deformation. Microcrystalline muscovite is abundant as an alteration product in the 

more calcic cores of zoned plagioclases and along twinning and cleavage planes. 

Besides biotite inclusions, globular quartz can be found. Myrmekites are very frequent 

close to the K-feldspar contacts. Albite is also present due to albitization phenomenon, 

presenting itself with no signs of alteration. 

K-feldspar (up to 8.2 mm) occurs both as orthoclase and microcline (microcline > 

orthoclase) in euhedral to subhedral shaped megacrysts or in subhedral to anhedral 

crystals in the matrix. The cross-hatch twinning is usually well-defined occurring, 

sometimes, along with the Carlsbad twinning in the microcline megacrysts. The 

presence of plagioclase, biotite and apatite inclusions confer to K-feldspar megacrysts 

a poikilitic texture.  Plagioclase and biotite inclusions exhibit preferred orientation. Late 

globular quartz is frequent in the perthitic K-feldspar. The alteration of K-feldspar is 

weak. 

Muscovite occurs as a primary and a late mineral in subhedral to anhedral flakes. It 

frequently replaces biotite and its cleavage planes are often bent and filled with opaque 

minerals and leucoxene. This phyllosilicate can show crystals with undulatory 

extinction. Symplectic fringes are common. Microcrystalline muscovite is abundant in 

plagioclase and sometimes is filling intra- and intercrystalline microcracks that cross 

the crystals of the essential minerals. 

Biotite occurs in well-developed subhedral flakes. Its pleochroic crystals vary from 

reddish-brown to light yellowish-brown. Inclusions of zircon, apatite, opaque minerals 

and leucoxene are rather abundant. Chlorite and muscovite frequently replace biotite. 

Bent cleavage planes can be distinguished. Biotite inclusions are found in quartz, K-

feldspar and plagioclase. 

Prismatic zircon crystals are common as inclusions in biotite along with pleochroic 

haloes. They can also be found in apatite and quartz. 

Colourless euhedral apatite is frequent in biotite plates but is also found in K-feldspar. 

Zircon inclusions occur in the larger apatite crystals. 
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Opaque minerals are present in biotite and muscovite mainly along the cleavage 

planes. They are commonly replaced by leucoxene. 

Leucoxene replaces opaque minerals in biotite and muscovite. It is observed filling 

cleavage planes. 

Chlorite replaces partially or totally biotite crystals. 

Well-defined fibrolite needles replace muscovite and biotite. 

In Fig. 71 are displayed the main petrographic aspects of aggregate GR18. 

The results of the point-counting method are expresses in Tab. 32. The percentage of 

microcrystalline quartz (4.8 vol%), represented by recrystallized and globular grains, 

classifies aggregate GR18 as Class II-S according to RILEM AAR-1.1 (2013) and as 

Class II according to LNEC E 461 (2007) in agreement with the methodology to adopt 

for granitic rocks assessment. The estimated absolute errors indicate that the true 

value of microcrystalline quartz is comprised between 4.0 vol% and 5.6 vol%. The 

relative error ranges from 15.6 % to 16.7 %. 

 

Table 32 – Aggregate GR18. Point-counting method results (all values in vol%, with exception of relative error (%)). 

Minerals GR18 
Absolute error 

Relative error 
lower upper 

Quartz 29.9    

Plagioclase 23.6    

K-Feldspar 18.3    

Muscovite 14.9    

Biotite + Chlorite 7.6    

Microcrystalline quartz 4.8 0.8 0.8 15.6 – 16.7 

Others 0.9    

Total 100    

 

Concerning the undulatory extinction angle, class [15º-25º[ is the most representative 

(Fig. 72) which leads to its classification as moderate by LNEC E 415 (1993). The 

mean (23.2º) median (22.5º) and mode (21.0º) values are also included in the 

aforementioned class and the third quartile indicates that 75 % of the measured quartz 

population presents an undulatory extinction below 25.0º (Fig. 73). No values were 

found for class [0º-15º[. 
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Figure 71 – Microphotographs of aggregate GR18. All photos in XPL. A) Undulatory extinction in a quartz crystal; B) 

Sutured quartz boundaries; C) Chessboard subgrain pattern in an elongated quartz crystal (on the top). Recrystallized 

quartz occurs in the interface of the larger grains; D) Globular quartz and plagioclase inclusions in microcline; E) 

Globular quartz in plagioclase; F) Myrmekites in plagioclase neighbouring K-feldspar; G) Microcline with cross-hatch 

and Carlsbad twins. Perthites can also be observed; H) Flame-like perthites in microcline. 
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Figure 71 (cont.) – Microphotographs of aggregate GR18. Photos I, J, L, M and N in XPL. Photos K, O and P in PPL. I) 

Bent plagioclase crystal; J) Microcrystalline muscovite in the core of plagioclase. More well-developed late muscovite  

also grows in plagioclase; K) Kinked cleavage planes in biotite; L) Folded muscovite crystal; M) Bent muscovite 

cleavage planes filled with leucoxene; N) Symplectic fringes of muscovite; O) Totally chloritized biotite with zircon, 

apatite and opaque mineral inclusions; P) Fibrolite needles replacing muscovite and biotite. 
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Figure 72 – Aggregate GR18. Classes of the undulatory extinction angle of the quartz crystals. 
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Figure 73 – Aggregate GR18. Boxplot of the undulatory extinction angle of the quartz crystals. 
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5.4.1.7 Aggregate GR19 

Aggregate GR19 is medium-grained granite. In hand sample it is possible to identify 

feldspar, quartz, biotite and muscovite. A slight preferred orientation of the minerals 

can be observed (Fig. 74). 

 

 

Figure 74 – Hand sample of aggregate GR19. 

 

The essential minerals of the GR19 hypidiomorphic aggregate consist of quartz, K-

feldspar and plagioclase. Biotite, muscovite, andalusite, zircon, apatite, leucoxene, 

opaque minerals, chlorite and fibrolite are the accessory minerals. 

Quartz occurs in grains of various sizes, but mostly is well-developed crystals (up to 5 

mm), with anhedral shape. Quartz grains vary from rounded to irregular with straight, 

serrated or even sutured boundaries. The larger grains present undulatory extinction, 

deformation lamellae and frequent intra- or intercrystalline microcracks filled with 

microcrystalline muscovite. Plagioclase, biotite, apatite, zircon and leucoxene can be 

found as inclusions in quartz. Late quartz, presenting micrographic (up to 100 µm) and 

globular shapes (up to 85 µm) occurs mainly in K-feldspar and more rarely in 

plagioclase crystals. Myrmekites are frequent in the contacts between plagioclase and 

K-feldspar. 
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Polysynthetic twinned plagioclase crystals (up to 3.8 mm) present euhedral to 

subhedral shapes. The composition of this mineral is compatible with the one of 

oligoclase (12.0º). Sometimes Carlsbad twinning and zoned plagioclase crystals are 

found. The alteration into microcrystalline muscovite is intense, mainly in the more 

calcic cores of plagioclase. Inclusions of biotite, apatite, zircon leucoxene and opaque 

minerals occur. Late muscovite and, more rarely, late quartz grow in plagioclase. 

Frequent myrmekites are present close to plagioclase boundaries next to K-feldspar. 

Some plagioclase crystals show signs of microclinitization. 

Perthitic K-feldspar occurs as orthoclase, in non-twinned crystals, and as microcline, 

with well-developed cross-hatch twinning. Both K-feldspars are well-developed (up to 

7.8 mm), presenting subhedral shapes and strong alteration with poikilitic texture 

(inclusions of biotite and plagioclase). Plagioclase inclusions may show an albitic 

reaction crown. Late quartz and muscovite grow on K-feldspar. 

Muscovite exhibits generally large subhedral to anhedral flakes and occurs as a 

primary mineral but also as a late phase. Primary muscovite is in association with 

biotite, and sometimes with andalusite. It can contain plagioclase inclusions. Late 

muscovite is frequent and presents very often symplectic fringes.  It also replaces 

biotite and occurs as microcrystalline muscovite in plagioclase. Muscovite crystals are 

often slightly bent.  

Biotite occurs generally in clusters of sub-parallel subhedral crystals partially or totally 

replaced by chlorite and muscovite. It contains zircon, apatite, opaque minerals and 

leucoxene inclusions. The last two mentioned minerals can be found along the biotite 

cleavage planes. 

Pinkish subhedral andalusite crystals are associated with primary muscovite plates. 

Small prismatic inclusions of zircon are commonly scattered in biotite flakes.  Their 

presence is easily revealed by the existence of pleochroic haloes. Zircon inclusions can 

also be found in quartz and plagioclase. 

Abundant apatite basal and prismatic inclusions can be observed in biotite, quartz and 

plagioclase. 

Leucoxene crystals are frequently present along the cleavage planes of biotite and 

chlorite, replacing opaque minerals. Subhedral inclusions of leucoxene can occur in 

plagioclase, quartz and muscovite. 
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Opaque minerals occur mainly in subhedral crystals scattered in biotite and along this 

mica’s cleavage planes. Their replacement by leucoxene is very frequent. Opaque 

minerals can also be found included in quartz and plagioclase. 

Fibrolite needles can sometimes be observed in plagioclase and in the cores of the 

muscovite plates. 

Figure 75 illustrates the main mineralogical and textural characteristics of aggregate 

GR19. 

The percentage of microcrystalline quartz in aggregate GR19 (1.4 vol%) (Tab. 33), 

present mainly as myrmekites and micrographic and globular quartz, classifies it as 

Class I by both RILEM AAR-1.1 (2013) and LNEC E 461 (2007). As in previous cases, 

LNEC E 461 (2007) considers granitic rocks as always belonging to Class II in what 

concerns the protocol to be followed. The true value, given by the estimated absolute 

errors, lies between 1.05 vol% and 1.85 vol%. The relative error ranges from 25 % to 

32 %.  

 

Table 33 – Aggregate GR19. Point-counting method results (all values in vol%, with exception of relative error (%)). 

Minerals GR19 
Absolute error 

Relative error 
lower upper 

Quartz 33.3    

Plagioclase 22.3    

K-Feldspar 19.2    

Muscovite 15.0    

Biotite + Chlorite 8.2    

Microcrystalline quartz 1.4 0.35 0.45 25 - 32 

Others 0.6    

Total 100    

 

The highest expression of undulatory extinction angles is clearly comprised in class 

[15º-25º[ (Fig. 76). Such fact indicates that the evaluated parameter is classified as 

moderate by LNEC E 415 (1993). The mean (19.3º), median (19.5º), mode (15.0º) and 

third quartile (22.0º) values (Fig. 77) are all included in the aforementioned class. 
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Figure 75 – Microphotographs of aggregate GR19. All photos in XPL. A) Deformation lamellae in quartz; B) Chessboard 

subgrain pattern in a quartz crystal; C) Sutured quartz boundaries; D) Micrographic quartz in microcline; E) Myrmekites 

in plagioclase; F) Perthitic microcline; G) Microcline with cross-hatch twinning and a plagioclase inclusion; H) Albitic 

crown in an altered plagioclase crystal included in microcline. 

 

  200 µm 

  200 µm   50 µm 

   50 µm    200 µm 

  200 µm   100 µm 

A B 

C 

  200 µm 

D 

E F 

G H 



FCUP 

Chapter 5 – Characterization of granitic aggregates 
176 

 

  

  

  

  

 

Figure 75 (cont.) – Microphotographs of aggregate GR19. Photos I, J, L, M and P in XPL. Photos K, N and O in PPL. I) 

Carlsbad twinning in plagioclase; J) Plagioclase with oscillatory zoning. The occurrence of microcrystalline muscovite is 

stronger in the calcium-richer core of the crystal; K) Biotite with numerous zircon inclusions and respective pleochroic 

haloes; L) Late symplectic muscovite growing on microcline; M) Slightly bent muscovite; N) Subhedral andalusite crystal 

with microcracks; O) Chloritized biotite with leucoxene filling the cleavage planes and inclusions of apatite; P) Fibrolite 

needles in plagioclase. 
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Figure 76 – Aggregate GR19. Classes of the undulatory extinction angle of the quartz crystals. 
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Figure 77 – Aggregate GR19. Boxplot of the undulatory extinction angle of the quartz crystals. 
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5.4.1.8 Aggregate GR20 

Aggregate GR20 is fine to medium-grained granite. In hand sample it is possible to 

distinguish a rock composed by quartz, feldspar, biotite and muscovite (Fig. 78). 

 

 

Figure 78 – Hand sample of aggregate GR20. 

 

Under polarizing microscope, this aggregate presents a hypidiomorphic texture in 

which quartz, K-feldspar and plagioclase are the essential minerals. The accessory 

minerals are represented by biotite, muscovite, tourmaline, andalusite, apatite, zircon, 

opaque minerals, chlorite and rutile. 

Anhedral quartz occurs in different sizes, but mainly in well-developed crystals (up to 2 

mm). Its boundaries are usually serrated. Quartz crystals show undulatory extinction. 

Biotite, plagioclase and apatite are found as inclusions. Globular quartz (up to 35 µm) 

can seldom be identified in plagioclase while myrmekites are much more frequent. 

Intra- and intercrystalline microcracks intersect quartz and sometimes are filled by 

microcrystalline muscovite. 

Plagioclase occurs as oligoclase (12.0º) and is the more abundant mineral and occurs 

in euhedral to subhedral crystals (up to 2.1 mm) with polysynthetic twinning sometimes 

along with the Carlsbad twin. Late globular quartz, as well as apatite inclusions, may be 
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found in plagioclase. Myrmekites are frequent in grains close to the K-feldspar crystals. 

Alteration into microcrystalline muscovite is rather strong being more evident in zoned 

plagioclases. 

K-feldspar occurs as cross-hatch twinned microcline and, less frequently, as perthitic 

orthoclase. Its subhedral crystals reach 4.3 mm. Plagioclase and biotite are frequently 

included in K-feldspar. Evidences of albitization are often observed. The alteration of K-

feldspar into clay minerals is strong. 

Subhedral to anhedral muscovite occurs as a late mineral presenting, in most cases, 

low polarization colours. It develops preferentially on K-feldspar and plagioclase 

crystals and commonly replaces biotite. Symplectic textures are very common as well 

as the presence of microcrystalline muscovite in plagioclase. 

Biotite occurs frequently in clustered euhedral flakes. It usually contains inclusions of 

zircon, apatite and opaque minerals. When biotite is partially or totally chloritized, rutile 

also occurs. The replacement by muscovite is frequent. 

Anhedral tourmaline occurs as a late mineral in yellow pleochroic crystals with plenty of 

microcracks. It replaces K-feldspar and fills intercrystalline spaces. 

Pinkish anhedral crystals of andalusite occur in association with muscovite. 

Zircon prisms with pleochroic haloes occur in biotite. 

Apatite euhedral crystals are frequent in biotite, quartz and plagioclase. 

Subhedral to anhedral opaque minerals occur in association with biotite, especially in 

the cleavage planes. 

Rutile needles occur associated with chlorite. 

The microphotographs in Fig. 79 show the main aspects of aggregate GR20 observed 

under polarizing microscope. 

The point-counting method revealed a percentage of microcrystalline quartz (1.2 vol%), 

represented by myrmekites and globular quartz, below 2.0 vol% (Tab. 34), which leads 

to a classification of aggregate GR20, by both RILEM AAR-1.1 (2013) and LNEC E 461 

(2007), as Class I in what concerns alkali reactivity. Similarly to the previous granites, 

by default LNEC E 461 (2007) recognizes the possible limitations of the petrographic 

method in the evaluation of granitic rocks, which are always faced as belonging to 
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Class II. A true value comprised between 0.85 vol% and 1.75 vol% was determined, 

whilst the relative error is comprised between 29.0 % and 45.8 %. 

 

Table 34 – Aggregate GR20. Point-counting method results (all values in vol%, with exception of relative error (%)). 

Minerals GR20 
Absolute error 

Relative error 
lower upper 

Quartz 30.0    

Plagioclase 27.2    

K-Feldspar 17.2    

Muscovite 17.2    

Biotite + Chlorite 5.2    

Microcrystalline quartz 1.2 0.35 0.55 29.0 – 45.8 

Others 1.3    

Total 100    

 

Figure 80, in which class [15º-25º[ is the most expressive, indicates that the undulatory 

extinction of aggregate GR20 is classified as moderate by LNEC E 415 (1993). The 

mean (19.9º), median (19.0º), mode (19.0º) and third quartile (21.0º) values (Fig. 81) 

are all comprised in that same class. 
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Figure 79 – Microphotographs of aggregate GR20. All photos in XPL. A) Quartz with serrated boundaries and 

intercrystalline microcracks; B) Undulatory extinction in quartz; C) Globular quartz in plagioclase; D) Myrmekites in 

plagioclase neighbouring K-feldspar; E) Perthites in orthoclase; F) Microcline with biotite and altered plagioclase 

inclusions; G) Albitization of orthoclase; H) Carlsbad twin in plagioclase. 
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Figure 79 (cont.) - Microphotographs of aggregate GR20. Photos I, K and M in XPL. Photos J, L, N, O and O in PPL. I) 

Plagioclase with oscillatory zoning; J) Biotite with inclusions of zircon, apatite and opaque minerals; K) Late muscovite 

including microcline; L) “Muscovite” that results from the loss of iron of biotite; M) Symplectic fringes of muscovite; N) 

Microcracked tourmaline crystal; O) Pinkish andalusite replaced by muscovite; P) Rutile needles in chloritized biotite. 
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Figure 80 – Aggregate GR20. Classes of the undulatory extinction angle of the quartz crystals. 
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Figure 81 – Aggregate GR20. Boxplot of the undulatory extinction angle of the quartz crystals. 
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5.4.2 Classification of the granitic aggregates 

The classification of the investigated aggregates according to the mineral composition 

is illustrated in Fig. 82. All granites plot in the monzogranite field, indicating a variety of 

granite having roughly the same amounts of alkali feldspar and plagioclase (Le Maitre 

et al., 2002). As already justified, P (plagioclase) group can be a little underestimated. 

However, the classification of all granites seems satisfactory and in accordance to 

reference works. 

 

 

 

 

Figure 82 – Classification of the investigated granitic aggregates according to the QAPF modal classification of plutonic 

rocks (based on Streckeisen, 1976). The corners of the triangle are Q (quartz), A (alkali feldspar), P (plagioclase). The 

omission of F (feldspathoid) corner is justified by the silica oversaturation of the studied rocks. 
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5.4.3 Chemical method (ASTM C 289) 

The results of the chemical method ASTM C 289 are plotted in Fig. 83. 

Figure 83 – Distribution of the investigated granitic aggregates in the ASTM C 289 plot. 

 

For the aggregates under investigation, the Rc varies from 389 mm/L to 581 mm/L. 

Aggregate GR20 presents the lowest value and aggregate GR18 the highest value. 

The values of the quantity of Sc lie within 42 mm/L and 94.8 mm/L. Aggregate GR20 

presents once again the lowest value while aggregate GR3 shows the highest value in 

the former parameter. 

The plot of the values reached in ASTM C 289 allowed the classification of all eight 

granitic aggregates as innocuous. All values clearly stand on the left side of the 

boundary line which distinguishes innocuous from deleterious aggregates. 
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5.4.4 Expansion tests 

5.4.4.1 Screening test 

Accelerated mortar-bar test at 80ºC (ASTM C 1260) 

The performance of the investigated granitic aggregates during the accelerated mortar-

bar test at 80ºC (ASTM C 1260) is presented in Fig. 84. 

Figure 84 – Expansion results for the granitic aggregates when submitted to the accelerated mortar-bar test at 80ºC 

(ASTM C 1260). 

 

When submitted to ASTM C 1260, all granitic aggregates showed fourteen days 

expansion values below 0.10 %. According to RILEM AAR-0 (2013), these results are 

indicative of non-reactive aggregates. 
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the aim to confirm results, the tests were carried on for another fourteen days, as 
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the aforementioned aggregates, along with all the other aggregates GR1, GR3, GR7, 

GR17 and GR19, are still evidencing growing expansions. 

Since a fair part of the tested aggregates showed a continuing expansion after twenty-

eight days, it was decided to extend the testing period till one year (Fig. 85). During this 

period it was observed that aggregates GR2, GR18 and GR20 were the first ones to 

pass the limits defined by RILEM AAR-0 (2013) (0.10 %) and Santos Silva and Braga 

Reis (2000) (0.20 %), all at about day 28 and day 56, respectively. All the other 

aggregates took more time to pass those limits and the following order was verified 

(from the first one to cross the limits to the last one): GR17, GR19, GR1 and GR3. 

Aggregate GR7 is still under testing and till now only the 0.10 % limit was crossed 

around day 56. After one year, aggregate GR2 shows the highest final expansion (0.65 

%), followed by aggregates GR17 (0.57 %), GR1 (0.57 %), GR18 (0.55 %) and GR3 

(0.53 %). No stabilization is apparent after all this testing time. All aggregates show a 

similar expansion rate with exception of aggregate GR18 which around day 130 suffers 

a decrease. Similarly to aggregate GR7, aggregates GR19 and GR20 are still 

submitted to testing and final results cannot be presented. However, till around day 

252, aggregate GR19 presents a similar behaviour to aggregates GR17 and GR1. 

 

Figure 85 – Expansion results for the granitic aggregates when submitted to the accelerated mortar-bar test at 80ºC 

(ASTM C 1260) during one year. 
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5.4.4.2 Performance tests 

Accelerated concrete prism test at 60ºC (RILEM AAR-4.1) 

The expansion results for the granitic aggregates submitted to the accelerated concrete 

prism test at 60ºC (RILEM AAR-4.1) are displayed in Fig. 86. 

Figure 86 – Expansion results of the accelerated concrete prism test at 60ºC (RILEM AAR-4.1) concerning the 

investigated granitic aggregates. 

 

The expansion results of the accelerated concrete prism test at 60ºC will be addressed 
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reactive aggregates. Several aggregates, namely GR3, GR18 and GR19 display final 

expansion values extremely close to the limiting value of 0.020 %. 

After fifteen weeks, and according to RILEM AAR-0 (2013), aggregates GR1, GR3, 

GR7, GR18 and GR19 present final expansion values below 0.030 % which are 

indicative of non-reactive aggregates. On the other hand, the final expansions 

presented by aggregates GR2, GR17 and GR20 are above the concerned threshold 

value suggesting potentially reactive aggregate combinations. The absence of a 

plateau at the end of this testing period indicates that stabilization has not been 

reached for any of the tested aggregates. 

According to Lindgård et al. (2010), an expansion of less than 0.030 % at twenty weeks 

indicates non-reactive aggregates. In agreement with this criterion, only aggregates 

GR1 and GR7 are considered as non-reactive, presenting expansions of 0.027 % and 

0.018 %, respectively. All the other aggregates are considered as potentially reactive. 

Aggregate GR2 displays the highest final expansion (0.070 %), followed by aggregates 

GR20 (0.053 %), GR17 (0.049 %), GR18 (0.044 %), GR3 (0.035 %) and GR19 (0.032 

%). Aggregates GR1, GR3 and GR19 present final expansions very close to the 

limiting value of 0.030% and which are comprised in the uncertainty band (< 0.010 %) 

suggested by Lindgård et al. (2010). After the twenty weeks long test period none of 

the aggregates has still reached stabilization. 

As none of the tested aggregates showed signs of stabilization, the test period of the 

accelerated concrete prism test was extended (Fig. 87). This decision unfortunately did 

not include aggregates GR1, GR2, GR3 and GR7, which were the first ones to be 

tested and which tests had already been finalized when the decision was taken. At forty 

weeks, expansion for aggregates GR17 and GR18 seems to have flattened down, 

whilst for aggregates GR19 and GR20 it is still rising. After one year of testing (fifty-two 

weeks), these two last mentioned aggregates are still expanding. As it did not seem 

reasonable to extend this accelerated test for more time since limiting values had 

already been crossed, the extension of testing was then called off. 
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Figure 87 – Expansion results of the extended accelerated concrete prism test at 60ºC (RILEM AAR-4.1) concerning 

the investigated granitic aggregates. 
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Figure 88 – Expansion results of the concrete prism test at 38ºC (RILEM AAR-3) concerning the investigated granitic 

aggregates. 
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Figure 89 – Expansion performance of aggregate GR2 in the concrete prism test at 38ºC (RILEM AAR-3) for two years 

of testing. 

 

5.4.5 Post-mortem concrete petrography 

In Tab. 35 the list of samples with granitic aggregates selected for the production of 

thin-sections and post-mortem analysis by concrete petrography is presented.  

 

Table 35 – List of concrete prims with granitic aggregates of which thin sections were prepared and studied. 

Aggregate AAR-3 AAR-4.1 

GR1     

GR2     

GR3                 -   
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5.4.5.1 Aggregate GR1 

The thin-section produced from the RILEM AAR-3 concrete prism just contained alkali-

silica gel filling one void, confirmed under SEM (Fig. 90). The thin-section of RILEM 

AAR-4.1 exhibits more abundant manifestations of ASR such as: gel lining and filling 

voids; thin layers of gel in cracks from debonding between some aggregate particles 

and the cement paste.   

Figure 91 presents the photomicrographs of voids as well as the images obtained by 

SEM and the qualitative analyses by EDS. 

The composition of the gel in the interfaces with aggregate particles shows a 

composition slightly different from that in the voids. Gel is mainly composed of Si and 

Ca with very low contents of K and Na (Fig. 92). 

The study of the thin-sections reveals that there are more manifestations of ASR in the 

thin-sections of the prisms submitted to RILEM AAR-4.1 than in the ones tested 

according to RILEM AAR-3. 

 

  

Figure 90 – Aggregate GR1. Void totally filled with gel. It was observed in the thin-section produced from the concrete 

prism tested according to RILEM AAR-3. A) Under optical microscope (PPL); B) Image obtained by SEM. 
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Figure 91 – Aggregate GR1. Voids filled by gel observed in the thin-section from the concrete prism with aggregate 

GR1 tested according with RILEM AAR-4.1. A and B) Under optical microscope (PPL); C and D) Images obtained by 

SEM; E and F) Spectra by EDS. 
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Figure 92 – Aggregate GR1. Gel in the interface of an aggregate particle and the cement paste, in the thin-section from 

the concrete prism tested according with RILEM AAR-4.1.  A and B) Under optical microscope (PPL); C and D) Images 

obtained by SEM; E and F) Spectra by EDS. 
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5.4.5.2 Aggregate GR2 

This sample of granite gave the highest expansion results in what concerns the 

expansion tests. The concrete prisms both from RILEM AAR-3 and RILEM AAR-4.1 

are those that exhibit the most severe manifestations of ASR from all the tested 

samples. The thin-sections analysis showed there is gel mainly in the cracks and voids 

that occur in the interfaces between the aggregate particles and the cement paste. 

However, in the thin-section of the RILEM AAR-3 prism there are also cracks crossing 

the aggregate particles. These cracks are wider close to the interface with the cement 

paste and are thinner inside of the particles. The alkali-silica gel identified is compact, 

non-crystalline and exhibits several shrinkage cracks. 

Figure 93 presents images and the qualitative analysis of gel in the border of the 

aggregate particles from an RILEM AAR-3 prism. This dense gel is disposed in layers 

lining the void and crack. The colour is slightly darker (brownish) than commonly found 

in voids and it presents abundant shrinkage cracks. Besides the procedures applied 

during the production of the thin-sections, the vacuum typical of SEM observations can 

also create shrinkage cracks. As already stated, there is some variation in the content 

of Ca in the analyses performed although the gel exhibits similar texture. 

In Fig. 94 the texture and qualitative composition of the alkali-silica gel filling cracks 

inside the aggregate particles can be observed from an RILEM AAR-3 prism. From the 

results in the spectra it can be concluded that Si is always the main component of the 

gel and Na and K occur in very small amounts. However, a variable content of Ca can 

be observed: the content of Ca decreases from the interface (Z1) to the interior of the 

aggregate (Z2). The analysis performed in the crack at the edge of the aggregate 

particle (Z3) shows a different secondary product. This corresponds to ettringite which 

resulted from a malfunction of the oven during the test with a sudden increase in 

temperature. These conditions resulted in the development of ettringite in the 

interfaces, as can be found in Fig. 95. The RILEM AAR-3 test of aggregate GR2 was 

therefore repeated. Ettringite crystals are fibrous and grow perpendicular to the walls of 

the cracks. The fact that they are very slim caused that the EDS analysis showed high 

content of carbon from the mounting media. 

The results obtained for the prism tested according to RILEM AAR-4.1 are presented in 

Fig. 96. The gel is compact and forms in layers in the aggregate particle boundaries. 
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Figure 93 – Aggregate GR2. Gel in the interface of an aggregate particle and the cement paste, in the thin-section from 

the concrete prism tested according with RILEM AAR-3.  A and B) Under optical microscope (PPL); C and D) Images 

obtained by SEM; E and F) Spectra by EDS. 
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Figure 94 – Aggregate GR2. Gel filling cracks inside the granitic particle of coarse aggregate, in the thin-section from 

the concrete prism tested according with RILEM AAR-3. In the interface between the aggregate particles and the 

cement paste ettringite acicular particles developed. A) Under optical microscope (PPL); B) Image obtained by SEM; C, 

D and E) Spectra by EDS (Z1, Z2, Z3). 
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Figure 95 – Aggregate GR2. Acicular crystals of ettringite in the cracks between the aggregate particles and the cement 

paste.  A and B) Under optical microscope (PPL); C and D) Images obtained by SEM; E) Spectrum by EDS. 
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Figure 96 – Aggregate GR2. Gel in a void and filling a crack and void in the interface of cement paste with a granitic 

particle, in the thin- section from the concrete prism tested according with RILEM AAR-4.1. A and B) Under optical 

microscope (PPL); C and D) Images obtained by SEM; E and F) Spectra by EDS. In each field Z2 is similar to Z1. 
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5.4.5.3 Aggregate GR3 

The thin-sections produced from the concrete prisms tested under the RILEM AAR-4.1 

conditions show very discrete manifestations of ASR. Gel occurs in slim cracks in the 

boundaries of the aggregate particles and rare cracks crossing the aggregate particles. 

In Fig. 97 it can be observed that the gel in the interfaces is not continuous along the 

cracks. It forms concentric layers in the walls of the cracks. Under plane polarized light, 

the gel is mainly colourless to brownish in the outer layer. Under cross-polarized light it 

is isotropic. 

 

  

  

Figure 97 – Aggregate GR3. Gel forming layers in cracks in the interface of cement paste with the granitic particles, in 

the thin-section from the concrete prism tested according with RILEM AAR-4.1 (A, B, C under PPL; D under XPL). 
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The exam performed under SEM-EDS confirms that the gel is composed mainly of Si 

with high content of Ca and very low content of K and Na. However, some Al was also 

detected (Fig. 98). 

 

 
 
 
 
 

 

 
 

 

 

 

 

 

 

 

Figure 98 – Aggregate GR3. Gel in the interface of cement paste with the granitic particles, in the thin-section from the 

concrete prism tested according with AAR-4.1. A, B and C) Images obtained by SEM; D and E) Spectra by EDS. 
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A crack crossing an aggregate particle was also analysed in order to identify the 

material inside the crack. It shows a particulate texture not common in gel. The EDS 

analysis indicates a composition close to that of gel but with very high content of Ca 

and scarce Al (Fig. 99).   

 

 

 

 

 

Figure 99 – Aggregate GR3. Gel inside a crack crossing a granitic particle in the thin-section from the concrete prism 

tested according with RILEM AAR-4.1. A) Under optical microscope (PPL); B and C) Images obtained by SEM; D) 

Spectrum by EDS. 
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From all the samples above referred the one that showed stronger manifestations of 

ASR was aggregate GR2, also the aggregate which presented higher values of 

expansion in the concrete prism tests. 

From a generic point of view, it is verified that there are rare cracks inside the 

aggregate particles and the cracks in the cement paste are scarce, very thin and have 

no infilling material. Gel is found filling partially or totally some voids. More often, gel 

occurs as zoned lining of the cracks in the interfaces. This layering shows colourless 

gel and brownish gel, with fibrous character in some locations.  

 

5.5 Discussion 

The results achieved by the different methods applied on the assessment of the 

studied granitic aggregates are summarized in Tab. 36. 

According to the petrographic examination, only aggregates GR1, GR2 and GR18 

present microcrystalline quartz percentages over 2.0 vol% which classify them as 

Class II according to RILEM AAR-1.1 (2013) and LNEC E 461 (2007) (Ramos et al., 

2011, 2012a,b). Aggregate GR2 is, by far, the one that presents the most considerable 

amount of microcrystalline quartz (21.7 vol%), followed by aggregates GR18 (4.8 vol%) 

and GR1 (2.4 vol%). Nonetheless, it should be noticed that for aggregate GR1 the 

achieved percentage is very close to the limiting value and that it presents a lower 

absolute error of 0.5% which is enough for considering it as Class I rather than as 

Class II. For all other aggregates, the percentage of deleterious quartz reaches utmost 

1.5 vol%, presenting aggregate GR17 the highest value and GR7 the lowest amount 

(0.1 vol%). As so, aggregates GR3, GR7, GR17, GR19 and GR20 are classified as 

Class I by both RILEM AAR-1.1 (2013) and LNEC E 461 (2007). However, from the 

methodology point of view, the procedures to follow for granitic rocks would be the 

Class II for LNEC E 461 (2007). 

The correlation between the undulatory extinction angle and the percentage of 

microcrystalline quartz is presented in Fig. 100. The median values of the undulatory 

extinction angle of the quartz crystals of each aggregate are used in correlation 

graphics. Their use is justified since the median, contrarily to the mean, is not affected 

by outlier values, thus giving the more central value. 
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Table 36 – Summary of the results achieved by the different methods applied on the assessment of the studied granitic 

aggregates. 

Method Guidelines GR1 GR2 GR3 GR7 GR17 GR18 GR19 GR20 

Petrographic 

examination 

RILEM AAR-

1.1 (2013) 
Class II-S Class II-S Class I Class I Class I Class II-S Class I Class I 

LNEC E 461 

(2007) 
Class II Class II Class I Class I Class I Class II Class I Class I 

Microcrystalline 

quartz (vol%) 
2.4 21.7 1.0 0.1 1.5 4.8 1.4 1.2 

Class of 

undulatory 

extinction 

Moderate Moderate Moderate Weak Moderate Moderate Moderate Moderate 

Chemical 

method 

ASTM C 289 

(2007) 
Innocuous Innocuous Innocuous Innocuous Innocuous Innocuous Innocuous Innocuous 

ASTM C 

1260 

RILEM AAR-0 

(2013) 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Santos Silva 

and Braga 

Reis (2000) 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

RILEM 

AAR-4.1 

LNEC E 461 

(2007) 

Non-

reactive 

Potentially 

reactive 

Potentially 

reactive 

Non-

reactive 

Potentially 

reactive 

Potentially 

reactive 

Non-

reactive 

Potentially 

reactive 

RILEM AAR-0 

(2013) 

Non-

reactive 

Potentially 

reactive 

Non-

reactive 

Non-

reactive 

Potentially 

reactive 

Non-

reactive 

Non-

reactive 

Potentially 

reactive 

Lindgård et al. 

(2010) 

Non-

reactive 

Potentially 

reactive 

Potentially 

reactive 

Non-

reactive 

Potentially 

reactive 

Potentially 

reactive 

Potentially 

reactive 

Potentially 

reactive 

RILEM  

AAR-3 

RILEM AAR-0 

(2013) 

Non-

reactive 
Reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

Non-

reactive 

 

 

 

Figure 100 – Comparison between the percentages of microcrystalline quartz and the undulatory extinction angles of 

the quartz crystals.  

         LNEC E 415 (1993) limits 

         LNEC E 461 (2007) limit 
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As demonstrated in Fig. 100 there is a positive but moderate correlation between the 

percentage of microcrystalline quartz and the undulatory extinction angle (correlation 

coefficient r = 0.41). For example, aggregate GR2 exhibits by far the highest content in 

microcrystalline quartz, but it is aggregate GR18 that shows the quartz grains with the 

highest undulatory extinction angles. However, both aggregates are classified as Class 

II by petrographic examination. Also, aggregate GR19, which is rated as Class I, 

presents a very similar value of extinction angle to aggregate GR2, but a much lower 

content of microcrystalline quartz in comparison to the same aggregate. Furthermore, 

the aggregates presenting the lowest angles of undulatory extinction seem to establish 

a better correlation with the percentages of microcrystalline quartz, plotting close to the 

regression line. 

The above is in accordance with West (1991, 1994), who pointed out undulatory 

extinction angle as a possible indicator of potential alkali-reactivity of rocks, rather than 

a diagnostic feature. 

The chemical method was not able to corroborate the results of the petrographic 

examination classifying all aggregates as innocuous, in accordance with the results in 

literature. As already concluded by other researchers (e.g. Santos Silva, 2005; Castro, 

2008; Rolim et al., 2012; Tiecher et al., 2012a) the chemical method is not well 

applicable to granitic rocks which reactive phases are microcrystalline and strained 

quartz. This is clearly verified by the classification of aggregate GR2 as innocuous, in 

disagreement to all other tests (except to ASTM C 1260). The high Rc and low Sc 

values found for all aggregates are consistent with the ones achieved by Castro (2008) 

while also studying Portuguese granitic aggregates. Therefore, this method should not 

be used in the assessment of this type of aggregates.  

The comparison between the results of the petrographic examination and the ASTM C 

1260 can be summarized as: 

- ASTM C 1260 was not able to support the results of the petrographic examination in 

what concerns aggregates GR1, GR2 and GR18, classifying all the granitic aggregates 

as non-reactive. 

Although this method is widely used for the assessment of aggregates for concrete 

purposes, it is still not well recognized that its limits correspond to the reactivity of some 

of the slow reactive aggregates, leading to their incorrect classification as non-reactive 

or uncertain (Shayan, 2007), which is surely the case of aggregate GR2. This method 

has not been successful when performed on Portuguese granitic aggregates and, 
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therefore, it has been considered as inappropriate to evaluate the alkali-reactivity of 

this type of slow reactive rocks (Santos Silva, 2005; Santos Silva et al., 2008). The 

explanation for the results obtained might remain in the findings reported by Lu et al. 

(2006a,b), in which it is stated that the crushing of rocks to obtain very fine aggregates 

can destroy the original microstructure and thus under-estimate the alkali reactivity of 

the rocks in accelerated mortar-bar tests. In fact, the influence of the size of the 

aggregate particles used in laboratory tests has been discussed and results published 

(e.g. Lu et al., 2006a,b; Multon et al., 2010). 

The correlations between the expansions of the granitic aggregates in ASTM C 1260 at 

fourteen and twenty-eight days and the percentages of microcrystalline quartz are 

displayed in Figs. 101 and 102. 

 

 

Figure 101 – Comparison between the expansions of the granitic aggregates in ASTM C 1260 at fourteen days and the 

percentages of microcrystalline quartz. 

 

      LNEC E 461 (2007) limit 

          

           RILEM AAR-0 (2013) limit 
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Figure 102 – Comparison between the expansions of the granitic aggregates in ASTM C 1260 at twenty-eight days and 

the percentages of the microcrystalline quartz. 

 

The comparison between the expansions of the granitic aggregates in ASTM C 1260 at 

fourteen and twenty-eight days and the percentages of microcrystalline quartz indicates 

the existence of moderate correlations between the analysed parameters (r = 0.54 at 

fourteen days; and r = 0.62 at twenty-eight days). 

Stronger correlations are obtained when comparing the expansions of the granitic 

aggregates in ASTM C 1260 at fourteen and twenty-eight days with the undulatory 

extinction angles of quartz crystals (Figs. 103 and 104). Whilst for fourteen days a 

correlation coefficient of 0.68 is obtained, for twenty-eight days r presents a value of 

0.76. 
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Figure 103 – Comparison between the expansions of the granitic aggregates in ASTM C 1260 at fourteen days and the 

undulatory extinction angles of the quartz crystals. 

 

 

 

 

Figure 104 – Comparison between the expansions of the granitic aggregates in ASTM C 1260 at twenty-eight days and 

the undulatory extinction angles of the quartz crystals. 
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Besides, according to the results achieved after one year of testing, it seems 

reasonable to say that the testing period of the ASTM C 1260 should be extended and 

that a new detection limit should be encountered to successfully access the potential 

reactivity of granitic aggregates, or that this test, in the present conditions, should not 

be used in the assessment of this kind of aggregates. 

From the comparison of the results from the RILEM AAR-4.1 with the results from the 

petrographic examination it can be said that: 

- all the criteria used for RILEM AAR-4.1 (twelve weeks, fifteen weeks and twenty 

weeks) confirm aggregate GR2 as potentially reactive in agreement with the results of 

the petrographic examination (Class II); 

- there is also consensus in the classification of aggregate GR7 as non-reactive (Class 

I); 

- although classified as Class II by the petrographic examination, aggregate GR1 is not 

rated as potentially reactive by any of the criteria used for the interpretation of RILEM 

AAR-4.1; 

- the classification of aggregate GR18 as Class II by the petrographic examination is 

only confirmed by RILEM-4.1 when using the interpretation criteria in LNEC E 461 

(2007) and Lindgård et al. (2010); 

- although classified as Class I by the petrographic examination, aggregates GR3, 

GR17 and GR20 are classified as potentially reactive by RILEM AAR-4.1 when the 

interpretation criteria in LNEC E 461 (2007) and Lindgård et al. (2010) are used; 

- aggregate GR19 is also classified as Class I by the petrographic method, but is rated 

as potentially reactive by RILEM AAR-4.1 when the criterion in Lindgård et al. (2010) is 

used. 

The correlation between the results achieved by the several interpretation criteria used 

in RILEM AAR-4.1 and the percentages of microcrystalline quartz are illustrated in 

Figs. 105, 106, and 107. The expansion values used for RILEM AAR-4.1 at fifteen 

weeks correspond to the expansion values achieved at week 16, since no readings 

were made on week 15. As so, values for this testing period may be a little bit 

overestimated. 



FCUP 

Chapter 5 – Characterization of granitic aggregates 
211 

 

 

Figure 105 – Comparison between the expansions of the granitic aggregates in RILEM AAR-4.1 according to LNEC E 

461 (2007) and the percentages of microcrystalline quartz. 

 

 

 

Figure 106 – Comparison between the expansions of the granitic aggregates in RILEM AAR-4.1 according to RILEM 

AAR-0 (2013) and the percentages of microcrystalline quartz. 
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Figure 107 – Comparison between the expansions of the granitic aggregates in RILEM AAR-4.1 according to Lindgård 

et al. (2010) and the percentages of microcrystalline quartz. 

 

The comparison between the percentages of microcrystalline quartz and the several 

criteria allows concluding that overall there is a strong correlation between the 

concerned parameters. The correlation is stronger when the criteria in LNEC E 461 

(2007) is used, followed by RILEM AAR-0 (2013) and finally by Lindgård et al. (2010). 

As for the comparison between the same expansion test and the undulatory extinction 

angles, illustrated in Figs. 108, 109, and 110, a moderate correlation was found. In this 

case, a better correlation is found for RILEM AAR-4.1 according to the interpretation 

criterion in Lindgård et al. (2010) followed by RILEM AAR-0 (2013) and LNEC E 461 

(2007) (inversely to the correlation order between RILEM AAR-4.1 and microcrystalline 

quartz content). 

        Lindgård et al. (2010) limit 
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Figure 108 – Comparison between the expansions of the granitic aggregates RILEM AAR-4.1 according to LNEC E 461 

(2007) and the undulatory extinction angles of the quartz crystals. 

 

 

 

Figure 109 – Comparison between the expansions of the granitic aggregates in RILEM AAR-4.1 according to RILEM 

AAR-0 (2013) and the undulatory extinction angles of the quartz crystals. 
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Figure 110 – Comparison between the expansions of the granitic aggregates in RILEM AAR-4.1 according to Lindgård 

et al. (2010) and the undulatory extinction angles of the quartz crystals. 

 

For a correct interpretation of the aforementioned it is important to keep in mind that 

granitic aggregates are considered as slow aggregates in terms of the development of 

ASR. As so, it will be more adequate to admit the criterion in Lindgård et al. (2010), 

which uses a testing period of twenty weeks, for the interpretation of RILEM AAR-4.1. 

Actually, this is the criterion which regards a larger number of granitic aggregates as 

potentially reactive. 

The criterion used in RILEM AAR-0 (2013) does not detect aggregates GR3, GR18 and 

GR19 as potentially reactive, which probably are false negative results. Nonetheless, 

the final expansion values achieved by the concerned aggregates are comprised in the 

band of uncertainty of < 0.010 % defined in Lindgård et al. (2010) and also considered 

in RILEM AAR-0 (2013). However, in contrast to aggregate GR18, aggregate GR3 is 

regarded as Class I by the petrographic method. The potential reactivity detected by 

RILEM AAR-4.1 in aggregate GR3 is probably attributed to the fact that there are a 

large number of microcracks in the aggregate (Fig. 99). According to Velasco-Torres et 

al. (2010), in slow reactive aggregates, the concrete pore solution enters slowly inside 

the aggregate mainly through the microcracks and to a less extent through the 

subgrain boundaries, being the cracks the main mechanism of formation and storage of 

gel instead of subgrain boundaries. 

      LNEC E 415 (1993) limits 
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The interpretation of aggregates in RILEM AAR-4.1 according to the Portuguese 

specification LNEC E 461 (2007), although using the lowest threshold limit, correlates 

best with the percentages of microcrystalline quartz. In addition, although using the 

shortest test period (only twelve weeks) is able to detect five of the six aggregates 

rated as potentially reactive by the criterion in Lindgård et al. (2010) which uses the 

longest test period (twenty weeks). 

The assumption of the use of the petrographic characterization as only an informative 

tool and the immediate classification of granitic aggregate as Class II by LNEC E 461 

(2007) seems to be justified since there are expansive behaviours in RILEM AAR-4.1 

which are not detected by petrographic examination. On the other hand, the testing 

conditions used in RILEM AAR-4.1 are regarded as severe (60ºC) in comparison to the 

ones verified in field structures. However, according to the present work, the behaviour 

of aggregates GR17, GR19 and GR20 in RILEM AAR-4.1 cannot be yet justified. The 

post-mortem analysis could contribute with helpful information to the enlightenment on 

this issue. The question whether other minerals other than microcrystalline quartz may 

participate in ASR arises in consonance with the work of Hagelia and Fernandes 

(2012) who defended that gel formation appears to be partly sustained by dissolution of 

feldspars and mica in Portuguese granitic aggregates. Besides this hypothesis, other 

minerals can also supply extra alkalis for the reaction. Table 37 refers to the 

constitutive minerals of the investigated aggregates which are regarded by LNEC E 

415 (1993) and LNEC E 461 (2007) as possible alkali suppliers.   

 

Table 37 – Minerals in the studied granitic aggregates that can contribute with alkalis to ASR according to LNEC E 415 

(1993) and LNEC E 461 (2007). 

Aggregate Minerals that can contribute with alkalis  

GR1 orthoclase; microcline; biotite; muscovite; albite; oligoclase 

GR2 microcline; biotite; muscovite; oligoclase 

GR3 orthoclase; microcline; biotite; muscovite; oligoclase 

GR7 microcline; biotite; muscovite; albite; oligoclase 

GR17 orthoclase; microcline; biotite; muscovite; oligoclase 

GR18 orthoclase; microcline; biotite; muscovite; albite; oligoclase 

GR19 orthoclase; microcline; biotite; muscovite; albite; oligoclase 

GR20 orthoclase; microcline; biotite; muscovite; albite; oligoclase 
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Comparing the results of the petrographic examination with the ones from RILEM AAR-

3, it can be said that the concrete prism test only classifies aggregate GR2 as reactive. 

The correlation between the expansions of the granitic aggregates in RILEM AAR-3 

and the percentages of microcrystalline quartz and also the undulatory extinction angle 

of the quartz crystals is illustrated in Figs. 111 and 112, respectively. 

A correlation coefficient value of 0.82 is suggestive of a strong correlation between 

RILEM AAR-3 and the percentage of microcrystalline quartz. The slope of the tendency 

line indicates that this correlation is positive. A different scenario is presented when 

comparing the same test with the undulatory extinction angle, i.e., the correlation 

between the two parameters, although positive, is weak (r = 0.38). 

 

 

 

Figure 111 – Comparison between the expansions of the granitic aggregates in RILEM AAR-3 and the percentages of 

microcrystalline quartz. 
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Figure 112 – Comparison between the expansions of the granitic aggregates in RILEM AAR-3 and the undulatory 

extinction angles of the quartz crystals. 

 

According to Lindgård et al. (2010), the RILEM AAR-3 method was classified as not 

being suited to identifying slow reactive aggregates, since it was not able to detect 

some of the aggregates of gneissic origin containing microcrystalline quartz as the 

reactive component. Also, this concrete prism method was pointed out as not being 

conclusive at the age of one year and a longer test period may be needed for some 

slow reactive aggregates to produce expansion over the critical limit in the conditions of 

this test (Shayan, 2007; Shayan et al., 2008; RILEM AAR-0, 2013). This assumption 

was taken from the continuing expansion at the end of the test of the expansion curves. 

RILEM AAR-0 (2013) suggests the continuation of the test until expansion ceases or it 

has become clear whether or not the criteria will be exceeded. In the present study, this 

phenomenon occurs for all aggregates, with the exception of aggregate GR7 whose 

expansion has levelled off. For aggregate GR2 there is no doubt that it is potentially 

reactive, but for all the other aggregates regarded as non-reactive at one year (except 

GR7), an extended test period is surely necessary for confirming their behaviours. 

Lindgård et al. (2010) referred that RILEM AAR-4.1 seems to be more effective than 

RILEM AAR-3 in the assessment of slow reactive aggregates. Nonetheless, RILEM 

AAR-3 was better at demonstrating the slowness of the reaction, due to the lowest 

temperatures. The same was verified by Shayan et al. (2008) although using a 

      LNEC E 415 (1993) limits 

          

         RILEM AAR-0 (2013) limit 
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concrete prism test similar to RILEM AAR-3. Such behaviour is also verified by the 

studied granitic aggregates which start expanding earlier in RILEM AAR-4.1 than in 

RILEM AAR-3. However, the slow reactive aggregates tested in the scope of the 

Partner Project are not of granitic rocks, which makes it difficult to establish a true 

comparison with the present samples.  

Now taking into consideration the assessment of the granitic aggregates in expansion 

tests by the Portuguese specification LNEC E 461 (2007): 

- granitic aggregates are by default considered as Class II; 

- all granitic aggregates pass ASTM C 1260, and therefore this procedure must be 

discarded for this kind of aggregates; 

- granitic aggregates should only be submitted to RILEM AAR-4.1 and RILEM AAR-3.  

As so, the final assessment of the granitic aggregates according to LNEC E 461 (2007) 

is according to what is presented in Tab. 38. 

 

Table 38 – Final assessment of the studied granitic aggregates according to LNEC E 461 (2007). 

Aggregate RILEM AAR-4.1 RILEM AAR-3 Conclusion 

GR1 < 0.02 % < 0.05 % Non-reactive 

GR2 > 0.02 % > 0.05 % Reactive 

GR3 > 0.02 % < 0.05 % Non-reactive 

GR7 < 0.02 % < 0.05 % Non-reactive 

GR17 > 0.02 % < 0.05 % Non-reactive 

GR18 > 0.02 % < 0.05 % Non-reactive 

GR19 < 0.02 % < 0.05 % Non-reactive 

GR20 > 0.02 % < 0.05 % Non-reactive 

 

However, as already pointed out, all granitic aggregates which pass RILEM AAR-4.1, 

but fail RILEM AAR-3 show expansion curves still rising after one year of testing. 

Therefore, in order to a better assessment, the extension of the last mentioned test is 

suggested whenever expansion curves do not reach stabilization. The use of 

preventive measures in accordance to LNEC E 461 (2007) is recommended if the 

aforementioned procedure is not feasible. 
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From the above and in what regards the petrographic examination the following can be 

concluded: 

- it seems there is a correlation between the percentage of microcrystalline quartz and 

the concrete expansion tests (RILEM AAR-4.1 and RILEM AAR-3); 

- the presence of microcracks must be considered in the assessment of aggregate 

GR3; 

- the possibility of other minerals, other than microcrystalline quartz, to be responsible 

for ASR; 

- the possibility of other minerals to enhance ASR due to alkalis contribution. 

In what concerns the chemical and expansion tests towards granitic aggregates, the 

following statements can be made: 

- the chemical method and ASTM C 1260 are proved to be non-applicable to the 

assessment of granitic aggregates; 

- RILEM AAR-4.1 is the expansion test which detects more potentially reactive granitic 

aggregates. The use of the interpretation criterion in Lindgård et al. (2010) is 

suggested; 

- RILEM AAR-3 must be extended to more than one year for a more correct 

assessment. 
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6.1 Overview 

Volcanic rocks are worldwide used as aggregates for concrete. The potential alkali 

reactivity concerning this type of rocks has been reported in several countries including 

Argentina, Australia, Brazil, Czech Republic, China, Iceland, Italy, Japan, Mexico, New 

Zealand, Turkey and even in Portugal (Azores Archipelago) (e.g. Gudmundsson and 

Asgeirsson, 1975; Shayan and Quick, 1988; Katayama et al., 1989; Deng et al., 1996; 

Katayama et al., 1996; Braga Reis et al., 1996a,b; Marfil et al., 1998; Gregerová and 

Pospíšil, 2007; Munhoz et al., 2008; Román et al., 2008; Vola et al., 2011). In the 

following paragraphs an overview of the main achievements in this matter is presented. 

Special focus is put on the work developed in Japan, New Zealand, Australia, Iceland 

and Turkey. 

Since the early 1980’s, multiple cases related to concrete deterioration caused by 

reactive Cenozoic volcanic aggregates, such as basalts, dacites, rhyolites and 

especially andesites, have been investigated in Japan. The reactivity is attributed to the 

presence of silica minerals (cristobalite and tridymite) and of interstitial glass of dacitic 

and rhyolitic compositions in fresh volcanic rocks saturated or oversaturated with silica 

(SiO2 > 50 %) (e.g. Katayama et al., 1989, 2004; Katayama, 1997, 2010b, 2012a; 

Wakizaka, 2000; Koga et al., 2011). According to the results of the ASTM C 289 

chemical test by Katayama et al. (1989), which is applicable to early-expansive 

aggregates, the SiO2 content of glass influences the potential reactivity to alkalis of 

volcanic rocks. Both dacitic glass (62 % – 70 % SiO2) and rhyolitic glass (SiO2 > 70%) 

are considered potentially reactive, while basaltic glass (SiO2 < 52 %) is innocuous and 

andesitic glass (52 % – 62 % SiO2) is marginally reactive. That is, volcanic rocks are 

usually non-reactive when they are glassy and contain fresh basaltic glass 

(sideromelane), but may show potential reactivity when they are highly crystalline and 

contain rhyolitic interstitial glass as a residual melt (Katayama et al., 1996; Katayama, 

2010a). Furthermore, Katayama and Kaneshige (1986) established a correlation 

between the presence of reactive minerals and the alteration zones that had formed 

through burial diagenesis. That is the potential alkali-reactivity of volcanic rocks 

gradually decreases during diagenesis from the Quaternary unaltered zone, via the 

smectite zone of upper Miocene and Pliocene, to the chlorite zone before middle 

Miocene, since the presence of reactive minerals is inversely related to the degree of 

alteration of the rock due to the stabilization of these minerals. It must be noted that 

volcanic glass, as well as cristobalite and tridymite, is thermodynamically unstable, 

tending to crystallize upon aging (devitrification) (Broekmans, 2004) in order to achieve 
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stabilization. Volcanic glasses most easily alter to zeolites, clay minerals and silica 

minerals (Coombs, 1961) whilst cristobalite and tridymite tend to evolve to a stable 

silica phase (Katayama and Kaneshige, 1986; Broekmans, 2004). Similar findings were 

achieved in New Zealand and Iceland and similarities with the alkali-reactivity of 

Japanese volcanic aggregates have been drawn (Katayama et al., 1989; Katayama et 

al., 1996). This is a result of primary composition of volcanic rocks and secondary 

mineralogy controlled by burial diagenesis (Katayama and Kaneshige, 1986). It is 

important to note that, in the moderately altered volcanic rocks belonging to the 

smectite zone, secondary opal may appear and coexist with smectite (Katayama and 

Kaneshige, 1986), which suggests the smectite-bearing volcanic rocks of the Late 

Miocene and Pliocene ages may contain alkali-reactive opal. In the andesites and 

rhyolites oversaturated with silica, smectites form from rhyolitic glass and mafic 

minerals through alteration. Opalized glassy rhyolite is highly reactive, and such 

rhyolite occupying only 0.40 % of a local sand aggregate in Japan produced ASR gel 

with pop-outs on concrete surface within two weeks after casting (Katayama and Sato, 

1997). In the altered basalts saturated or undersaturated with silica, smectites form 

abundantly from mafic minerals, and there is smaller possibility for opal to occur. Pre-

Tertiary volcanic rocks may contain crypto- to microcrystalline quartz that had formed 

through devitrification of rhyolitic glass. Devitrified to recrystallized Cretaceous rhyolitic 

welded tuffs in Japan, which are plotted in the boundary between the innocuous and 

the deleterious fields in the ASTM C 289 chemical test (Katayama and Kaneshige, 

1986), produced late-expansive ASR in field concretes (Katayama, 2012a). 

Before the 1990’s, and in countries like New Zealand and USA, the presence of 

cristobalite and tridymite was believed to be rare in volcanic aggregates, and their 

influence on reactivity was underestimated. However, according especially to the work 

developed by Japanese researchers, the supposed scarcity of silica minerals was 

assumed to be due to thick thin-sections (30 µm), conventionally used for petrographic 

studies, which are too thick to identify the minute interstitial silica minerals under 

polarizing microscope, as well as the lack of application of the CIPW norm to 

aggregates in order to check the presence of normative quartz which occurs as the 

silica minerals cristobalite, tridymite and/or quartz (Katayama, 2010b). In the course of 

an international cooperative study between Japan and New Zealand, it has been 

shown that reactive minerals and potential reactivity of volcanic rocks are similar in 

these countries, and that only a few percent of cristobalite and tridymite is enough to 

cause ASR due to “pessimum” phenomenon (Kennerley and St John, 1988; Katayama 

et al., 1989; Katayama, 1997). Petrographic examination of volcanic rocks should also 
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be assisted by phosphoric acid extraction of silica minerals coupled with XRD analysis 

of the residue, calculation of the CIPW norm and by SEM-EDS analysis (Katayama et 

al., 1989, 1996; Katayama, 2010b). In addition, SEM observation of polished thin-

sections of field deteriorated concretes, coupled with polarizing microscopy and EDS 

analysis have proved to be very useful in identifying directly the reaction sites of 

cristobalite and tridymite in andesite aggregates, as well as those of dacitic glass in 

basalt aggregates and of rhyolitic glass in andesite aggregates (Katayama 2010b, 

2012a), displaying the process of transformation of these materials into ASR gel and 

rosette-like crystals in concrete. 

Volcanic glass is considered the main reactive component of New Zealand reactive 

volcanic rocks, which comprise basalt, andesite, dacite and rhyolite (CCANZ, 2003). 

Besides the existence of reactive components in New-Zealander volcanic aggregates, 

alkali-silica reactivity has been pointed out as being influenced by the presence of alkali 

releasing mineral phases (feldspathoids, alkali rich volcanic glass and poorly 

crystallised feldspars), readily-accessible surfaces of the alkali releasing phases (e.g. 

vesicular texture) and particle size (e.g. Goguel, 1995; Goguel and Milestone, 2000; 

Shayan, 2004). 

In Australia, opaline silica and SiO2-rich glass (dacitic glass) were observed in an 

altered glassy basalt undersaturated in silica and pointed out as the major responsible 

for this aggregate alkali-reactivity (Shayan and Quick, 1988). Nonetheless, the opaline 

silica content (1.6 %) would be by itself sufficient to confer reactivity to the rock. Once 

again, the use of complementary methods to petrographic examination, such as SEM, 

was decisive for identifying potentially reactive constituents. 

Andesites, volcanic tuffs, basalts, felsites and volcanoclastic rocks have been detected 

as reactive to alkalis when used as aggregates in several Chinese concrete structures. 

The reactivity has been attributed to the presence of chalcedony, microcrystalline and 

cryptocrystalline quartz (Deng et al., 1996, 2004). 

Studies conducted in Turkey showed that reactivity of andesites, originally described as 

basalts, with intermediate to acidic character is being controlled by the presence of 

volcanic glass, alteration minerals and SiO2 content (> 50 %) (Korkanç and Tuğrul, 

2004, 2005), but silica minerals were not observed in these ASR-causing rocks. 

Çópuroğlu et al. (2009) specified that an andesite aggregate, described as basalt, 

containing a dacitic glass comprising approximately 70 % SiO2 can be alkali-reactive 

and deleterious to concrete structures. 
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The assessment of the alkali-reactivity of volcanic rocks in Brazil enabled Tiecher et al. 

(2012) to underline the importance of using SEM-EDS and thus supporting what has 

been acknowledged by other researchers. The use of this methodology allowed to 

reinterpret a supposed amorphous material when analysed by optical microscopy, 

generally considered as volcanic glass. It was rather identified as mesostasis defined 

as a residue from the sudden cooling of volcanic magmas, which is alkali-silica rich and 

may have different compositions of crypto-microcrystalline phases, including quartz.  

The mineral phases present in the mesostasis, as well as its degree of crystallinity, 

may influence the development of ASR, which was testified by testing basalt and 

rhyolite aggregates under accelerated expansion tests conditions. 

Batic et al. (1994) tested in the accelerated mortar-bar test basaltic aggregates from 

Argentina, concluding that the main materials involved in the alkali-aggregate reaction 

were smectite-type clays. Moreover, the study of seventeen basalts from different 

locations in this South-American country led to the conclusion that expansion is caused 

especially by volcanic glass and its alteration products from devitrification, such as 

argillaceous minerals, and by poorly crystallized silica (Marfil et al., 1998). The same 

assumption was taken by Marfil and Maiza (2006) when assessing the potential alkali-

reactivity of rhyolitic rocks. 

In Iceland, deleterious reactivity of basaltic rocks is due to the presence of secondary 

opal or chalcedony, rhyolitic glass combined with primary cristobalite and tridymite 

(Katayama et al., 1996; Gudmundsson and Olafsson, 1999; Wigum et al., 2007). 

In Czech Republic, volcanic rocks are commonly used as aggregates for concrete. 

Reports on the reactivity of rhyolites, andesites, melaphyre and alkali basalts have 

been made, their deleterious behaviour being attributed to the presence of SiO2 rich 

glass (Gregerová and Pospíšil, 2007). Recently, a spilite has also been considered 

reactive to alkali due to the formation of SiO2-rich accumulations, veins and dykes 

(Seidlová et al., 2012). 

In Portugal, till now, little investigation has been developed concerning volcanic rocks 

alkali reactivity, although these aggregates are commonly used in Madeira and Azores 

Archipelagos, as well as in the Mainland although in a less extent. Some work has 

been developed in Azores Archipelago aggregates, namely: investigation of the 

damaged Santa Maria Island airport runway, where a basaltic aggregate from the 

Island was used (Braga Reis et al., 1996a,b); and a preliminary study carried out by 

Medeiros (2011) and Medeiros et al. (2012) on the characterization of volcanic 

aggregates explored in S. Miguel (trachybasalt), Terceira (trachyte and basalt), Santa 
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Maria (basanite) and Graciosa (basalt) Islands according to their assessment by 

petrographic examination, chemical method (ASTM C 289) and expansion tests (ASTM 

C 1260 and RILEM AAR-4). The potential reactivity of the investigated aggregates is 

still not clear and further tests need to be performed. In order to contribute to this 

clarification, at this moment, a project named ReAVA (Characterization of the potential 

reactivity of volcanic aggregates of the Azores Archipelago: Implications on concrete 

durability) (Ref. M5.2.2/I/05/2011), funded by the Regional Government of Azores, is 

being carried out and further results are expected soon. 

 

6.2 Materials 

For the study of volcanic aggregates, four active quarries were selected, three of them 

located at Madeira Archipelago (Madeira and Porto Santo Islands) while one is situated 

in the Portuguese Mainland. The volcanic rocks are Miocene to Holocene in age at 

Madeira Archipelago (Portugal Ferreira, 1985; Brum da Silveira et al., 2010), and Late 

Cretaceous in the Mainland (Zbyszewski, 1964).  

In conformity to the nomenclature established by Project IMPROVE, aggregates will be 

designated as BS6, BS7, BS8 and BS9.  

Regarding the aggregate BS6, this material is composed of three distinct lithologies 

which will be referred as BS6 followed by the rock’s name in subscript (e.g. BS6basalt). 

The lithologies comprised in the studied volcanic aggregates and their respective ages 

are presented in Tab. 39. 

 

Table 39 – Codification, lithology and age of the studied volcanic aggregates according to Zbyszewski (1964), Ribeiro 
and Ramalho (2009) and Brum da Silveira et al. (2010). 

Aggregate Lithologies Age  Location 

BS6 
hawaiite; basalt; 
basanitoid 

14.2 – 8.3 Ma (Miocene) Porto Santo Island 

BS7 basanitoid 
~1.8 – 0.007 Ma  
(Pleistocene – Holocene) 

Madeira Island 

BS8 basalt 
~1.8 – 0.007 Ma  
(Pleistocene – Holocene) 

Madeira Island 

BS9 basanitoid 
70 – 100 Ma Mesozoic  
(Upper Cretaceous) 

Lisbon Volcanic Complex 
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Geotectonic and geological setting of selected volcanic aggregates 

Aggregate BS6 was collected in Porto Santo Island. This Island’s geological map was 

first published in 1996 by Portugal Ferreira and Neiva. A more updated version can be 

found in Ribeiro and Ramalho (2009). Porto Santo’s volcanic rocks belong to a 

moderately alkaline series where differentiating igneous processes generated more 

over-saturated lithologies, such as trachytes and rhyolites, than all the other Islands 

belonging to Madeira Archipelago, besides the basic lavas which include basalts, 

hawaiites, basanitoids and basanitic ankaramites (e.g. Custódio de Morais, 1943; 

Aires-Barros and Oliveira, 1969; Galopim de Carvalho and Brandão, 1991). Portugal 

Ferreira (1969) has described the existence of plutonic enclaves with dioritic 

composition in some of the volcanic lithologies, which were interpreted by the author as 

a possible evidence of the Island’s substrate. Two units can be distinguished: the 

Lower Unit composed by submarine volcanic rocks, dating from the Lower Miocene; 

and the Upper Unit of subaerial origin, dating from the Middle Miocene (Mata et al., 

2013). Two main sedimentary units can also be found consisting in an older unit 

(Middle Miocene) contemporary of the volcanic activity, mainly associated to the 

transition of submarine to subaerial volcanism, and generally composed by limestones 

and biocalcarenites, and in one more recent unit (Pleistocene) generated in subaerial 

environment and composed by carbonated sandstones (eolionites) (Soares, 1973) that 

cover one third of the Island. As for the Quaternary deposits, information can be found, 

for example, in Pureza (1961). Figure 113 illustrates the simplified geological map of 

Porto Santo Island. 

The first geological map of Madeira Island was presented by Zbyszewski et al. (1974, 

1975) where five distinct volcanic complexes could be identified. Currently, as a result 

of multiple efforts developed in the area, a new geological map has been published and 

only three volcanic complexes are recognized (Brum da Silveira et al., 2010): the Basal 

Volcanic Complex (< 5.57 Ma); the Intermediate Volcanic Complex (5.57 Ma – 1.8 Ma); 

and the Upper Volcanic Complex (1.8 Ma – 0.007 Ma). In these complexes, seven 

main volcanic-stratigraphic units are recognized in the emerged part of Madeira: Porto 

da Cruz and Lameiros Units, belonging to the Basal Volcanic Complex; Encumeada, 

Penha d’Águia and Curral das Freiras Units, in the Intermediate Volcanic Complex; and 

Lombos and Funchal Units, in the Upper Volcanic Complex. The same authors also 

identified sedimentary deposits of more recent age, reflecting active depositional and 

erosional regimes, besides intrusive rocks and veins. As BS7 and BS8 aggregates are 

originated from the Upper Volcanic Complex, this will be briefly described. 
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Figure 113 – Simplified geological map of Porto Santo Island (adapted from Mata et al., 2013). 

 

The Upper Volcanic Complex corresponds to the third phase of Madeira’s volcanic 

shield edification and it is composed of two stages of eruptive activity mainly in 

subaerial environment (Brum da Silveira et al., 2010). Its lavas are mainly alkaline and 

originated basanites and basalts; the occurrence of extrusive intermediate rocks 

(mugearite and trachytic pumice rock) witnesses a larger influence of the magmatic 

differentiation process relatively to the older volcanic complexes (Zbyszewski et al., 

main faults 

veins and intrusions of diverse nature 

Quaternary deposits (marine terraces, dunes, 

alluvia, sand beach, etc) 

Upper Unit (emergent island phase) 

subaerial lavas 

submarine lavas, hialoclastites, with fossiliferous 

limestones 

Lower Unit (submarine mountain phase) 

acid submarine flows 

acid domes 

volcanoclastic submarine deposits and lower 

submarine lavas 
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1975). The most recent volcanic eruptive manifestations are gathered in the complex 

and are directly related to the current morphology (Brum da Silveira et al., 2010): 

Lombos Unit – an insular volcanic covering stage in culminating morphologic position 

and, in some cases, infilling of valleys related to the current morphology; and Funchal 

Unit – post-erosional volcanic stage, contemporary of the current morphology. 

Aggregate BS9 was collected in the Portuguese Mainland. The quarry where this 

material is exploited is set in the Lusitanian Basin. Although almost entirely constituted 

by sedimentary materials, in the Lusitanian and Algarve Basins it is possible to find 

witnesses of magmatic activity that took place during the opening of the Atlantic Ocean 

and the reorganization of Thetis Ocean in the Mesozoic (e.g. Miranda et al., 2009; 

Grange et al., 2008; Kullberg et al., 2013). Three magmatic cycles can be distinguished 

according to Portugal Ferreira and Macedo (1983). While the first and the second 

cycles display tholeitic and transitional affinities (Martins, 1991; Martins et al., 2008) 

and ages around 200 Ma (e.g. Dunn et al., 1998; Verati et al., 2007) and 130 Ma to 135 

Ma (Portugal Ferreira and Macedo, 1979), respectively, the third cycle presents an 

alkaline nature and ages between 70 Ma and 100 Ma (Late Cretaceous) (Portugal 

Ferreira and Macedo, 1979). This last cycle is represented by the NNW-SSE aligned 

subvolcanic complex of Sintra, Sines and Monchique1, the Lisbon Volcanic Complex, 

the radial complex of Mafra, the volcanism of Algarve Basin and other several minor 

intrusions (Kullberg et al., 2013; Terrinha et al., 2013) (Fig. 114). Aggregate BS9 is 

originated from the Lisbon Volcanic Complex, which is mainly a thick sequence of 

erupted lava and pyroclastic piles separated by some sedimentary layers (Zbyszewski, 

1964; D’Orey and Palacios, 1986), which composition varies from basalts (s.l.) to 

rhyolites (e.g. Palácios, 1985; Alves et al., 1980; Kullberg et al., 2013). 

 

                                                             
1
 Distinctively from the other volcanic complexes, Monchique is not emplaced within the Mesozoic basins. 
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Figure 114 – The Late Cretateous magmatism in the Portuguese Mainland. Black circles indicate the main magmatic 

events. Geodetic coordinates, Datum World Geodetic System 84 (Miranda et al., 2009). 

 

6.3 Methods 

Petrographic characterization, chemical and expansion tests were carried out. Crushed 

aggregates of various grain sizes, in a total amount of about 100 kg, were collected 

from each quarry. Hand samples suggestive of distinct lithologies were field sampled.  

 

6.3.1 Petrographic examination 

In order to predict the field performance of volcanic aggregates, petrographic 

examination by polarizing microscopy of thin-sections, aided by SEM-EDS, EPMA-
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WDS, XRD and phosphoric acid extraction method, was carried out according to 

RILEM AAR-1.1 (2013) and LNEC E 461 (2007). 

Geochemical analyses were performed on all volcanic aggregates at ACTLABS, in 

Canada, by lithium metaborate/tetraborate fusion – ICP. Although the classification and 

petrographic description of all investigated volcanic rocks has already been published 

by several authors, but cannot be disclosed in order to protect the producers’ interests, 

a classification is presented according to TAS (Total Alkali-Silica) (Le Bas et al., 1986). 

For this purpose, all samples’ major oxides were recalculated on an anhydrous 100 % 

adjusted basis. The use of TAS classification was justified on the nature of the rocks, 

the availability of chemical data and in the impossibility of determining the mineral 

mode due to the fine-grained textures and to the probable presence of glass (Le Maitre 

et al., 2002). The rocks’ respective CIPW norms were calculated by Excel spreadsheet 

program Norm 4-1 based on Cross et al. (1902), following the recommendations of Le 

Maitre (1976) for the Fe2O3/FeO ratio. 

Representative polished thin-sections (30 µm) of the aggregates from the four quarries 

were produced by manual processes from the progressive grinding to the final 

polishing at the laboratories of DGAOT and UTAD. The polished thin-sections were, 

then, studied under a polarizing microscope (Nikon Eclipse E 400 POL) coupled with a 

Zeiss Axio Cam photographic camera at DGAOT, according to “whole rock petro” 

(Lindgård and Haugen, 2006). Rock samples were also briefly examined under the 

polarizing microscope in Japan by Doctor Tetsuya Katayama using polished thin-

sections (15 µm), aiming the identification of opaque and alteration minerals.  

Plagioclases are identified by their characteristic polysynthetic twinning, relief and the 

symmetrical extinction angle method. The colour, pleochroisme, birrefringence and 

extinction angle were used to name pyroxene and amphibole. Therefore, the maximum 

extinction angle found for these minerals is presented. 

SEM-EDS (High Resolution Schottky Environmental Scanning Electron Microscope: 

Quanta 400 FEG ESEM/EDAX Genesis X4M: 15 kv and 10.0 mm working distance) 

was used in order to detect reactive silica forms, such as volcanic glass, cristobalite 

and tridymite, and whenever doubts in mineral identification remained. The SEM-EDS 

examination was performed along X-ray micro-analysis and electron backscattered 

diffraction analysis. Samples were coated with a carbon thin film by vapour deposition 

equipment JEOL JEE – 4X Vacuum Evaporator. A supplementary quantitative EPMA-

WDS analysis was performed at “Laboratório Nacional de Geologia e Energia” (LNEG) 

using a JEOL Hiperprobe JXA-8500F (5 channels): 15 kv, 10 nA, beam diameter 1 µm, 
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PRZ correction especially with the aim to identify alteration minerals and phases which 

identification remained difficult even after other techniques were applied. Samples were 

coated with a carbon film using a carbon evaporator BALTEC. The identification of 

mineral phases was made by comparison with the mineral’s composition data available 

in the literature (e.g. Deer et al., 1992) and with on-line mineralogy databases (e.g. 

Handbook of Mineralogy; Mineralogy Database). 

The samples were grinded to pass a 75 µm sieve and dried at 40ºC. X-ray 

diffractograms were obtained on LNEC’s Philips PW3710 X-ray diffractometer, with 35 

kV and 45 mA, using Fe-filtered CoKα radiation of wavelength λ = 1.7903 Å. 

Diffractograms were recorded from 3º to 74º 2θ, at an angular speed of 0.05º 2θ s−1. 

The crystalline phases were identified by comparison with the International Centre for 

Diffraction Data Powder Diffraction Files (ICDD PDF). The presence of smectite was 

detected by treatment of the powdered sample with ethylene glycol. Smectite is a 

diverse clay group which in air-dried samples has a peak in the range of 12 Å to 15 Å.  

The use of ethylene glycol leads to the uniform expansion of the layers of this 

phyllosilicate to 17 Å. In practice, this leads to a dislocation of the diffractogram, as 

follows in Fig. 115. Also, the peak usually sharpens and increases in intensity with 

glycolation. For a more comprehensive study on the matter, Brindley (1966), Środoń 

(1980) and Mosser-Ruck et al. (2005), for example, are suggested. 

In order to identify the presence of potential alkali reactive forms of silica, namely 

quartz, cristobalite and tridymite, which cannot be easily identified by other 

methodologies, the phosphoric acid method was performed at LNEC laboratories 

according to RILEM AAR-1.1 (2013). However, due to the lack of experience on 

performing this test outside Japan, the results revealed to be unsatisfactory. The 

results of this test are only presented for one volcanic aggregate (BS7), which was 

randomly chosen, in order to illustrate the lack of reproducibility and failure in isolating 

the reactive silica minerals. 

Descriptions of the constituent minerals of each studied volcanic aggregates, displayed 

by decreasing order of abundance, followed by the results of the aforementioned 

supplementary techniques are found in sub-chapter 6.4. 
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Figure 115 – Effect in a diffractogram of a sample containing smectite and treated with ethylene glycol in comparison to 

an untreated (air-dried) sample (Moore and Reynolds, 1997). 

 

6.3.2 Chemical method 

The chemical method was performed in accordance to ASTM C 289 at the Innorganic 

Chemistry Laboratory of DGAOT. 

 

6.3.3 Expansion tests 

The aggregates were crushed, sieved and weighed following the recommendations of 

the accelerated mortar-bar test at 80ºC (ASTM C 1260), the concrete prism test at 

38ºC (RILEM AAR-3) and the accelerated concrete prism test at 60ºC (RILEM 4.1) at 

DGAOT. LNEC was responsible for performing all tests. Concrete prisms were stored 

unwrapped both in AAR-3 and AAR-4.1 tests. The preparation of the mortar and 

concrete mixes was made according to Tab. 40. 
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Table 40 – Characteristics of the mixes used for mortar-bar and concrete prism tests. 

Test Cement/aggregate Water/cement 
Cement 

Type Na
2
O

eq 
(%) 

ASTM C 1260 0.44 0.47 CEM I 42.5 R Alhandra 0.86 

RILEM AAR-3 0.32 – 0.35 0.45 CEM I 42.5 R Alhandra 0.89 

RILEM AAR-4.1 0.23 – 0.25 0.45 CEM I 42.5 R Alhandra 0.89 

 

 

6.3.4 Post-mortem concrete petrography 

Similarly to the granitic aggregates, samples were selected and prepared for the 

production of polished thin-sections in order to confirm by petrographic methods the 

occurrence of ASR on the concrete prisms and the mortar-bars tested in laboratory 

conditions. 

The polished thin-sections were prepared by manual methods as aforementioned 

described for thin-sections for petrographic purposes. 

The observation under optical microscope Nikon Eclipse E400 POL aimed the 

identification of the manifestations of ASR in the concrete and mortar, namely: 

- cracks in the aggregates; 

- cracks in the cement paste or in the interfaces aggregate-binder; 

- presence of alkali-silica gel in the cracks; 

- presence of alkali-silica gel in the voids; 

- replacement of fine aggregate particles by gel. 

 

SEM-EDS was performed at CEMUP, under the conditions already described for the 

petrographic examination, to confirm the presence and to identify the composition of 

the ASR products. 
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6.4 Results 

6.4.1 Petrographic examination 

The geochemical analysis of the investigated volcanic rocks and the major oxides 

recalculated to 100 % are presented in Tabs. 41 and 42, respectively. CIPW norms and 

TAS classification are displayed in Tab. 43 and Fig. 116, respectively. For these rocks, 

the chemical composition was used for the classification of the rocks according to the 

international nomenclature. 

Aggregate BS6 is exploited in a heterogeneous quarry where three distinct volcanic 

rocks crop. Considering the respective geochemical compositions, aggregate BS6 

constituents plot on the TAS diagram in three distinct fields: trachybasalt, basalt and 

tephrite/basanite (Fig. 116). In what concerns the trachybasalt, the subdivision 

according to the criteria Na2O – 2.0 ≥ K2O implies the denomination of this rock as a 

hawaiite (Tab. 44).The lithology plotting in basalt field is considered to be a subalkali 

tholeitic basalt due to the inexistence of nepheline (Yoder and Tilley, 1962) and to the 

presence of hypersthene in the normative content (Gill, 2010) (Tab. 43). In Fig. 117, 

this basalt plots in the overlap field where there is three times more likelihood to be 

alkali basalt rather than subalkali basalt (Bellieni et al., 1983). For the rock plotting in 

the tephrite/basanite field, the calculation of normative olivine (> 10 %) (Tab. 43 ) 

allows to discard the possibility of this rocks being classified as tephrite (Le Maitre et 

al., 2002). In addition, the calculation of the respective CIPW norm permitted the 

determination of the theoretical nepheline content liable of being found in this rock 

(Tab. 43). The value of normative nepheline (> 5 %) and the fact that this mineral is not 

part of the rock’s modal content (see sub-chapter 6.4.1.1) suggest that the rock is a 

basanitoid after MacDonald and Katsura (1964) and Green and Ringwood (1967). 

Taking into account all the aforementioned criteria, the lithologies comprising 

aggregate BS6 will be noted as BS6hawaiite, BS6basalt and BS6basanitoid. 

In accordance to the geochemical TAS classification, aggregates BS7 and BS9 plot in 

the tephrite-basanite field (ultramaphic rocks). According to the same criteria used on 

sample BS6basanitoid, aggregates BS7 and BS9 are classified as basanitoids. 

Aggregate BS8 plots in TAS diagram in the basalt field (Fig. 116). The presence of 

normative nepheline (Tab. 43) classifies this lithology as alkali basalt (Yoder and Tilley, 

1962). The classification of this basalt as alkali is also confirmed in Fig. 117 where it 

plots in the alkali field.  
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Table 41 – Geochemistry of the investigated volcanic aggregates. 

 BS6hawaiite BS6basalt BS6basanitoid BS7 BS8 BS9 

SiO2 (%) 47.67 45.90 40.28 44.44 43.75 42.80 

Al2O3 (%) 17.10 14.12 11.88 13.58 15.98 14.65 

Fe2O3(T)(%) 11.33 11.76 12.12 13.09 12.88 13.41 

MnO (%) 0.17 0.23 0.19 0.19 0.19 0.19 

MgO (%) 2.61 5.24 10.84 11.00 5.87 8.03 

CaO (%) 8.98 9.46 14.71 10.70 10.04 10.80 

Na2O (%) 4.19 2.63 3.19 2.82 2.34 3.35 

K2O (%) 1.17 1.06 0.70 0.83 1.02 1.41 

TiO2 (%) 2.59 2.63 2.07 2.55 3.08 3.76 

P2O5 (%) 1.28 0.60 1.07 0.69 0.81 0.64 

LOI (%) 1.47 5.13 1.22 0.70 3.25 1.76 

Total (%) 98.56 98.76 98.27 100.6 99.21 100.8 

Ba (ppm) 353 343 710 327 418 606 

Sr (ppm) 1066 644 1061 735 950 1058 

Y (ppm) 36 27 28 24 35 24 

Sc (ppm) 11 28 29 29 27 27 

Zr (ppm) 313 287 226 208 316 269 

Be (ppm) 2 <1 1 1 2 1 

V (ppm) 142 278 276 321 341 356 

 

 

Table 42 – Recalculated values to 100 % on LOI free basis of the major elements present in the studied volcanic rocks. 

 BS6hawaiite BS6basalt BS6basanitoid BS7 BS8 BS9 

SiO2 (%) 49.08 49.03 41.51 44.52 45.23 43.21 

Al2O3 (%) 17.62 15.08 12.24 13.61 16.52 14.79 

Fe2O3(T) (%) 11.67 12.56 12.49 13.11 13.32 13.54 

MnO (%) 0.18 0.24 0.19 0.19 0.20 0.19 

MgO (%) 2.69 5.60 11.17 11.02 6.07 8.10 

CaO (%) 9.25 10.11 15.15 10.73 11.21 10.90 

Na2O (%) 4.31 2.81 3.29 2.82 2.42 3.38 

K2O (%) 1.21 1.13 0.72 0.83 1.06 1.42 

TiO2 (%) 2.63 2.81 2.13 2.55 3.19 3.80 

P2O5 (%) 1.32 0.64 1.10 0.70 0.84 0.64 

Total (%) 99.96 100.01 99.99 100.08 100.06 99.97 
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Table 43 – Results of the calculation of volcanic aggregates’ CIPW norm (all values in wt %).  

Normative minerals BS6hawaiite BS6basalt BS6basanitoid BS7 BS8 BS9 

Q (quartz) 0.00 0.00 0.00 0.00 0.00 0.00 

C (corundum) 0.00 0.00 0.00 0.00 0.00 0.00 

or (orthoclase) 7.09 6.68 0.00 4.90 6.26 8.39 

ab (albite) 34.90 23.78 0.00 11.81 20.65 6.66 

an (anorthite) 25.10 25.17 16.52 21.94 31.32 20.96 

ne (nepheline) 0.85 0.00 15.04 6.53 0.00 11.88 

lc (leucite) 0.00 0.00 3.34 0.00 0.00 0.00 

kp (kaliophilite) 0.00 0.00 0.00 0.00 0.00 0.00 

ac (acmite) 0.00 0.00 0.00 0.00 0.00 0.00 

ns (sodium metasilicate) 0.00 0.00 0.00 0.00 0.00 0.00 

ks (potassium metasilicate) 0.00 0.00 0.00 0.00 0.00 0.00 

di (diopside) 10.28 17.22 31.45 21.73 12.49 23.67 

hy (hypersthene) 0.00 10.93 0.00 0.00 1.65 0.00 

wo (wollastonite) 0.00 0.00 0.00 0.00 0.00 0.00 

ol (olivine) 12.06 7.91 21.61 25.32 18.14 18.16 

cs (larnite) 0.00 0.00 3.96 0.00 0.00 0.00 

hm (hematite) 0.00 0.00 0.00 0.00 0.00 0.00 

mt (magnetite) 1.59 1.52 1.48 1.30 1.45 1.57 

Il  (ilmenite) 5.07 5.32 4.05 4.84 6.10 7.22 

tn (sphene) 0.00 0.00 0.00 0.00 0.00 0.00 

pf (perovskite) 0.00 0.00 0.00 0.00 0.00 0.00 

ru (rutile) 0.00 0.00 0.00 0.00 0.00 0.00 

ap (apatite) 3.06 1.48 2.55 1.60 1.95 1.51 

Total 100.00 100.01 100.00 99.97 100.01 100.02 

 

All the rocks present a content of SiO2 below 50.00 %. Regarding LOI, the highest 

contents are found for the samples BS6basalt (5.13 %) and BS8 (3.25 %). These values 

might be justified due to different degrees of alteration of the rocks.  
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Figure 116 – Chemical classification of the studied volcanic rocks used as aggregates using TAS (total alkali-silica 

diagram) (after Le Bas et al., 1986). The dashed line between the foidite field and the basanite-tephrite field indicates 

that further criteria must be used to separate these rock types (after Le Maitre et al., 2002). 

 

 

 

Table 44 – Subdivision of trachybasalts, basaltic trachyandesites and trachyandesites (after Le Maitre et al., 2002). 

Further subdivisions Trachybasalt 
Basaltic 

trachyandesite 
Trachyandesite 

Na2O – 2.0 ≥ K2O hawaiite mugearite benmoreite 

Na2O – 2.0 < K2O 
potassic 

trachybasalt 
shoshonite latite 

 

 

▲ Aggregate BS6; ▲Aggregate BS7; ▲ Aggregate BS8; ▲Aggregate BS9 

w
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%
 

SiO2 wt% 
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Figure 117 – Likelihood of correctly classifying alkali basalt and subalkali basalt using TAS (after Bellieni et al., 1983) 

assuming equal chances of a basalt being alkali or subalkali. 
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6.4.1.1 Aggregate BS6 

As already mentioned, aggregate BS6 is composed by three distinct rocks: hawaiite, 

basalt and basanitoid. Therefore, careful descriptions of the lithologies that incorporate 

this volcanic aggregate are presented next. 

 

Sample BS6hawaiite 

Sample BS6hawaiite is an aphanophyric grey rock with reddish tones. This trachybasalt 

variety occurs as a massive or as a vesicular rock (Fig. 118). When present, millimetric 

to centimetric irregular vesicles (up to 20 mm) are partially or totally filled with a 

yellowish material presenting an amygdaloidal texture. Cracks are sometimes filled with 

carbonates, which were confirmed by reacting with HCl. 

 

 

Figure 118 – BS6hawaiite occurs as a massive (left sample) or as a vesicular (central sample) rock. Sometimes it is 

possible to observe cracks filled with carbonates (right sample). 

 

In thin-section, microphenocryts of plagioclase, amphibole and less frequently of 

apatite are distributed in a groundmass composed of plagioclase, pyroxene, 

amphibole, opaque minerals and apatite. A trachytic texture is given by the alignment 

of plagioclases microlites in the groundmass. Several domains, in what concerns 
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plagioclase alignment, can be observed, each one having its own preferred direction. 

Sometimes, it is possible to identify the presence of carbonates replacing the rock 

groundmass and filling microcracks. When observed, irregular shaped vesicles (up to 5 

mm) are sometimes partially or totally filled with a poorly-crystallized yellowish-brown 

material, assumed as smectite, which formed through alteration of volcanic glass 

during burial diagenesis. 

Euhedral to subhedral plagioclase, corresponding to andesine (21.0º), occurs 

abundantly in microphenocryts (up to 2.4 mm) but also in small laths as the major 

constituent of the groundmass. As microphenocrysts, platy plagioclases appear 

isolated or, seldom, in clots (glomeroporphyritic texture). Inclusions of pyroxene, 

amphibole and opaque minerals are frequent. In the groundmass, plagioclase crystals 

lean over each other with their major axis in the flow plane of the lava. This subparallel 

alignment is particularly noticeable where plagioclase laths follow the outline of the 

microphenocryts. 

Pyroxene occurs abundantly in the groundmass in faint greenish crystals presenting 

mainly prismatic shapes. In cross polarized light, it generally shows second order 

polarizing colours. Extinction angles can reach 45.0º corresponding to diopside. 

Opaque minerals are extremely abundant occurring in the groundmass in small square-

shaped crystals and slender rectangular needles, but also in larger masses. In 

microphenocrysts, opaque minerals occur generally along cleavage planes. 

Microcracks sometimes show opaque minerals infillings.  

Amphibole is represented in microphenocrysts and in the groundmass. Its euhedral to 

subhedral prismatic and lozenge shaped crystals are strongly-pleochroic varying from 

yellowish-brown to dark-brown. Its interference colour is masked by absorption colour. 

The observation of amphibole characteristic cleavage planes allowed the measurement 

of very low extinction angles typical of basaltic hornblende. 

Apatite occurs mainly in hexagonal crystals filled with dark aligned inclusions and 

cloudy cores in special association with hornblende and opaque minerals. The 

presence of this phosphate can be noted in the groundmass but also in the 

microphenocrystalline generation (crystals up to 1 mm), though more discretely. 

The microphotographs in Fig. 119 illustrate the main mineralogical and textural aspects 

of the sample BS6hawaiite. 
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The observation in SEM and the obtained EDS spectra confirmed the presence of 

apatite with fluoride content (fluorapatite). Its oriented opaque inclusions correspond to 

ilmenite (Fig. 120). The presence of plagioclase in microphenocrysts and in the 

groundmass was confirmed by spectra in Fig. 121. Alkali feldspar (sanidine), a typical 

constituent of a trachybasalt, was also identified (Fig. 121). Cubic opaque minerals of 

titanomagnetite are composed of exsolved lamellae of ilmenite and magnetite (Fig. 

122). EDS spectra of pyroxene is compatible with the composition of diopside (Fig. 

122). The poorly-crystallized yellowish-brown material filling vesicles, confirmed as a 

smectite group clay, shows a flaky texture when observed in SEM (Fig. 123). 

The results of two EPMA-WDS analysis concerning the yellowish-brown material filling 

vesicles are displayed in Tab. 45. Both compositions are compatible with the 

composition of iron rich smectite group clay. 

The X-rays diffractograms (Fig. 124) revealed the presence of smectite group clay, as 

suspected. Besides this clay mineral, andesine, diopside, apatite and titanomagnetite 

were confirmed as constituent minerals of sample BS6hawaiite. Sanidine was confirmed 

as the alkali feldspar present in the rock. 

The presence of reactive forms of silica was not confirmed in sample BS6hawaiite by 

polarizing microscopy or by any of the other complementary techniques. Also, the 

geochemical analysis revealed this trachybasalt type as undersaturated with silica 

(normative quartz being absent), although its bulk chemistry is very close to 50 % of 

SiO2 (47.67 %). As so, it is possible to classify this aggregate as Class I (RILEM AAR-

1.1, 2013; LNEC E 461, 2007). 
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Figure 119 – Microphotographs of sample BS6hawaiite. Photos A, B and D in XPL. Photos C, E, F, G and H in PPL. A) 

Trachytic texture conferred by the alignment of plagioclase crystals; B) Carbonates partially replacing the rock 

groundmass; C) Yellowish-brown smectite filling a vesicle; D) Plagioclase microphenocryst with polysynthetic twinning 

and opaque minerals inclusions in a trachytic textured groundmass; E) Brown hornblende microphenocryst with opaque 

inclusions; F) Pale greenish augite crystals in the groundmass; G) Hexagonal apatite microphenocryst with parallel 

opaque inclusions and in association with opaque minerals; H) Apatite euhedral crystals clotted in the groundmass 

along opaque minerals. 
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Figure 120 – Sample BS6hawaiite. SEM images and respective EDS spectra of fluorapatite (Z1 and Z3) and its ilmenite 

inclusions (Z2). 
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Figure 121 – Sample BS6hawaiite. SEM images and respective EDS spectra of a plagioclase microphenocryst (Z1) and of 

a plagioclase crystal (Z2) and an alkali feldspar (sanidine) (Z3) which are part of the groundmass. 
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Figure 122 – Sample BS6hawaiite. SEM images and respective EDS spectra of titanomagnetite, composed of exsolved 

lamellae of ilmenite and magnetite (Z1, Z2 and Z3), and of diopside (Z4). 
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Figure 123 – Sample BS6hawaiite. SEM images and respective EDS spectra of amygdaloidal smectite group clay (Z4) 

and diopside (Z5). 
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Table 45 – Sample BS6hawaiite. EPMA-WDS results concerning the composition of the yellowish-brown material filling 
vesicles. 

 Material filling vesicles 

Element (%) 1 2 

Al2O3 0.86 0.94 

Cl 0.08 0.06 

FeO 24.44 24.21 

Na2O 0.16 0.31 

K2O 0.35 0.40 

SiO2 56.65 57.65 

TiO2 0.07 0.08 

ZnO 0.10 - 

MgO 3.01 3.45 

CaO 0.59 0.60 

CuO 0.05 0.04 

MnO 0.01 0.02 

P2O5 0.03 0.07 

Total 86.40 87.81 

 

 

 

 

Figure 124 – X-ray diffractograms of sample BS6hawaiite v.s. BS6hawaiite + ethylene glycol. Smec – smectite; Sn – sanidine; 

Dp – diopside; Ti – titanomagnetite; Ad – andesine; Ap – apatite. 
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Sample BS6basalt 

A vesicular texture characterizes this altered basalt with reddish tint that is part of the 

lithology of aggregate BS6. Millimetric to centimetric vesicles (up to 20 mm), mainly 

with elongated shapes, show an alignment as seen in Fig. 125, conferring a vesicular 

texture to the rock. A yellowish to brownish material can sometimes be observed 

partially filling the vesicles. 

 

 

Figure 125 – Reddish tint basalt which composes the diverse lithology of aggregate BS6. Elongated vesicles define a 

subparallel alignment. 

 

The observation of this rock under the polarizing microscope allowed the identification 

of a groundmass composed of plagioclase laths, pyroxene, olivine, opaque minerals 

and a poorly crystallized red-brownish material interrupted by the existence of 

numerous irregular and round- to elongated-shaped vesicles (up to 8 mm) and by 

olivine and rare pyroxene microphenocrysts. Vesicles show a concentric amygdaloidal 

texture due to the cyclic lining or filling of a poorly crystallized light brownish material 

that partially fills some of these voids and that formed due to alteration of the rock. 
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Euhedral to subhedral plagioclase crystals, corresponding to andesine (23.5º), define 

an intricate net conferring a trachytic texture to the rock that is very noticeable around 

vesicles.  

Pyroxene occurs as pale brownish prismatic crystals with euhedral to subhedral 

shapes. Its interference colours belong to the first half of second order and it is 

frequently possible to identify hour-glass twinning. The determination of the extinction 

angle (up to 54.0º and with a high dispersion) along the above mentioned 

characteristics allowed naming this pyroxene as titanian augite. Clots of pyroxene are 

common in the groundmass. 

Olivine crystals present as microphenocrysts and as small crystals in the groundmass 

have been completely altered to clay minerals. Olivine is recognizable due to rimming 

by red-brown iddingsite that leaves a pseudomorph of their original outline (euhedral 

and/or corroded).  

The groundmass of this basalt is very rich in euhedral opaque minerals, represented by 

elongated and cubic crystals, some of which form larger irregular masses. 

A poorly crystalized red-brownish material, which resulted from the alteration of the 

volcanic glass, is abundant in the interstices of the groundmass. 

The minerals and textures present in sample BS6basalt are displayed in Fig. 126. 

The obtained SEM images and EDS spectra confirmed pyroxene as titanian augite 

(Fig. 127). Similarly to BS6hawaiite, the material that fills the vesicles corresponds to 

alternating layers of flakes of clay of the smectite group, which resulted from the 

alteration of interstitial glass and olivine (Figs. 127 and 128). Fluorapatite was also 

detected in the groundmass (Fig. 128). Opaque minerals are titanomagnetite (Fig. 

129). In some crystals exsolution lamellae of magnetite and ilmenite can be identified. 

The results of EPMA-WDS analysis (Tab. 46) indicate that olivine is replaced by a 

material with the composition of smectite group clay. The same material replaces 

interstitial glass, but with higher iron content. The material lining vesicles, also a clay 

mineral of the smectite group, presents variations in the content of its elements, 

especially in silica, titanium, magnesium and iron. 

After submitted to XRD analysis, the spectrum of aggregate BS6basalt confirmed the 

presence of clay of the smectite group, andesine, augite with titanium content, apatite 

and titanomagnetite (Fig. 130). 
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Figure 126 – Microphotographs of sample BS6basalt. Photos C and E in XPL. Photos A, B, D, F, G and H in PPL. A) 

Vesicle lined by clay minerals; B) Irregular shaped vesicles randomly distributed in a trachytic groundmass; C) Clot of 

pyroxenes; D) Iddingsite rimming in an altered and corroded olivine. Alteration is visible inside the crystal; E) Euhedral 

olivine altered to clay minerals; F) Elongated opaque minerals scattered in the groundmass; G) Large opaque mineral 

enclosing the groundmass; H) Poorly crystallized red-brownish material replacing volcanic glass. 
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Figure 127 – Sample BS6basalt. SEM images and respective EDS spectra of titanian augite (Z1) and clay of the smectite 

group partially filling a vesicle (Z2 and Z3). 
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Figure 128 – Sample BS6basalt. SEM images and respective EDS spectra of vesicle-lining smectite group mineral 

evidencing a variation in element content (Z4 – Z8), titanomagnetite (Z9) and apatite (Z10). 
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Figure 128 (cont.) – Sample BS6basalt. SEM images and respective EDS spectra of vesicle-lining smectite group mineral 

evidencing a variation in element content (Z4 – Z8), titanomagnetite (Z9) and apatite (Z10). 

 

 

 

Figure 129 – Sample BS6basalt. SEM image and respective EDS spectrum of titanomagnetite (Z11). 
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Table 46 – Sample BS6basalt. EPMA-WDS results concerning the composition of olivine and volcanic glass alteration 

materials and of material lining vesicles. 

Element (%) 

Olivine’s alteration 
material 

Volcanic glass alteration 
material 

Material lining vesicles  

  1 2 3 4 

Al2O3 12.39 8.02 5.80 7.56 3.99 3.83 

Cl 0.02 0.02 0.03 0.04 0.04 0.03 

FeO 7.42 19.71 45.20 17.68 43.4 50.15 

Na2O 0.17 0.18 0.08 0.16 0.16 0.17 

K2O 0.60 0.28 1.45 0.71 0.61 0.58 

SiO2 55.73 41.84 32.56 56.23 34.29 27.01 

TiO2 0.99 0.31 0.82 0.15 1.09 1.07 

ZnO 0.06 0.10 - - - 0.10 

MgO 3.94 13.59 2.32 6.21 3.32 2.46 

CaO 0.47 1.41 0.70 0.93 0.67 0.73 

CuO 0.04 0.10 0.05 0.06 0.03 0.03 

MnO 0.05 0.10 0.30 0.25 0.36 0.30 

P2O5 0.11 0.07 0.23 0.06 0.12 0.21 

Total 81.99 85.73 89.54 90.04 88.08 86.67 

 

 

 
Figure 130 – X-ray diffractograms of sample BS6basalt v.s. BS6basalt + ethylene glycol. Smec – smectite; Ad – andesine; 

Au – augite; Ti – titanomagnetite; Ap – apatite. 

 

From the aforementioned descriptions no reactive forms of silica were detected in 

sample BS6basalt. Although the presence of volcanic glass was suspected by polarizing 

microscopy, this material is now completely altered to clay of the smectite group as 

confirmed by other complementary techniques. The geochemical analysis of this 

aggregate allowed to classify it as undersaturated in silica, although its content of SiO2 

bulk chemistry is close to 50 % (45.90 %). According to RILEM AAR-1.1 (2013) and the 

Portuguese specification LNEC E 461 (2007), this sample seems to be free from any 

potential reactive features and is considered as Class I. 
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Sample BS6basanitoid 

Macroscopically, the basanitoid that composes aggregate BS6 has a dark-greyish 

colour and an aphanitic groundmass where small yellow olivine phenocrysts (up to 4 

mm) are scattered (Fig. 131). This rock shows a massive to vesicular texture. 

Millimetric vesicles (up to 8 mm) can be partially or totally filled with carbonates, 

forming an amygdaloidal texture. Carbonates were identified by reacting with HCl acid. 

 

 

Figure 131 – Hand-samples of massive (left side) and vesicular (right side) BS6basanitoid. Vesicles may contain carbonate 

crystals (red arrow). 

 

In thin-section, olivine and titanian augite microphenocryts are scattered in a fine-

grained groundmass composed of pyroxene, olivine, plagioclase, opaque minerals and 

colourless glass-like materials. Latter minerals that formed through post-magmatic 

activities (e.g. carbonates) are disseminated in voids (up to 6 mm) and in microcracks. 

When filling vesicles, carbonates present a spherulitic texture. 

As predicted by the high CIPW normative value of diopside (31.52 %), clinopyroxene is 

extremely abundant, being present as pale brownish euhedral to subhedral 

microphenocrysts (up to 1.2 mm), frequently in mono- or polymineralic clusters 

(glomeroporphyritic texture), and in the groundmass. It shows low polarization colours 

with strong oscillatory sector-zoning, showing frequent hour glass twinning 
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characteristic of titanian augite. Extinction angles show a strong dispersion and can 

reach 59.0º. Frequent microcracks can be observed besides the typical cleavage.  

Olivine occurs as phenocrysts (up to 4 mm) and as microphenocrysts sometimes in 

mono- or polymineralic clots along pyroxene (glomeroporphyritic texture) and exhibiting 

skeletal shapes, but also in the groundmass. Its colourless crystals always show an 

orange outline composed by iddingsite and multiple fractures frequently filled with 

iddingsite, opaque minerals and/or carbonates. Opaque minerals and glass-like 

materials are commonly found as inclusions in micro- and phenocrysts of this 

nesosilicate.  

Euhedral to subhedral opaque minerals are abundantly distributed in the groundmass 

and are frequently found in microcracks and as inclusions in olivine and pyroxene 

microphenocrysts. 

Plagioclase small euhedral to subhedral laths are scarce in the groundmass but easily 

identifiable due to their polysynthetic twinning sometimes in association with Carlsbad 

twinning. The maximum extinction angle determined for plagioclase (29.0º) allowed its 

classification as labradorite. 

Besides inclusions in olivine, glass-like materials are also detected as part of the 

groundmass. 

The main characteristics of sample BS6basanitoid are displayed in Fig. 132. 

The SEM-EDS analysis allowed the identification of titanomagnetite (spinel s.l.) (Fig. 

133). It also confirmed titanian augite as the pyroxene present in the rock (Figs. 133 

and 134). In the groundmass, a feldspathoid (nepheline) was identified (Fig. 134), 

which is in accordance to the normative minerals in Tab. 43. Carbonates in vesicles 

vary from calcium carbonate to magnesium carbonate (Fig. 135). Olivine crystals are 

rich in magnesium. A qualitative composition of the glass-like material and of olivine is 

presented in Figs. 136 to 138. 

A quantitative composition, obtained by EPMA-WDS, of the glass-like material is 

presented in Tab. 47. A SEM image of the analysed glass-like inclusion is presented in 

Fig. 139. It is indicative of clay from the smectite group. The composition of spinel 

group minerals is also available in the aforementioned table. Those are compatible with 

hercynite (spinel 1) and magnesium aluminium chromite (spinel 2). 

The XRD analysis (Fig. 140) detected the presence of labradorite, augite with titanium 

content, olivine, nepheline, titanomagnetite and dolomite. In opposition to the other two 
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lithologies that also compose BS6 aggregate, the presence of smectite was not 

identified by this method. 

No reactive forms of silica were detected in this sample. Although the presence of 

volcanic glass was suspected, EPMA-WDS analysis confirmed the alteration of this 

material to clay of the smectite group. According to the petrographic examination, 

sample BS6basanitoid is classified as Class I by both RILEM AAR-1.1 (2013) and LNEC E 

461 (2007). 
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Figure 132 – Microphotographs of sample BS6basanitoid. Photos A, B, D, E, F and H in XPL. Photos C and G in PPL. A) 

Carbonates with spherulitic texture in void; B) Carbonates disseminated in the groundmass; C) Titanian augite 

microphenocrysts in a monomineralic cluster (glomeroporphyritic texture); D) Hour-glass twinning in a zoned pyroxene 

microphenocryst; E) Skeletal olivine microphenocryst rimmed by iddingsite and with a glass-like inclusion (inside red 

circle); F) Glass-like material in an inclusion in olivine (inside red circle); G) Microcracks in olivine filled with opaque 

minerals; H) Plagioclase lath with polysynthetic twinning in the groundmass. 
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Figure 133 – Sample BS6basanitoid. SEM images and respective EDS spectra of spinel (s.s.) (Z1), titanomagnetite (Z2) 

and titanian augite (Z3). 
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Figure 134 – Aggregate BS6basanitoid. SEM images and respective EDS spectra of titanian augite (Z3), nepheline (Z4) 

and plagioclase (Z5). 
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Figure 135 – Aggregate BS6basanitoid. SEM images and respective EDS spectra of Ca and Mg carbonates in voids (Z4) 

and (Z5). 
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Figure 136 – Sample BS6basanitoid. SEM images and respective EDS spectra of glass-like material (Z1), and Mg-rich 

olivine (Z2). 
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Figure 137 – Sample BS6basanitoid. SEM images and respective EDS spectra of the glass-like inclusion (Z1) in Mg-rich 

olivine (Z2) rimmed by iddingsite (Z3). 
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Figure 138 – Sample BS6basanitoid. SEM image and respective EDS spectra of glass-like material (Z1) included in olivine 

(Z2). 
 
 

 
 

Table 47 – Sample BS6basanitoid. EPMA-WDS results concerning the composition of glass-like material and spinel group 

minerals. 

Element (%) Glass-like material 
Spinel group minerals 

1 2 

Al2O3 3.07 54.47 38.48 

Cl 0.04 - - 

FeO 20.56 24.75 32.75 

Na2O 0.06 0.05 0.06 

K2O 0.54 0.03 0.008 

SiO2 61.01 1.51 0.26 

TiO2 0.04 1.03 1.24 

ZnO - 0.15 0.21 

MgO 4.61 14.38 10.02 

CaO 1.87 0.12 0.04 

CuO 0.16 0.05 - 

MnO 0.02 0.21 0.32 

P2O5 0.06 - - 

Cr2O3 - - 12.97 

Total 92.04 96.75 96.36 

Z1 

 

Z2 

 

Z1 Z2 
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Figure 139 – Sample BS6basanitoid. SEM image of the analysed glass-like inclusion (inside red circle) in olivine. 

 

 
Figure 140 – X-ray diffractogram of sample BS6basanitoid. Lb – labradorite; Au - augite; Ol – olivine; N – nepheline; Ti – 

titanomagnetite; D – dolomite. 

 

 

 

 



FCUP 

Chapter 6 – Characterization of volcanic aggregates 

268 

 

6.4.1.2 Aggregate BS7 

A dark-grey basanitoid, where yellow olivine phenocrysts (up to 2 mm) are scattered in 

an aphanitic groundmass, composes aggregate BS7 (Fig. 141). This porphyritic rock 

can show a compact or a vesicular texture. Vesicles, when present, display irregular 

and ellipsoidal shapes, reaching 15 mm (major axis) in hand sample. 

 

 

Figure 141 – Massive (left side) and vesicular (right side) hand-samples of the basanitoid composing aggregate BS7. 

 

The microscopic observation of aggregate BS7 thin-sections revealed a holocrystalline 

rock with intergranular doleritic texture where olivine micro- and phenocrysts are 

disseminated in a plagioclase, pyroxene, olivine and opaque minerals groundmass. 

Under the polarizing microscope, the main differences between the compact and 

vesicular textured hand-samples reside, besides the presence or not of vesicles, in the 

size of the groundmass crystals and in the alignment of plagioclases. 

Euhedral to subhedral plagioclase laths with polysynthetic twinning are the main 

constituents of the groundmass. The determination of a maximum extinction angle of 

24.0º is indicative of andesine. A weak subparallel alignment (trachytic texture) can be 

observed in the hand-sample with vesicular texture in opposition to the hand-sample 

with compact texture. 
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Colourless olivine crystals occur as phenocrysts (up to 3.2 mm in compact textured 

hand sample; up to 2.8 mm in vesicular textured hand-sample), as well as 

microphenocryts scattered in the groundmass. Their shapes vary from euhedral to 

anhedral, being the subhedral shape the most common. Monomineralic clots of olivine 

are frequent conferring a glomeroporphyritic texture. Undulatory extinction can be 

generally observed in olivine as well as skeletal and zoned olivine. Iddingsite 

commonly rims olivine’s irregular microcracks as well as its outlines. 

Pyroxene occurs as titanian augite (57.0º) in light-brownish euhedral to subhedral 

crystals in the groundmass. It is sometimes possible to observe hourglass zoning in 

pyroxene crystals. Inclusions of pyroxene are observed in plagioclase. 

Square shaped opaque minerals are abundant in the groundmass, but are also 

observed as inclusions in olivine crystals. 

Microphotographs of the main petrographic aspects of aggregate BS7 are presented in 

Fig. 142.  

SEM-EDS analyses identified olivine crystals as generally rich in magnesium (Figs. 143 

and 144). Analcime is scattered in the groundmass. Its spectrum along andesine’s 

crystal are displayed in Fig. 145. Opaque minerals are represented by titanomagnetite 

(Fig. 146). 

The presence of the following minerals was confirmed by XRD (Fig. 147): andesine, 

augite with titanian content, olivine, nepheline, titanomagnetite, goethite and hematite. 

The phosphoric acid method was applied to aggregate BS7, but the results do not 

seem satisfactory. Two assays were carried out in the same day with completely 

different results. As displayed in Tab. 48, the weight of insoluble residue is completely 

different in the two assays, which lead to distinct percentages of pure SiO2. The high 

SiO2 percentage obtained on assay 1 is extremely high and not reasonable. This is 

confirmed by XRD analysis of both assay’s insoluble residues (Figs. 148 and 149). In 

both diffractograms it is possible to see that besides silica forms (quartz and cristobalite 

in assay 2) there are still other silicates which were not completely dissolved by the 

acids and that should not be part of the insoluble residue. The acid might have reacted 

with the original minerals of the rock and the residue contains unexpected minerals 

such as albite and rutile which probably resulted from the debonding of the atoms from 

the initial minerals, andesine and titanomagnetite, respectively. Also, the presence of 

labradorite along andesine was not expected and mostly the presence of quartz and 
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cristobalite due to the undersaturation of BS7 in silica and the inexistence of normative 

quartz. All these doubts led to the abandon of this method for the other aggregates. 

 

 
Table 48 – Insoluble residues and corresponding SiO2 percentages of the two essays of the phosphoric acid method on 

aggregate BS7. 

 Insoluble residue (g) SiO2 (%) 

Assay 1 0.138 44.76 

Assay 2 0.00025 0.08 

 

 

Since the results of the acid phosphoric method are extremely dubious, these will not 

be taken into consideration in the characterization of the potential reactivity to alkalis of 

aggregate BS8. As so, this undersaturated aggregate is classified as Class I by both 

RILEM AAR-1.1 (2013) and LNEC E 461 (2007) due to the absence of potentially 

reactive forms of silica. 
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Figure 142 – Microphotographs of aggregate BS7. Photos B, C, D and E in XPL. Photos A, F, G and H in PPL. A) 

Irregular shaped vesicles are randomly distributed in  the basanitoid; B) Skeletal olivine microphenocryst with 

embayments filled with groundmass; C) Skeletal olivine with evident zoning; D) The variation of the interference colours 

denotes the existence of zoning in this olivine microphenocryst; E) Embayed olivine microphenocryst in the vesicular 

textured sample. Note that plagioclase laths are following the microphenocryst and vesicles’ outline; F) Elongated 

section of augite in the groundmass; G) Olivine microphenocryts show abundant irregular fractures and alteration to 

iddingsite; H) Opaque minerals inclusions in olivine microphenocryst altered to iddingsite. 
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Figure 143 – Aggregate BS7. SEM image and respective EDS spectra of Mg-rich olivine. From the core (Z1) to olivine’s 

periphery (Z2), there is an enrichment in Fe. 
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Figure 144 – Aggregate BS7. SEM image and respective EDS spectra of olivine (Z1 and Z2), plagioclase (Z3), titanian 

augite (Z4) and titanomagnetite (Z5). 
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Figure 145 – Aggregate BS7. SEM image and respective EDS spectra of plagioclase crystals in the groundmass: 

andesine (Z3 and Z4) and of a rich sodium aluminosilicate (analcime) (Z5). 
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Figure 146 – Aggregate BS7. SEM images and respective EDS spectra of titanomagnetite composed of exsolved 

lamellae of ilmenite and magnetite (Z7 and Z6). 
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Figure 147 – X-ray diffractogram of aggregate BS7. Ad – andesine; Au - augite; Ol – olivine; N – nepheline; Ti – 

titanomagnetite; G – goethite; Hm – hematite. 

 

 

Figure 148 – X-ray diffractogram of the insoluble residue (assay 1) of aggregate BS7. Dp – diopside; A – albite. 
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Figure 149 – X-ray diffractogram of the insoluble residue (assay 2) of aggregate BS7. Q – quartz; Cr – cristobalite; Lb – 

labradorite; Ad – andesine; R – rutile. 
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6.4.1.3 Aggregate BS8 

Aggregate BS8 is dark-grey basalt characterized by an aphanophyric texture. 

Macroscopically, three types of texture are distinguished: conchoidal fracture, onion 

skin weathering and massive texture (Fig. 150). 

 

 

Figure 150 – Different macroscopic aspects of aggregate BS8 (from left to right: massive texture; onion skin 

weathering; and conchoidal fracture). 

 

Under the polarizing microscope, this basalt is holocrystalline with intergranular 

doleritic texture, characterized by sparse olivine and clinopyroxene microphenocrysts 

inserted in a fine-grained groundmass of plagioclase, clinopyroxene, olivine and 

opaque minerals. Some small differences between the three distinct types can be 

identified: microphenocrysts are more developed in the conchoidal and in the onion 

weathering types, whereas the groundmass tends to be coarser from the onion skin 

weathering to the compact texture and to the conchoidal fracture. Also, the 

arrangement of the plagioclases is distinct between samples as will be described.  

Euhedral to subhedral andesine (23.0º) microlites are the main constituents of the 

groundmass. In the conchoidal fracture and in the compact samples it is possible to 

observe a subparallel arrangement of the plagioclase laths that renders the 

groundmass a trachytic texture. A poorly-crystalized core is commonly identified, 

indicating that plagioclase has undergone alteration processes. The identification of the 

alteration product is confirmed by other supplementary methods (see below). 
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Light-brown coloured clinopyroxenes occur abundantly in the groundmass, but also 

appear as euhedral to subhedral microphenocrysts (up to 550 µm), although more 

rarely than olivine. Clustered mono- or polymineralic microphenocryts are common 

(glomeroporphyritic texture). Pyroxene crystals often show sector-zoning along with 

microcracks in the cleavage planes. A maximum extinction angle of 51.0º, along the 

other aforementioned properties, is indicative of titanian augite. 

Olivine microphenocrysts (up to 1.5 mm), euhedral to subhedral, are sparsely 

distributed in the groundmass as isolated particles or in mono- to polymineralic clots 

showing a glomeroporphyritic texture. Olivine is also present in the groundmass. This 

nesosilicate is always partially or totally altered to iddingsite and rich in irregular 

microcracks. Skeletal forms of olivine are quite abundant in the groundmass, having a 

central hole filled with groundmass crystals. Pyroxene and opaque minerals are 

frequently partially or totally enclosed in olivine. 

Euhedral opaque minerals are one of the constituents of the groundmass, commonly 

forming monomineralic clusters, but are also frequently enclosed in the microphenocrysts.  

The main petrographic aspects of aggregate BS8 are illustrated in Fig. 151. 

SEM-EDS analysis revealed the presence of aluminium silicate clay replacing 

plagioclase crystals (Figs. 152 and 153). Fluorapatite, titanian augite and 

titanomagnetite as the opaque constituent were also confirmed in aggregate BS8 (Figs. 

152 and 153). Olivine’s crystals are richer in magnesium rather than in iron (Fig. 154). 

The use of EPMA-WDS methodology revealed hydrous aluminium silicate (halloysite – 

a kaolinite polimorph) replacing plagioclase (Tab. 49). A SEM image of the 

aforementioned material is presented in Fig. 155. 

Through XRD analysis (Fig. 156) it was possible to confirm the presence of andesine, 

augite with titanian content, olivine, hornblende and titanomagnetite. The analysis of 

the spectra also revealed the presence of kaolinite (halloysite) and muscovite. The 

background line of the diffractogram indicates the existence in this aggregate of poorly 

crystallized material in agreement to what has been already stated. This material 

possibly corresponds to allophane resultant from the alteration of halloysite. 

From the description in polarizing microscopy aided by complementary techniques, and 

according to RILEM AAR-1.1 (2013) and the Portuguese specification LNEC E 461 

(2007), this undersaturated basalt is classified as Class I due to the inexistence of 

minerals that could cause ASR. 
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Figure 151 – Microphotographs of aggregate BS8. Photos A, C, D, E, F and G in XPL. Photos B and H in PPL. A) 

General aspect of the groundmass in the sample with compact texture. A slight parallel orientation of the plagioclase 

laths can be observed conferring a trachytic texture; B) Augite microphenocryst. Fractures and cleavage planes can be 

clearly identified; C) Clot of augite and olivine microphenocryts (glomeroporphyritic texture); D) Pyroxene cluster. Zoning 

is evident; E) Iddingsite mantle in olivine microphenocrysts. The partially enclosed crystals are pyroxenes; F) Zoned 

olivine. A homogeneous core is surrounded by a continuously zoned mantle, as indicated by the variation in interference 

colours; G) Skeletal olivine with a central gap filled with groundmass; H) Cluster of euhedral opaque minerals. 
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Figure 152 – Aggregate BS8. SEM image and respective EDS spectra of fluorapatite (Z1), aluminium silicate clay (Z2) 

replacing plagioclase crystals (Z3), titanian augite (Z4) and titanomagnetite (Z5). 
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Figure 153 – Aggregate BS8. SEM images and respective EDS spectra of titanian augites (Z6 and Z7), aluminium 

silicate clay replacing plagioclase (Z8) and plagioclase (Z9). 
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Figure 154 – Aggregate BS8. SEM image and respective EDS spectra of olivine (Z10 and Z11) and aluminium silicate 

clay (Z12) replacing plagioclase. 
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Table 49 – Aggregate BS8. EPMA-WDS results concerning the composition of the hydrous aluminium silicate clay 

replacing plagioclase crystals. 

Element (%) Material replacing plagioclase 

Al2O3 36.88 

Cl 0.005 

FeO 1.31 

Na2O 0.14 

K2O 0.12 

SiO2 45.54 

TiO2 0.17 

ZnO - 

MgO 0.07 

CaO 0.37 

Total 84.61 

 

 

 

Figure 155 – Aggregate BS8. SEM image of the analysed poorly-crystallized material replacing plagioclase crystals. As 

observed, this material also fills microcracks in the groundmass.  
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Figure 156 – X-ray diffractogram of aggregate BS8. Ad – andesine; Au – augite; Ol – olivine; Hb – hornblende; Mo – 

muscovite; K – kaolinite; Ti – titanomagnetite. 
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6.4.1.4 Aggregate BS9 

Aggregate BS9 is a dark-grey aphanophyric basanitoid with compact texture (Fig. 157). 

 

 

Figure 157 – Hand sample of aggregate BS9. 

 

In thin-section, this is a holocrystalline rock with intergranular texture composed of 

microphenocrysts of olivine and, rarely, of clinopyroxene scattered in a groundmass, 

essentially of plagioclase, but also of opaque minerals, clinopyroxene and olivine in 

lesser amounts. 

Plagioclase, andesine (25.5º), is the most abundant mineral occurring in euhedral to 

subhedral microlites with polysynthetic twinning leaning against each other. Their 

interstitial spaces are occupied by grains of pyroxene, olivine and opaque minerals. 

Occasionally, it is possible to observe a certain subparallel arrangement of the lath-

shaped plagioclases in the groundmass.  

Pyroxene occurs as a pale-pinkish titanian augite. It presents euhedral to subhedral 

shapes and occurs frequently in monomineralic clusters (glomerocrysts) in the 

groundmass. Very rarely, it is possible to observe pyroxene microphenocrysts (up to 

1.2 mm) altered to clay minerals. Seldom, zoned pyroxenes are found. The maximum 

extinction angle value determined for this mineral was 52.0º. 
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Olivine occurs as microphenocrysts (up to 1.6 mm) but also in small-sized crystals as 

part of the groundmass. Its crystals range from euhedral to anhedral and are commonly 

altered to clay minerals, mainly in the boundaries and along the irregular microcracks. 

Sometimes olivine occurs in monomineralic clusters conferring a glomeroporphyritic 

texture. 

Square-shaped opaque minerals are extremely abundant in the groundmass and are 

frequently included in olivine and pyroxene. Their occurrence in monomineralic clusters 

is also common. 

The microphotographs of the petrographic aspects of aggregate BS9 are displayed in 

Fig. 158. 

SEM-EDS analysis confirmed the presence of titanian augite, plagioclase, rich-sodium 

aluminosilicate (possibly albite) and titanomagnetite (Fig. 159). Clay of the smectite-

chlorite group was identified filling olivine’s microcracks (Fig. 160).  Alteration products 

of smectite-chlorite group minerals were recognized in a pyroxene microphenocryst 

(Fig. 161). Alkali feldspar, anorthoclase, was detected in the groundmass (Figs. 161 

and 162). Apatite, as predicted from the calculation of CIPW norm, is also present in 

the groundmass (Fig. 162). 

The quantitative composition of the alteration material of pyroxenes and olivines 

achieved by EPMA-WDS analysis is compatible with clay of the smectite-chlorite group 

(Tab. 50). SEM images of the analysed areas are presented in Fig. 163. 

The diffractogram of aggregate BS9 (Fig. 164) revealed the presence of labradorite, 

augite with titanian content, olivine, nepheline, anorthoclase and titanomagnetite. 

Besides smectite, muscovite and kaolinite were also identified. 

The petrographic examination of aggregate BS9 (undersaturated basanitoid) did not 

show the presence of any reactive silica forms. This aggregate is classified as Class I 

by both RILEM AAR-1.1 (2013) and the Portuguese specification LNEC E 461 (2007). 
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Figure 158 – Microphotographs of aggregate BS9. Photos A, E and F in XPL. Photos B, C, D, G and H in PPL. A) 

Intergranular doleritic texture: olivine microphenocryts scattered in a groundmass of plagioclase, pyroxene and olivine; 

B) Pinkish-brown cluster of titaniferous augite; C) Titaniferous augite microphenocryst altered to serpentine; D) 

Bipyramidal section of an olivine microphenocryst altered to serpentine; E) Olivine microphenocryst with abundant 

microcracks filled with serpentine; F) Glomeroporphyritic texture conferred by the clustering of olivine microphenocrysts ; 

G) Square-shaped opaque minerals forming  a small cluster; H) Serpentine along microcracks of a olivine 

microphenocryst. It is possible to identify inclusions of opaque minerals. 
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Figure 159 – Aggregate BS9. SEM image and respective EDS spectra of titanian augite (Z1), plagioclase (Z2), rich-

sodium aluminosilicate (possibly albite) (Z3) and titanomagnetite (Z4), 
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Figure 160 – Aggregate BS9. SEM images and respective EDS spectra of flaky smectite-chlorite group clay (Z5) filling 

microcracks in Mg-rich olivine (Z6). 
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Figure 161 – Aggregate BS9. SEM image and respective EDS spectra of titanian augite (Z7), smectite-chlorite group 

clay (Z8 and Z9), anorthoclase (Z10) and albite (Z11). 
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Figure 162 – Aggregate BS9. SEM image and respective EDS spectra of anorthoclase (Z1) rimmed by smectite (Z2). 

Apatite’s image and spectrum are presented at the bottom (Z1). 
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Table 50 – Aggregate BS9. EPMA-WDS results concerning the composition of alteration materials in pyroxene and in 
olivine.  

Element (%) 
Alteration material in pyroxene 

Alteration material in olivine 
1 2 

Al2O3 9.11 14.7 7.41 

Cl - 0.01 0.005 

FeO 19.16 17.03 21.03 

Na2O 0.12 0.04 0.06 

K2O 0.18 0.21 0.10 

SiO2 37.79 36.97 39.77 

TiO2 0.13 0.11 0.05 

ZnO 0.03 - - 

MgO 14.77 15.76 16.81 

CaO 0.55 0.45 0.38 

CuO - - - 

MnO 0.18 0.37 0.07 

P2O5 0.05 - 0.05 

Total 82.07 85.65 85.74 

 

 

 

  

Figure 163 – Aggregate BS9. SEM images of the analyzed areas in EPMA (WDS) in pyroxene (1 and 2) (A) and olivine 

(3) (B). 
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Figure 164 – X-ray diffractograms of aggregate BS9 v.s. BS9 + ethylene glycol. Smec – smectite; Lb – labradorite; Au – 

augite; Ol – olivine; N – nepheline; At – anorthoclase; Mo – muscovite; K – kaolinite; Ti – titanomagnetite. 
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6.4.2 Chemical method (ASTM C 289) 

The obtained results for all the studied volcanic aggregates in ASTM C 289 chemical 

method are plotted in Fig. 165.  

 

4.3.1 Accelerated mortar bar method 

4.3.1.1 ASTM C 1260 

4.3.2 Concrete prism test at 38ºC 

4.3.3 Concrete prism test at 60ºC 

4.4 Potential reactivity of the granitic aggregates to alkalis 

4.5 Post-mortem concrete petrography 

5. Overall discussion 

6. Conclusions 

 

 

Figure 165 – Distribution of the investigated volcanic aggregates in ASTM C 289 plot. 

 

An innocuous behaviour was found for aggregates BS7, BS8 and BS9, whilst 

aggregate BS6 plots in the deleterious field, but not far from the boundary line between 

innocuous and deleterious aggregates. Aggregate BS7 presents the highest value of 

Rc (278 mm/L) and aggregate BS6 shows the lowest value (43 mm/L). As for Sc, close 

values, ranging from 59.7 mm/L to 71 mm/L, were determined, with the highest value 

belonging to BS6 and the lowest to BS9. It is also evident that aggregates BS8 and 

BS9 display similar values for both determined parameters. 
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6.4.3 Expansion tests 

6.4.3.1 Screening tests 

Accelerated mortar-bar test at 80ºC (ASTM C 1260) 

The results of the accelerated mortar-bar test at 80ºC are displayed in Fig. 166. 

 

 

 

 

 

 

 

 

 

 

 

Figure 166 – Expansion results of the accelerated mortar-bar method test at 80ºC (ASTM C 1260) concerning the 

investigated volcanic aggregates. 

 

After fourteen days submitted to the accelerated mortar-bar method, all volcanic 

aggregates display expansion values far from 0.10 % limiting values, fact that classifies 

all of them as non-reactive. Aggregates BS7, BS8 and BS9 display an expansion of 

0.01 % while aggregate BS6 displays 0.02 %. The conclusions reached in this first 

period of testing would suffice for considering the aggregates as non-reactive. 

Therefore, the extension of the testing period to twenty-eight days, as suggested by 

Santos Silva and Braga Reis (2000), was not necessary, but proved that the 

aggregates’ behaviour was in accordance to the first testing period. 
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6.4.3.2 Performance tests 

Accelerated concrete prism test at 60ºC (RILEM AAR-4.1) 

The results of the accelerated concrete prism test at 60ºC are presented in Fig. 167. 

 

 

Figure 167 – Expansion results of the accelerated concrete prism test at 60ºC (RILEM AAR-4.1) concerning the 

investigated volcanic aggregates. 

 

All aggregates are considered as non-reactive according to the Portuguese 

specification LNEC E 461 (2007), which indicates that an expansion of 0.020 % at 

twelve weeks is enough to consider aggregates as potentially reactive. At this period of 

testing, aggregate BS9 presents the highest expansion value (0.017 %), while for 

aggregates BS6, BS7 and BS8 expansions below 0.005 % were determined. 

The accelerated concrete prism test at 60ºC, according to RILEM AAR-0 (2013) guide 

outline, revealed all volcanic aggregates as non-reactive. At fifteen weeks, aggregates 

BS6, BS7 and BS8 present similar expansion values (below 0.010 %), but aggregate 

BS7 displays a slightly higher value. Aggregate BS9 shows an expansion close to 

0.020 %. 
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At twenty weeks of testing, and according to the criterion used by Lindgård et al. 

(2010), aggregates BS6, BS7 and BS8 present expansions of 0.004 %, 0.009 % and 

0.006 %, respectively, whilst for aggregate BS9 an expansion of 0.021 % is 

determined. Once again, all volcanic aggregates are considered as non-reactive. 

Since aggregate BS9 shows the highest final expansion, it was decided to extend the 

test till thirty-two weeks (Fig. 168). Between weeks 24 and 28 a slight increase of 

expansion was registered. However, after this period stabilization below the limiting 

value 0.030 % (0.028 %) is apparent. 

 

Figure 168 – Expansion results of the extended accelerated concrete prism test at 60ºC (RILEM AAR-4.1) concerning 

aggregate BS9. 

 

Concrete prism test at 38ºC (RILEM AAR-3) 

The performances of all the investigated volcanic aggregates in RILEM AAR-3 are 

presented in Fig. 169. 

The behaviour of all the investigated volcanic aggregates in the aforementioned test 

classifies them as non-reactive. Both aggregates BS7 and BS9 display the highest final 

expansion value (0.025 %), whereas expansions of 0.020 % and of 0.018 % are 

determined for aggregates BS6 and BS8, respectively. Although initially displaying the 
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168. For all the other aggregates, the stabilization of expansion is also observed, but 

only after day 252. 

Figure 169 – Expansion results of the concrete prism test at 38ºC (RILEM AAR-3) concerning the investigated volcanic 

aggregates. 

 

6.4.3 Post-mortem concrete petrography 

In Tab. 51 the concrete prisms produced with volcanic rocks and of which thin-sections 

were produced for concrete petrography study are listed. All of them correspond to 

condition of the AAR-4.1 test. 

 

Table 51 – List of concrete prims with volcanic aggregates of which thin-sections were prepared and studied. 

Aggregate AAR-4.1 

BS6   

BS8   

BS9   

 

The manifestations of ASR are rare and discrete. Very slim cracks with gel were 

identified in the interfaces between the cement paste and the aggregate particles. The 

gel is dense.  
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6.4.3.1 Aggregate BS6 

Just one crack with gel-like material was identified in the thin-section. The aggregate 

particle where it was observed belongs to BS6basalt. It is a very thin layer of colourless 

to brownish material resembling alkali-silica gel under PPL. Under SEM, this material 

forms a discontinuous rim around the aggregate particle. Although Si and Ca are the 

main components of alkali-silica gel, Al and Mg are also present and in a higher 

content than that of Na and K (Z1, Z2) (Fig. 170). This composition is uncommon for 

the alkali-silica gel. Therefore, although the structure in rim is similar to gel, according 

to the EDS analysis it must correspond to clay of the smectite group. 

The rim in a void inside the particle was also analysed (Z3). The composition found is 

similar in what concerns the presence of Mg and Al but the content of Ca is much lower 

than that found in the interface. The composition of this rim may correspond to a clay 

mineral (smectite) according to the characteristics observed under optical microscope, 

PPL. 

 

 

  

Figure 170 – Aggregate BS6. Gel-like material in a crack in the interface of the aggregate particle with the cement paste 

in the thin-section from the concrete prism tested according with RILEM AAR-4.1. A and B) Under optical microscope 

(PPL); C) Image obtained by SEM; D, E and F) EDS spectra, including the composition of the gel lining the void inside 

the aggregate particle (Z3). 
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Figure 170 (cont.) – Aggregate BS6. Gel-like material in a crack in the interface of the aggregate particle with the 

cement paste in the thin-section from the concrete prism tested according with RILEM AAR-4.1. A and B) Under optical 

microscope (PPL); C) Image obtained by SEM; D, E and F) EDS spectra, including the composition of the gel lining the 

void inside the aggregate particle (Z3). 

 

6.4.3.2 Aggregate BS8 

For this aggregate, only one location was selected in the thin-section of the concrete 

prism. This location corresponds to a deeply altered particle of aggregate of the sand 

fraction partially replaced by a secondary material. 

This gel is dense and shows shrinkage cracks. It corresponds to a secondary product 

although the composition is different from that of a typical gel (Fig. 171): the content of 

Al is very high as well as Si but Ca and Na are very low. It can be conclude that this 

material probably does not correspond to alkali-silica gel but to the alteration of the 

aggregate particle, which originated clay minerals rich in Al. 
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Figure 171 – Aggregate BS8. Material formed in a deeply altered particle of the sand fraction in the thin-section from 

the concrete prism tested according to AAR-4.1. A) Under optical microscope (PPL); B) Image obtained by SEM; C) 

EDS spectrum. 

 

6.4.3.3 Aggregate BS9 

The thin-section produced from the concrete prism tested according to the AAR-4 

conditions confirmed that there are particles of the aggregate showing intense 

alteration with formation of minerals of the smectite-chlorite group. 

In what concerns ASR manifestation, just one crack with gel was identified in the 

interface of an aggregate particle with the cement paste. This gel is dense and forms 

blocks divided by shrinkage cracks developed perpendicular to the aggregate surface. Al 

is also a component of this gel, with low content of Ca and Na. Si is dominant (Fig. 172). 
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A similar composition was found in a thin-section from another concrete prism 

(Fig.173). There is a discontinuous crack with just a small portion of gel close to a grain 

of anorthoclase. 

 

 

  

 

Figure 172 – Aggregate BS9. Gel in a crack in the interface between an aggregate particle and the cement paste in the 

thin-section from the concrete prism tested according to AAR-4.1. A) Under optical microscope (PPL); B) Image 

obtained by SEM; C) EDS spectrum. 
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Figure 173 – Aggregate BS9. Small portion of gel in a crack in the interface between an aggregate particle and the 

cement paste in the thin-section from the concrete prism tested according to AAR-4.1. A) Under optical microscope 

(PPL); C) Image obtained by SEM; C) EDS spectra: Z1 corresponds to anorthoclase, Z2 corresponds to gel. 

 

 

 

 

 

 

 

     100µm 

C D 

Z1 Z2 

A B 



FCUP 

Chapter 6 – Characterization of volcanic aggregates 

305 

 

6.5 Discussion 

The results of the assessment on the potential alkali reactivity of the investigated 

volcanic aggregates are summarized in Tab. 52. 

 

Table 52 – Results for the volcanic aggregates concerning the applied methods. 

Method Guidelines BS6 BS7 BS8 BS9 

Petrographic 
examination 

RILEM AAR-1.1 
(2013) 

Class I Class I Class I Class I 

LNEC E 461 (2007) Class I Class I Class I Class I 

Chemical 
method 

ASTM C 289 (2007) Deleterious Innocuous Innocuous Innocuous 

ASTM C 1260 

RILEM AAR-0 (2013) Non-reactive Non-reactive Non-reactive Non-reactive 

Santos Silva and 
Braga Reis (2000) 

Non-reactive Non-reactive Non-reactive Non-reactive 

RILEM AAR-4.1 

LNEC E 461 (2007) Non-reactive Non-reactive Non-reactive Non-reactive 

RILEM AAR-0 (2013) Non-reactive Non-reactive Non-reactive Non-reactive 

Lindgård et al. 
(2010) 

Non-reactive Non-reactive Non-reactive Non-reactive 

RILEM AAR-3 RILEM AAR-0 (2013) Non-reactive Non-reactive Non-reactive Non-reactive 

 

From the descriptions in polarizing microscopy aided by complementary techniques, 

aggregates BS6, BS7, BS8 and BS9 seem to be free from any potential reactive 

features. All these volcanic aggregates are classified as Class I (LNEC E 461, 2007; 

Ramos et al., 2013; RILEM AAR-1.1, 2013). 

Furthermore, the potential reactivity of these aggregates was not expected since the 

chemical analyses revealed all rocks as undersaturated in SiO2, which are indicative of 

the absence of reactive silica minerals such as cristobalite and tridymite. 

It must be highlighted that the use of complementary techniques to polarizing 

microscopy, namely, geochemical analyses, CIPW norm calculation, SEM-EDS, 

EPMA-WDS and XRD, was essential to disclose the mineralogical assemblage present 

in each aggregate. Unfortunately, the use of the phosphoric acid method in order to 

detect reactive silica minerals was compromised. The procedure of this method needs 

to be better clarified, since other laboratories outside Japan are also not delivering 

satisfactory results (e.g. laboratories in Canada). 
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The results of the chemical method were congruent with the petrographic examination 

for all aggregates, except for aggregate BS6. Comparing aggregate BS6 with the other 

aggregates, the determined Sc values are all very close ranging from 59.7 mm/L to 71 

mm/L. It is the very low Rc value (43 mm/L) that distinguishes aggregate BS6 from the 

others. According to Wakizaka (2000) and Katayama (2010), smectite increases the Rc 

value. Some lithologies in aggregate BS6 are rich in smectite. However in sample 

BS6basanitoid, although this mineral exists in the groundmass and in inclusions in olivine, 

smectite was not detected by XRD, which indicates this mineral’s scarcity. An 

explanation to the deleterious behaviour found by the chemical method can reside on 

the fact that the grinded aggregate BS6 sample submitted to this test was richer in 

BS6basanitoid in comparison with the other two lithologies, and thus poorer in smectite 

(low Rc value), misleading the results. Also, the experience on the chemical test 

performance of volcanic aggregates concerns only one lithology and the wide variety of 

aggregate BS6 (three distinct lithologies) may produce unexpected results. 

None of the expansion tests confirmed aggregate BS6 as potentially reactive. The 

screening test ASTM C 1260 classified all aggregates as non-reactive. The non-

deleterious behaviours of all aggregates were also confirmed by the performance tests 

RILEM AAR-4.1 and RILEM AAR-3.  

In all expansion tests, aggregates present similar final expansions. Exception is made 

for the performance of aggregate BS9 in RILEM AAR-4.1, where a higher final 

expansion is observed. The presence of ASR gel in aggregate BS9 was identified by 

post-mortem petrography of RILEM AAR-4.1 prisms in opposition to the other 

investigated aggregates. There is a slight possibility of aggregate BS9 containing 

secondary opal, chalcedony and/or quartz (crypto- to microcrystalline), as reported by 

Katayama and Kaneshige (1986) for volcanic rocks which minerals are altered to 

smectite-chlorite clay group. The presence of quartz, which probably could have 

skipped to other techniques, can only be certified by the performance of the phosphoric 

acid method. If present, the silica phases would exist in quantities low enough not to 

induce ASR as confirmed by the performance of aggregate BS9 in the one year-long 

test RILEM AAR-3. Furthermore, the observation of RILEM AAR-4.1 thin-sections in 

post-mortem petrography revealed the presence of a much more altered mineralogy in 

comparison to the one observed by petrographic examination, where, besides the 

microphenocrysts, the groundmass is almost completely altered to clay minerals and 

possibly to other secondary minerals, such as opal, chalcedony and quartz (Fig. 174). 

The collection and a detailed inspection of the more altered samples, comparing with 

the less altered ones, are needed. 
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Figure 174 – Aggregate BS9. The groundmass and microphenocrysts are almost completely altered to clay minerals 

(brown). (Microphotograph in PPL).  

 

Another explanation for this behaviour can be related to the abundance of clay 

minerals, present as a mix-layer clay of the smectite-chlorite group, which in the 

presence of water can lead to expansion (different mechanism from ASR). 

The minerals that may supply extra alkalis in the investigated aggregates, according to 

LNEC E 415 (1993) and LNEC E 461 (2007) are displayed in Tab. 53. Aggregate BS9 

is clearly the one that contains more minerals that can supply extra alkalis to the 

concrete’s pore solution. It would be important to investigate how the presence of these 

minerals can contribute to ASR. 

 

Table 53 – Minerals that can contribute with alkalis in the investigated volcanic aggregates (according to LNEC E 415, 
1993 and LNEC E 461, 2007). 

Aggregate Minerals that can contribute with alkalis  

BS6 

BS6hawaiite sanidine 

BS6basalt _ 

BS6basanitoid nepheline 

BS7 nepheline  

BS8 muscovite 

BS9 anorthoclase; nepheline; albite; muscovite 

 

       200µm 
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The final assessment of the investigated aggregates according to LNEC E 461 (2007) 

is as follows in Tab. 54. 

 

Table 54 – Final assessment of the studied granitic aggregates according to LNEC E 461 (2007). 

Aggregate LNEC E 415 ASTM C 1260 RILEM AAR-4.1 RILEM AAR-3 Conclusion 

BS6 Class I < 0.10 % < 0.02 % < 0.05 % Non-reactive 

BS7 Class I < 0.10 % < 0.02 % < 0.05 % Non-reactive 

BS8 Class I < 0.10 % < 0.02 % < 0.05 % Non-reactive 

BS9 Class I < 0.10 % < 0.02 % < 0.05 % Non-reactive 

 

 

The classification of all volcanic aggregates as Class I by petrographic examination 

would suffice in order to characterize them as non-reactive. The results of the 

expansion tests are all supportive of what has been concluded by petrography. 
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7.1 Overview 

Alkali-carbonate reaction (ACR) is the reaction between alkali hydroxides (from 

Portland cement or other sources) and certain argillaceous dolomitic limestone 

aggregates accompanying dedolomitization (RILEM AAR-6.1, 2013). Although several 

explanations have been given to try to clarify the true triggering mechanism/s of 

expansion of carbonate aggregates, this/these has/have not yet gathered full 

consensus. The only point in which the different theories are in accordance is that 

dedolomitization plays a role.  

In 1957, the existence of alkali-aggregate reaction in a carbonate rock (argillaceous 

dolomitic limestone) was for the first time recognized at Kingston, Ontario in Canada 

(Swenson, 1957). The term ACR was then used to name the reaction between alkalis 

and certain argillaceous dolomitic limestones, since it was considered to be 

independent from ASR. The supposed differences are summarized in Jensen (2009, 

2012b) (Tab. 55). Since its first report, the reactivity of dolomitic rocks has been 

observed in other parts of the world, including USA, China, Iraq, Bahrain, England, 

Spain, Brazil and Argentina (e.g. Bisque and Lemish, 1958; Hadley, 1964; Sherwood 

and Newlon, 1964; Deng et al., 1993; Ozol, 1994; Milanesi et al., 1996; Tong et al., 

1997; Silveira et al., 2008). However, on a worldwide basis, ACR is rare and potentially 

reactive ACR aggregates occur often in some limited beds in quarries (Jensen, 2012b). 

Swenson and Gillot (1960) were the first ones to suggest the expansion of certain 

carbonate rocks as a result of a dedolomitization reaction. Later on, Hadley (1961, 

1964) confirmed dedolomitization as a fundamental chemical process in ACR. This 

author proposed that ACR in concrete proceeded in two stages. In the first one, the 

dolomite reacts with alkali solutions forming more stable phases, namely calcite, 

brucite and an alkali carbonate in solution. In a second stage, the alkali carbonate 

would react with the cement hydration products, contributing to the regeneration of the 

alkali of the pore solution. The general equation of dedolomitization can be written as 

follows (Eq. 12): 

 

CaMg(CO3)2        +     2M(OH)    →    Mg(OH)2       +     CaCO3      +      M2CO3                               

     (dolomite)                      (alkali)            (brucite)                (calcite)    (alkali carbonate) 
where M is an alkali metal 

 
(Equation 12) 
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Table 55 – Differences between ACR and ASR (adapted from Jensen, 2009, 2012b). 

ACR v.s. ASR 

ACR is very fast and deleterious. Normally ASR is “slower” depending on the type of reactive 
aggregate. 

In reacted ACR concrete very little alkali gel can be observed (generally only visible by the use 
of SEM) and therefore difficult to accept to be the major expansive force of expansion and 
deterioration in concrete. Moreover, due to the reaction with brucite (Mg(OH)2), gels are 
generally enriched with magnesium (Mg-Al-Ca-silica gel) which are possibly less expansive 
than typical Na-K silica gel. 

ACR is caused by reaction of coarser particles in concrete (same for slow reactive ASR). This 
justifies the ineffectiveness of accelerated mortar-bar methods (e.g. ASTM C 1260) where 
particles are crushed down to sand fractions. Fast reactive ASR reacts both in the fine and 
coarse particle sizes but is generally more expansive in the finer grain sizes and has often a 
“pessimum” relation on particle size and content. 

ACR expansion curve of concrete prism test is generally very steep and obtains maximum 
expansion faster than ASR aggregates. 

ACR can occur deleteriously in concrete with use of low alkali content cement. Normally low 
alkali cement prevents ASR. 

ACR can occur deleteriously in concrete with use of fly ash cement. Normally fly ash cement 
prevents ASR. 

ACR can occur deleteriously in concrete with the use of high content slag cement. Normally 
slag cement prevents ASR (high slag replacement has shown to be efficient in laboratory 
samples). 

Lithium prevents ASR (in fast reactive aggregates) but has no effect on ACR. 

 

Several authors have, throughout the years, contributed with their work to support and 

refine Hadley’s hypothesis (e.g. Mather et al., 1964; Poole, 1981; Carles-Gilberges et 

al., 1989; Tang et al., 1986; Deng and Tang, 1993; Tong, 1994; Tong and Tang, 1995, 

1999; Milanesi et al., 1996; Radonjic et al., 2000; López-Buendia et al., 2008). Taking 

into account that there is a negative volume change associated with dedolomitization 

and that this reaction cannot by itself cause expansion, Gillot (1964), Swenson and 

Gillot (1964, 1967) and Gillot and Swenson (1969) added that besides dolomite, clay 

minerals are necessary to the alkali-expansivity of carbonate rocks. Moisture uptake by 

previously unwetted clay minerals is responsible for the expansion in alkali of certain 

argillaceous dolomitic limestones. The uptake of moisture that accompanies the 

reaction (Swenson, 1957; Swenson and Legget, 1960; Feldman and Sereda, 1961; 

Gillot, 1963, 1964) is made possible by the dedolomitization reaction which simply 

produces access channels for moisture (Fig. 175). Later on, Deng and Tang (1993) 

proposed that the negative volume change caused by dedolomitization may give rise to 

expansion as a result of the many voids enclosed by the reaction products. In 1994, 
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Tong suggested in his PhD thesis a microstructural model where dedolomitization 

makes two interfaces of solid reaction products: interface I, a reaction rim surrounding 

the carbonate aggregate, which is not expansive; and interface II, surrounding 

individual dolomite crystals internal in the carbonate aggregates, where 

dedolomitization takes place, which might be expansive depending on the porosity of 

the aggregate (Fig. 176). These author’s results along Tong and Tang (1999) and Tang 

and Deng’s (2004) research contributed to confirm that even when the solid volume is 

reduced, expansion may occur by ionic diffusion  and pressure by recrystallization in a 

confined space. Nonetheless, Tang and Deng (2004) noted that in carbonate rocks 

containing micro- or cryptocrystalline quartz it is difficult to confirm that the expansion is 

caused by ASR or ACR. It was also implied that for ACR to happen rocks need to meet 

multiple criteria: a calcite/dolomite ratio near 1:1; a considerable amount of acid-

insoluble residue; an adequate content of clay; a fine-grained texture where dolomite 

rhombs about 50 µm size are scattered in a fine calcitic matrix; a low porosity or 

absorption; and an iron oxide rims content (e.g. Hadley, 1964; Gillot, 1963; Swenson 

and Gillot, 1964, 1967; Gillot and Swenson, 1969; Tang et al., 2000; Radonjic et al., 

2000; López-Buendía et al., 2006). However, it was registered that many carbonate 

rocks which presented the suggested compositional and textural characteristics 

needed for expansion to happen did not present a deleterious behaviour. Also, 

carbonate rocks that did not present the aforementioned requisites were found to be 

alkali-reactive (e.g. Mather et al., 1963; Dolar-Mantuani, 1964; Swenson and Gillot, 

1964; Buck, 1969; Deng, 1997; Qian et al., 2002). In 2008, the work of López-Buendia 

et al. suggested that during dolomite’s transformation into calcite and brucite, the 

calcite’s unit cell has a wider structure than dolomite and consequently higher volume 

than the equivalent dolomite and hereby causes the expansion in concrete. 

In spite of all the effort made by the researchers above cited to prove dedolomitization 

as the underlying mechanism of ACR, several questions remained unanswered leaving 

some scientists’ spirits unrested. Among the nonconformist researchers was Katayama 

(1992) who, after reviewing published references on ACR before 1992, deduced that 

deleterious expansion of dolomitic aggregates is likely due to ASR of cryptocrystalline 

quartz concurrent with volume-decreasing dedolomitization, which is always distinctly 

associated, does not produce expansion but develops reaction rim and carbonate halo 

(porous crust composed mainly of calcite that replaces C-S-H gel in the cement paste 

just surrounding the dedolomitized aggregate). The author later confirmed his 

deduction when testing several dolomitic samples, including one from Kingston, 

Canada, and in all of them found ASR along dedolomitization (Katayama, 2003, 2004, 



FCUP 

Chapter 7 – Characterization of carbonate aggregates 

314 

 

2010, 2011; Katayama and Sommer, 2008). It was also suggested that the degree of 

dedolomitization is proportional to the content of dolomite crystals rather than to the 

texture of the aggregate. Katayama pointed out that ASR is very difficult to observe in 

classical petrography which can explain why ASR has not been recognized before. For 

a correct approach to ACR the combined use of SEM observation, element mapping 

and EPMA analysis of polished thin-sections and phosphoric acid treatment is 

recommended, in addition to conventional microscopy (Katayama, 2003, 2004, 2010, 

2011; Katayama and Sommer, 2008) which enable the identification of cryptocrystalline 

quartz. Gillot and Swenson (1969) were among the first to alert to the fact that 

potentially expansive carbonate rocks cannot be identified with certainty by 

petrographic means if the analysis is restricted to light optical microscopy. Furthermore, 

the existence of ASR together with dedolomitization was also able to answer the 

questions that former theories were not able to satisfy. The strong belief in this theory 

led Katayama to write down: “the term alkali-carbonate reaction is misleading and 

should be placed in the museum of concrete history, like the former alkali-silicate 

reaction; both are forms of ASR” (Katayama and Sommer, 2008; Katayama, 2010). 

Recently, these conclusions have been supported by several researchers, including 

some who previously defended Hadley’s hypothesis (e.g., Wu and Fang, 2004; 

Grattan-Bellew and Rogers, 2006; Grattan-Bellew et al., 2008, 2010), although some 

publications still neglect this new approach (e.g. Blight and Alexander, 2011). 

 

 

Figure 175 – Schematic diagram of the mechanism and model of ACR (adapted from Tang and Deng, 2004). 
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Figure 176 – Schema of two interfaces in ACR (Tang and Deng, 2004). 

 

According to Jensen (2012b), at the present time, the following can be concluded about 

the reaction of carbonate aggregates: 

- dedolomitization and derived reaction products can possibly cause expansion in 

concrete; 

- dedolomitization “opens” up the aggregate for ingress of constituents for ASR, 

rewetting of clay minerals and dedolomitization process; 

- ASR in reacted carbonate aggregates has been found in the “traditional” alkali 

carbonate aggregates (e.g. Kingston) but the amount of gel is insignificant and 

doubtfully responsible for the expansion of concrete; 

- ASR in reacted carbonate aggregates is most likely caused by fast reactive ASR; 

- Fast reactive ASR can probably explain why low alkali cement, high content of slag 

cement and fly ash cement cannot be used as preventive measures but not why lithium 

does not work. 

Also, the same researcher adds that until the reaction is better understood, the reaction 

of carbonate aggregates should be considered as a combined reaction of 

dedolomitization and ASR. Rewetting and expansion of clay minerals in certain clay 

bearing carbonates and expansion by dedolomitization and derived products should be 

considered until more knowledge is obtained on these issues. 
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7.2 Materials 

 

In order to test the potential reactivity of Portuguese carbonate aggregates, two 

quarries of carbonate aggregates (a limestone and a dolomite rock) were selected. 

Both aggregates’ quarries are located in the Portuguese Mainland.                                                                                                                                                                                                                                        

Carbonate aggregates were named according to the nomenclature established by 

project IMPROVE as presented in Tab. 56. 

 

Table 56 – Codification, lithology and age of the studied carbonate aggregates according to Azerêdo (2007) and Martins 
(2008). 

Aggregate Lithology Age 

CL3 limestone Lower Bathonian – Callovian? (Middle Jurassic)   

DL2 dolomite rock Upper Bajocian – Lower Bathonian? (Middle Jurassic) 

 

 

Geological setting of the selected carbonate aggregates 

 

The selected carbonate aggregates quarries are located in the Lusitanian Basin. The 

formation of this basin relates to the geodynamic processes involved in the North 

Atlantic Ocean opening. The Lusitanian Basin lies along the western margin of the 

Iberian Massif, covering an area of more than 22.000 km2. Its sedimentary record 

extends along NNW-SSW (around 200 km long and around 100 km wide, including the 

immersed/offshore part of the basin) and presents a maximum thickness in the range 

of 4 km to 5 km. The Mesozoic sediments date from the Middle Triassic to the Lower 

Cretaceous and are mainly composed of carbonate and siliciclastic rocks (e.g. Ribeiro 

et al., 1979; Azerêdo et al., 2003; Martins, 2008; Carvalho et al., 2011; Kullberg et al., 

2013). 

Aggregate CL3 is composed by a shallow-water limestone dating from the Middle 

Jurassic (Dogger) which crops in the carbonate massif “Maciço de Condeixa-Sicó-

Alvaiázere” (MCSA) constituted by calciclastic, oolitic and microcrystalline compact 

limestones (Manuppella and Balacó Moreira, 1975). Martins (2008) considered three 

lithostratigraphic units for the regarded areas: Degracias Formation (Lower – Upper 

Bajocian), Sr.ª da Estrela Formation (Upper Bajocian – Lower Bathonian), Sicó 

Formation (Lower Bathonian – Callovian (?)) and Vale de Couda Formation (Upper 
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Bajocian – Lower Bathonian). A subunit is also considered within the Sicó Formation. 

This proposal is very similar to the previously presented by Soares et al. (2007). The 

quarry of aggregate CL3 in the Sicó Formation is mainly characterized by the presence 

of micritic to pelmicritic limestones and of oncolytic limestones. Intercalations of 

biomicritic limestones and gastropods and/or bivalve lumachelles are also present. In 

the north and central sectors, intercalations of limestones of calciclastic nature are 

observed (Martins, 2008). 

The quarry where aggregate DL2 is exploited in the “Maciço Calcário Estremenho” 

(MCE), registers the biggest extension in Portugal of outcropping limestones dating 

from the Dogger (Carvalho et al., 2011). Martins (1949) divided the MCE in three 

elevated regions: “Serra dos Candeeiros”, “Planalto de Santo António e Planalto de S. 

Mamede” and “Serra de Aire”. Aggregate DL2 crops in the region of “Serra de Aire” 

(about 4.5 km south of Vila Nova de Ourém), namely in the dolomitic Member 

(“Dolomitos do Furadouro”) of the Chão de Pias Formation, and dates from the Upper 

Bajocian and locally to the Lower Batonian? (Azerêdo, 2007). It is mainly composed of 

massive dolomites with intercalary levels of limestone dolomites and dolomitic 

limestones. The dolomites correspond to dolomicrosparites and dolosparites with 

euhedral to subhedral crystalline textures. The intercalations of dolomitic limestone 

correspond to oointrabiosparites and packstone-grainstone micrites with more or less 

pervasive dolomitization. To the top, there are also frequent intercalations of oncolytic 

and fenestral dolomicrites. The upper part of the member is richer in microfossiles 

(foraminifers) which are not recognized in the lower levels. A maximum thickness of 

around 80 m was suggested along bevel geometry to the West for the Lagoa do 

Furadouro Member (Manuppella et al., 1985; Azerêdo, 1993; Manuppella et al., 2000; 

Azerêdo, 2007; Kullberg et al., 2013).  

Figure 177 locates the areas where the quarries of the investigated carbonate 

aggregates are placed. 
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Figure 177 – Location map of the areas where the quarries of the investigated carbonate aggregates are placed (MCSA 

– “Maciço de Condeixa-Sicó-Alvaiázere”; MCE – “Maciço Calcário Estremenho”) (adapted from Martins, 2008). 

 

 

7.3 Methods  

To predict the field performance of the carbonate aggregates and to compare results, 

petrographic characterization, chemical and expansion tests, namely ASTM C 289, 

ASTM C 1260 accelerated mortar-bar test, RILEM AAR-5 carbonate aggregate testing, 

RILEM AAR-3 and RILEM AAR-4.1 concrete prism tests were carried out. In order to 

achieve the purposed goal, crushed aggregates of various grain sizes from each quarry 

were collected, in a total amount of about 100 kg. Hand samples with distinct 

characteristics were field sampled. 
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7.3.1 Petrographic characterization 

Petrographic examination by polarizing microscopy of thin-sections, aided by chemical 

analyses of whole-rock composition, SEM-EDS complemented with element mapping, 

and XRD, was carried out according to RILEM AAR-1.1 (2013) and LNEC E 461 

(2007). 

Geochemical analyses were performed on carbonate aggregates at ACTLABS, in 

Canada, by lithium metaborate/tetraborate fusion – ICP.  

Representative polished thin-sections were produced totally by manual processes from 

the progressive grinding to the final polishing in laboratories of DGAOT and UTAD.  

The polished thin-sections were, then, studied under a polarizing microscope (Nikon 

Eclipse E 400 POL) coupled with a Zeiss Axio Cam photographic camera in DGAOT, 

according to “whole rock petro” (Lindgård and Haugen, 2006). The classification of Folk 

(1959, 1962) was used for aggregate CL3, whilst aggregate DL2 was classified 

according to its dolomite content. 

As a complement to polarizing microscopy, SEM-EDS (High Resolution Schottky 

Environmental Scanning Electron Microscope: Quanta 400 FEG ESEM/EDAX Genesis 

X4M: 15 kV and 10.0 mm working distance) analyses were performed at CEMUP for 

the detection of reactive forms of silica and whenever doubts remained on the 

identification of minerals. The SEM-EDS examination was performed along X-ray 

micro-analysis and electron backscattered diffraction analysis. Samples were coated 

with a carbon thin film by vapour deposition equipment JEOL JEE – 4X Vacuum 

Evaporator. Element mapping was used to check the distribution of calcite (Ca), 

dolomite (Ca, Mg), silica forms (Si) and aluminosilicates (Si, Al, Na, K). 

To perform X-ray analyses, carbonate aggregates were grinded to pass a 75 µm sieve 

and dried at 40ºC. X-ray diffractograms were obtained on LNEC’s Philips PW3710 X-

ray diffractometer, with 35 kV and 45 mA, using Fe-filtered CoKα radiation of 

wavelength λ = 1.7903 Å. Diffractograms were recorded from 3º to 74º 2θ, at an 

angular speed of 0.05º 2θ s−1. The crystalline phases were identified by comparison 

with the ICDD PDF.  

Although the application of the phosphoric acid extraction to the carbonate rocks was 

intended, the performance of the test was abandoned due to the disappointing results 

achieved with the volcanic aggregates.  
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An assessment of potential alkali-carbonate reactivity using the results of the chemical 

analysis of whole-rock composition, which is recommended by RILEM AAR-0 (2013) 

and based on CSA A23.2-26A (1994), was carried out. For this method, the 

calcium/magnesium oxide ratio is calculated and plotted against the aluminium oxide 

content. Two possibilities will result, based upon empirical observations in Canada, 

namely the aggregate is “considered potentially expansive” or “considered non-

expansive”. It must be noted that there is a limited experience with the method outside 

Canada. 

 

7.3.2 Modified chemical method 

Aggregates were prepared and tested at the Inorganic Geochemistry Laboratory of 

DGAOT according to the modified chemical method described in Fournier and Bérubé 

(1990). 

 

7.3.3 Expansion tests 

The aggregates were crushed, sieved and weighed according to the requirements of 

the accelerated mortar-bar test at 80ºC (ASTM C 1260), the carbonate aggregate 

testing (RILEM AAR-5), the accelerated concrete prism test at 60ºC (RILEM 4.1) and 

the concrete prism test at 38ºC (RILEM AAR-3) at DGAOT. All tests were carried out at 

LNEC. 

The characteristics of the mixes used for mortar-bar and concrete prism tests using the 

carbonate aggregates are presented in Tab. 57. 

 

Table 57 – Characteristics of the mixes used for mortar-bar and concrete prism tests. 

Test Cement/aggregate Water/cement 
Cement 

Type Na
2
Oeq 

(%) 

ASTM C 1260 0.44 0.47 CEM I 42.5 R Alhandra 0.89 

RILEM AAR-5 1.0 0.32 CEM I 42.5 R Alhandra 0.89 

RILEM AAR-4.1 0.25 – 0.26 0.45 CEM I 42.5 R Alhandra 0.89 

RILEM AAR-3 0.35 – 0.36 0.45 CEM I 42.5 R Alhandra 0.89 
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7.4 Results 

7.4.1 Petrographic characterization 

The results of geochemical analyses of major and minor elements performed in all 

aggregates are displayed in Tab. 58. Analyses from distinct hand-samples, collected in 

each quarry, were performed in order to check any possible geochemical differences. 

Sequential samples are identified by the insertion of a letter in subscript (e.g. CL3a). 

The results show that CaO is the main component of all the samples. It is higher than 50 

% for all the samples except for DL2a (32.63 %). The content of MgO is significant for the 

same sample DL2a (18.33 %) and much lower for the other sample from the same quarry 

(3.41 %). The content of SiO2 is higher than 1.0 % just in sample CL3c. The results for 

LOI are quite high (> 40 %) for all the samples due to the existence of carbon dioxide. 

Also, all samples are expected to be poor in clay minerals, since these minerals 

content should be approximately three times the content of Al2O3, according to RILEM 

AAR-0 (2013). 

 
Table 58 – Geochemistry of the investigated carbonate aggregates. 

 CL3a CL3b CL3c DL2a DL2b 

SiO2 (%) 0.26 0.53 1.10 0.51 0.03 

Al2O3 (%) 0.14 0.29 0.78 0.35 0.03 

Fe2O3(T) (%) 0.07 0.12 0.27 0.16 0.07 

MnO (%) 0.005 0.005 0.004 0.007 0.005 

MgO (%) 0.26 0.35 0.21 18.33 3.41 

CaO (%) 54.50 54.83 54.36 32.63 52.56 

Na2O (%) 0.01 0.02 0.01 0.07 <0.01 

K2O (%) 0.02 0.06 0.10 0.05 <0.01 

TiO2 (%) 0.012 0.015 0.05 0.021 0.001 

P2O5 (%) <0.01 0.01 0.01 0.02 <0.01 

LOI (%) 43.66 43.76 43.24 46.24 43.66 

Total (%) 98.95 99.99 100.10 98.40 98.95 

Ba (ppm) 3 5 13 6 <2 

Sr (ppm) 84 130 55 130 40 

Y (ppm) 3 3 12 5 4 

Sc (ppm) <1 <1 <1 <1 <1 

Zr (ppm) 3 5 13 6 <2 

Be (ppm) 3 <1 <1 <1 <1 

V (ppm) <5 <5 <5 8 <5 
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7.4.1.1 Aggregate CL3 

The limestone which composes aggregate CL3 has a massive texture and presents 

two distinct colours: light beige (CL3a) and brownish beige (CL3b). A breccia texture 

(CL3c) occasionally is found in the quarry where this aggregate is exploited and is 

composed of angular carbonate elements cemented by a red-brownish mud (Fig. 178). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 178 – Hand-samples of aggregate CL3 revealing different characteristics. From the left to the right: CL3a, CL3b 

and CL3c. 

 

The petrographic observation of aggregate CL3 revealed the existence of distinct 

facies, varying from a fossiliferous carbonate mudstone (CL3a) to a pelmicrite (CL3b), 

according to the classification of Folk (1959, 1962). 

When essentially composed of a micritic matrix (< 5 µm), the CL3a limestone also 

exhibits sparite (larger carbonate crystals which are a pore-filling cement (Adams and 

MacKenzie, 1998)) crystals (up to 2.6 mm), occurring mainly in veinlets. The presence 

of allochems (grains comprising discrete, organized aggregates of calcium carbonate) 

is scarce (< 10 %), occurring as bioclasts (allochem within a carbonate rock derived 

from the remains of the hard parts of carbonate organisms). 

On the other hand, pelmicrite limestone (CL3b) reveals the presence of a high 

percentage of peloids (more or less rounded allochems of homogeneous micrite) (up to 
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~80 %), varying from 30 µm to 2.6 mm, scattered in a prevailing micritic matrix, along 

rare bioclasts (< 10 %). A faint structure can be present in peloids. Sometimes, the 

allochems are difficult to distinguish being merged into the matrix of carbonate mud. 

Very often, sparitization of the matrix and of bioclasts can be observed as also as 

calcite veinlets cutting micrite and allochems. 

The breccia (CL3c) is composed by angular elements of the aforementioned limestones 

cemented by micrite and sparite. Veinlets filled with calcite are very abundant. Some 

show calcite crystals with comb texture. Sometimes it is possible to identify the 

presence of oxides along calcite crystals in voids. 

The main petrographic aspects of each sample that composes aggregate CL3 are 

presented in Fig. 179. 

The SEM-EDS analysis did not detect any reactive form of silica in any of the samples, 

but identified the presence of aluminosilicates in the veinlets and dispersed in the 

matrix of sample CL3a which are clearly distinguished by the element mapping (Fig. 

180). 

The XRD diffractogram revealed the presence of quartz and identified the 

aluminosilicates as kaolinite and muscovite (Fig. 181). Calcite is the main component. 

It must be noted that XRD analysis was performed on samples that were taken from 

the stock piles of the aggregates and not individually on the different facies found in the 

quarry.  

The results of the method using chemical analysis of whole-rock composition indicate 

that all samples are considered as non-expansive (Fig. 182). As expected, all samples 

plot in the upper left side of the graphic due to a high Ca content and low Al2O3 content. 

Although the presence of quartz was detected by XRD, its presence seems to be lower 

than 2.0 vol%. As so, aggregate CL3 is classified as Class I by both RILEM AAR-1.1 

(2013) and LNEC E 461 (2007).  
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Figure 179 – Microphotographs of aggregate CL3. All photos in cross-polarized light. A) Sample CL3a. Bioclasts 

scattered in micritic mud; B) Sample CL3a. Veinlet filled with calcite cutting a micritic matrix; C) Sample CL3b. Peloids 

merged in a micritic matrix. Some sparite can be observed (lighter crystals); D) Sample CL3b. Peloids in sparitic matrix; 

E) Sample CL3b. Bioclast double-cut by calcite veinlets. The sparitization of a bioclast can be observed at the left top; F) 

Sample CL3c. Carbonate mudstone elements cemented by sparite; G) Sample CL3c. Anastomosed calcite veinlets; H) 

Sample CL3c. Calcite crystals with comb texture filling veinlets. 
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Figure 180 – Aggregate CL3. SEM images (A and B; B is a zoom from A), respective EDS spectra of a veinlet in 

sample CL3a filled with aluminosilicates (Z3 and Z4) in a carbonate mud matrix and element mapping (Ca – light blue; 

Al – dark blue; K – pink; Mg – green; Na – red; and Si – yellow). 
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Figure 181 – X-ray diffractogram of aggregate CL3. Mo – muscovite; K – kaolinite; Q – quartz; C – calcite. 

 

 

 

 

 

 

Figure 182 – Assessment of potential reactivity of CL3 aggregate using chemical analysis of whole-rock composition 

based on CSA A23.2-26A (1994). 
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7.4.1.2 Aggregate DL2 

 

Two distinct hand-samples were collected in the quarry where aggregate DL2 is 

exploited. These can be distinguished by their colour: a brownish red massive rock 

(DL2a); and dark beige massive rock (DL2b) (Fig. 183). Also, according to the 

geochemical analysis, it is possible to distinguish sample DL2a as a dolomitic rock due 

to the abundance of both Mg and Ca, and sample DL2b as a more calcitic rock (Ca >>> 

Mg). 

 

 
Figure 183 – Hand samples of aggregate DL2: DL2a (left); and DL2b (right). 

 

The DL2a sample is classified as a dolomite rock (> 50 % dolomite crystals) (RILEM 

AAR-0, 2013) and is composed of dolomite crystals of two distinct sizes (polymodal 

size distribution), varying from a dolomicrosparite to a dolosparite. In the finer fraction, 

dolomite occurs as rhomb-shaped euhedral to anhedral crystals (up to 90 µm). 

According to Sibley and Gregg (1987) this mosaic texture is classified as planar-

subhedral dolomite, with low intercrystalline matrix and common straight compromise 

boundaries. The coarser fraction of dolomite (up to 450 µm) is represented by euhedral 

dolomite crystals surrounding patches of calcite crystals (planar void-filling (Sibley and 

Gregg, 1987)) that fill pores and veinlets. The frequent presence of fluid inclusions 

confers to the dolomite crystals cloudy centers. 
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As for DL2b sample, it is classified as a dolomitic limestone (10 % - 50 % dolomite and 

50 % to 90 % calcite) (RILEM AAR-0, 2013) with more or less pervasive dolomite 

crystals. Dolomite crystals (up to 200 µm) vary from loosely packed crystal-supported 

euhedral rhombs with intercrystalline areas filled with a brownish carbonate mud 

(planar-euhedral texture (Gregg and Sibbley, 1984; Sibbley and Gregg, 1987)) to 

subhedral to anhedral dolomite crystals with low intercrystalline matrix (planar-

subhedral texture (Gregg and Sibbley, 1984; Sibbley and Gregg, 1987)). Allochems, 

namely bioclasts and peloids, are seldom present in this dolomitic limestone. The 

sparitization (up to 350 µm) of the matrix is common. Sparite is also observed in 

veinlets.  

The microphotographs in Fig. 184 illustrate the main mineralogical and textural aspects 

of the samples that compose aggregate DL2. 

The SEM-EDS analysis confirmed the presence of calcite crystals filling voids and 

veinlets in the dolomite (DL2a) (Figs. 185 and 186). No reactive forms of silica were 

detected in neither of the samples. The element mapping of Ca and Mg allowed 

checking the distribution of calcite and dolomite (Fig. 187). The presence of other 

elements, such as Si, Al, Na and K is not representative. 

In agreement with the other methodologies, the XRD only detected the presence of 

dolomite and calcite (Fig. 188). No argillaceous minerals were identified. Similarly to 

aggregate CL3, XRD analysis was made on samples that were taken from the stock 

piles of the aggregates and not individually on the different facies found in the quarry. 

The results of the method using chemical analysis of whole-rock composition indicate 

that the two dolomitic samples are considered as non-expansive (Fig. 189). Both 

samples plot outside the potentially reactive field but next to its left top (DL2b) (Ca >>> 

Mg; low Al2O3 content) and bottom (DL2a) (Ca > Mg; low Al2O3 content) borders. 

According to RILEM AAR-1.1 (2013) aggregate DL2 is classified as Class II-C due to 

the absence of any potentially reactive form of silica and to the presence of dolomite 

judged to be associated with alkali-reactive carbonate aggregates. According to LNEC 

E 461 (2007), which does not contemplate ACR, due to the absence of potentially 

reactive silica forms, this aggregate is included in Class I. 
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Figure 184 – Microphotographs of aggregate DL2. Photos A, C, D and G in cross-polarized light. Photos B, E F and H 

in plane polarized light. A) Sample DL2a. Planar subhedral dolomite; B) Sample DL2a. Planar void-filling dolomite. The 

clearer areas are composed of calcite; C) Sample DL2a. Planar void-filling dolomite crystals surrounding a calcite crystal 

at the center; D) Sample DL2a. Calcite veinlet cutting a mosaic texture of dolomite crystals; E) Sample DL2a. Dolomite 

crystal with a cloudy core of fluid inclusions; F) Sample DL2b. Loosely packed euhedral rhombs of dolomite in a 

brownish carbonate mud (micrite) (center) and subhedral to anhedral dolomite crystals with scarce intercrystalline matrix 

(top); G) Sample DL2b.Bioclasts in the dolomitic limestone; H) Sample DL2b. Peloid being replaced by dolomite rhombs. 
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Figure 185 – Aggregate DL2. SEM image and respective EDS spectra of a calcite crystal filling a void (Z3) surrounded 

by dolomite crystals with variable Mg content (Z1 and Z2). 
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Figure 186 – Aggregate DL2. SEM image and respective EDS spectrum of calcite filling veinlets (Z5) in dolomite 

(DL2a). 

 

 

  

Figure 187 – Aggregate DL2. SEM image and element mapping of Ca and Mg in dolomite (DL2a) (Ca – blue; and Mg – 

green). Calcite crystals are represented in light blue (A), whilst dolomite is represented in darker blue (A) and green (B). 
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Figure 188 – X-ray diffractogram of aggregate DL2. D – dolomite; C – calcite. 

 

 

 

 

 

Figure 189 – Assessment of potential reactivity of DL2 aggregate using chemical analysis of whole-rock composition 

based on CSA A23.2-26A (1994). 
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7.4.2 Modified chemical method 

Although the first intent was to perform the modified chemical method used for 

carbonate aggregates, problems arose from the inability of the acid treatment with HCl 

to dissolve the carbonate aggregates. After one year and a half there was still a fair 

amount of undissolved carbonates which did not allow carrying on with the procedure 

to calculate Rc and Sc values. The residue was then submitted to XRD with the aim to 

identify potentially reactive silica forms. The diffractograms of the insoluble residues of 

aggregates CL3 and DL2 are presented in Figs. 190 and 191. 

The XRD analysis of the insoluble residue of aggregate CL3 only revealed the 

presence of calcite whilst the analysis of aggregate DL2, besides calcite and dolomite, 

detected the presence of quartz and feldspar (possibly albite). 

 

 

 

Figure 190 – X-ray diffractogram of the insoluble residue of aggregate CL3. C – calcite. 
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Figure 191 – X-ray diffractogram of aggregate DL2. D – dolomite; C – calcite; Q – quartz; Fa – feldspar (possibly albite). 

 

 

Due to the inability to perform the modified chemical method, it was decided to perform 

the standard chemical method (ASTM C 289), although there was awareness of the 

unsuitability of this method to detect potentially reactive carbonate aggregates. The 

results of the standard chemical method performed on the carbonate aggregates are 

presented in the graphic of Fig. 192. 

Both carbonate aggregates CL3 and DL2 are considered as innocuous by the chemical 

method. The Rc value achieved by aggregate CL3 (430 mm/L) is not very far from the 

Rc result obtained by aggregate DL2 (450 mm/L). The main difference between these 

two aggregates resides in Sc values, which only reached 20.3 mm/L in aggregate CL3 

against the 52 mm/L of aggregate DL2.  
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Figure 192 – Distribution of the investigated carbonate aggregates in ASTM C 289 plot. 

 

7.4.3 Expansion tests 

7.4.3.1 Screening tests 

Accelerated mortar-bar test at 80ºC (ASTM C 1260) 

The results for the accelerated mortar-bar method for the carbonate aggregates are 

present in Fig. 193. 

At fourteen days, aggregate CL3 presented an expansion of 0.0010 % whilst aggregate 

DL2 presented an expansion of 0.0027 %. Both expansions are far below the limiting 

value (0.10 %) and the aggregates are considered as non-reactive to alkalis. Although 

the extension of the test till twenty-eight days considered by Santos Silva and Braga 

Reis (2000) was not justified in this case, the test was put forward in order to verify if 

stabilization was reached for the concerned aggregates. At twenty-eight days, 

aggregate CL3 presented a final expansion of 0.005 % and aggregate DL2 presented a 
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final expansion of 0.010 %. The stabilization of the rate of expansion of both 

aggregates is evident for this period of time. Once again, aggregate CL3 and DL2 are 

classified as non-reactive. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 193 – Expansion results of the accelerated mortar-bar method test at 80ºC (ASTM C 1260) concerning the 

investigated carbonate aggregates. 

 

Carbonate aggregate testing (RILEM AAR-5) 

 

The performance of the carbonate aggregates in RILEM AAR-5 is displayed in Fig. 

194. 

According to the results of the carbonate aggregate testing, at fourteen days of testing, 

aggregate CL3 presents an expansion of 0.0044 %, whilst aggregate DL2 presents an 

expansion of 0.0021 %. According to the performances of both aggregates in ASTM C 

1260 (< 0.08 %), the expansion of aggregate CL3 in RILEM AAR-5 is regarded as 

indicative of potential carbonate reaction (AAR-5 ≥ ASTM C 1260), whilst aggregate 

DL2 is considered as unlikely to be reactive (AAR-5 < ASTM C 1260). 

As suggested by RILEM AAR-5 (2013), the test was extended till twenty-eight days. 

After this period of time, aggregate CL3 exhibits an expansion of 0.0051 % and 

aggregate DL2 shows an expansion of 0.006 %. The conclusions drawn for the testing 
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period of fourteen days are still valid and stabilization is observed around day 17 for 

both aggregates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 194 – Expansion results of the rapid preliminary screening test for carbonate aggregates (RILEM AAR-5) 

concerning the investigated carbonate aggregates. 

 

7.4.3.2 Performance tests 

Accelerated concrete prism test at 60ºC (RILEM AAR-4.1 

The results of the performance of the accelerated concrete prism test are presented in 

Fig. 195. 

According to the criteria established by LNEC E 461 (2007) and by RILEM AAR-0 

(2013), both aggregates present expansions below the respective limiting values, being 

considered as non-reactive. In both cases, aggregate DL2 presents the highest final 

expansions. 

At twenty weeks of testing, and according to the criterion used by Lindgård et al. 

(2010), the two carbonate aggregates still present expansions lower than 0.030 %. 

However, the expansion for aggregate DL2 (0.029 %) is very close to the threshold 

value. For this reason it was decided to extend the testing period and it was observed 

that the stabilization of the expansion of aggregate DL2 was promptly achieved and is 

coincident with the limiting value of 0.030 % (borderline behaviour). 
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  Figure 195 – Expansion results of the accelerated concrete prism test at 60ºC (RILEM AAR-4.1) concerning the 

investigated carbonate aggregates. 

 

Concrete prism test at 38ºC (RILEM AAR-3) 

Figure 196 illustrates the behaviour of the investigated carbonate aggregates when 

submitted to the concrete prism test at 38ºC. 

 

Figure 196 – Expansion results of the concrete prism test at 38ºC (RILEM AAR-3) concerning the investigated 

carbonate aggregates. 
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According to the results of RILEM AAR-3, after one year of testing aggregates CL3 and 

DL2 are regarded as non-expansive, exhibiting final expansions of 0.028 % and 0.027 

%, respectively. For both aggregates, stabilization is reached after day 252. 

 

7.4.4 Post-mortem concrete petrography 

No manifestations of ASR or ACR were detected in the thin-sections made from CL3 

and DL2 mortar and concrete tests. 

 

7.5 Discussion 

The results of the assessment on the potential alkali reactivity of the investigated 

carbonate aggregates are summarized in Tab. 59. 

 

Table 59 – Results for the carbonate aggregates concerning the applied methods. 

Method Guidelines CL3 DL2 

Petrographic 
examination 

RILEM AAR-1.1 (2013) Class I Class II-C 

LNEC E 461 (2007) Class I Class I 

CSA A23.2-26A (1994) Non-expansive Non-expansive 

Chemical method ASTM C 289 (2007) Innocuous Innocuous 

ASTM C 1260 

RILEM AAR-0 (2013) Non-reactive Non-reactive 

Santos Silva and Braga Reis (2000) Non-reactive Non-reactive 

RILEM AAR-5 RILEM AAR-0 (2013) 
Potential carbonate 
reaction 

Unlikely to be 
reactive 

RILEM AAR-4.1 

LNEC E 461 (2007) Non-reactive Non-reactive 

RILEM AAR-0 (2013) Non-reactive Non-reactive 

Lindgård et al. (2010) Non-reactive Non-reactive 

RILEM AAR-3 RILEM AAR-0 (2013) Non-reactive Non-reactive 

 

The classification of aggregate CL3 as Class I by both RILEM AAR-1.1 (2013) and 

LNEC E 461 (2007) is supported by all laboratory tests used for the assessment of the 

potential alkali-reactivity of this aggregate and by post-mortem petrography. Exception 
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is made concerning the results achieved by the comparison of the final expansions in 

ASTM C 1260 and RILEM AAR-5. When comparing these two tests (AAR-5 ≥ ASTM C 

1260), the RILEM AAR-0 (2013) indicates that there is potential ACR. However, 

aggregate CL3 bears no dolomite, and, therefore, ACR will surely not develop. This 

conclusion goes against what is specified in RILEM AAR-0 (2013) for the assessment 

of carbonate aggregates. Furthermore, the main differences between ASTM C 1260 

and RILEM AAR-5 reside in the size of the aggregates and in the dimension of the 

specimens. The fact that there is a higher final expansion in RILEM AAR-5 can suggest 

that, similarly to what happens in granitic aggregates, the grinding and crushing 

processes used for ASTM C 1260 may affect the physical and mineralogical 

characteristics of the aggregates (Lu et al., 2006a,b) (e.g. loss of components in the 

matrix and veinlets, such as quartz and muscovite detected by XRD and element 

mapping), leading to a lower expansion. 

Also concerning aggregate CL3, the sample quarry presents some vertical variation 

with darker-coloured domains (sample CL3c). Despite sample CL3c is a little bit more 

richer in SiO2 than the other two samples, in the quarry the correspondent domains to 

CL3c sample are much less abundant than the ones from the samples CL3a and CL3b. 

The sampled fractions from the aggregates stock piles are essentially composed by 

samples CL3a and CL3b. Therefore, the occurrence of ASR in aggregate CL3 was also 

not expected. 

Aggregate DL2 is differently classified by RILEM AAR-1.1 (2013) and by LNEC E 461 

(2007) since ACR is not regarded by the Portuguese specification. All of the results of 

the expansion tests rate this aggregate as non-reactive. However, the final expansion 

in RILEM AAR-4.1 is very close to the threshold value. Actually, a borderline behaviour 

is readily achieved after the concerned test is extended. This result alerts to the fact 

that the tests currently accepted for the assessment of carbonate aggregates (ASTM C 

1260 combined with RILEM AAR-5) are possibly not the most indicated for the 

evaluation of this type of rocks. 

The expansion that is verified for aggregate DL2 in RILEM AAR-4.1 can be possibly 

explained by the presence of quartz, minerals that can supply extra alkalis to the 

reaction (Tab. 60) or even by dolomite. However, it must be noted that no signs of ASR 

or ACR were observed in post-mortem petrography. Furthermore, as emphasized in 

RILEM AAR-0 (2013), there is a limited experience in using RILEM AAR-4.1 for 

carbonate aggregates. Possibly the regarded limits for this test are not the best suited 

for carbonate aggregates. Whatever the explanation for the expansion in RILEM AAR-
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4.1, and although the classification of aggregate DL2 as non-reactive by RILEM AAR-3, 

it would be advisable to apply to eventual future concrete constructions using this 

aggregate the adequate preventive measures listed in LNEC E 461 (2007). 

 

Table 60 – Minerals that can contribute with alkalis in the investigated carbonate aggregates (according to LNEC E 415, 
1993; LNEC E 461, 2007). 

Aggregate Minerals that can contribute with alkalis  

CL3 muscovite 

DL2 feldspar (possibly albite) 

 

The failed attempt to perform the modified chemical method is probably justified by 

high content of carbonates and very small amounts of silicate minerals in the 

investigated aggregates. Although the modified chemical method is used in some 

countries, like Canada, the carbonate aggregates that are there submitted to this test 

are extremely rich in forms of silica (e.g. Spratt aggregate). In order to obtain the 

necessary amounts of aggregates CL3 and DL2 to be tested in the standard chemical 

test after total carbonate dissolution with HCl very high quantities of rock would have to 

be dissolved. However, the XRD analysis of the insoluble residues from HCl treatment 

revealed that aggregate DL2, besides dolomite and calcite, bears very small amounts 

of quartz and feldspar. These two last minerals were not detected by XRD of the 

aggregate (without HCl treatment). Although the standard chemical method is not 

regarded as suited for evaluating the potential reactivity of carbonate aggregates, it 

correctly classifies the investigated aggregates as innocuous. 

The final assessment of the investigated carbonate aggregates by the Portuguese 

specification LNEC E 461 (2007) is as follows in Tab. 61. 

 

Table 61 – Final assessment of the studied carbonate aggregates according to LNEC E 461 (2007). 

Aggregate LNEC E 415 ASTM C 1260 RILEM AAR-4.1 RILEM AAR-3 Conclusion 

CL3 Class I < 0.10 % < 0.02 % < 0.05 % Non-reactive 

DL2 Class I < 0.10 % < 0.02 % < 0.05 % Non-reactive 

 

As already stated, the Portuguese specification does not regard ACR and the 

petrographic examination immediately classifies aggregates CL3 and DL2 as non-

reactive with no need of further testing. 
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One of today’s biggest challenges in what concerns AAR and the construction industry 

is to find fast but reliable tests which can accurately predict the field performance of 

concrete. The tests regarded as the most reliable are the slowest ones (e.g. RILEM 

AAR-3), which are expensive and incompatible with the construction deadlines. 

Therefore, researchers are trying to find a fast laboratory test which is also the one that 

shows the best correlation with the slower, more reliable test methods.  

In the present work, besides petrographic examination, a variety of laboratory tests was 

performed. The aggregates which are object of this study, namely granitic, are 

considered slow/late reactive. Although there are a lot of published results about slow 

reactive aggregates, the factors controlling the reaction are not yet understood. 

The classification of the fourteen aggregates by both the petrographic examination and 

the laboratory tests, regarding their potentially reactivity, is summarized as follows in 

Tab. 62. 

 

Table 62 – Classification of the potential reactivity of the aggregates based on the petrographic examination and the 
laboratory tests performed. 

Method Guidelines 
Number of potentially  
reactive aggregates 

Petrographic 
examination 

LNEC E 461 (2007) 3 

AAR-1.1 (2013) 4 

Chemical  
method 

ASTM C 289 (2007) 2 days 1 

ASTM C 1260 
RILEM AAR-0 (2013) 14 days 0 

Santos Silva and Braga Reis (2000) 28 days 0  

RILEM AAR-5* RILEM AAR-0 (2013) 14 and 28 days 1 

RILEM AAR-4.1 

LNEC E 461 (2007) 12 weeks 5 

RILEM AAR-0 (2013) 15 weeks 3 

Lindgård et al. (2010) 20 weeks 6 

RILEM AAR-3 RILEM AAR-0 (2013) 1 year 1 

* Only for carbonate aggregates 

 

From the above, it is clear that more aggregates are rated as potentially reactive by 

RILEM AAR-4.1, namely when the criteria 0.020% at twelve weeks (LNEC E 461, 

2007) and 0.030% at twenty weeks (Lindgård et al., 2010) are used, than ASTM C 

1260 and RILEM AAR-3. 
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The petrographic examination is the method, besides RILEM AAR-4.1, that classifies 

more aggregates as potentially reactive. Among them are the granitic aggregates GR1, 

GR2 andGR18. Aggregate DL2 is only classified as potentially reactive by the criteria in 

RILEM AAR-1.1 (2013) due to ACR not being contemplated in LNEC E 461 (2007). 

The chemical method only classifies aggregate BS6 as potentially reactive. This 

method is not able to identify the potential reactivity of any of the granitic aggregates, 

confirming its usefulness in the assessment of this kind of aggregates. 

The comparison of the distinct methods and the different interpretation criteria shows 

that ASTM C 1260 is not able to classify any aggregate as potentially reactive, 

producing false-negative results. This fact is quite relevant, especially in the 

assessment of the reactivity of granitic aggregates, since some of these are expected 

to behave deleteriously. That is certainly the case of aggregate GR2. Besides, ASTM C 

1260 at fourteen and twenty-eight days shows always poor correlations with both 

concrete prism tests. 

RILEM AAR-4.1, in comparison with the other tests, identifies more granitic aggregates 

as potentially-reactive: RILEM AAR-4.1 at twelve weeks (LNEC E 461, 2007) rates this 

way aggregates GR2, GR3, GR17, GR18 and GR20; RILEM AAR-4.1 at fifteen weeks 

(RILEM AAR-0, 2013) classifies aggregates GR2, GR17 and GR20; and RILEM AAR-

4.1 at twenty weeks (Lindgård et al., 2010) identifies aggregates GR2, GR3, GR17, 

GR18, GR19 and GR20. 

RILEM AAR-3 classifies only one aggregate as potentially reactive: aggregate GR2. 

According to Lindgård et al. (2010), the one year long RILEM AAR-3 is not suited to 

identify some slow reactive aggregates and a longer test period maybe required. The 

shape of the curve will help to identify such aggregates. That is the case of aggregates 

GR1, GR3, GR17, GR18, GR19 and GR20, which expansion curves are still raising 

after one year of testing. After the extension of the test period of RILEM AAR-3, 

probably some of the aforementioned granitic aggregates will be classified as 

potentially reactive, confirming the results of RILEM AAR-4.1. Even though aggregate 

GR2 is classified as reactive by RILEM AAR-3, showing a final expansion of 0.060%, 

Lindgård et al. (2010) state that the lowest result for a reactive aggregate in the 

concerned test should exceed 0.075%, which is certainly not the case. However, the 

slow reactive aggregates tested in the PARTNER project, in which Lindgård et al. 

(2010) are based, are not of granitic origin. 
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Following the results obtained in this investigation a correlation between the different 

expansion tests applied is made in order to contribute to the enlightenment of this 

issue. In this discussion it is worth mentioning once again that the expansion values 

used for RILEM AAR-4.1 at fifteen weeks (RILEM AAR-0, 2013) correspond to the 

expansion values achieved at week 16, since no measurements were made on week 

15. As so, values for this testing period may be a little bit overestimated. 

 

ASTM C 1260 (fourteen days)v.s. RILEM AAR-4.1 

In Figs. 197, 198 and 199 the correlations between the expansion values of all the 

investigated aggregates in ASTM C 1260 at fourteen days and in RILEM AAR-4.1, 

considering the different criteria used for interpretation are displayed. 

Positive and moderate correlations are found when comparing ASTM C 1260 at 

fourteen days with RILEM AAR-4.1, although the best correlation is found when RILEM 

AAR-4.1 at twenty weeks (Lindgård et al., 2010) is used (r = 0.66). Nonetheless, it is 

for this last criterion that greatest discrepancies in the number of aggregates are 

encountered between ASTM C 1260 at fourteen days (RILEM AAR-0, 2013) and 

RILEM AAR-4.1, regarding their classification. 

ASTM C 1260 at fourteen days (RILEM AAR-0, 2013) agrees with RILEM AAR-4.1 at 

twelve weeks (LNEC E 461, 2007) in the classification of nine aggregates rating them 

as non-reactive (Fig. 197). As for the remnant five aggregates, granitic in nature (GR2, 

GR3, GR17, GR18 and GR20), they are classified as non-reactive by the ASTM C 

1260 and as potentially reactive by RILEM AAR-4.1. 

The use of 0.030% limiting value for the RILEM AAR-4.1 at fifteen weeks (RILEM AAR-

0, 2013), leads to a decrease on the number of granitic aggregates considered as 

potentially reactive. In this chart, just three aggregates are considered as potentially 

reactive by RILEM AAR-4.1 (GR2, GR17 and GR20). It is assumed that aggregates 

GR3 and GR18 present lower expansion values for fifteen weeks rather than for 

sixteen weeks, plotting less marginally than what is presented in Fig. 198. 

Using the same threshold value in RILEM AAR-4.1, but for a testing period of twenty 

weeks (Lindgård et al., 2010), the number of aggregates rated as potentially reactive is 

higher than for RILEM AAR-4.1 at twelve (LNEC E 461, 2007) and fifteen weeks 

(RILEM AAR-0, 2013), being now six (GR2, GR3, GR17, GR18, GR19 and GR20) (Fig. 

199). All other aggregates are considered as non-reactive by both methods. 
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The volcanic and carbonate aggregates are classified as non-potentially reactive by 

both methods. 

 

Figure 197 – Correlation between the expansion values of all the investigated aggregates in ASTM C 1260 at fourteen 

days (RILEM AAR-0, 2013) and in RILEM AAR-4.1 at twelve weeks (LNEC E 461, 2007). 

 

 

Figure 198 – Correlation between the expansion values of all the investigated aggregates in ASTM C 1260 at fourteen 

days (RILEM AAR-0, 2013) and in RILEM AAR-4.1 at fifteen weeks (RILEM AAR-0, 2013). 

y = 0.7592x + 0.0069 
R² = 0.3976 

r = 0.63 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.000 0.020 0.040 0.060 0.080

A
S

T
M

 C
 1

2
6
0
 E

x
p

a
n

s
io

n
 (
%

) 

RILEM AAR-4.1 Expansion (%) 

ASTM C 1260 (14 days)/RILEM AAR-4.1 (12 weeks) GR1

GR2

GR3

GR7

GR17

GR18

GR19

GR20

BS6

BS7

BS8

BS9

CL3

DL2

y = 0.712x + 0.0039 
R² = 0.5316 

r = 0.61 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

0.000 0.020 0.040 0.060 0.080

A
S

T
M

 C
 1

2
6
0
 E

x
p

a
n

s
io

n
 (
%

) 

RILEM AAR-4.1 Expansion (%) 

ASTM C 1260 (14 days)/RILEM AAR-4.1 (15 weeks) 
GR1

GR2

GR3

GR7

GR17

GR18

GR19

GR20

BS6

BS7

BS8

BS9

CL3

DL2

       RILEM AAR-0 (2013) limit 

      LNEC E 461 (2007) limit 

 

       RILEM AAR-0 (2013) limit 

      RILEM AAR-0 (2013) limit 

 



FCUP 

Chapter 8 – Overall discussion of laboratory tests 

349 

 

 

 

Figure 199 – Correlation between the expansion values of all the investigated aggregates in ASTM C 1260 at fourteen 

days (RILEM AAR-0, 2013) and in RILEM AAR-4.1 at twenty weeks (Lindgård et al., 2010). 
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nine aggregates are non-reactive (Fig. 200). The other five aggregates, granitic in 

nature (GR2, GR3, GR17, GR18, and GR20), are considered as potentially reactive by 

RILEM AAR-4.1, whilst rated as non-reactive by ASTM C 1260. 

The number of granitic aggregates considered as potentially reactive only by RILEM 

AAR-4.1 decreases to three (GR2, GR17 and GR20) when its corresponding limit 

moves to 0.030 % at fifteen weeks(RILEM AAR-0, 2013) (Fig. 201). 

When the same limit is used at twenty weeks (Lindgård et al., 2010), the number of 

granitic aggregates regarded as potentially reactive by only RILEM AAR-4.1 is again 

raised, and this time to six (GR2, GR3, GR17, GR18, GR19 and GR20) (Fig. 202). 

Regarding the other types of aggregates, only aggregate BS9 is close to the limit at 

twelve weeks for RILEM AAR-4.1, although not-reactive according to ASTM C 1260. 

 

 

 

Figure 200 – Correlation between the expansion values of all the investigated aggregates in ASTM C 1260 at twenty-

eight days (Santos Silva and Braga Reis, 2000) and in RILEM AAR-4.1 at twelve weeks (LNEC E 461, 2007). 
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Figure 201 – Correlation between the expansion values of all the investigated aggregates in ASTM C 1260 at twenty-

eight days (Santos Silva and Braga Reis, 2000) and in RILEM AAR-4.1 at fifteen weeks (RILEM AAR-0, 2013). 

 

 

 

Figure 202 – Correlation between the expansion values of all the investigated ASTM C 1260 at twenty-eight days 

(Santos Silva and Braga Reis, 2000) and in RILEM AAR-4.1 at twenty weeks (Lindgård et al., 2010). 
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ASTM C 1260 v.s. RILEM AAR-3 

The correlation between the expansion values of all the investigated aggregates in 

ASTM C 1260 and in RILEM AAR-3 is presented in Figs. 203 and 204. 

Although both tests only disagree in the classification of one aggregate (GR2), the r 

values indicate that the correlation between RILEM AAR-3 and ASTM C 1260 using the 

two distinct criteria (fourteen (RILEM AAR-0, 2013) and twenty-eight days (Santos 

Silva and Braga Reis, 2000) is moderate. However, the correlation is slightly better 

when ASTM C 1260 at twenty-eight days (RILEM AAR-0, 2013) is used. 

Both RILEM AAR-3 and ASTM C 1260 at fourteen days (RILEM AAR-0, 2013) agree 

on the classification of thirteen of the investigated aggregates, rating them as non-

reactive. Exception is made for the granitic aggregate GR2, which was classified as 

reactive by RILEM AAR-3 and as non-reactive by ASTM C 1260 (Fig. 203). 

The same conclusion can be drawn by comparing the RILEM AAR-3 with ASTM C 

1260 at twenty-eight days (Santos Silva and Braga Reis, 2000) (Fig. 204). 

 

 

Figure 203 – Correlation between the expansion values of all the investigated aggregates in ASTM C 1260 at fourteen 

days (RILEM AAR-0, 2013) and in RILEM AAR-3 (RILEM AAR-0, 2013). 
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Figure 204 – Correlation between the expansion values of all the investigated aggregates in ASTM C 1260 at twenty-

eight days (Santos Silva and Braga Reis, 2000) and RILEM AAR-3 (RILEM AAR-0). 
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considered as potentially reactive (note that the expansion values for aggregate GR19 

are coincident with the ones of DL2, and for this reason the first aggregate symbol is 

overlapped) (Fig. 205). The granitic aggregates GR3, GR17, GR18 and GR20 are 

classified as potentially reactive by RILEM AAR-4.1, but are non-reactive in RILEM 

AAR-3. 

When the 0.030% limit at fifteen weeks (RILEM AAR-0, 2013) is used on RILEM AAR-

4.1, only two granitic aggregates (GR17 and GR20) are differently classified by both 

the regarded tests, meaning they are potentially reactive according to RILEM AAR-4.1, 

but non-reactive in RILEM AAR-3 (Fig. 206). Although aggregates GR3 and GR18 plot 

in the limit of the field where aggregates are classified as potentially reactive by RILEM 

AAR-4.1 and non-reactive by RILEM AAR-3, it should be kept in mind that the plotted 

values for RILEM AAR-4.1 regard expansions at sixteen weeks which might be higher 

than at fifteen weeks. 

Using the same limit, but for RILEM AAR-4.1 at twenty weeks (Lindgård et al., 2010), 

five granitic aggregates are now rated as potentially reactive by only the 

aforementioned test (RILEM AAR-4.1) (Fig. 207). 

The volcanic and carbonate aggregates are equally classified as non-reactive by both 

RILEM AAR-4.1, using the distinct criteria, and RILEM AAR-3. 

Also, the alkali leaching phenomenon, which is referred by several authors (Fournier et 

al., 2006; Ideker et al., 2010) as a major drawback of the RILEM AAR-4.1 was not 

observed, since the ultimate expansion values in this test are similar to those in RILEM 

AAR-3. 

As stated in Zollinger et al. (2009), “owing to the complexity and variability in 

composition and grain size of aggregates, it is unlikely that a single test method can 

evaluate all types of aggregates correctly. Some of the new methods or modifications 

of existing methods have been proposed by researchers and agencies worldwide to 

overcome some of the limitations associated with aggregate crushing, alkali content, 

storage conditions (alkalinity of test solution and temperature) and leaching. However, 

current test procedures are largely empirical and yield test results that are applicable in 

a narrow band of conditions”. 
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Figure 205 – Correlation between the expansion values of all the investigated aggregates in RILEM AAR-4.1 at twelve 

weeks (LNEC E 461, 2007) and in RILEM AAR-3 (RILEM AAR-0, 2013). 

 

 

Figure 206 – Correlation between the expansion values of all the investigated aggregates in RILEM AAR-4.1 at fifteen 

weeks (RILEM AAR-0, 2013) and in RILEM AAR-3 (RILEM AAR-0, 2013). 
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Figure 207 – Correlation between the expansion values of all the investigated aggregates in RILEM AAR-4.1 at twenty 

weeks (Lindgård et al. (2010) and in RILEM AAR-3 (RILEM AAR-0, 2013). 
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9.1 Conclusions 

The mechanisms and phenomena involved in the deterioration of concrete structures 

due to alkali-aggregate reactions are still subject of discussion and a lot remains to be 

clarified. Although methodologies have been studied and proposed by a large number 

of laboratories and institutions all around the world, it is clear that at present there is 

not a reliable method that can be applied to all types of aggregates in order to preview 

their behaviour when used in field structures. 

These reactions were first recognised in the USA in 1940 and were documented for the 

first time in Portugal in 1990. Following the development of research in other countries, 

a lot of work has been done both in the testing of aggregates and in the assessment of 

deteriorated structures. 

In Portugal the main types of rocks used as concrete aggregates, besides natural 

deposits of sand and gravel, are granitic and carbonate rocks, in the Mainland, and 

volcanic rocks in Madeira and Azores Archipelagos. 

Most of these aggregates are rated as slow/late reactive according to some of the 

international standards and recommendations and are regarded as very problematic in 

what concerns the understanding of the mechanisms involved in the reactions. A large 

number of Portuguese structures, such as dams and bridges, were built in the decades 

of 1960 to 1980 and therefore more and more structures are being diagnosed with 

deterioration due to AAR.  

The main objective of the present research was to contribute to a better knowledge of 

the alkali-aggregate reactions in Portugal aiming at a sustainable exploitation of the 

aggregates, depending on the prevision of their probable performance in concrete. This 

rationality contributes to the improvement of the quality of future concrete constructions 

and to the welfare and saving of costs for future generations.  

The main conclusions here summarized are presented for each aggregate type by 

order of consumed time in the performance of each test. This resume is followed by 

general considerations concerning the used methodology. 

The methodology regarded the international recommendations, starting with the 

assessment of aggregates by petrographic methods followed by laboratory tests of 

different types, namely chemical tests and expansion tests. This path also reflects the 

costs involved and the time consumed in the assessment of the aggregates. The 

longest tests, more expensive and time consuming, are also those that at first glance 
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seem to better reproduce the field conditions. However, considered as one of the main 

challenges of the research developed nowadays, investigators seek for fast tests which 

can serve as reliable indicators of the potential reactivity of aggregates. 

 

Granitic aggregates 

The use of petrographic examination as the first step of assessment is considered in 

most international standards but rated as not essential (in what concerns granitic rocks) 

by national specifications. In the present study, the petrographic examination revealed 

itself as an important informative tool by giving qualitative and quantitative information 

towards the presence of potentially alkali-reactive microcrystalline quartz. For example, 

the scarcity of this deleterious material in aggregate GR7 clearly suggested its 

performance in expansion tests as non-reactive. An opposite behaviour was indicated 

by the great abundance of microcrystalline quartz in aggregate GR2. 

As defended by a number of researchers in the last three decades, undulatory 

extinction angle should only be used as a possible indicator of the potential alkali-

reactivity, and not as a diagnostic feature, as it was found that this characteristic does 

not always correlate with the results of the other tests performed. A better correlation 

seems to occur between the presence of microcrystalline quartz and the results of the 

concrete prism expansion tests. 

As already concluded in other works, the obtained results confirmed that the chemical 

method is not suited for assessing the potential reactivity of the Portuguese granitic 

aggregates, classifying all of them as innocuous. 

The very aggressive accelerated mortar bar test (ASTM C 1260) was not able to detect 

the potential reactivity of any of the investigated granitic aggregates. This test, in the 

present form, should not be used for assessing the potential reactivity of this kind of 

slow/late materials. However, the extension of the test period to one year allowed to 

verify that even after this long period of time the aggregates’ final expansion curves 

have not levelled off which suggests that the test should be modified. 

The accelerated concrete prism test (RILEM AAR-4.1) is the test which classifies a 

larger number of granitic aggregates as potentially reactive, especially when using the 

criterion in Lindgård et al. (twenty weeks). Therefore, it is suggested that this criterion is 

used for granitic aggregates. Nonetheless, it is the Portuguese criterion (LNEC E 461) 

that best correlates with the content in microcrystalline quartz in the aggregates. It is 
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also able to identify five of the six aggregates regarded as potentially reactive by the 

criterion in Lindgård et al., which uses the longest test period.  

The concrete prism test (RILEM AAR-3) is better at demonstrating the slowness of the 

reaction when compared to RILEM AAR-4.1. Although this test only classifies 

aggregate GR2 as potentially reactive, after its completion most of the aggregates´ 

expansions have not reached stabilization and an extended test period is suggested to 

confirm their behaviour. 

Strong correlations were found between the percentage of microcrystalline quartz and 

both types of the concrete prism tests (RILEM AAR-4.1 and RILEM AAR-3) in 

opposition to the ones found for the undulatory extinction angle. 

According to LNEC E 461, the final assessment of the granitic aggregates considers 

aggregate GR2 as reactive and all the other aggregates as non-reactive to alkalis. The 

non-reactivity of aggregate GR7 is well stated. However, some doubts are raised by 

the performance of the other aggregates (GR1, GR3, GR17, GR18, GR19 and GR20) 

in the concrete prism tests. If there is no chance of extending the testing period of 

RILEM AAR-3 until stabilization of the curve is reached, then the use of these 

aggregates in concrete should include precaution measures such as those suggested 

in LNEC E 461. 

 

Volcanic aggregates 

The petrographic examination was carefully undertaken in order to verify and identify 

the possible presence of any potentially reactive form of silica. As no amorphous or 

poorly crystalline silica was detected, the aggregates were all classified as Class I (very 

unlikely to be alkali-reactive). 

The use of complementary techniques such as the bulk rock chemical analysis with 

CIPW norm calculation, SEM-EDS, EPMA-WDS and XRD was essential to disclose the 

mineralogy present in each of these aggregates. In fact, for very fine-grained rocks the 

petrographic analysis by optical microscope can be misleading. Other methods, such 

as the phosphoric acid method would be very useful. Although it is commonly used in 

Japan, the lack of expertise in the performance of this test in Portugal led to 

unsatisfactory results. A careful revision of the protocol of this method is needed, 

based on a correct and complete translation from the Japanese original version, so that 
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the insoluble residue can be analysed for the identification of reactive forms of silica 

(e.g. cristobalite) usually not identified by petrographic methods. 

Although considered a good method for the evaluation of the potential reactivity of 

volcanic aggregates, the chemical method failed in the assessment of aggregate BS6 

classifying it as deleterious in disagreement to all the other methods. From the 

abundance of smectite in most of the lithologies that comprise aggregate BS6 an 

innocuous behaviour was expected, since the presence of this material is recognized 

by several authors to increase Rc values. However, the classification of aggregate BS6 

as deleterious might remain on the fact that the grinded aggregate BS6 sample 

submitted to test was mainly composed of BS6basanitoid and, thus, poorer in smectite (low 

Rc values) in comparison to the other lithologies that comprise aggregate BS6, 

misleading the results. 

For all the expansion tests performed, there is total agreement in the classification of all 

volcanic aggregates as non-reactive both in mortar-bars and concrete prisms. The 

same conclusion was reached using LNEC E 461 methodology. The final assessment 

of the volcanic aggregates (BS6, BS7, BS8 and BS9) at the end of all the tests rates all 

the studied volcanic rocks as non-reactive to alkalis. 

 

Carbonate aggregates 

According to literature, the occurrence of dispersed micro- to cryptocrystalline silica in 

potentially reactive carbonate rocks can be identified under optical microscope. This is 

not the case for the carbonate rocks studied in this thesis and therefore the use of 

complementary methods to polarizing microscopy (chemical analysis, SEM-EDS and 

XRD) was essential for assessing the presence of potential reactive minerals in the 

carbonate aggregates. Due to the presence of dolomite, aggregate DL2 is rated by 

RILEM AAR-1.1as Class II-C. For LNEC E 461, only Class I can be attributed to DL2, 

since the last specification does not take into account ACR and no potentially reactive 

silica forms were detected. 

Although the chemical method is not considered suited for evaluating carbonate 

aggregates and a modified version was developed, the inability to perform the modified 

version led to the use of the standard method. Nonetheless, the standard version 

correctly classifies the investigated aggregates as innocuous. 
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In what concerns the expansion tests using bars (ASTM C 1260 and RILEM AAR-5), 

the results obtained indicated potential ACR for aggregate CL3. The characterization of 

the rock by petrographic methods, including complementary methods, showed that this 

is not plausible as dolomite is absent in the aforementioned aggregate. This fact alerts 

for the need of further research in which better international recommendations and 

standards can be based. 

Regarding the concrete prism expansion tests, there is total agreement in the 

classification of these carbonate aggregates as non-reactive since the tests curves did 

not reach the different limits considered for the tests. 

According to LNEC E 461, the final assessment of the investigated carbonate 

aggregates (CL3 and DL2) regards them as non-reactive. However, due to the 

performance of aggregate DL2 in the extended RILEM AAR-4.1 it would be advisable 

to apply adequate preventive measures listed in LNEC E 461 on eventual future 

concrete constructions using this aggregate. 

 

General conclusions 

It is advisable that petrographic examination is conducted simultaneously with 

expansion tests in order to correctly identify possible AAR. 

RILEM AAR-4.1 and RILEM AAR-3 are more consistent with each other than either of 

them in relation to ASTM C 1260. 

The potential reactivity of an aggregate must be evaluated using an integrated 

assessment which includes petrographic examination and expansion tests: 

- the chemical method seems not to give reliable results in what concerns the studied 

granitic and volcanic aggregates; 

- ASTM C 1260 should never be used solely when assessing slow reactive aggregates 

similar to the ones studied;  

- RILEM AAR-3 should be preferred to RILEM AAR-4.1; however, it has the limitation of 

being a long term test which, preferably, should be extended to more than one year for 

slow/late reactive aggregates such as granitic rocks; 

- when the use of RILEM AAR-3 is not possible (mainly due to the time needed), 

RILEM AAR-4.1 is the test to be carried out. The limit to be adopted seems to be 
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dependent on the type of rocks and, therefore, an accurate interpretation of the results 

will be crucial. 

 

9.2 Future research 

The assessment of the investigated fourteen aggregates allowed to point out some 

issues that must be further investigated, namely by other tasks in the scope of Project 

IMPROVE or by other researchers with the skills to develop this interdisciplinary 

domain of science. 

One of the main challenges, which is also one task of Project IMPROVE, is the 

assessment of field performance of these aggregates. Only the correct knowledge of 

the performance of the aggregates in concrete structures can indicate, from the many 

tests carried out, which is the one that best correlates with field structures. This is a 

major challenge for the scientific community and a number of research projects is being 

developed to clarify this issue. In the scope of this challenge, two-fold approaches are 

being developed: 

- the site inspection and sampling of concrete from structures at different ages, in order 

to understand the development of the reactions; 

- the production and monitoring of field sites in which different concrete mixes are used 

in order to find the best composition, for each type of aggregate, to delay/avoid the 

occurrence of AAR. 

The samples collected in both cases should be studied in detail by laboratory methods 

in addition to the DRI method and subjected to different protocol procedures in order to 

be studied through different methodologies (e.g. petrographic characterization, XRD, 

SEM-EDS). 

In an attempt to overcome the inadequacy of ASTM C 1260 in the evaluation of granitic 

aggregates, it is suggested that RILEM AAR-5 protocol is used, therefore preventing 

the possible destruction of the rock texture by crushing. Otherwise, extended deadlines 

for the test and different thresholds should be tried in order to best fit these aggregates. 

The possible role of other minerals (e.g. micas, feldspars and clay minerals) in AAR 

must not be discarded. In this case, post-mortem petrography will be essential for the 

identification of the intervenients in the reaction. 
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Also the alkali contribution of minerals, such as feldspars, in the development of AAR 

must be evaluated. Although this issue has had little developed in the last decade, 

researchers are aware of its importance and eager to understand its role in all the AAR 

mechanism. A new recommendation is being prepared on behalf of RILEM TC-ACS, 

named RILEM AAR-8, which will hopefully start in 2014 with a “round robin” test of 

experiments in different laboratories. 

In what concerns the fast methods of assessment, the scientific community should 

return their focus to the chemical method and its modifications towards carbonate rocks 

in order to find out how to improve the test. Besides, the factors which in fact influence 

the results must be acknowledged so that a new very fast method can be created to 

characterize slow/late reactive rocks. 
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GRANITIC AGGREGATES – 

WORKSHEETS FROM THE 

EXPANSION TESTS 

 



 



 

0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0.47

0.44

Provete 1 Provete 2 Provete 3

Lseco 23-02-2012 2.383 2.564 -

L0 24-02-2012 2.580 2.762 -

L3 27-02-2012 2.598 2.777 -

L5 29-02-2012 2.602 2.781 -

L7 02-03-2012 2.616 2.796 -

L10 05-03-2012 2.624 2.816 -

L14 09-03-2012 2.630 2.816 -

L17 12-03-2012 2.649 2.828 -

L21 16-03-2012 2.664 2.836 -

L24 19-03-2012 2.693 2.863 -

L28 23-03-2012 2.708 2.884 -

L35 30-03-2012 2.735 2.914 -

L42 06-04-2012 2.774 2.947 -

L49 13-04-2012 2.797 2.972 -

L56 20-04-2012 2.836 3.008 -

L63 27-04-2012 2.873 3.039 -

L70 04-05-2012 2.902 3.070 -

L77 11-05-2012 2.943 3.118 -

L84 18-05-2012 2.985 3.158 -

L91 25-05-2012 3.028 3.195 -

L98 01-06-2012 3.060 3.230 -

L105 08-06-2012 3.113 3.277 -

L112 15-06-2012 3.138 3.305 -

L119 22-06-2012 3.180 3.355 -

L126 29-06-2012 3.220 3.382 -

L133 06-07-2012 3.248 3.419 -

L140 13-07-2012 3.286 3.453 -

L147 20-07-2012 3.320 3.483 -

L154 27-07-2012 3.346 3.497 -

L161 03-08-2012 3.371 3.535 -

L168 10-08-2012 3.392 3.556 -

L175 17-08-2012 3.425 3.571 -

L182 24-08-2012 3.447 3.605 -

L189 31-08-2012 3.469 3.634 -

L195 06-09-2012 3.486 3.652 -

L206 17-09-2012 3.559 3.713 -

L220 01-10-2012 3.616 3.763 -

L234 15-10-2012 3.667 3.820 -

L248 29-10-2012 3.713 3.863 -

L262 12-11-2012 3.732 3.886 -

L290 10-12-2012 3.836 3.973 -

L318 07-01-2013 3.911 4.043 -

L346 04-02-2013 3.990 4.123 -

L364 22-02-2013 4.021 4.166 -

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; muitas fissuras; adição de NaOH

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; muitas fissuras; adição de NaOH

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; fissuras maiores

++ pequenos pontos de gel; fissuras maiores

++ pequenos pontos de gel; fissuras maiores

++ pequenos pontos de gel; fissuras maiores

++ pequenos pontos de gel; muitas fissuras

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

 Ensaio Nº: 345 Areia: g de 0,15 mm - 4,75 mm

A
M

O
S

T
R

A

GR1 Adição: g

Cimento : g de CEM I (*)

Granítica Água: ml 

Britada A/C:

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

Data da amassadura: 22-02-2012

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

-

placa cristalina à superfície da solução

-

-

-

-

-

-

cristais em suspensão na solução

cristais em suspensão na solução

cristais em suspensão na solução; pequenos pontos de gel nos dois provetes

cristais em suspensão na solução; pequenos pontos de gel nos dois provetes

cristais em suspensão na solução; ++ pequenos pontos de gel em todos os provetes

cristais em suspensão na solução; ++ pequenos pontos de gel em todos os provetes

cristais em suspensão na solução; ++ pequenos pontos de gel em todos os provetes

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras; adicionou-se NaOH

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras; adicionou-se NaOH

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

++ pequenos pontos de gel; pequenas fissuras; tampa rasgada com pouca solução



Cont. 

Provete 1 Provete 2 Provete 3

L0 0 0.000 0.000 - 0.00

L3 3 0.007 0.006 - 0.01

L5 5 0.009 0.008 - 0.01

L7 7 0.014 0.014 - 0.01

L10 10 0.018 0.022 - 0.02

L14 14 0.020 0.022 - 0.02

L17 17 0.028 0.026 - 0.03

L21 21 0.034 0.030 - 0.03

L24 24 0.045 0.040 - 0.04

L28 28 0.051 0.049 - 0.05

L35 35 0.062 0.061 - 0.06

L42 42 0.078 0.074 - 0.08

L49 49 0.087 0.084 - 0.09

L56 56 0.102 0.098 - 0.10

L63 63 0.117 0.111 - 0.11

L70 70 0.129 0.123 - 0.13

L77 77 0.145 0.142 - 0.14

L84 84 0.162 0.158 - 0.16

L91 91 0.179 0.173 - 0.18

L98 98 0.192 0.187 - 0.19

L105 105 0.213 0.206 - 0.21

L112 112 0.223 0.217 - 0.22

L119 119 0.240 0.237 - 0.24

L126 126 0.256 0.248 - 0.25

L133 133 0.267 0.263 - 0.27

L140 140 0.282 0.276 - 0.28

L147 147 0.296 0.288 - 0.29

L154 154 0.306 0.294 - 0.30

L161 161 0.316 0.309 - 0.31

L168 168 0.325 0.318 - 0.32

L175 175 0.338 0.324 - 0.33

L182 182 0.347 0.337 - 0.34

L189 189 0.356 0.349 - 0.35

L195 195 0.362 0.356 - 0.36

L206 206 0.392 0.380 - 0.39

L220 220 0.414 0.400 - 0.41

L234 234 0.435 0.423 - 0.43

L248 248 0.453 0.440 - 0.45

L262 262 0.461 0.450 - 0.46

L290 290 0.502 0.484 - 0.49

L318 318 0.532 0.512 - 0.52

L346 346 0.564 0.544 - 0.55

L364 364 0.576 0.562 - 0.57

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3 Nota: o provete 3 partiu-se na desmoldagem

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; muitas fissuras; adição de NaOH

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; muitas fissuras; adição de NaOH

++ pequenos pontos de gel; fissuras maiores

++ pequenos pontos de gel; fissuras maiores

++ pequenos pontos de gel; fissuras maiores

++ pequenos pontos de gel; muitas fissuras

++ pequenos pontos de gel; fissuras maiores

placa cristalina à superfície da solução

-

-

-

Medidas Dias nºs
Expansão (%)=((Li-L0)/250)*100 Média 

expansão 

(%)

OBSERVAÇÕES

-

-

-

cristais em suspensão na solução

cristais em suspensão na solução

cristais em suspensão na solução; pequenos pontos de gel nos dois provetes

cristais em suspensão na solução; pequenos pontos de gel nos dois provetes

cristais em suspensão na solução; ++ pequenos pontos de gel em todos os provetes

cristais em suspensão na solução; ++ pequenos pontos de gel em todos os provetes

cristais em suspensão na solução; ++ pequenos pontos de gel em todos os provetes

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras; adicionou-se NaOH

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

++ pequenos pontos de gel; pequenas fissuras; tampa rasgada com pouca solução

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras

cristais em suspensão na solução; ++ pequenos pontos de gel; pequenas fissuras; adicionou-se NaOH



Cont. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

117

115

116

113

Média= 115

Resultado do Ensaio aos 14 dias (%):  0.02

Resultado do Ensaio aos 28 dias (%): 0.05

Resultado do Ensaio aos 56 dias (%): 0.10

Resultado do Ensaio a 1 ano (%): 0.57

Espalhamento (mm) **
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0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0.47

0.44

Provete 1 Provete 2 Provete 3

Lseco 23-02-2012 2.882 2.675 2.532

L0 24-02-2012 3.069 2.865 2.727

L3 27-02-2012 3.091 2.885 2.740

L5 29-02-2012 3.103 2.898 2.753

L7 02-03-2012 3.126 2.935 2.783

L10 05-03-2012 3.152 2.956 2.805

L14 09-03-2012 3.176 2.985 2.830

L17 12-03-2012 3.207 3.022 2.865

L21 16-03-2012 3.244 3.061 2.895

L24 19-03-2012 3.272 3.090 2.932

L28 23-03-2012 3.306 3.125 2.960

L35 30-03-2012 3.362 3.185 3.016

L42 06-04-2012 3.409 3.242 3.067

L49 13-04-2012 3.461 3.298 3.117

L56 20-04-2012 3.509 3.348 3.167

L63 27-04-2012 3.546 3.393 3.204

L70 04-05-2012 3.596 3.444 3.248

L77 11-05-2012 3.638 3.491 3.295

L84 18-05-2012 3.687 3.547 3.356

L91 25-05-2012 3.740 3.592 3.393

L98 01-06-2012 3.780 3.641 3.456

L105 08-06-2012 3.825 3.683 3.486

L112 15-06-2012 3.857 3.731 3.518

L119 22-06-2012 3.899 3.775 3.567

L126 29-06-2012 3.933 3.816 3.603

L133 06-07-2012 3.960 3.835 3.627

L140 13-07-2012 4.005 3.890 3.674

L147 20-07-2012 4.032 3.920 3.704

L154 27-07-2012 4.055 3.948 3.730

L161 03-08-2012 4.089 3.986 3.770

L168 10-08-2012 4.120 4.017 3.798

L175 17-08-2012 4.151 4.043 3.829

L182 24-08-2012 4.164 4.068 3.861

L189 31-08-2012 4.203 4.103 3.883

L195 06-09-2012 4.229 4.130 3.899

L206 17-09-2012 4.272 4.180 3.951

L220 01-10-2012 4.314 4.222 3.990

L234 15-10-2012 4.363 4.275 4.044

L248 29-10-2012 4.404 4.322 4.085

L262 12-11-2012 4.437 4.355 4.129

L290 10-12-2012 4.506 4.427 4.186

L318 07-01-2013 4.568 4.491 4.249

L336 04-02-2013 4.640 4.550 4.308

L364 22-02-2013 4.648 4.579 4.330

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores; adição de NaOH

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

 Ensaio Nº: 344 Areia: g de 0,15 mm - 4,75 mm

A
M

O
S

T
R

A

GR2 Adição: g

Cimento : g de CEM I (*)

Granítica Água: ml 

Britada A/C:

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

Data da amassadura: 22-02-2012

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

-

placa cristalina á superfície da solução

-

-

-

pontos de gel pequenos nos provetes 1 e 2

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

+++++ pontos de gel nos provetes e solução; pequenas fissuras

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++ pontos de gel maiores em todos os provetes

+++ pontos de gel maiores em todos os provetes

++++ pontos de gel em todos os provetes

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

++++ pontos de gel em todos os provetes

++++ pontos de gel em todos os provetes; gel na solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

+++++ pontos de gel nos provetes e solução; pequenas fissuras

+++++ pontos de gel nos provetes e solução; pequenas fissuras



Cont. 

Provete 1 Provete 2 Provete 3

L0 0 0.000 0.000 0.000 0.00

L3 3 0.009 0.008 0.005 0.01

L5 5 0.014 0.013 0.010 0.01

L7 7 0.023 0.028 0.022 0.02

L10 10 0.033 0.036 0.031 0.03

L14 14 0.043 0.048 0.041 0.04

L17 17 0.055 0.063 0.055 0.06

L21 21 0.070 0.078 0.067 0.07

L24 24 0.081 0.090 0.082 0.08

L28 28 0.095 0.104 0.093 0.10

L35 35 0.117 0.128 0.116 0.12

L42 42 0.136 0.151 0.136 0.14

L49 49 0.157 0.173 0.156 0.16

L56 56 0.176 0.193 0.176 0.18

L63 63 0.191 0.211 0.191 0.20

L70 70 0.211 0.232 0.208 0.22

L77 77 0.228 0.250 0.227 0.24

L84 84 0.247 0.273 0.252 0.26

L91 91 0.268 0.291 0.266 0.28

L98 98 0.284 0.310 0.292 0.30

L105 105 0.302 0.327 0.304 0.31

L112 112 0.315 0.346 0.316 0.33

L119 119 0.332 0.364 0.336 0.34

L126 126 0.346 0.380 0.350 0.36

L133 133 0.356 0.388 0.360 0.37

L140 140 0.374 0.410 0.379 0.39

L147 147 0.385 0.422 0.391 0.40

L154 154 0.394 0.433 0.401 0.41

L161 161 0.408 0.448 0.417 0.42

L168 168 0.420 0.461 0.428 0.44

L175 175 0.433 0.471 0.441 0.45

L182 182 0.438 0.481 0.454 0.46

L189 189 0.454 0.495 0.462 0.47

L195 195 0.464 0.506 0.469 0.48

L206 206 0.481 0.526 0.490 0.50

L220 220 0.498 0.543 0.505 0.52

L234 234 0.518 0.564 0.527 0.54

L248 248 0.534 0.583 0.543 0.55

L262 262 0.547 0.596 0.561 0.57

L290 290 0.575 0.625 0.584 0.59

L318 318 0.600 0.650 0.609 0.62

L336 346 0.628 0.674 0.632 0.64

L364 364 0.632 0.686 0.641 0.65

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores; adição de NaOH

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

placa cristalina á superfície da solução

-

-

-

Medidas Dias nºs
Expansão (%)=((Li-L0)/250)*100 Média 

expansão 

(%)

OBSERVAÇÕES

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

+++ pontos de gel maiores em todos os provetes

pontos de gel pequenos nos provetes 1 e 2

+++ pontos de gel maiores em todos os provetes

++++ pontos de gel em todos os provetes

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

+++++ pontos de gel nos provetes e solução; fissuras maiores

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel em todos os provetes

+++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

+++++ pontos de gel nos provetes e solução; pequenas fissuras

+++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

++++ pontos de gel em todos os provetes; gel na solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras

++++ pontos de gel nos provetes e solução; pequenas fissuras; adicionou-se NaOH



Cont. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

125

128

131

123

Média= 127

Resultado do Ensaio aos 14 dias (%):  0.04

Resultado do Ensaio aos 28 dias (%): 0.10

Resultado do Ensaio aos 56 dias (%): 0.18

Resultado do Ensaio a 1 ano (%): 0.65

Espalhamento (mm) **
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0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0.47

0.44

Provete 1 Provete 2 Provete 3

Lseco 23-02-2012 2.452 2.714 2.789

L0 24-02-2012 2.651 2.914 2.987

L3 27-02-2012 2.659 2.921 2.990

L5 29-02-2012 2.664 2.924 3.002

L7 02-03-2012 2.678 2.943 3.010

L10 05-03-2012 2.690 2.945 3.013

L14 09-03-2012 2.689 2.945 3.018

L17 12-03-2012 2.701 2.962 3.032

L21 16-03-2012 2.714 2.972 3.046

L24 19-03-2012 2.727 2.993 3.059

L28 23-03-2012 2.753 3.005 3.079

L35 30-03-2012 2.774 3.037 3.114

L42 06-04-2012 2.801 3.064 3.136

L49 13-04-2012 2.824 3.081 3.161

L56 20-04-2012 2.858 3.112 3.195

L63 27-04-2012 2.883 3.132 3.219

L70 04-05-2012 2.917 3.175 3.250

L77 11-05-2012 2.954 3.211 3.280

L84 18-05-2012 2.987 3.256 3.327

L91 25-05-2012 3.034 3.294 3.363

L98 01-06-2012 3.075 3.325 3.422

L105 08-06-2012 3.114 3.363 3.450

L112 15-06-2012 3.153 3.404 3.505

L119 22-06-2012 3.198 3.450 3.555

L126 29-06-2012 3.236 3.487 3.575

L133 06-07-2012 3.279 3.520 3.635

L140 13-07-2012 3.308 3.552 3.653

L147 20-07-2012 3.348 3.594 3.701

L154 27-07-2012 3.377 3.614 3.715

L161 03-08-2012 3.417 3.647 3.744

L168 10-08-2012 3.442 3.676 3.778

L175 17-08-2012 3.474 3.703 3.807

L182 24-08-2012 3.500 3.731 3.835

L189 31-08-2012 3.529 3.764 3.863

L195 06-09-2012 3.556 3.785 3.889

L206 17-09-2012 3.604 3.839 3.938

L220 01-10-2012 3.651 3.877 3.977

L234 15-10-2012 3.704 3.922 4.037

L248 29-10-2012 3.739 3.975 4.092

L262 12-11-2012 3.771 3.994 4.109

L290 10-12-2012 3.851 4.069 4.179

L318 07-01-2013 3.907 4.119 4.239

L346 04-02-2013 3.965 4.164 4.282

L364 22-02-2013 4.001 4.206 4.330

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras; Adicionou-se NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

pequenos pontos de gel em todos os provetes

pequenos pontos de gel em todos os provetes

+ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; pequenas fissuras; adicionou-se NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

-

-

-

pequenos pontos de gel em todos os provetes

pequenos pontos de gel em todos os provetes

pequenos pontos de gel em todos os provetes

-

placa cristalina à superfície da solução

-

-

-

-

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

Data da amassadura: 22-02-2012

g de CEM I (*)

Granítica Água: ml 

Britada A/C:

 Ensaio Nº: 346 Areia: g de 0,15 mm - 4,75 mm

A
M

O
S

T
R

A

GR3 Adição: g

Cimento :

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras; adicionou-se NaOH

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras;  adicionou-se NaOH

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; fissuras maiores; adição de NaOH

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores



Cont. 

 

 

Provete 1 Provete 2 Provete 3

L0 0 0.000 0.000 0.000 0.00

L3 3 0.003 0.003 0.001 0.00

L5 5 0.005 0.004 0.006 0.01

L7 7 0.011 0.012 0.009 0.01

L10 10 0.016 0.012 0.010 0.01

L14 14 0.015 0.012 0.012 0.01

L17 17 0.020 0.019 0.018 0.02

L21 21 0.025 0.023 0.024 0.02

L24 24 0.030 0.032 0.029 0.03

L28 28 0.041 0.036 0.037 0.04

L35 35 0.049 0.049 0.080 0.05

L42 42 0.060 0.060 0.089 0.06

L49 49 0.069 0.067 0.099 0.07

L56 56 0.083 0.079 0.112 0.08

L63 63 0.093 0.087 0.122 0.09

L70 70 0.106 0.104 0.134 0.11

L77 77 0.121 0.119 0.146 0.12

L84 84 0.134 0.137 0.165 0.14

L91 91 0.153 0.152 0.180 0.15

L98 98 0.170 0.164 0.203 0.17

L105 105 0.185 0.180 0.214 0.18

L112 112 0.201 0.196 0.236 0.20

L119 119 0.219 0.214 0.256 0.22

L126 126 0.234 0.229 0.264 0.23

L133 133 0.251 0.242 0.288 0.25

L140 140 0.263 0.255 0.296 0.26

L147 147 0.279 0.272 0.315 0.28

L154 154 0.290 0.280 0.320 0.29

L161 161 0.306 0.293 0.332 0.30

L168 168 0.316 0.305 0.346 0.31

L175 175 0.329 0.316 0.357 0.32

L182 182 0.340 0.327 0.368 0.33

L189 189 0.351 0.340 0.380 0.35

L195 195 0.362 0.348 0.390 0.36

L206 206 0.381 0.370 0.410 0.38

L220 220 0.400 0.385 0.425 0.39

L234 234 0.421 0.403 0.449 0.41

L248 248 0.435 0.424 0.471 0.43

L262 262 0.448 0.432 0.478 0.44

L290 290 0.480 0.462 0.506 0.47

L318 318 0.502 0.482 0.530 0.49

L346 346 0.526 0.500 0.547 0.51

L364 364 0.540 0.517 0.566 0.53

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

++ pontos de gel em todos os provetes; pequenas fissuras; adicionou-se NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

+ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras; Adicionou-se NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

pequenos pontos de gel em todos os provetes

+ pontos de gel em todos os provetes

-

-

pequenos pontos de gel em todos os provetes

pequenos pontos de gel em todos os provetes

pequenos pontos de gel em todos os provetes

pequenos pontos de gel em todos os provetes

placa cristalina à superfície da solução

-

-

-

-

-

Medidas Dias nºs
Expansão (%)=((Li-L0)/250)*100 Média 

expansão 

(%)

OBSERVAÇÕES

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras;  adicionou-se NaOH

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras; adicionou-se NaOH

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; pequenas fissuras

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores

+++ pontos de gel em todos os provetes; fissuras maiores; adição de NaOH



Cont. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

140

136

142

145

Média= 141

Resultado do Ensaio aos 14 dias (%):  0.02

Resultado do Ensaio aos 28 dias (%): 0.05

Resultado do Ensaio aos 56 dias (%): 0.08

Resultado do Ensaio a 1 ano (%): 0.53

Espalhamento (mm) **
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Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0.47

0.44

Provete 1 Provete 2 Provete 3

Lseco 05-03-2013 3.230 2.940 2.880

L0 06-03-2013 3.426 3.138 3.080

L3 08-03-2013 3.433 3.145 3.087

L5 11-03-2013 3.439 3.158 3.097

L7 13-03-2013 3.441 3.153 3.103

L10 15-03-2013 3.457 3.171 3.108

L14 20-03-2013 3.479 3.189 3.128

L17 22-03-2013 3.474 3.184 3.140

L21 25-03-2013 3.484 3.196 3.138

L24 29-03-2013 3.493 3.203 3.148

L28 03-04-2013 3.504 3.217 3.158

L35 10-04-2013 3.545 3.252 3.193

L42 17-04-2013 3.596 3.293 3.223

L49 24-04-2013 3.619 3.320 3.258

L56 01-05-2013 3.659 3.364 3.295

L61 06-05-2013 3.683 3.384 3.315

L68 13-05-2013 3.733 3.427 3.360

L75 20-05-2013

L82 27-05-2013

L89 03-06-2013

L96 10-06-2013

L110 24-06-2013

L124 08-07-2013

L138 22-07-2013

L152 05-08-2013

L166 19-08-2013

L180 02-09-2013

L194 16-09-2013

L208 30-09-2013

L222 14-10-2013

L250 11-11-2013

L278 09-12-2013

L306 06-01-2014

L334 03-02-2014

L364 05-03-2014

 Ensaio Nº: 378 Areia: g de 0,15 mm - 4,75 mm

A
M

O
S

T
R

A

GR7

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

Adição: g

Cimento : g de CEM I (*)

Granítica Água: ml 

Britada A/C:

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

Data da amassadura: 04-03-2013

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

-

-

-

-

-

-

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2 (mudança de estufa)

pontos de gel no provete 2

+ pontos de gel em todos os provetes; pequenas fissuras

0

 



Cont. 

Provete 1 Provete 2 Provete 3

L0 0 0.000 0.000 0.000 0.00

L2 2 0.003 0.003 0.003 0.00

L5 5 0.005 0.008 0.007 0.01

L7 7 0.006 0.006 0.009 0.01

L9 9 0.012 0.013 0.011 0.01

L14 14 0.021 0.020 0.019 0.02

L16 16 0.019 0.018 0.024 0.02

L19 19 0.023 0.023 0.023 0.02

L23 23 0.027 0.026 0.027 0.03

L28 28 0.031 0.032 0.031 0.03

L35 35 0.048 0.046 0.045 0.05

L42 42 0.068 0.062 0.057 0.06

L49 49 0.077 0.073 0.071 0.07

L56 56 0.093 0.090 0.086 0.09

L61 61 0.103 0.098 0.094 0.10

L68 68 0.123 0.116 0.112 0.12

L75 75 -1.370 -1.255 -1.232 -1.29

L82 82 -1.370 -1.255 -1.232 -1.29

L89 89 -1.370 -1.255 -1.232 -1.29

L96 96 -1.370 -1.255 -1.232 -1.29

L110 110 -1.370 -1.255 -1.232 -1.29

L124 124 -1.370 -1.255 -1.232 -1.29

L138 138 -1.370 -1.255 -1.232 -1.29

L152 152 -1.370 -1.255 -1.232 -1.29

L166 166 -1.370 -1.255 -1.232 -1.29

L180 180 -1.370 -1.255 -1.232 -1.29

L194 194 -1.370 -1.255 -1.232 -1.29

L208 208 -1.370 -1.255 -1.232 -1.29

L222 222 -1.370 -1.255 -1.232 -1.29

L250 250 -1.370 -1.255 -1.232 -1.29

L278 278 -1.370 -1.255 -1.232 -1.29

L306 306 -1.370 -1.255 -1.232 -1.29

L334 334 -1.370 -1.255 -1.232 -1.29

L364 364 -1.370 -1.255 -1.232 -1.29

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

130

132

122

127

Média= 128

Resultado do Ensaio aos 14 dias (%):  0.02

Resultado do Ensaio aos 28 dias (%): 0.03

Resultado do Ensaio aos 56 dias (%): 0.09

0

#REF!

Medidas Dias nºs
Expansão (%)=((Li-L0)/250)*100 Média 

expansão 

(%)

OBSERVAÇÕES

-

-

-

-

-

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2

pontos de gel no provete 2 (mudança de estufa)

pontos de gel no provete 2

+ pontos de gel em todos os provetes; pequenas fissuras

0

0

0

0

0

0

0

0

0

Espalhamento (mm) **

0

0

0

0

0

0

0

0

0

0
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0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 03-05-2012 3,533 3,228 2,794

L0 04-05-2012 3,718 3,419 2,978

L3 07-05-2012 3,724 3,422 2,980

L5 09-05-2012 3,742 3,437 2,997

L7 11-05-2012 3,760 3,464 3,020

L10 14-05-2012 3,762 3,468 3,020

L14 18-05-2012 3,791 3,495 3,054

L17 21-05-2012 3,816 3,511 3,080

L21 25-05-2012 3,842 3,539 3,091

L24 28-05-2012 3,866 3,558 3,113

L28 01-06-2012 3,882 3,582 3,143

L35 08-06-2012 3,917 3,627 3,199

L42 15-06-2012 3,952 3,685 3,221

L49 22-06-2012 4,000 3,716 3,255

L56 29-06-2012 4,044 3,783 3,293

L63 06-07-2012 4,082 3,794 3,333

L70 13-07-2012 4,118 3,837 3,371

L77 20-07-2012 4,156 3,880 3,428

L84 27-07-2012 4,189 3,914 3,452

L91 03-08-2012 4,209 3,941 3,464

L98 10-08-2012 4,255 3,983 3,516

L105 17-08-2012 4,287 4,012 3,552

L112 24-08-2012 4,313 4,037 3,574

L119 31-08-2012 4,350 4,080 3,619

L126 07-09-2012 4,386 4,115 3,650

L136 17-09-2012 4,436 4,177 3,706

L150 01-10-2012 4,491 4,237 3,777

L164 15-10-2012 4,550 4,301 3,838

L178 29-10-2012 4,602 4,357 3,898

L192 12-11-2012 4,648 4,405 3,950

L220 10-12-2012 4,738 4,503 4,046

L248 07-01-2013 4,819 4,590 4,127

L276 04-02-2013 4,846 4,614 4,158

L304 04-03-2013 4,963 4,732 4,276

L332 01-04-2013 5,027 4,804 4,346

L364 03-05-2013 5,104 4,886 4,430

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores; adição de NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores; adição de NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores; adição de NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores; adição de NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores; adição NaOH

+ pontos de gel maiores em todos os provetes; fissuras maiores

+ pontos de gel maiores em todos os provetes; fissuras maiores; adicionou-se NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores; adicionou-se NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores

++ pontos de gel maiores em todos os provetes; fissuras maiores

pontos de gel maiores em todos os provetes

pontos de gel maiores em todos os provetes

pontos de gel maiores em todos os provetes

pontos de gel maiores em todos os provetes; pequenas fissuras

+ pontos de gel maiores em todos os provetes; pequenas fissuras

+ pontos de gel maiores em todos os provetes; fissuras maiores

pontos de gel pequenos em todos os provetes, e ponto de gel maior no provete 2

pontos de gel pequenos em todos os provetes, e ponto de gel maior no provete 2

pontos de gel pequenos em todos os provetes, e ponto de gel maior no provete 2

pontos de gel pequenos em todos os provetes, e ponto de gel maior no provete 2

pontos de gel pequenos em todos os provetes, e ponto de gel maior no provete 2

pontos de gel maiores em todos os provetes

-

-

pontos de gel pequenos em todos os provetes, e ponto de gel maior no provete 2

pontos de gel pequenos em todos os provetes, e ponto de gel maior no provete 2

Data da amassadura: 02-05-2012

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

Britada A/C:

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

A
M

O
S

T
R

A

GR17 Adição:

Cimento : g de CEM I (*)

Granítica Água: ml 

Areia:

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

g de 0,15 mm - 4,75 mm

g

 Ensaio Nº: 351

++ pontos de gel maiores em todos os provetes; fissuras maiores; adição de NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores; adição de NaOH

++ pontos de gel maiores em todos os provetes; fissuras maiores



Cont. 



 

0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 03-05-2012 2,754 2,895 2,718

L0 04-05-2012 2,951 3,092 2,909

L3 07-05-2012 2,968 3,101 2,929

L5 09-05-2012 2,969 3,112 2,939

L7 11-05-2012 2,998 3,129 2,958

L10 14-05-2012 3,015 3,156 2,976

L14 18-05-2012 3,055 3,192 3,031

L17 21-05-2012 3,090 3,232 3,057

L21 25-05-2012 3,116 3,258 3,084

L24 28-05-2012 3,150 3,285 3,120

L28 01-06-2012 3,191 3,324 3,155

L35 08-06-2012 3,252 3,385 3,212

L42 15-06-2012 3,301 3,442 3,257

L49 22-06-2012 3,355 3,490 3,314

L56 29-06-2012 3,406 3,528 3,386

L63 06-07-2012 3,455 3,580 3,404

L70 13-07-2012 3,521 3,635 3,461

L77 20-07-2012 3,566 3,675 3,494

L84 27-07-2012 3,589 3,715 3,549

L91 03-08-2012 3,642 3,744 3,575

L98 10-08-2012 3,671 3,781 3,615

L105 17-08-2012 3,712 3,816 3,652

L112 24-08-2012 3,741 3,843 3,678

L119 31-08-2012 3,764 3,887 3,722

L126 07-09-2012 3,816 3,907 3,748

L136 17-09-2012 3,873 3,968 3,812

L150 01-10-2012 3,867 3,956 3,823

L164 15-10-2012 3,941 4,026 3,878

L178 29-10-2012 3,977 4,069 3,918

L192 12-11-2012 4,014 4,107 3,945

L220 10-12-2012 4,070 4,168 4,010

L248 07-01-2013 4,137 4,213 4,068

L276 04-02-2013 4,176 4,260 4,108

L304 04-03-2013 4,215 4,304 4,120

L332 01-04-2013 4,250 4,342 4,185

L364 03-05-2013 4,315 4,408 4,256

 Ensaio Nº: 353 Areia: g de 0,15 mm - 4,75 mm

A
M

O
S

T
R

A

GR18 Adição:

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

g

Cimento : g de CEM I (*)

Granítica Água: ml 

Britada A/C:

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

Data da amassadura: 02-05-2012

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

-

-

-

um ponto de gel no provete 3

um ponto de gel no provete 3

um ponto de gel no provete 3

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

+ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; adicionou-se NaOH

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; adicionou-se NaOH

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; (a caixa esteve quase sem solução porque a tampa se rompeu)

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras



Cont. 

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 0,007 0,004 0,008 0,01

L5 5 0,007 0,008 0,012 0,01

L7 7 0,019 0,015 0,020 0,02

L10 10 0,026 0,026 0,027 0,03

L14 14 0,042 0,040 0,049 0,04

L17 17 0,056 0,056 0,059 0,06

L21 21 0,066 0,066 0,070 0,07

L24 24 0,080 0,077 0,084 0,08

L28 28 0,096 0,093 0,098 0,10

L35 35 0,120 0,117 0,121 0,12

L42 42 0,140 0,140 0,139 0,14

L49 49 0,162 0,159 0,162 0,16

L56 56 0,182 0,174 0,191 0,18

L63 63 0,202 0,195 0,198 0,20

L70 70 0,228 0,217 0,221 0,22

L77 77 0,246 0,233 0,234 0,24

L84 84 0,255 0,249 0,256 0,25

L91 91 0,276 0,261 0,266 0,27

L98 98 0,288 0,276 0,282 0,28

L105 105 0,304 0,290 0,297 0,30

L112 112 0,316 0,300 0,308 0,31

L119 119 0,325 0,318 0,325 0,32

L126 126 0,346 0,326 0,336 0,34

L136 136 0,369 0,350 0,361 0,36

L150 150 0,366 0,346 0,366 0,36

L164 164 0,396 0,374 0,388 0,39

L178 178 0,410 0,391 0,404 0,40

L192 192 0,425 0,406 0,414 0,42

L220 220 0,448 0,430 0,440 0,44

L248 248 0,474 0,448 0,464 0,46

L276 276 0,490 0,467 0,480 0,48

L304 304 0,506 0,485 0,484 0,49

L332 332 0,520 0,500 0,510 0,51

L364 364 0,546 0,526 0,539 0,54

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

71

70

68

60

Média= 67

Resultado do Ensaio aos 14 dias (%):  0,04

Resultado do Ensaio aos 28 dias (%): 0,10

Resultado do Ensaio aos 56 dias (%): 0,18

Resultado do Ensaio a 1 ano (%): 0,54

++ pontos de gel maiores em todos os provetes

++ pontos de gel em todos os provetes; pequenas fissuras

-

-

um ponto de gel no provete 3

um ponto de gel no provete 3

++ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

+ pontos de gel maiores em todos os provetes

++ pontos de gel maiores em todos os provetes

Medidas Dias nºs
Expansão (%)=((Li-L0)/250)*100 Média 

expansão 

(%)

OBSERVAÇÕES

um ponto de gel no provete 3

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; adicionou-se NaOH

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; adicionou-se NaOH

++ pontos de gel em todos os provetes

Espalhamento (mm) **

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; (a caixa esteve quase sem solução porque a tampa se rompeu)

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes; pequenas fissuras

++ pontos de gel em todos os provetes; pequenas fissuras; adição de NaOH

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes
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0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 03-05-2012 3,608 2,831 2,943

L0 04-05-2012 3,786 3,015 3,135

L3 07-05-2012 3,814 3,031 3,149

L5 09-05-2012 3,825 3,044 3,158

L7 11-05-2012 3,850 3,071 3,185

L10 14-05-2012 3,849 3,078 3,186

L14 18-05-2012 3,873 3,095 3,209

L17 21-05-2012 3,894 3,112 3,221

L21 25-05-2012 3,919 3,124 3,238

L24 28-05-2012 3,937 3,147 3,255

L28 01-06-2012 3,964 3,164 3,279

L35 08-06-2012 3,992 3,206 3,322

L42 15-06-2012 4,027 3,234 3,343

L49 22-06-2012 4,078 3,270 3,382

L56 29-06-2012 4,113 3,300 3,411

L63 06-07-2012 4,150 3,332 3,445

L70 13-07-2012 4,190 3,368 3,482

L77 20-07-2012 4,226 3,405 3,515

L84 27-07-2012 4,226 3,442 3,550

L91 03-08-2012 4,297 3,471 3,581

L98 10-08-2012 4,342 3,505 3,619

L105 17-08-2012 4,378 3,537 3,656

L112 24-08-2012 4,408 3,556 3,670

L119 31-08-2012 4,450 3,598 3,719

L126 07-09-2012 4,476 3,629 3,746

L136 17-09-2012 4,543 3,686 3,800

L150 01-10-2012 4,606 3,740 3,860

L164 15-10-2012 4,669 3,797 3,919

L178 29-10-2012 4,729 3,860 3,977

L192 12-11-2012 4,785 3,908 4,030

L220 10-12-2012 4,891 4,003 4,123

L248 07-01-2013 4,977 4,082 4,202

L276 04-02-2013 5,053 4,148 4,274

L304 04-03-2013 5,118 4,213 4,337

L332 01-04-2013 5,185 4,263 4,387

L364 03-05-2013 5,261 4,346 4,474

g

 Ensaio Nº: 352

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes;adição de NaOH

+++ pontos de gel em todos os provetes

Areia:

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

g de 0,15 mm - 4,75 mm

Cimento : g de CEM I (*)

Granítica Água: ml 

Britada A/C:

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

A
M

O
S

T
R

A

GR19 Adição:

Data da amassadura: 02-05-2012

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

-

-

-

-

-

-

-

um ponto de gel nos provetes 1 e 2

um ponto de gel nos provetes 1 e 2

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

+ pontos de gel em todos os provetes

+ pontos de gel em todos os provetes

+ pontos de gel em todos os provetes; adiciounou-se NaOH

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; adiciounou-se NaOH

++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH



Cont. 

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 0,011 0,006 0,006 0,01

L5 5 0,016 0,012 0,009 0,01

L7 7 0,026 0,022 0,020 0,02

L10 10 0,025 0,025 0,020 0,02

L14 14 0,035 0,032 0,030 0,03

L17 17 0,043 0,039 0,034 0,04

L21 21 0,053 0,044 0,041 0,05

L24 24 0,060 0,053 0,048 0,05

L28 28 0,071 0,060 0,058 0,06

L35 35 0,082 0,076 0,075 0,08

L42 42 0,096 0,088 0,083 0,09

L49 49 0,117 0,102 0,099 0,11

L56 56 0,131 0,114 0,110 0,12

L63 63 0,146 0,127 0,124 0,13

L70 70 0,162 0,141 0,139 0,15

L77 77 0,176 0,156 0,152 0,16

L84 84 0,176 0,171 0,166 0,17

L91 91 0,204 0,182 0,178 0,19

L98 98 0,222 0,196 0,194 0,20

L105 105 0,237 0,209 0,208 0,22

L112 112 0,249 0,216 0,214 0,23

L119 119 0,266 0,233 0,234 0,24

L126 126 0,276 0,246 0,244 0,26

L136 136 0,303 0,268 0,266 0,28

L150 150 0,328 0,290 0,290 0,30

L164 164 0,353 0,313 0,314 0,33

L178 178 0,377 0,338 0,337 0,35

L192 192 0,400 0,357 0,358 0,37

L220 220 0,442 0,395 0,395 0,41

L248 248 0,476 0,427 0,427 0,44

L276 276 0,507 0,453 0,456 0,47

L304 304 0,533 0,479 0,481 0,50

L332 332 0,560 0,499 0,501 0,52

L364 364 0,590 0,532 0,536 0,55

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

87

82

73

75

Média= 79

Resultado do Ensaio aos 14 dias (%):  0,03

Resultado do Ensaio aos 28 dias (%): 0,06

Resultado do Ensaio aos 56 dias (%): 0,12

Resultado do Ensaio a 1 ano (%): 0,55

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes;adição de NaOH

+++ pontos de gel em todos os provetes

Medidas Dias nºs
Expansão (%)=((Li-L0)/250)*100 Média 

expansão 

(%)

OBSERVAÇÕES

-

-

-

-

-

-

um ponto de gel nos provetes 1 e 2

um ponto de gel nos provetes 1 e 2

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

um ponto de gel em todos os provetes

+ pontos de gel em todos os provetes

+ pontos de gel em todos os provetes

+ pontos de gel em todos os provetes; adiciounou-se NaOH

++ pontos de gel em todos os provetes

++ pontos de gel em todos os provetes; adiciounou-se NaOH

++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

Espalhamento (mm) **

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH

+++ pontos de gel em todos os provetes

+++ pontos de gel em todos os provetes; adição de NaOH
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Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 05-03-2013 2,841 2,678 2,708

L0 06-03-2013 3,038 2,870 2,902

L3 08-03-2013 3,036 2,870 2,902

L5 11-03-2013 3,056 2,894 2,925

L7 13-03-2013 3,071 2,911 2,938

L10 15-03-2013 3,089 2,926 2,955

L14 20-03-2013 3,151 2,978 2,998

L17 22-03-2013 3,150 2,986 3,015

L21 25-03-2013 3,172 3,008 3,039

L24 29-03-2013 3,208 3,035 3,062

L28 03-04-2013 3,242 3,071 3,112

L35 10-04-2013 3,301 3,132 3,168

L42 17-04-2013 3,376 3,201 3,233

L49 24-04-2013 3,428 3,261 3,295

L56 01-05-2013 3,496 3,323 3,363

L61 06-05-2013 3,537 3,355 3,405

L68 13-05-2013 3,596 3,413 3,455

L75 20-05-2013

L82 27-05-2013

L89 03-06-2013

L96 10-06-2013

L110 24-06-2013

L124 08-07-2013

L138 22-07-2013

L152 05-08-2013

L166 19-08-2013

L180 02-09-2013

L194 16-09-2013

L208 30-09-2013

L222 14-10-2013

L250 11-11-2013

L278 09-12-2013

L306 06-01-2014

L334 03-02-2014

L364 05-03-2014

 Ensaio Nº: 379 Areia: g de 0,15 mm - 4,75 mm

A
M
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S

T
R

A

GR20

Anexo ao Boletim nº

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

0

0204/14/17905

Adição: g

Cimento : g de CEM I (*)

Granítica Água: ml 

Britada A/C:

Técnico executante: Fátima Meneses/Dora Soares Cimento/Agregado:

Data da amassadura: 04-03-2013

Medidas Data
Medidas das Expansões (mm)

OBSERVAÇÕES

0

0

0

0

provete 2 com pontos de gel pequenos

provetes 2 e 3 com pontos de gel pequenos

provetes 2 e 3 com pontos de gel pequenos

pontos de gel pequenos em todos os provetes

pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes (mudança de estufa)

+ pontos de gel pequenos em todos os provetes

++ pontos de gel pequenos em todos os provetes; fissuras

0



Cont. 

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L2 2 -0,001 0,000 0,000 0,00

L5 5 0,007 0,010 0,009 0,01

L7 7 0,013 0,016 0,014 0,01

L9 9 0,020 0,022 0,021 0,02

L14 14 0,045 0,043 0,038 0,04

L16 16 0,045 0,046 0,045 0,05

L19 19 0,054 0,055 0,055 0,05

L23 23 0,068 0,066 0,064 0,07

L28 28 0,082 0,080 0,084 0,08

L35 35 0,105 0,105 0,106 0,11

L42 42 0,135 0,132 0,132 0,13

L49 49 0,156 0,156 0,157 0,16

L56 56 0,183 0,181 0,184 0,18

L61 61 0,200 0,194 0,201 0,20

L68 68 0,223 0,217 0,221 0,22

L75 75 -1,215 -1,148 -1,161 -1,17

L82 82 -1,215 -1,148 -1,161 -1,17

L89 89 -1,215 -1,148 -1,161 -1,17

L96 96 -1,215 -1,148 -1,161 -1,17

L110 110 -1,215 -1,148 -1,161 -1,17

L124 124 -1,215 -1,148 -1,161 -1,17

L138 138 -1,215 -1,148 -1,161 -1,17

L152 152 -1,215 -1,148 -1,161 -1,17

L166 166 -1,215 -1,148 -1,161 -1,17

L180 180 -1,215 -1,148 -1,161 -1,17

L194 194 -1,215 -1,148 -1,161 -1,17

L208 208 -1,215 -1,148 -1,161 -1,17

L222 222 -1,215 -1,148 -1,161 -1,17

L250 250 -1,215 -1,148 -1,161 -1,17

L278 278 -1,215 -1,148 -1,161 -1,17

L306 306 -1,215 -1,148 -1,161 -1,17

L334 334 -1,215 -1,148 -1,161 -1,17

L364 364 -1,215 -1,148 -1,161 -1,17

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

98

97

103

103

Média= 100

Resultado do Ensaio aos 14 dias (%):  0,04

Resultado do Ensaio aos 28 dias (%): 0,08

Resultado do Ensaio aos 56 dias (%): 0,18

0

#REF!

Medidas Dias nºs
Expansão (%)=((Li-L0)/250)*100 Média 

expansão 

(%)

OBSERVAÇÕES

0

0

0

provete 2 com pontos de gel pequenos

provetes 2 e 3 com pontos de gel pequenos

provetes 2 e 3 com pontos de gel pequenos

pontos de gel pequenos em todos os provetes

pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes

+ pontos de gel pequenos em todos os provetes (mudança de estufa)

+ pontos de gel pequenos em todos os provetes

++ pontos de gel pequenos em todos os provetes; fissuras

0

0

0

0

0

0

0

0

0

Espalhamento (mm) **

0

0

0

0

0

0

0

0

0

0

0,00
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Pedido nº:

Processo nº:

Nº do Ensaio:
6.594

Referência da amostra:
3140

Procedência: Adição

Responsável do Ensaio: Água 3.00

Data da amassadura: Água/Ligante

Tipo: 18.295 Kg

Origem 2640.0 Massa Volúmica

Tipo: 7.841 Kg

Origem: 2640 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 31

Tipo e origem: 0.02

Na2Oequiv. (%): Na2Oequiv./m3 5.52

Slump (1) 10

Temperatura do betão 23.7

    Molde nº: _12__________________________ Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0.00

m1 m2 m3

0.000

Volume do molde (l) 0.0080037

1 2 3 Temperatura do ar (ºC) 22.,3

285.5 285.5 285.5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-07-14 2.610 3.076 2.875 2010-07-14 3.9337 3.9283 3.9732

2010-07-14 2.608 3.075 2.872 2010-07-14 3.9332 3.928 3.9732

C0 média 2010-07-14 2.609 3.076 2.874 W0 média 2010-07-14 3.9335 3.9282 3.9732

2010-07-14 2.600 3.070 2.870 2010-07-14 3.9405 3.9349 3.9793

2010-07-14 2.600 3.073 2.868 2010-07-14 3.9404 3.9349 3.9793

C30 min média 2010-07-14 2.600 3.072 2.869 W30 min média 2010-07-14 3.9405 3.9349 3.9793

C4 2010-08-10 2.634 3.105 2.906 W4 2010-08-10 3.9399 3.9337 3.9786

C8 2010-09-07 2.653 3.125 2.925 W8 2010-09-07 3.9399 3.9359 3.9802

C10 2010-09-21 2.646 3.100 2.908 W10 2010-09-21 3.9419 3.9361 3.9791

C12 2010-10-07 2.653 3.117 2.917 W12 2010-10-07 3.9419 3.9359 3.9779

C16 2010-11-03 2.661 3.127 2.940 W16 2010-11-03 3.9440 3.9384 3.9855

C20 2010-11-30 2.665 3.141 2.958 W20 2010-11-30 3.9440 3.9400 3.9830

Provete 1 Provete 2 Provete 3

C0 0 0.000 0.000 0.000 0.000

C4 4 0.010 0.012 0.013 0.012

C8 8 0.018 0.020 0.021 0.019

C10 10 0.015 0.010 0.014 0.013

C12 12.3 0.018 0.017 0.017 0.017

C16 16.1 0.021 0.021 0.027 0.023

C20 20 0.022 0.026 0.034 0.027

336

Provete 1 Provete 2 Provete 3

W0 0 0.000 0.000 0.000 0.00

W4 4 0.164 0.141 0.136 0.15

W8 8 0.164 0.197 0.176 0.18

W10 10 0.215 0.202 0.148 0.19

W12 12.3 0.215 0.197 0.118 0.18

W16 16.1 0.268 0.261 0.310 0.28

W20 20 0.268 0.302 0.247 0.27

Expansão (%) às 12 semanas 0.017

Expansão (%) às 20 semanas 0.027

Areia

CEM I 42,5 R - Alhandra

Granitica

Joane - Vila Nova de Famalicão, 

Braga

Granitica

Joane - Vila Nova de Famalicão, 

Braga

0.18

1.08
Cimento

Kg

Massa volúmica

Cimento

GR1

0.45

Brita
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                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

L

0.8906

Leituras de massa
Medidas de massa (Kg)Medidas das Expansões (mm)

0.17

g

Kg

NaOH adicionado

mm

ºC

%

% Na2O equivalente

W30 min

Kg/m3

Massa do molde (kg) 

Data

W0

Média

Leituras de expansão

Variação de massa (%)

Expansão (%)
Semana nº OBSERVAÇÕES

Provetes com manchas e eflorescências brancas.

A leitura foi realizada após 48h da data prevista por motivo de feriado

C0

C 30 minutos

A leitura foi realizada após 48h da data prevista por motivo de feriado

Leituras de expansão Data

Adição

40.226

40.156

Comprimento prismas (mm)

Pesagem do molde após enchimento (kg)

Variação de massa (%)

Pesagem do molde após 24h em câmara 

saturada a 20º C (kg)

Leituras de massa Semana nº

Agregados

Brita

%Na2O equivalente

0.25

Teor de álcalis activos do 

ligante

Areia

0.08

Média
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Pedido nº:

Processo nº:

Nº do Ensaio:
6.594

Referência da amostra:
3140

Procedência: Adição

Responsável do Ensaio: Água 3.00

Data da amassadura: Água/Ligante

Tipo: 17.988 Kg

Origem 2640.0 Massa Volúmica

Tipo: 7.514 Kg

Origem: 2640 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 31

Tipo e origem: 0.02

Na2Oequiv. (%): Na2Oequiv./m3 5.61

Slump (1) 10

Temperatura do betão 23.5

    Molde nº: __13_________________________ Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0.00

m1 m2 m3

0.000

Volume do molde (l) 0.0080037

1 2 3 Temperatura do ar (ºC) 22.3

285.5 285.5 285.5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-07-14 2.303 2.348 2.721 2010-07-14 3.9520 3.8649 3.8956

2010-07-14 2.302 2.345 2.721 2010-07-14 3.9520 3.8650 3.8953

C0 média 2010-07-14 2.303 2.347 2.721 W0 média 2010-07-14 3.9520 3.8650 3.8955

2010-07-14 2.300 2.342 2.720 2010-07-14 3.9601 3.8735 3.9024

2010-07-14 2.299 2.343 2.719 2010-07-14 3.9601 3.8734 3.9027

C30 min média 2010-07-14 2.300 2.343 2.720 W30 min média 2010-07-14 3.9601 3.8735 3.9026

C4 2010-08-10 2.346 2.390 2.763 W4 2010-08-10 3.9591 3.8693 3.8987

C8 2010-09-07 2.392 2.443 2.807 W8 2010-09-07 3.9624 3.8715 3.9028

C10 2010-09-21 2.399 2.465 2.809 W10 2010-09-21 3.9633 3.8728 3.9051

C12 2010-10-07 2.414 2.490 2.825 W12 2010-10-07 3.9635 3.8730 3.9053

C16 2010-11-03 2.439 2.531 2.857 W16 2010-11-03 3.9664 3.8771 3.9082

C20 2010-11-30 2.455 2.562 2.875 W20 2010-11-30 3.9674 3.8775 3.9090

Provete 1 Provete 2 Provete 3

C0 0 0.000 0.000 0.000 0.000

C4 4 0.017 0.017 0.017 0.017

C8 8 0.036 0.039 0.034 0.036

C10 10 0.039 0.047 0.035 0.040

C12 12.3 0.045 0.057 0.042 0.048

C16 16.1 0.055 0.074 0.054 0.061

C20 20 0.061 0.086 0.062 0.070

336

Provete 1 Provete 2 Provete 3

W0 0 0.000 0.000 0.000 0.00

W4 4 0.180 0.113 0.083 0.13

W8 8 0.263 0.169 0.189 0.21

W10 10 0.286 0.203 0.248 0.25

W12 12.3 0.291 0.208 0.253 0.25

W16 16.1 0.364 0.314 0.327 0.34

W20 20 0.390 0.325 0.348 0.35

Expansão (%) às 12 semanas 0.048

Expansão (%) às 20 semanas 0.070

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4
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Cimento

Brita

Areia

CEM I 42,5 R - Alhandra

Granitica

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

L

mm

Foz do Sabor, Torre de Moncorvo, 

Bragança

Granitica

Foz do Sabor, Torre de Moncorvo, 

Bragança

0.18

0.8906

1.08

g

Kg

NaOH adicionado

Laboratório Nacional de Engenharia Civil, I.P.

2010-07-13

Kg

0204/14/16587

GR2

Kg

Massa volúmica

Cimento

Data

0.08

Medidas das Expansões (mm)

0.13

Medidas de massa (Kg)

ºC

%

Massa do molde (kg) 

A leitura foi realizada após 48h da data prevista por motivo de feriado

% Na2O equivalente

W30 min

Provetes com manchas e eflorescências brancas.

Kg/m3

Média

Leituras de massa

W0C0

C 30 minutos

A leitura foi realizada após 48h da data prevista por motivo de feriado

OBSERVAÇÕES

Leituras de massa Semana nº Média

Leituras de expansão

Variação de massa (%)

Expansão (%)
Semana nº

Comprimento prismas (mm)

Pesagem do molde após enchimento (kg)

Variação de massa (%)

Leituras de expansão Data

Pesagem do molde após 24h em câmara 

saturada a 20º C (kg)

Adição

40.036

39.985

0.45

Agregados

Brita

%Na2O equivalente

0.26

Teor de álcalis activos do 

ligante

Areia
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Pedido nº:

Processo nº:

Nº do Ensaio:
6,594

Referência da amostra: 3140

Procedência: Adição

Responsável do Ensaio: Água 3,00

Data da amassadura: Água/Ligante

Tipo: 18,226 Kg

Origem 2630,0 Massa Volúmica

Tipo: 7,811 Kg

Origem: 2630 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 31

Tipo e origem: 0,02

Na2Oequiv. (%): Na2Oequiv./m3 5,52

Slump (1) 120

Temperatura do betão 23,9

    Molde nº: _22__________________________ Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 22,3

286 286 286

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-07-14 2,724 3,224 3,179 2010-07-14 3,9718 3,9358 3,9199

2010-07-14 2,723 3,223 3,177 2010-07-14 3,9714 3,9354 3,9199

C0 média 2010-07-14 2,724 3,224 3,178 W0 média 2010-07-14 3,9716 3,9356 3,9199

2010-07-14 2,720 3,219 3,174 2010-07-14 3,9764 3,9405 3,9237

2010-07-14 2,718 3,219 3,172 2010-07-14 3,9761 3,9404 3,9236

C30 min média 2010-07-14 2,719 3,219 3,173 W30 min média 2010-07-14 3,9763 3,9405 3,9237

C4 2010-08-10 2,756 3,252 3,211 W4 2010-08-10 3,9809 3,9432 3,9258

C8 2010-09-07 2,777 3,267 3,227 W8 2010-09-07 3,9812 3,9440 3,9272

C10 2010-09-21 2,767 3,255 3,226 W10 2010-09-21 3,9807 3,9443 3,9272

C12 2010-10-07 2,785 3,268 3,240 W12 2010-10-07 3,9817 3,9449 3,9280

C16 2010-11-03 2,814 3,283 3,251 W16 2010-11-03 3,9834 3,9475 3,9306

C20 2010-11-30 2,828 3,298 3,260 W20 2010-11-30 3,9829 3,9479 3,9300

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,013 0,011 0,013 0,013

C8 8 0,021 0,017 0,020 0,019

C10 10 0,017 0,013 0,019 0,016

C12 12,3 0,025 0,018 0,025 0,022

C16 16,1 0,036 0,024 0,029 0,030

C20 20 0,042 0,030 0,033 0,035

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 0,234 0,193 0,151 0,19

W8 8 0,242 0,213 0,186 0,21

W10 10 0,229 0,221 0,186 0,21

W12 12,3 0,254 0,236 0,207 0,23

W16 16,1 0,297 0,302 0,273 0,29

W20 20 0,285 0,313 0,258 0,28

Expansão (%) às 12 semanas 0,022

Expansão (%) às 20 semanas 0,035

Adição

40,206

40,164

0,45

Agregados

Brita

%Na2O equivalente

0,25

Teor de álcalis activos do 

ligante

Areia

Pesagem do molde após enchimento (kg)

Variação de massa (%)

Leituras de expansão Data

Pesagem do molde após 24h em câmara saturada a 

20º C (kg)

Variação de massa (%)

Expansão (%)
Semana nº

Leituras de massa Semana nº

Medidas de massa (Kg)

W0

OBSERVAÇÕES

Provetes com manchas e eflorescências brancas.

Média

Leituras de expansão Média

Massa do molde (kg) 

Data

C0

C 30 minutos

Comprimento prismas (mm)

A leitura foi realizada após 48h da data prevista por motivo de feriado

W30 min

Laboratório Nacional de Engenharia Civil, I.P.

2010-07-13

Kg

0204/14/16587

mm

ºC

Kg/m3

Todos os provetes retraíram. Foram efectuadas várias leituras que confirmaram a retracção.

A leitura foi realizada após 48h da data prevista por motivo de feriado

%

Cimento

GR3

0,8906

% Na2O equivalente

Leituras de massa
Medidas das Expansões (mm)

0,10

Kg

NaOH adicionado

Granitica

g

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

L

0,08

Kg

Massa volúmica

Granitica

0,18

1,08
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Pedido nº:

Processo nº:

Nº do Ensaio: 8,792

Referência da amostra: 3140

Procedência: Adição

Responsável do Ensaio: Água 4,00

Data da amassadura: Água/Ligante

Tipo: 23,915 Kg

Origem 2588 Massa Volúmica

Tipo: 10,276 Kg

Origem: 2595 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 41

Tipo e origem: 0,03

Na2Oequiv. (%): Na2Oequiv./m3 5,50

Slump (1) 70

Temperatura do betão 20

Molde 7 Molde 8 Teor de ar (2) 1,7

34,256 33,823
Massa volúmica do betão no 

estado fresco
2366,37

34,199 33,859 m1 m2 m3

0,17 -0,11 24,898 5,958 18,940

Volume do molde (l) 0,0080037

AG 1 AG 2 AG 3 Temperatura do ar (ºC) 19,2

285,36 285,27 285,21

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-01-27 3,147 2,975 3,070 2010-01-27 3,9403 3,9104 3,8950

2010-01-27 3,137 2,970 3,064 2010-01-27 3,9405 3,9102 3,8948

C0 média 2010-01-27 3,142 2,973 3,067 W0 média 2010-01-27 3,9404 3,9103 3,8949

2010-01-27 3,113 2,955 3,050 2010-01-27 3,9501 3,9205 3,9067

2010-01-27 3,111 2,953 3,048 2010-01-27 3,9497 3,9203 3,9064

C30 min média 2010-01-27 3,112 2,954 3,049 W30 min média 2010-01-27 3,9499 3,9204 3,9066

C4 2010-02-23 3,144 2,996 3,088 W4 2010-02-23 3,9489 3,9180 3,9044

C8 2010-03-23 3,144 2,996 3,088 W8 2010-03-23 3,9489 3,9180 3,9044

C12 2010-04-20 3,149 3,005 3,092 W12 2010-04-20 3,9448 3,9157 3,9013

C16 2010-05-18 3,160 3,015 3,104 W16 2010-05-18 3,9460 3,9158 3,9028

C20 2010-06-15 3,172 3,030 3,117 W20 2010-06-15 3,9483 3,9180 3,9049

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,001 0,009 0,008 0,006

C8 8 0,001 0,009 0,008 0,006

C12 12 0,003 0,013 0,010 0,009

C16 16 0,007 0,017 0,015 0,013

C20 20 0,012 0,023 0,020 0,018
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Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 0,216 0,197 0,244 0,22

W8 8 0,216 0,197 0,244 0,22

W12 12 0,112 0,138 0,164 0,14

W16 16 0,142 0,141 0,203 0,16

W20 20 0,200 0,197 0,257 0,22

Expansão (%) às 12 semanas 0,009
Expansão (%) às 20 semanas 0,018

Cimento

Brita

Areia

CEM I 42,5 R - Alhandra

"Granitica"

Granitica

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Laboratório Nacional de Engenharia Civil, I.P.

2010-01-26

Kg

019NM10

0204/532/2

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4

24

GR7

Kg

C 30 minutos W30 min

Expansão (%)
Semana nº

%Na2O equivalente

Pequenos pontos brancos em todos os provetes

Pequenos pontos brancos em todos os provetes

0,18

0,8906

1,08

% Na2O equivalente

g

Média

Kg

Massa volúmica

Cimento

Pequenos pontos brancos em todos os provetes

Data

0,45

Agregados

Brita

Leituras de massa

Susana Couto L

OBSERVAÇÕES

mm

ºC

%

Massa do molde (kg) 

0,08

Kg/m3

Leituras de expansão Data

0,26

Teor de álcalis activos do 

ligante

Leituras de massa Semana nº Média

Leituras de expansão

Variação de massa (%)

Pesagem do molde após 24h em câmara saturada a 

20º C (kg)

Areia

C0

NaOH adicionado

Adição

Comprimento prismas (mm)

Pesagem do molde após enchimento (kg)

Variação de massa (%)

Medidas das Expansões (mm) Medidas de massa (Kg)

W0

-1,00

-0,50

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

4,00

4,50

5,00
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Gráfico do ensaio
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,221 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,832 3,162 7,387

Tipo: MV sss MV sss MV sss

Origem 2665 2688 2686

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 60

Molde nº:   13 Temperatura do betão 20,5

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 19,1

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

20-04-2012 3,160 2,744 3,080 20-04-2012 3,8899 3,8960 3,9054

20-04-2012 3,158 2,743 3,078 20-04-2012 3,8897 3,8957 3,9051

C0 média 20-04-2012 3,159 2,744 3,079 W0 média 20-04-2012 3,8898 3,8959 3,9053

20-04-2012 3,156 2,739 3,075 20-04-2012 3,8959 3,9020 3,9117

20-04-2012 3,156 2,737 3,073 20-04-2012 3,8954 3,9017 3,9112

C30 min média 20-04-2012 3,156 2,738 3,074 W30 min média 20-04-2012 3,8957 3,9019 3,9115

C4 17-05-2012 3,190 2,774 3,111 W4 17-05-2012 3,8921 3,8976 3,9096

C8 15-06-2012 3,209 2,806 3,138 W8 15-06-2012 3,8942 3,8979 3,9100

C10 28-06-2012 3,216 2,814 3,143 W10 28-06-2012 3,8933 3,8969 3,9099

C12 12-07-2012 3,226 2,827 3,154 W12 12-07-2012 3,8954 3,8987 3,9095

C16 09-08-2012 3,245 2,851 3,174 W16 09-08-2012 3,8931 3,8956 3,9085

C20 06-09-2012 3,264 2,885 3,201 W20 06-09-2012 3,8949 3,8985 3,9122

C24 04-10-2012 3,262 2,893 3,199 W24 04-10-2012 3,8943 3,8984 3,9122

C28 31-10-2012 3,270 2,904 3,203 W28 31-10-2012 3,8941 3,8993 3,9106

C32 29-11-2012 3,288 2,937 3,231 W32 29-11-2012 3,8968 3,9014 3,9139

C36 27-12-2012 3,297 2,961 3,245 W36 27-12-2012 3,8972 3,9025 3,9143

C40 24-01-2013 3,302 2,979 3,253 W40 24-01-2013 3,8977 3,9045 3,9152

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,012 0,012 0,013 0,012

C8 8 0,020 0,025 0,024 0,023

C10 10 0,023 0,028 0,026 0,026

C12 12 0,027 0,033 0,030 0,030

C16 16 0,034 0,043 0,038 0,038

C20 20 0,042 0,057 0,049 0,049

C24 24 0,041 0,060 0,048 0,050

C28 28 0,044 0,064 0,050 0,053

C32 32 0,052 0,077 0,061 0,063

C36 36 0,055 0,087 0,066 0,070

C40 40 0,057 0,094 0,070 0,074

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 0,059 0,045 0,111 0,07

W8 8 0,113 0,053 0,122 0,10

W10 10 0,090 0,027 0,119 0,08

W12 12 0,144 0,073 0,109 0,11

W16 16 0,085 -0,006 0,083 0,05

W20 20 0,131 0,068 0,178 0,13

W24 24 0,116 0,065 0,178 0,12

W28 28 0,111 0,089 0,137 0,11

W32 32 0,180 0,142 0,221 0,18

W36 36 0,190 0,171 0,232 0,20

W40 40 0,203 0,222 0,255 0,23

Expansão (%) às 12 semanas 0,030

Expansão (%) às 20 semanas 0,049

Expansão (%) às 28 semanas 0,053

Expansão (%) às 32 semanas 0,063

Expansão (%) às 36 semanas 0,070

Expansão (%) às 40 semanas 0,074

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

água retirada: 2,404 Kg; provetes com manchas brancas

água retirada: 2,379 Kg; provetes com manchas brancas

água retirada: 2,375 Kg; provetes com manchas brancas

água retirada: 2,379 Kg; provetes com manchas brancas

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra: GR17

Data da amassadura: 19-04-2012

Agregados

Brita

Brita

Areia
Granítica

CEM I 42,5 R - Alhandra

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Massa volúmica (kg/m
3
)

Kg

Santos Silva/Luzia Barracha/Dora Soares 0,45

2677

7,968

Granítica

2672

água retirada: 2,3635 Kg; provetes com manchas brancas e aspecto seco

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

água retirada: 2,363 Kg; provetes bastante secos e com manchas brancas

OBSERVAÇÕES

água retirada: 2,404 Kg; provetes com manchas brancas e aspecto seco

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

0,25

-

0,18

IMPROVE

0204/14/17905
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Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,09

40,030

39,992

Comprimento prismas (mm)

DataLeituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

Medidas das Expansões (mm)

água retirada: 2,368 Kg; provetes com manchas brancas

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

água retirada: 2,399 Kg; provetes com manchas brancas

água retirada: 2,402 Kg; provetes bastante secos

água retirada: 2,387 Kg; provetes 1 e 2 um pouco húmidos
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,194 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,318 3,136 7,841

Tipo: MV sss MV sss MV sss

Origem 2660 2660 2660

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 20

Molde nº:   15 Temperatura do betão 26,7

Teor de ar (2) -

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 26,0

285,5 285,5 285,5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

27-06-2012 2,888 3,036 2,715 27-06-2012 3,9349 3,9247 3,9504

27-06-2012 2,887 3,036 2,715 27-06-2012 3,9346 3,9246 3,9502

C0 média 27-06-2012 2,888 3,036 2,715 W0 média 27-06-2012 3,9348 3,9247 3,9503

27-06-2012 2,883 3,030 2,708 27-06-2012 3,9442 3,9351 3,9591

27-06-2012 2,883 3,029 2,707 27-06-2012 3,9441 3,9347 3,9582

C30 min média 27-06-2012 2,883 3,030 2,708 W30 min média 27-06-2012 3,9442 3,9349 3,9587

C4 24-07-2012 2,902 3,056 2,735 W4 24-07-2012 3,9361 3,9252 3,9554

C8 21-08-2012 2,928 3,083 2,756 W8 21-08-2012 3,9366 3,9274 3,9522

C10 04-09-2012 2,934 3,087 2,763 W10 04-09-2012 3,9369 3,9271 3,9531

C12 18-09-2012 2,934 3,088 2,762 W12 18-09-2012 3,9371 3,9252 3,9524

C16 16-10-2012 2,948 3,101 2,780 W16 16-10-2012 3,9385 3,9278 3,9584

C20 13-11-2012 2,962 3,120 2,796 W20 13-11-2012 3,9378 3,9271 3,9550

C24 11-12-2012 2,982 3,137 2,815 W24 11-12-2012 3,9390 3,9272 3,9542

C28 08-01-2013 2,992 3,149 2,828 W28 08-01-2013 3,9440 3,9301 3,9570

C32 05-02-2013 3,003 3,170 2,847 W32 05-02-2013 3,9427 3,9339 3,9569

C36 05-03-2013 3,022 3,188 2,871 W36 05-03-2013 3,9436 3,9330 3,9588

C40 02-04-2013 3,034 3,230 2,913 W40 02-04-2013 3,9430 3,9341 3,9603

C44 30-04-2013 3,052 3,230 2,913 W44 30-04-2013 3,9430 3,9341 3,9597

C48 28-05-2013 3,062 3,241 2,926 W48 28-05-2013 3,9452 3,9350 3,9614

C52 25-06-2013 3,087 3,268 2,953 W52 25-06-2013 3,9472 3,9365 3,9622

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,006 0,008 0,008 0,007

C8 8 0,016 0,019 0,016 0,017

C10 10 0,019 0,020 0,019 0,019

C12 12 0,019 0,021 0,019 0,019

C16 16 0,024 0,026 0,026 0,025

C20 20 0,030 0,034 0,032 0,032

C24 24 0,038 0,040 0,040 0,039

C28 28 0,042 0,045 0,045 0,044

C32 32 0,046 0,054 0,053 0,051

C36 36 0,054 0,061 0,062 0,059

C40 40 0,059 0,078 0,079 0,072

C44 44 0,066 0,078 0,079 0,074

C48 48 0,070 0,082 0,084 0,079

C52 52 0,080 0,093 0,095 0,089

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 0,034 0,014 0,129 0,06

W8 8 0,047 0,070 0,048 0,06

W10 10 0,055 0,062 0,071 0,06

W12 12 0,060 0,014 0,053 0,04

W16 16 0,095 0,080 0,205 0,13

W20 20 0,078 0,062 0,119 0,09

W24 24 0,108 0,065 0,099 0,09

W28 28 0,235 0,139 0,170 0,18

W32 32 0,202 0,236 0,167 0,20

W36 36 0,225 0,213 0,215 0,22

W40 40 0,210 0,241 0,253 0,23

W44 44 0,210 0,241 0,238 0,23

W48 48 0,266 0,264 0,281 0,27

W52 52 0,316 0,302 0,301 0,31

Expansão (%) às 12 semanas 0,019

Expansão (%) às 20 semanas 0,032

Expansão (%) às 28 semanas 0,044

Expansão (%) às 36 semanas 0,059

Expansão (%) às 44 semanas 0,074

Expansão (%) às 52 semanas 0,089

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Água retirada: 1,999 Kg; Manchas brancas nos provetes

Água retirada: 2,0015, Kg; Manchas brancas nos provetes

Água retirada: 1,986 Kg; Manchas brancas nos provetes

Água retirada: 1,985 Kg; Manchas brancas nos provetes

Água retirada: 1,998 Kg; Manchas brancas nos provetes

Água retirada: 1,996 Kg; Manchas brancas nos provetes

Água retirada: 1,989 Kg; Manchas brancas nos provetes

Água retirada: 2,010 Kg; Manchas brancas nos provetes

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra:
Kg

GR18
Massa volúmica (kg/m

3
)

Data da amassadura: 26-06-2012

Agregados

Brita

Brita

Areia
Granítica

CEM I 42,5 R - Alhandra

0,25

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2660

7,920

Granítica

Água retirada: 2,007 Kg; Manchas brancas nos provetes; provete 3 perdeu muita massa

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

Água retirada: 2,070 Kg

OBSERVAÇÕES

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

2660

-

0,18

IMPROVE

0204/14/17905
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Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,10

40,254

40,213

Comprimento prismas (mm)

DataLeituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

Medidas das Expansões (mm)

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

Água intorduzida: 2,000 Kg

Água retirada: 1,785 Kg; Provetes com aspecto seco, sendo o 2 o mais húmido e o 3 o mais seco

Água retirada: 2,013 Kg; Pequenas manchas brancas nos provetes; aspecto seco

Água retirada: 2,001 Kg; Mais manchas brancas nos provetes; provete 2 com aspecto mais seco

Água retirada: 1,997 Kg; Manchas brancas nos provetes; provete 3 aumentou mais a massa
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,194 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,318 3,136 7,841

Tipo: MV sss MV sss MV sss

Origem 2660 2660 2660

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 20

Molde nº:   15 Temperatura do betão 26,7

Teor de ar (2) -

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 26,0

285,5 285,5 285,5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

27-06-2012 2,888 3,036 2,715 27-06-2012 3,9349 3,9247 3,9504

27-06-2012 2,887 3,036 2,715 27-06-2012 3,9346 3,9246 3,9502

C0 média 27-06-2012 2,888 3,036 2,715 W0 média 27-06-2012 3,9348 3,9247 3,9503

27-06-2012 2,883 3,030 2,708 27-06-2012 3,9442 3,9351 3,9591

27-06-2012 2,883 3,029 2,707 27-06-2012 3,9441 3,9347 3,9582

C30 min média 27-06-2012 2,883 3,030 2,708 W30 min média 27-06-2012 3,9442 3,9349 3,9587

C4 24-07-2012 2,902 3,056 2,735 W4 24-07-2012 3,9361 3,9252 3,9554

C8 21-08-2012 2,928 3,083 2,756 W8 21-08-2012 3,9366 3,9274 3,9522

C10 04-09-2012 2,934 3,087 2,763 W10 04-09-2012 3,9369 3,9271 3,9531

C12 18-09-2012 2,934 3,088 2,762 W12 18-09-2012 3,9371 3,9252 3,9524

C16 16-10-2012 2,948 3,101 2,780 W16 16-10-2012 3,9385 3,9278 3,9584

C20 13-11-2012 2,962 3,120 2,796 W20 13-11-2012 3,9378 3,9271 3,9550

C24 11-12-2012 2,982 3,137 2,815 W24 11-12-2012 3,9390 3,9272 3,9542

C28 08-01-2013 2,992 3,149 2,828 W28 08-01-2013 3,9440 3,9301 3,9570

C32 05-02-2013 3,003 3,170 2,847 W32 05-02-2013 3,9727 3,9339 3,9569

C36 05-03-2013 3,022 3,188 2,871 W36 05-03-2013 3,9436 3,9330 3,9588

C40 02-04-2013 3,034 3,230 2,913 W40 02-04-2013 3,9430 3,9341 3,9603

C44 30-04-2013 3,052 3,230 2,913 W44 30-04-2013 3,9430 3,9341 3,9597

C48 28-05-2013 W48 28-05-2013

C52 25-06-2013 W52 25-06-2013

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,006 0,008 0,008 0,007

C8 8 0,016 0,019 0,016 0,017

C10 10 0,019 0,020 0,019 0,019

C12 12 0,019 0,021 0,019 0,019

C16 16 0,024 0,026 0,026 0,025

C20 20 0,030 0,034 0,032 0,032

C24 24 0,038 0,040 0,040 0,039

C28 28 0,042 0,045 0,045 0,044

C32 32 0,046 0,054 0,053 0,051

C36 36 0,054 0,061 0,062 0,059

C40 40 0,059 0,078 0,079 0,072

C44 44 0,066 0,078 0,079 0,074

C48 48 -1,155 -1,214 -1,086 -1,152

C52 52 -1,155 -1,214 -1,086 -1,152

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 0,034 0,014 0,129 0,06

W8 8 0,047 0,070 0,048 0,06

W10 10 0,055 0,062 0,071 0,06

W12 12 0,060 0,014 0,053 0,04

W16 16 0,095 0,080 0,205 0,13

W20 20 0,078 0,062 0,119 0,09

W24 24 0,108 0,065 0,099 0,09

W28 28 0,235 0,139 0,170 0,18

W32 32 0,964 0,236 0,167 0,46

W36 36 0,225 0,213 0,215 0,22

W40 40 0,210 0,241 0,253 0,23

W44 44 0,210 0,241 0,238 0,23

W48 48 -100,000 -100,000 -100,000 -100,00

W52 52 -100,000 -100,000 -100,000 -100,00

Expansão (%) às 12 semanas 0,019

Expansão (%) às 20 semanas 0,032

Expansão (%) às 28 semanas 0,044

Expansão (%) às 32 semanas 0,051

Expansão (%) às 36 semanas 0,059

Expansão (%) às 40 semanas 0,072

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Água retirada: 1,996 Kg; Manchas brancas nos provetes

Água retirada: 1,989 Kg; Manchas brancas nos provetes

Água retirada: 2,010 Kg; Manchas brancas nos provetes

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra:
Kg

GR19
Massa volúmica (kg/m

3
)

Data da amassadura: 26-06-2012

Agregados

Brita

Brita

Areia
Granítica

CEM I 42,5 R - Alhandra

0,25

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2660

7,920

Granítica

Água retirada: 2,007 Kg; Manchas brancas nos provetes; provete 3 perdeu muita massa

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

Água retirada: 2,070 Kg

OBSERVAÇÕES

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

2660

-

0,18
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Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,10

40,254

40,213

Comprimento prismas (mm)

DataLeituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

Medidas das Expansões (mm)

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

Água intorduzida: 2,000 Kg

Água retirada: 1,785 Kg; Provetes com aspecto seco, sendo o 2 o mais húmido e o 3 o mais seco

Água retirada: 2,013 Kg; Pequenas manchas brancas nos provetes; aspecto seco

Água retirada: 2,001 Kg; Mais manchas brancas nos provetes; provete 2 com aspecto mais seco

Água retirada: 1,997 Kg; Manchas brancas nos provetes; provete 3 aumentou mais a massa
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,200 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,263 3,113 7,781

Tipo: MV sss MV sss MV sss

Origem 2640 2640 2640

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 10

Molde nº:   12 Temperatura do betão 25,9

Teor de ar (2) -

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 25,8

285,5 285,5 285,5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

27-06-2012 2,960 3,300 2,970 27-06-2012 3,8281 3,8539 3,8681

27-06-2012 2,959 3,299 2,966 27-06-2012 3,8279 3,8534 3,8678

C0 média 27-06-2012 2,960 3,300 2,968 W0 média 27-06-2012 3,8280 3,8537 3,8680

27-06-2012 2,958 3,296 2,967 27-06-2012 3,8429 3,8693 3,8816

27-06-2012 2,956 3,297 2,964 27-06-2012 3,8427 3,8686 3,8814

C30 min média 27-06-2012 2,957 3,297 2,966 W30 min média 27-06-2012 3,8428 3,8690 3,8815

C4 24-07-2012 2,984 3,311 2,997 W4 24-07-2012 3,8335 3,8585 3,8787

C8 21-08-2012 3,013 3,340 3,029 W8 21-08-2012 3,8340 3,8597 3,8750

C10 04-09-2012 3,030 3,356 3,046 W10 04-09-2012 3,8356 3,8629 3,8780

C12 18-09-2012 3,034 3,358 3,053 W12 18-09-2012 3,8366 3,8618 3,8774

C16 16-10-2012 3,063 3,380 3,087 W16 16-10-2012 3,8380 3,8627 3,8819

C20 13-11-2012 3,097 3,404 3,124 W20 13-11-2012 3,8388 3,8649 3,8813

C24 11-12-2012 3,141 3,437 3,169 W24 11-12-2012 3,8411 3,8677 3,8817

C28 08-01-2013 3,169 3,463 3,207 W28 08-01-2013 3,8457 3,8716 3,8860

C32 05-02-2013 3,197 3,480 3,237 W32 05-02-2013 3,8444 3,8690 3,8857

C36 05-03-2013 3,239 3,519 3,285 W36 05-03-2013 3,8483 3,8729 3,8908

C40 02-04-2013 3,257 3,540 3,309 W40 02-04-2013 3,8485 3,8732 3,8903

C44 30-04-2013 3,296 3,577 3,347 W44 30-04-2013 3,8518 3,8730 3,8895

C48 28-05-2013 3,307 3,589 3,362 W48 28-05-2013 3,8514 3,8755 3,8912

C52 25-06-2013 3,337 3,619 3,393 W52 25-06-2013 3,8522 3,8772 3,8927

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,010 0,005 0,012 0,009

C8 8 0,021 0,016 0,024 0,021

C10 10 0,028 0,023 0,031 0,027

C12 12 0,030 0,023 0,034 0,029

C16 16 0,041 0,032 0,048 0,040

C20 20 0,055 0,042 0,062 0,053

C24 24 0,073 0,055 0,080 0,069

C28 28 0,084 0,065 0,096 0,082

C32 32 0,095 0,072 0,108 0,092

C36 36 0,112 0,088 0,127 0,109

C40 40 0,119 0,096 0,136 0,117

C44 44 0,135 0,111 0,152 0,132

C48 48 0,139 0,116 0,158 0,137

C52 52 0,151 0,128 0,170 0,150

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 0,144 0,126 0,278 0,18

W8 8 0,157 0,157 0,182 0,17

W10 10 0,199 0,240 0,260 0,23

W12 12 0,225 0,211 0,244 0,23

W16 16 0,261 0,235 0,361 0,29

W20 20 0,282 0,292 0,345 0,31

W24 24 0,342 0,365 0,355 0,35

W28 28 0,462 0,466 0,467 0,46

W32 32 0,428 0,398 0,459 0,43

W36 36 0,530 0,500 0,591 0,54

W40 40 0,536 0,507 0,578 0,54

W44 44 0,622 0,502 0,557 0,56

W48 48 0,611 0,567 0,601 0,59

W52 52 0,632 0,611 0,640 0,63

Expansão (%) às 12 semanas 0,029

Expansão (%) às 20 semanas 0,053

Expansão (%) às 28 semanas 0,082

Expansão (%) às 36 semanas 0,109

Expansão (%) às 44 semanas 0,132

Expansão (%) às 52 semanas 0,150

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Água retirada: 1,985 Kg; Manchas brancas nos provetes

Água retirada: 1,998 Kg; Manchas brancas nos provetes

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

Água introduzida: 2,000 Kg

Água retirada: 1,785 Kg; Prov. 1 e 2 com aspecto seco e  Prov. 3 muito seco;  manchas brancas em todos

Água retirada: 2,013 Kg; Provetes com manchas brancas e aspecto seco

Água retirada: 2,001 Kg; Provetes com manchas brancas e aspecto seco

Água retirada: 1,997 Kg; Provetes com manchas brancas e aspecto seco

Leituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,16

34,054

34,001

NaOH adicionado
g

0,00

IMPROVE
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Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

GR20
Massa volúmica (kg/m

3
)

0,89

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2640

Agregados

Brita

Cimento

% Na2O equivalente

1,08

2710

0,25

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

-

0,18

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Comprimento prismas (mm)

Data

Semanas

Medidas das Expansões (mm)

C0

Brita

Areia
Granítica

Água retirada: 2,007 Kg; Provetes com manchas brancas e aspecto seco

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra:

8,070

Granítica

Kg

Data da amassadura: 26-06-2012

Água retirada: 1,999 Kg; Manchas brancas nos provetes

Água retirada: 2,0015, Kg; Manchas brancas nos provetes

Água retirada: 1,986 Kg; Manchas brancas nos provetes

CEM I 42,5 R - Alhandra

Água retirada: 1,996 Kg; Provetes com manchas brancas e aspecto seco

Água retirada: 1,989 Kg; Manchas brancas nos provetes

Água retirada: 2,010 Kg; Manchas brancas nos provetes

Água retirada: 2,070 Kg; O provete 3 está mais húmido na base; Alguns pontos brancos em todos os provetes

OBSERVAÇÕES
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Pedido nº:

Processo nº:

Nº do Ensaio:
6,594

Referência da amostra:
3140

Procedência: Adição

Responsável do Ensaio: Água 3,00

Data da amassadura: Água/Ligante

Tipo: 18,295 Kg

Origem 2640,0 Massa Volúmica

Tipo: 7,841 Kg

Origem: 2640 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 31

Tipo e origem: 0,02

Na2Oequiv. (%): Na2Oequiv./m3 5,52

Slump (1) 10

Temperatura do betão 23,7

    Molde nº: ___________15________________ Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 22,3

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-07-15 2,810 2,752 2,784 2010-07-15 3,9659 3,9519 3,9758

2010-07-15 2,811 2,750 2,783 2010-07-15 3,9661 3,9517 3,9754

Co média 2010-07-15 2,811 2,751 2,784 W0 média 2010-07-15 3,9660 3,9518 3,9756

C7 2010-07-20 2,816 2,749 2,781 W7 2010-07-20 3,9700 3,9557 3,9816

C14 2010-07-27 2,817 2,761 2,791 W14 2010-07-27 3,9750 3,9645 3,9901

C28 2010-08-10 2,825 2,768 2,802 W28 2010-08-10 3,9865 3,9741 3,9986

C56 2010-09-21 2,813 2,756 2,791 W56 2010-09-21 3,9900 3,9769 4,0014

C84 2010-10-07 2,816 2,758 2,790 W84 2010-10-07 3,9916 3,9776 4,0032

C112 2010-11-03 2,823 2,760 2,791 W112 2010-11-03 3,9919 3,9781 4,0036

C140 2010-11-30 2,814 2,760 2,775 W140 2010-11-30 3,9912 3,9776 4,0032

C196 2011-01-25 2,840 2,787 2,801 W196 2011-01-25 3,9769 3,9656 3,9898

C252 2011-03-22 2,837 2,784 2,792 W252 2011-03-22 3,9744 3,9593 3,9865

C308 2011-05-17 2,840 2,790 2,796 W308 2011-05-17 3,9759 3,9635 3,9883

C364 2011-07-12 2,862 2,807 2,813 W364 2011-07-12 3,9756 3,9604 3,9860

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,00

C7 7 0,002 -0,001 -0,001 0,00

C14 14 0,003 0,004 0,003 0,00

C28 28 0,006 0,007 0,007 0,01

C56 70 0,001 0,002 0,003 0,00

C84 86 0,002 0,003 0,003 0,00

C112 113 0,005 0,004 0,003 0,00

C140 140 0,001 0,004 -0,003 0,00

C196 196 0,012 0,014 0,007 0,01

C252 252 0,011 0,013 0,003 0,01

C308 308 0,012 0,016 0,005 0,01

C364 364 0,021 0,022 0,012 0,02

336

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,00

C7 7 0,101 0,099 0,151 0,12

C14 14 0,227 0,321 0,365 0,30

C28 28 0,517 0,564 0,579 0,55

C56 70 0,605 0,635 0,649 0,63

C84 86 0,645 0,653 0,694 0,66

C112 113 0,653 0,666 0,704 0,67

C140 140 0,635 0,653 0,694 0,66

C196 196 0,275 0,349 0,357 0,33

C252 252 0,212 0,190 0,274 0,23

C308 308 0,250 0,296 0,319 0,29

C364 364 0,242 0,218 0,262 0,24

Observações: A compactação foi efectuada na mesa vibratória com 60s/camada

(1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Data

C0

L

0,45

Agregados

Brita

40,272

0,11

W0

Leituras de expansão

Leituras de massa Dias Média

DiasLeituras de expansão Média

Massa (%)

Expansão (%)

Leituras de 

massa
Data

OBSERVAÇÕES

Kg/m3

Medidas de massa (Kg)

%

Massa do molde (kg) 

Adição

40,315

NaOH adicionado

mm

ºC

g

Cimento 0,08

0,25

Teor de álcalis activos do 

ligante

CEM I 42,5 R - Alhandra

0,18

Granitica

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

% Na2O equivalente

Areia

44

GR1

Kg

Massa volúmica

Cimento

Brita

Comprimento prismas (mm)

%Na2O equivalente

0204/14/17905

1,08

Granitica

Pesagem do molde prismático triplo após 24h em 

câmara saturada a 20º C (kg)

Variação de massa (%)

Areia

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Laboratório Nacional de Engenharia Civil, I.P.

Kg

Pesagem do molde prismático triplo após 

enchimento (kg)

Kg

0,8906

2010-07-13

Medidas das Expansões (mm)
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Pedido nº:

Processo nº:

Nº do Ensaio:
6,594

Referência da amostra:
3140

Procedência: Adição

Responsável do Ensaio: Água 3,00

Data da amassadura: Água/Ligante

Tipo: 17,988 Kg

Origem 2640,0 Massa Volúmica

Tipo: 7,514 Kg

Origem: 2640 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 31

Tipo e origem: 0,02

Na2Oequiv. (%): Na2Oequiv./m3 5,61

Slump (1) 10

Temperatura do betão 23,5

    Molde nº: ____16_______________________ Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 22,3

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-07-15 2,678 2,795 2,904 2010-07-15 3,9286 3,9374 3,9269

2010-07-15 2,678 2,793 2,903 2010-07-15 3,9284 3,9371 3,9266

Co média 2010-07-15 2,678 2,794 2,904 W0 média 2010-07-15 3,9285 3,9373 3,9268

C7 2010-07-20 2,668 2,790 2,901 W7 2010-07-20 3,9315 3,9425 3,9300

C14 2010-07-27 2,681 2,810 2,918 W14 2010-07-27 3,9406 3,9495 3,9399

C28 2010-08-10 2,690 2,819 2,927 W28 2010-08-10 3,9499 3,9596 3,9488

C56 2010-09-21 2,683 2,812 2,922 W56 2010-09-21 3,9584 3,9651 3,9530

C84 2010-10-07 2,680 2,812 2,921 W84 2010-10-07 3,9600 3,9667 3,9540

C112 2010-11-03 2,683 2,823 2,926 W112 2010-11-03 3,9598 3,9664 3,9545

C140 2010-11-30 2,670 2,826 2,918 W140 2010-11-30 3,9593 3,9660 3,9537

C196 2011-01-25 2,732 2,875 2,961 W196 2011-01-25 3,9522 3,9573 3,9452

C252 2011-03-22 2,888 2,982 3,155 W252 2011-03-22 3,9544 3,9641 3,9573

C308 2011-05-17 3,485 3,247 3,619 W308 2011-05-17 3,9766 3,9723 3,9665

C364 2011-07-12 4,045 3,663 4,165 W364 2011-07-12 3,9913 3,9789 3,9831

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,00

C7 7 -0,004 -0,002 -0,001 0,00

C14 14 0,001 0,006 0,006 0,00

C28 28 0,005 0,010 0,009 0,01

C56 70 0,002 0,007 0,007 0,01

C84 86 0,001 0,007 0,007 0,00

C112 113 0,002 0,012 0,009 0,01

C140 140 -0,003 0,013 0,006 0,01

C196 196 0,022 0,032 0,023 0,03

C252 252 0,084 0,075 0,101 0,09

C308 308 0,323 0,181 0,286 0,26

C364 364 0,547 0,348 0,505 0,47

336

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,00

C7 7 0,076 0,133 0,083 0,10

C14 14 0,308 0,311 0,335 0,32

C28 28 0,545 0,568 0,562 0,56

C56 70 0,761 0,707 0,668 0,71

C84 86 0,802 0,748 0,694 0,75

C112 113 0,797 0,740 0,707 0,75

C140 140 0,784 0,730 0,686 0,73

C196 196 0,603 0,509 0,470 0,53

C252 252 0,659 0,682 0,778 0,71

C308 308 1,224 0,890 1,012 1,04

C364 364 1,599 1,058 1,435 1,36

Observações: A compactação foi efectuada na mesa vibratória com 60s/camada

(1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Leituras de massa Dias Média

Dias

Massa (%)

Leituras de expansão

Kg/m3

Medidas de massa (Kg)

34,052

Medidas das Expansões (mm)

Média OBSERVAÇÕES

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

% Na2O equivalente

Areia

45

GR2

Kg

Massa volúmica

Brita

1,08

Granitica

CEM I 42,5 R - Alhandra

0,18

Kg

Cimento

Cimento

Brita

0,26

Teor de álcalis activos do 

ligante

NaOH adicionado

L

0,45

Agregados

2010-07-13

Granitica

Pesagem do molde prismático triplo após 

enchimento (kg)

0,8906

Areia

Adição

ºC

W0

Data Data

Comprimento prismas (mm)

Leituras de expansão

Variação de massa (%) 0,07

Leituras de 

massa

C0

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Pesagem do molde prismático triplo após 24h em 

câmara saturada a 20º C (kg)

34,077

%Na2O equivalente

%

Massa do molde (kg) 

0,08

g

Kg

mm

Laboratório Nacional de Engenharia Civil, I.P.

Expansão (%)

-0,20
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Pedido nº:

Processo nº:

Nº do Ensaio:
6,594

Referência da amostra:
3140

Procedência: Adição

Responsável do Ensaio: Água 3,00

Data da amassadura: Água/Ligante

Tipo: 18,226 Kg

Origem 2630,0 Massa Volúmica

Tipo: 7,811 Kg

Origem: 2630 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 31

Tipo e origem: 0,02

Na2Oequiv. (%): Na2Oequiv./m3 5,52

Slump (1) 120

Temperatura do betão 23,4

    Molde nº: ________17___________________ Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 22,3

285,5 285,5 285,5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-07-15 2,449 3,170 2,326 2010-07-15 3,8780 3,8529 3,8827

2010-07-15 2,447 3,169 2,325 2010-07-15 3,8779 3,8530 3,8824

Co média 2010-07-15 2,448 3,170 2,326 W0 média 2010-07-15 3,8780 3,8530 3,8826

C7 2010-07-20 2,449 3,155 2,321 W7 2010-07-20 3,8816 3,8565 3,8875

C14 2010-07-27 2,450 3,161 2,331 W14 2010-07-27 3,8846 3,8610 3,8915

C28 2010-08-10 2,460 3,176 2,341 W28 2010-08-10 3,8933 3,8706 3,9004

C56 2010-09-21 2,471 3,170 2,350 W56 2010-09-21 3,9012 3,8789 3,9076

C84 2010-10-07 2,478 3,170 2,355 W84 2010-10-07 3,9046 3,8820 3,9100

C112 2010-11-03 2,486 3,170 2,363 W112 2010-11-03 3,9059 3,8841 3,9107

C140 2010-11-30 2,485 3,164 2,361 W140 2010-11-30 3,9056 3,8843 3,9107

C196 2011-01-25 2,507 3,188 2,379 W196 2011-01-25 3,8903 3,8689 3,8905

C252 2011-03-22 2,501 3,171 2,373 W252 2011-03-22 3,8855 3,8607 3,8849

C308 2011-05-17 2,493 3,164 2,363 W308 2011-05-17 3,8859 3,8617 3,8859

C364 2011-07-12 2,517 3,184 2,383 W364 2011-07-12 3,8858 3,8621 3,8858

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,00

C7 7 0,000 -0,006 -0,002 0,00

C14 14 0,001 -0,003 0,002 0,00

C28 28 0,005 0,003 0,006 0,00

C56 70 0,009 0,000 0,010 0,01

C84 86 0,012 0,000 0,012 0,01

C112 113 0,015 0,000 0,015 0,01

C140 140 0,015 -0,002 0,014 0,01

C196 196 0,024 0,007 0,021 0,02

C252 252 0,021 0,001 0,019 0,01

C308 308 0,018 -0,002 0,015 0,01

C364 364 0,028 0,006 0,023 0,02

336

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,00

C7 7 0,094 0,092 0,127 0,10

C14 14 0,171 0,209 0,231 0,20

C28 28 0,396 0,458 0,460 0,44

C56 70 0,600 0,674 0,645 0,64

C84 86 0,687 0,754 0,707 0,72

C112 113 0,721 0,808 0,725 0,75

C140 140 0,713 0,814 0,725 0,75

C196 196 0,318 0,414 0,205 0,31

C252 252 0,195 0,201 0,061 0,15

C308 308 0,205 0,227 0,086 0,17

C364 364 0,202 0,237 0,084 0,17

Observações: A compactação foi efectuada na mesa vibratória com 60s/camada

(1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

OBSERVAÇÕES

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Laboratório Nacional de Engenharia Civil, I.P.

Kg

Pesagem do molde prismático triplo após 

enchimento (kg)

Kg

0,8906

2010-07-13

0204/14/17905

1,08

Granitica

Granitica

Brita

Comprimento prismas (mm)

%Na2O equivalente

Pesagem do molde prismático triplo após 24h em 

câmara saturada a 20º C (kg)

Variação de massa (%)

Areia

0,25

Teor de álcalis activos do 

ligante

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

% Na2O equivalente

Areia

43

GR3

Kg

Massa volúmica

Cimento

CEM I 42,5 R - Alhandra

0,18

%

Massa do molde (kg) 

Adição

34,081

NaOH adicionado

mm

ºC

g

Cimento 0,08

Massa (%)

Leituras de 

massa
Data

Medidas das Expansões (mm)

W0

Kg/m3

Medidas de massa (Kg)

Leituras de massa Dias Média

DiasLeituras de expansão Média

Leituras de expansão

Expansão (%)

Data

C0

L
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34,048
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Pedido nº:

Processo nº:

Nº do Ensaio:
8,792

Referência da amostra:
3140

Procedência: Adição

Responsável do Ensaio:
Água 4,00

Data da amassadura: Água/Ligante

Tipo: 23,915 Kg

Origem 2588 Massa Volúmica

Tipo: 10,276 Kg

Origem: 2595 Massa Volúmica

Tipo e origem: Ligante/Agregado

Na2O (%):

K2O /%)

Na2Oequiv. (%): 41

Tipo e origem: 0,03

Na2Oequiv. (%): Na2Oequiv./m3 5,50

Slump (1) 70

Temperatura do betão 20

Molde 7 Molde 8 Teor de ar (2) 1,7

34,256 33,823
Massa volúmica do betão no 

estado fresco
2366,37

34,199 33,859 m1 m2 m3

0,17 -0,11 24,898 5,958 18,940

Volume do molde (l) 0,0080037

AG 1 AG 2 AG 3 Temperatura do ar (ºC) 19,2

285,36 285,27 285,21

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

2010-01-28 3,222 3,137 3,037 2010-01-28 3,8918 3,9582 3,9030

2010-01-28 3,221 3,136 3,036 2010-01-28 3,8919 3,9581 3,9029

Co média 2010-01-28 3,222 3,137 3,037 W0 média 2010-01-28 3,8919 3,9582 3,9030

C7 2010-02-02 3,230 3,147 3,046 W7 2010-02-02 3,8975 3,9642 3,9083

C14 2010-02-09 3,247 3,161 3,060 W14 2010-02-09 3,9016 3,9691 3,9133

C28 2010-02-23 3,251 3,163 3,065 W28 2010-02-23 3,9149 3,9747 3,9285

C56 2010-04-06 3,251 3,163 3,070 W56 2010-04-06 3,9149 3,9747 3,9285

C84 2010-04-20 3,250 3,163 3,065 W84 2010-04-20 3,9212 3,9862 3,9338

C112 2010-05-18 3,255 3,168 3,069 W112 2010-05-18 3,9229 3,9877 3,9364

C140 2010-06-15 3,263 3,173 3,071 W140 2010-06-15 3,9193 3,9908 3,9383

C196 2010-08-10 3,274 3,185 3,084 W196 2010-08-10 3,9195 3,9854 3,9408

C252 2010-10-07 3,261 3,172 3,072 W252 2010-10-07 3,9208 3,9820 3,9390

C308 2010-11-30 3,256 3,167 3,086 W308 2010-11-30 3,9154 3,9595 3,9374

C364 2011-01-25 3,263 3,178 3,070 W364 2011-01-25 3,9168 3,9746 3,9337

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,00

C7 7 0,003 0,004 0,004 0,00

C14 14 0,010 0,010 0,009 0,01

C28 28 0,012 0,011 0,011 0,01

C56 70 0,012 0,011 0,013 0,01

C84 84 0,011 0,011 0,011 0,01

C112 112 0,013 0,013 0,013 0,01

C140 140 0,017 0,015 0,014 0,02

C196 196 0,021 0,019 0,019 0,02

C252 254 0,016 0,014 0,014 0,01

C308 308 0,014 0,012 0,020 0,02

C364 364 0,017 0,017 0,013 0,02

336

Provete 1 Provete 2 Provete 3

Linicial 0 0,000 0,000 0,000 0,00

C7 7 0,145 0,153 0,137 0,15

C14 14 0,251 0,277 0,265 0,26

C28 28 0,592 0,418 0,655 0,56

C56 70 0,592 0,418 0,655 0,56

C84 84 0,754 0,709 0,790 0,75

C112 112 0,798 0,747 0,857 0,80

C140 140 0,705 0,825 0,906 0,81

C196 196 0,710 0,688 0,970 0,79

C252 254 0,744 0,603 0,924 0,76

C308 308 0,605 0,034 0,883 0,51

C364 364 0,641 0,416 0,788 0,61

Kg/m3

W0

%

Massa do molde (kg) 

Medidas de massa (Kg)

C0

Massa (%)

Leituras de 

massa

Leituras de expansão

Medidas das Expansões (mm)

Idem/ Todos os provetes retraíram, as repetições confirmaram esse comportamento

Idem 

%Na2O equivalente

0,26

mm

Kg

Kg

Leituras de massa Dias Média

Leituras de expansão Data Data

NaOH adicionado

g

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

% Na2O equivalente

Areia

Comprimento prismas (mm)

Pesagem do molde após enchimento (kg)

34

Cimento

GR7

Kg

Massa volúmica

Pesagem do molde após 24h em câmara saturada 

a 20º C (kg)

0204/14/16587

Brita

Areia

"Granitica"

Variação de massa (%)

L

0,08

0,45

Brita

Cimento

ºC

Teor de álcalis activos do 

ligante

Agregados

2010-01-26

1,08

Granitica

Expansão (%)
Dias Média OBSERVAÇÕES

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Laboratório Nacional de Engenharia Civil, I.P.

CEM I 42,5 R - Alhandra

0,18

0,8906

Adição

Os panos que envolvem os prismas estão muito degradados
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,221 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,832 3,162 7,387

Tipo: MV sss MV sss MV sss

Origem 2665 2688 2686

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 60

Molde nº:   14 Temperatura do betão 20,5

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 19,1

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

20-04-2012 2,140 2,173 2,452 20-04-2012 3,8735 3,8825 3,8893

20-04-2012 2,139 2,172 2,451 20-04-2012 3,8735 3,8824 3,8892

Co média 20-04-2012 2,140 2,173 2,452 W0 média 20-04-2012 3,8735 3,8825 3,8893

C7 26-04-2012 2,141 2,177 2,447 W7 26-04-2012 3,8792 3,8890 3,8967

C14 03-05-2012 2,161 2,196 2,459 W14 03-05-2012 3,8893 3,8992 3,9069

C28 17-05-2012 2,164 2,200 2,463 W28 17-05-2012 3,8994 3,9092 3,9139

C56 14-06-2012 2,169 2,208 2,471 W56 14-06-2012 3,9075 3,9142 3,9214

C91 19-07-2012 2,174 2,211 2,473 W91 19-07-2012 3,9079 3,9149 3,9210

C136 02-09-2012 2,196 2,232 2,495 W136 02-09-2012 3,9098 3,9173 3,9234

C182 18-10-2012 2,204 2,241 2,505 W182 18-10-2012 3,9097 3,9168 3,9234

C273 17-01-2013 2,221 2,260 2,525 W273 17-01-2013 3,9107 3,9186 3,9251

C364 18-04-2013 2,236 2,274 2,544 W364 18-04-2013 3,9119 3,9195 3,9265

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,001 0,002 -0,002 0,000

C14 14 0,009 0,009 0,003 0,007

C28 28 0,010 0,011 0,005 0,008

C56 56 0,012 0,014 0,008 0,011

C91 91 0,014 0,015 0,009 0,013

C136 136 0,023 0,024 0,017 0,021

C182 182 0,026 0,027 0,021 0,025

C273 273 0,033 0,035 0,029 0,032

C364 364 0,039 0,041 0,037 0,039

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,147 0,169 0,192 0,17

W14 14 0,408 0,431 0,454 0,43

W28 28 0,669 0,689 0,634 0,66

W56 56 0,878 0,818 0,827 0,84

W91 91 0,888 0,836 0,816 0,85

W136 136 0,937 0,898 0,878 0,90

W182 182 0,935 0,885 0,878 0,90

W273 273 0,960 0,931 0,922 0,94

W364 364 0,991 0,954 0,958 0,97

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Água retirada: 2,309 Kg; Pesagens repetidas nos 3 provetes. Leitura  repetida no provete 3.

Água retirada: 2,379 Kg

Água retirada: 2,334 Kg

Água retirada: 2,334 Kg

mm

Massa volúmica (kg/m
3
)

Kg

0,06

Agregados

0,25

Brita
Granítica

Procedência:

Água retirada: 2,344 Kg

Água retirada: 2,371 Kg

Teor de álcalis activos do ligante

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

g

% Na2O equivalente

Kg

2672

Massa volúmica (kg/m
3
)

Brita

Granítica

Adição

2677

0,45

Referência da amostra:

Cimento

Data da amassadura: 19-04-2012

Areia                          

(0 - 4,75 mm)

7,968

0,18

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

NaOH adicionado

39,98

-

0,00

40,034

Adição

Leituras de massa Dias Média

Leituras de expansão Data

Leituras de expansão

Massa (%)

C0

Média

Medidas das Expansões (mm)

IMPROVE

0204/14/17905

OBSERVAÇÕES

73
Cimento

GR17

Kg

1,08

Santos Silva/Luzia Barracha/Dora Soares

0,13

W0

Medidas de massa (Kg)
Leituras de massa

Massa do molde (kg) 

%Na2O equivalente

ºC

%

Kg/m
3

0,89

Expansão (%)

Data

Areia

Dias

Comprimento prismas (mm)

Pesagem do molde prismático triplo após enchimento (Kg)

Variação de massa (%)

CEM I 42,5 R - Alhandra
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,183 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,811 3,124 7,290

Tipo: MV sss MV sss MV sss

Origem 2648 2648 2648

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 20

Molde nº:   15 Temperatura do betão 20,3

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 18,6

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

20-04-2012 2,304 2,127 2,150 20-04-2012 3,8287 3,8598 3,8336

20-04-2012 2,303 2,125 2,149 20-04-2012 3,8286 3,8597 3,8337

Co média 20-04-2012 2,304 2,126 2,150 W0 média 20-04-2012 3,8287 3,8598 3,8337

C7 26-04-2012 2,303 2,123 2,148 W7 26-04-2012 3,8358 3,8662 3,8417

C14 03-05-2012 2,314 2,135 2,158 W14 03-05-2012 3,8437 3,8738 3,8487

C28 17-05-2012 2,322 2,143 2,167 W28 17-05-2012 3,8504 3,8792 3,8545

C56 14-06-2012 2,326 2,148 2,172 W56 14-06-2012 3,8568 3,8849 3,8610

C91 19-07-2012 2,328 2,148 2,172 W91 19-07-2012 3,8570 3,8858 3,8622

C136 02-09-2012 2,349 2,165 2,192 W136 02-09-2012 3,8572 3,8876 3,8644

C182 18-10-2012 2,349 2,170 2,195 W182 18-10-2012 3,8583 3,8879 3,8650

C273 17-01-2013 2,364 2,184 2,206 W273 17-01-2013 3,8602 3,8898 3,8674

C364 18-04-2013 2,378 2,197 2,224 W364 18-04-2013 3,8609 3,8908 3,8676

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,000 -0,001 -0,001 -0,001

C14 14 0,004 0,004 0,003 0,004

C28 28 0,007 0,007 0,007 0,007

C56 56 0,009 0,009 0,009 0,009

C91 91 0,010 0,009 0,009 0,009

C136 136 0,018 0,016 0,017 0,017

C182 182 0,018 0,018 0,018 0,018

C273 273 0,024 0,023 0,023 0,023

C364 364 0,030 0,028 0,030 0,029

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,187 0,167 0,210 0,19

W14 14 0,393 0,364 0,393 0,38

W28 28 0,568 0,504 0,544 0,54

W56 56 0,735 0,652 0,713 0,70

W91 91 0,740 0,675 0,745 0,72

W136 136 0,746 0,722 0,802 0,76

W182 182 0,774 0,729 0,818 0,77

W273 273 0,824 0,779 0,880 0,83

W364 364 0,842 0,804 0,886 0,84

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Expansão (%)

Data

Areia

Dias

Comprimento prismas (mm)

Pesagem do molde prismático triplo após enchimento (Kg)

Variação de massa (%)

CEM I 42,5 R - Alhandra

0,08

W0

Medidas de massa (Kg)
Leituras de massa

Massa do molde (kg) 

%Na2O equivalente

ºC

%

Kg/m
3

0,89

IMPROVE

0204/14/17905

OBSERVAÇÕES

74
Cimento

GR18

Kg

1,08

Santos Silva/Luzia Barracha/Dora Soares

Leituras de massa Dias Média

Leituras de expansão Data

Leituras de expansão

Massa (%)

C0

Média

Medidas das Expansões (mm)

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

NaOH adicionado

39,892

-

0,00

39,924

Adição

2648

0,45

Referência da amostra:

Cimento

Data da amassadura: 19-04-2012

Areia                          

(0 - 4,75 mm)

7,890

0,18

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

g

% Na2O equivalente

Kg

2648

Massa volúmica (kg/m
3
)

Brita

Granítica

Adição

Brita
Granítica

Procedência:

Água retirada: 2,344 Kg; Provetes húmidos

Água retirada: 2,371 Kg; Provetes húmidos

Teor de álcalis activos do ligante

Água retirada: 2,309 Kg; Pesagens confirmadas.

Água retirada: 2,379 Kg

Água retirada: 2,334 Kg

Água retirada: 2,334 Kg; Provetes húmidos

mm

Massa volúmica (kg/m
3
)

Kg

0,06

Agregados

0,25

-0,20

0,00

0,20

0,40

0,60

0,80

1,00

-0,010

0,000

0,010

0,020

0,030

0,040

0,050

0,060

0,070

0,080

0 28 56 84 112 140 168 196 224 252 280 308 336 364
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a
 (%

)
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a
n
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ã
o

 (
%

)

Tempo (dias)

Gráfico do ensaio

Expansão (%) Variação de Massa (%)



 

Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,194 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,318 3,136 7,841

Tipo: MV sss MV sss MV sss

Origem 2660 2660 2660

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 20

Molde nº:   16 Temperatura do betão 26,7

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 26,0

285,5 285,5 285,5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

27-06-2012 3,007 2,140 2,444 27-06-2012 3,9289 4,0109 3,9527

27-06-2012 3,005 2,140 2,444 27-06-2012 3,9287 4,0106 3,9524

Co média 27-06-2012 3,006 2,140 2,444 W0 média 27-06-2012 3,9288 4,0108 3,9526

C7 03-07-2012 2,993 2,132 2,439 W7 03-07-2012 3,9317 4,0157 3,9601

C14 10-07-2012 3,000 2,148 2,454 W14 10-07-2012 3,9357 4,0230 3,9682

C28 24-07-2012 3,010 2,158 2,464 W28 24-07-2012 3,9381 4,0289 3,9738

C56 21-08-2012 3,022 2,170 2,473 W56 21-08-2012 3,9450 4,0351 3,9808

C91 25-09-2012 3,038 2,179 2,487 W91 25-09-2012 3,9528 4,0355 3,9819

C136 09-11-2012 3,046 2,185 2,495 W136 09-11-2012 3,9577 4,0386 3,9835

C182 03-01-2013 3,052 2,191 2,502 W182 03-01-2013 3,9566 4,0377 3,9835

C273 26-03-2013 3,062 2,199 2,511 W273 26-03-2013 3,9585 4,0395 3,9830

C364 25-06-2013 W364 25-06-2013

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 -0,005 -0,003 -0,002 -0,003

C14 14 -0,002 0,003 0,004 0,002

C28 28 0,002 0,007 0,008 0,006

C56 56 0,006 0,012 0,012 0,010

C91 91 0,013 0,016 0,017 0,015

C136 136 0,016 0,018 0,020 0,018

C182 191 0,018 0,020 0,023 0,021

C273 273 0,022 0,024 0,027 0,024

C364 364 -1,202 -0,856 -0,978 -1,012

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,074 0,123 0,191 0,13

W14 14 0,176 0,305 0,396 0,29

W28 28 0,237 0,453 0,538 0,41

W56 56 0,412 0,607 0,715 0,58

W91 91 0,611 0,617 0,743 0,66

W136 136 0,736 0,694 0,783 0,74

W182 191 0,708 0,672 0,783 0,72

W273 273 0,756 0,717 0,770 0,75

W364 364 -100,000 -100,000 -100,000 -100,00

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Expansão (%)

Data

Areia

Dias

Comprimento prismas (mm)

Pesagem do molde prismático triplo após enchimento (Kg)

Variação de massa (%)

CEM I 42,5 R - Alhandra

0,11

W0

Medidas de massa (Kg)
Leituras de massa

Massa do molde (kg) 

%Na2O equivalente

ºC

%

Kg/m
3

0,89

IMPROVE

0204/14/17905

OBSERVAÇÕES

75
Cimento

GR19

Kg

1,08

Santos Silva/Luzia Barracha/Dora Soares

Leituras de massa Dias Média

Leituras de expansão Data

Leituras de expansão

Massa (%)

C0

Média

Medidas das Expansões (mm)

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

NaOH adicionado

34,184

-

0,00

34,220

Adição

2660

0,45

Referência da amostra:

Cimento

Data da amassadura: 26-06-2012

Areia                          

(0 - 4,75 mm)

7,920

0,18

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

g

% Na2O equivalente

Kg

2660

Massa volúmica (kg/m
3
)

Brita

Granítica

Adição

Brita
Granítica

Procedência:

Água retirada: 2,080 Kg; Provetes húmidos 

Água retirada: 2,092 Kg; Provetes húmidos 

Água introduzida: 2,400 Kg

Teor de álcalis activos do ligante

Água retirada: 2,358 Kg

Água retirada: 2,228 Kg

Água retirada: 2,210 Kg

Água retirada: 1,868 Kg; Provetes mt húmidos apesar de ter havido baixa de água no contentor

mm

Massa volúmica (kg/m
3
)

Kg

0,06

Agregados

0,25

-0,20

0,00

0,20

0,40

0,60

0,80

1,00

-0,010

0,000

0,010

0,020

0,030

0,040

0,050

0,060

0,070

0,080

0 28 56 84 112 140 168 196 224 252 280 308 336 364
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)
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%

)

Tempo (dias)

Gráfico do ensaio

Expansão (%) Variação de Massa (%)



 

 



 



 

 

 

 

 

 

 

 

 

 

ANNEX B 

 

 

VOLCANIC AGGREGATES – 

WORKSHEETS FROM THE 

EXPANSION TESTS 

 



 



 

  0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0.47

0.44

Provete 1 Provete 2 Provete 3

Lseco 15-09-2011 2.906 2.380 2.433

L0 16-09-2011 3.042 2.518 2.569

L3 19-09-2011 3.062 2.542 2.594

L5 21-09-2011 3.070 2.548 2.603

L7 23-09-2011 3.083 2.566 2.620

L10 26-09-2011 3.086 2.560 2.608

L14 30-09-2011 3.086 2.564 2.608

L17 03-10-2011 3.091 2.571 2.612

L21 07-10-2011 3.107 2.587 2.623

L24 10-10-2011 3.095 2.574 2.612

L28 14-10-2011 3.101 2.586 2.620

Provete 1 Provete 2 Provete 3

L0 0 0.000 0.000 0.000 0.00

L3 3 0.008 0.010 0.010 0.01

L5 5 0.011 0.012 0.014 0.01

L7 7 0.016 0.019 0.020 0.02

L10 10 0.018 0.017 0.016 0.02

L14 14 0.018 0.018 0.016 0.02

L17 17 0.020 0.021 0.017 0.02

L21 21 0.026 0.028 0.022 0.03

L24 24 0.021 0.022 0.017 0.02

L28 28 0.024 0.027 0.020 0.02

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,19 % Na2O, 1,02 % K2O, 0,86 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

65

55

59

65

Média= 61

Resultado do Ensaio aos 14 dias (%):  0.02

Resultado do Ensaio aos 28 dias (%): 0.02

dois pontos de gel no provete 1 e alguns pontos pequenos nos provetes 2 e 3

dois pontos de gel no provete 1 e alguns pontos pequenos no provete 2

dois pontos de gel no provete 1 e alguns pontos pequenos no provete 2

dois pontos de gel no provete 1

mantém-se os pontos de gel anteriores

A
M

O
S

T
R

A

g

Britada

placa cristalina na solução

g de CEM I (*)

Medidas 
Expansão (%)=((Li-L0)/250)*100

Espalhamento (mm) **

Dias nºs

placa cristalina na solução

dois pontos de gel no provete 1

mantém-se os pontos de gel anteriores

dois pontos de gel no provete 1 e alguns pontos pequenos no provete 2

mantém-se os pontos de gel anteriores

mantém-se os pontos de gel anteriores

mantém-se os pontos de gel anteriores

dois pontos de gel no provete 1

Areia:

Adição:

Fátima Meneses/Dora Soares

14-09-2011

Água:

OBSERVAÇÕES

mantém-se os pontos de gel anteriores

Média 

expansão 

(%)

-

dois pontos de gel no provete 1

dois pontos de gel no provete 1 e alguns pontos pequenos no provete 2

Anexo ao Boletim nº

Cimento :

g de 0,15 mm - 4,75 mm

Data da amassadura:

Técnico executante:

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

Basalto 

0

Medidas Data

BS6

Cimento/Agregado:

OBSERVAÇÕES

dois pontos de gel no provete 1 e alguns pontos pequenos nos provetes 2 e 3

mantém-se os pontos de gel anteriores

mantém-se os pontos de gel anteriores

Medidas das Expansões (mm)

A/C:

0204/14/17905

 Ensaio Nº: 322

ml 
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Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 20-10-2011 2,783 2,659 2,606

L0 21-10-2011 2,940 2,813 2,761

L3 24-10-2011 2,952 2,828 2,769

L5 26-10-2011 2,954 2,832 2,773

L7 28-10-2011 2,958 2,830 2,777

L10 31-10-2011 2,959 2,832 2,777

L14 04-11-2011 2,961 2,840 2,787

L17 07-11-2011 2,964 2,848 2,785

L21 11-11-2011 2,965 2,841 2,783

L24 14-11-2011 2,973 2,844 2,786

L28 18-11-2011 2,970 2,843 2,785

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 0,005 0,006 0,003 0,00

L5 5 0,006 0,008 0,005 0,01

L7 7 0,007 0,007 0,006 0,01

L10 10 0,008 0,008 0,006 0,01

L14 14 0,008 0,011 0,010 0,01

L17 17 0,010 0,014 0,010 0,01

L21 21 0,010 0,011 0,009 0,01

L24 24 0,013 0,012 0,010 0,01

L28 28 0,012 0,012 0,010 0,01

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,19 % Na2O, 1,02 % K2O, 0,86 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

139

133

137

142

Média= 138

Resultado do Ensaio aos 14 dias (%):  0,01

Resultado do Ensaio aos 28 dias (%): 0,01

BS7

placa cristalina à superficie da solução

-

-

-

-

-

-

Medidas das Expansões (mm)

A/C:

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

Basáltica

0

0204/14/17905

 Ensaio Nº: 326

ml 

Fátima Meneses/Dora Soares

19-10-2011

Água:

Cimento/Agregado:

OBSERVAÇÕESMedidas Data

-

-

-

Média 

expansão 

(%)

Espalhamento (mm) **

Dias nºs

Anexo ao Boletim nº

Cimento :

g de 0,15 mm - 4,75 mm

Data da amassadura:

Técnico executante:

Areia:

Adição:

A
M

O
S

T
R

A

g

Britada

placa cristalina à superficie da solução

g de CEM I (*)

Medidas 
Expansão (%)=((Li-L0)/250)*100

OBSERVAÇÕES

-

-

-

-

-

-

-

-

-

-

0,00

0,05

0,10

0,15

0,20

0,25

0 7 14 21 28

V
a

lo
r 

d
a

 E
x

p
a

n
s

ã
o

 (
%

)

Tempo (dias)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 15-09-2011 2,827 2,957 2,337

L0 16-09-2011 2,980 3,104 2,488

L3 19-09-2011 2,989 3,112 2,494

L5 21-09-2011 3,001 3,120 2,496

L7 23-09-2011 3,016 3,142 2,516

L10 26-09-2011 3,000 3,127 2,503

L14 30-09-2011 3,000 3,132 2,503

L17 03-10-2011 3,009 3,132 2,506

L21 07-10-2011 3,021 3,146 2,516

L24 10-10-2011 3,001 3,145 2,503

L28 14-10-2011 3,006 3,145 2,507

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 0,004 0,003 0,002 0,00

L5 5 0,008 0,006 0,003 0,01

L7 7 0,014 0,015 0,011 0,01

L10 10 0,008 0,009 0,006 0,01

L14 14 0,008 0,011 0,006 0,01

L17 17 0,012 0,011 0,007 0,01

L21 21 0,016 0,017 0,011 0,01

L24 24 0,008 0,016 0,006 0,01

L28 28 0,010 0,016 0,008 0,01

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,19 % Na2O, 1,02 % K2O, 0,86 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

140

144

147

144

Média= 144

Resultado do Ensaio aos 14 dias (%):  0,01

Resultado do Ensaio aos 28 dias (%): 0,01

BS8

placa cristalina na solução

-

-

-

-

-

-

Medidas das Expansões (mm)

A/C:

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

Basalto 

0

0204/14/17905

 Ensaio Nº: 323

ml 

Fátima Meneses/Dora Soares

14-09-2011

Água:

Cimento/Agregado:

OBSERVAÇÕESMedidas Data

-

-

-

Média 

expansão 

(%)

Espalhamento (mm) **

Dias nºs

Anexo ao Boletim nº

Cimento :

g de 0,15 mm - 4,75 mm

Data da amassadura:

Técnico executante:

Areia:

Adição:

A
M

O
S

T
R

A

g

Britada

placa cristalina na solução

g de CEM I (*)

Medidas 
Expansão (%)=((Li-L0)/250)*100

OBSERVAÇÕES

-

-

-

-

-

-

-

-

-

-
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Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 15-09-2011 2,316 2,599 2,412

L0 16-09-2011 2,473 2,764 2,580

L3 19-09-2011 2,485 2,779 2,589

L5 21-09-2011 2,491 2,787 2,595

L7 23-09-2011 2,499 2,788 2,600

L10 26-09-2011 2,493 2,790 2,596

L14 30-09-2011 2,502 2,790 2,595

L17 03-10-2011 2,502 2,788 2,602

L21 07-10-2011 2,504 2,787 2,607

L24 10-10-2011 2,502 2,784 2,597

L28 14-10-2011 2,498 2,788 2,606

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 0,005 0,006 0,004 0,00

L5 5 0,007 0,009 0,006 0,01

L7 7 0,010 0,010 0,008 0,01

L10 10 0,008 0,010 0,006 0,01

L14 14 0,012 0,010 0,006 0,01

L17 17 0,012 0,010 0,009 0,01

L21 21 0,012 0,009 0,011 0,01

L24 24 0,012 0,008 0,007 0,01

L28 28 0,010 0,010 0,010 0,01

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,19 % Na2O, 1,02 % K2O, 0,86 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

150

150

150

150

Média= 150

Resultado do Ensaio aos 14 dias (%):  0,01

Resultado do Ensaio aos 28 dias (%): 0,01

BS9

placa cristalina em pouca quantidade na solução

-

-

-

-

-

-

Medidas das Expansões (mm)

A/C:

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

Basalto 

0

0204/14/17905

 Ensaio Nº: 324

ml 

Fátima Meneses/Dora Soares

14-09-2011

Água:

Cimento/Agregado:

OBSERVAÇÕESMedidas Data

-

-

-

Média 

expansão 

(%)

Espalhamento (mm) **

Dias nºs

Anexo ao Boletim nº

Cimento :

g de 0,15 mm - 4,75 mm

Data da amassadura:

Técnico executante:

Areia:

Adição:

A
M

O
S

T
R

A

g

Britada

placa cristalina em pouca quantidade na solução

g de CEM I (*)

Medidas 
Expansão (%)=((Li-L0)/250)*100

OBSERVAÇÕES

-

-

-

-

-

-

-

-

-

-
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,877 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,781 3,113 7,235

Tipo: MV sss MV sss MV sss

Origem 2700 2710 2700

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,61

Slump (1) 125

Molde nº:   2 Temperatura do betão 23,1

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 20,5

284,0 284,0 284,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

28-10-2011 2,874 3,150 2,633 28-10-2011 3,9737 4,0111 4,0006

28-10-2011 2,874 3,149 2,632 28-10-2011 3,9734 4,0108 4,0009

C0 média 28-10-2011 2,874 3,150 2,633 W0 média 28-10-2011 3,9736 4,0110 4,0008

28-10-2011 2,864 3,141 2,628 28-10-2011 3,988 4,0235 4,0132

28-10-2011 2,863 3,141 2,625 28-10-2011 3,9877 4,0235 4,0129

C30 min média 28-10-2011 2,864 3,141 2,627 W30 min média 28-10-2011 3,9879 4,0235 4,0131

C4 24-11-2011 2,873 3,142 2,633 W4 24-11-2011 3,9768 4,0005 3,9971

C8 22-12-2011 2,868 3,136 2,630 W8 22-12-2011 3,9817 4,0055 3,9996

C10 05-01-2012 2,886 3,155 2,646 W10 05-01-2012 3,9851 4,0115 4,0044

C12 19-01-2012 2,878 3,148 2,638 W12 19-01-2012 3,9870 4,0144 4,0077

C16 16-02-2012 2,890 3,162 2,648 W16 16-02-2012 3,9947 4,0215 4,0155

C20 15-03-2012 2,883 3,160 2,646 W20 15-03-2012 3,9941 4,0239 4,0191

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,000 -0,003 0,000 -0,001

C8 8 -0,002 -0,005 -0,001 -0,003

C10 10 0,005 0,002 0,005 0,004

C12 12 0,002 -0,001 0,002 0,001

C16 16 0,006 0,005 0,006 0,006

C20 20 0,004 0,004 0,005 0,004

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 0,082 -0,261 -0,091 -0,09

W8 8 0,205 -0,136 -0,029 0,01

W10 10 0,291 0,014 0,091 0,13

W12 12 0,338 0,086 0,174 0,20

W16 16 0,532 0,263 0,369 0,39

W20 20 0,517 0,323 0,459 0,43

Expansão (%) às 12 semanas 0,001

Expansão (%) às 20 semanas 0,004

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra: BS6
Massa volúmica (kg/m

3
)

Kg

Data da amassadura: 27-10-2011

Agregados

Brita

Brita

Areia
Basáltica

CEM I 42,5 R - Alhandra

0,25

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2702

7,770

Basáltica

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

OBSERVAÇÕES

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

2690

-

0,18
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Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4.1

Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,19

40,477

40,401

Comprimento prismas (mm)

DataLeituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

Medidas das Expansões (mm)

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,718 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

8,375 3,338 7,872

Tipo: MV sss MV sss MV sss

Origem 2890 2880 2900

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,57

Slump (1) 95

Molde nº:   16 Temperatura do betão 22,8

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 20,6

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

28-10-2011 2,503 2,299 2,512 28-10-2011 4,1765 4,2061 4,149

28-10-2011 2,499 2,299 2,511 28-10-2011 4,1766 4,2061 4,1489

C0 média 28-10-2011 2,501 2,299 2,512 W0 média 28-10-2011 4,1766 4,2061 4,1490

28-10-2011 2,492 2,292 2,505 28-10-2011 4,1855 4,2145 4,1594

28-10-2011 2,491 2,291 2,505 28-10-2011 4,1853 4,2145 4,1587

C30 min média 28-10-2011 2,492 2,292 2,505 W30 min média 28-10-2011 4,1854 4,2145 4,1591

C4 24-11-2011 2,512 2,309 2,527 W4 24-11-2011 4,1762 4,1961 4,1476

C8 22-12-2011 2,503 2,296 2,515 W8 22-12-2011 4,1798 4,2012 4,1491

C10 05-01-2012 2,523 2,318 2,534 W10 05-01-2012 4,1833 4,2078 4,1555

C12 19-01-2012 2,512 2,307 2,522 W12 19-01-2012 4,1831 4,2072 4,1541

C16 16-02-2012 2,528 2,314 2,530 W16 16-02-2012 4,1852 4,2090 4,1563

C20 15-03-2012 2,533 2,316 2,532 W20 15-03-2012 4,1865 4,2124 4,1591

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,004 0,004 0,006 0,005

C8 8 0,001 -0,001 0,001 0,000

C10 10 0,009 0,008 0,009 0,008

C12 12 0,004 0,003 0,004 0,004

C16 16 0,011 0,006 0,007 0,008

C20 20 0,013 0,007 0,008 0,009

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 -0,008 -0,238 -0,033 -0,09

W8 8 0,078 -0,116 0,004 -0,01

W10 10 0,162 0,040 0,158 0,12

W12 12 0,157 0,026 0,124 0,10

W16 16 0,207 0,069 0,177 0,15

W20 20 0,238 0,150 0,245 0,21

Expansão (%) às 12 semanas 0,004

Expansão (%) às 20 semanas 0,009

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

Leituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

Medidas das Expansões (mm)

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,20

34,940

34,869

Comprimento prismas (mm)

Data

-

0,18
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Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4.1

Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

2840

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

OBSERVAÇÕES

0,24

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2892

8,280

Basáltica

Data da amassadura: 27-10-2011

Agregados

Brita

Brita

Areia
Basáltica

CEM I 42,5 R - Alhandra

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra: BS7
Massa volúmica (kg/m

3
)

Kg

-1,00

-0,50

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

4,00

4,50

5,00

-0,010

0,000

0,010

0,020

0,030

0,040

0,050

0 4 8 12 16 20

M
a
s
s
a
 (%

)

E
x
p

a
n

s
ã
o

 (
%

)

Tempo (dias)

Gráfico do ensaio

Expansão (%) Variação de Massa (%)



 

Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,428 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

8,744 3,497 8,083

Tipo: MV sss MV sss MV sss

Origem 3000 3000 2945

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,54

Slump (1) 60

Molde nº:   15 Temperatura do betão 22,9

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 20,8

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

28-10-2011 2,913 2,837 2,614 28-10-2011 4,2608 4,3464 4,294

28-10-2011 2,911 2,836 2,614 28-10-2011 4,2604 4,3462 4,294

C0 média 28-10-2011 2,912 2,837 2,614 W0 média 28-10-2011 4,2606 4,3463 4,2940

28-10-2011 2,906 2,828 2,610 28-10-2011 4,2713 4,3569 4,306

28-10-2011 2,906 2,827 2,609 28-10-2011 4,2711 4,3565 4,3058

C30 min média 28-10-2011 2,906 2,828 2,610 W30 min média 28-10-2011 4,2712 4,3567 4,3059

C4 24-11-2011 2,909 2,830 2,616 W4 24-11-2011 4,2489 4,3328 4,2819

C8 22-12-2011 2,908 2,828 2,615 W8 22-12-2011 4,2554 4,3344 4,2871

C10 05-01-2012 2,924 2,848 2,635 W10 05-01-2012 4,2618 4,3451 4,2959

C12 19-01-2012 2,912 2,843 2,624 W12 19-01-2012 4,2610 4,3454 4,2952

C16 16-02-2012 2,919 2,854 2,635 W16 16-02-2012 4,2588 4,3425 4,2958

C20 15-03-2012 2,920 2,853 2,634 W20 15-03-2012 4,2528 4,3357 4,2867

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 -0,001 -0,003 0,001 -0,001

C8 8 -0,002 -0,003 0,000 -0,002

C10 10 0,005 0,005 0,008 0,006

C12 12 0,000 0,003 0,004 0,002

C16 16 0,003 0,007 0,008 0,006

C20 20 0,003 0,007 0,008 0,006

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 -0,275 -0,311 -0,282 -0,29

W8 8 -0,122 -0,274 -0,161 -0,19

W10 10 0,028 -0,028 0,044 0,01

W12 12 0,009 -0,021 0,028 0,01

W16 16 -0,042 -0,087 0,042 -0,03

W20 20 -0,183 -0,244 -0,170 -0,20

Expansão (%) às 12 semanas 0,002

Expansão (%) às 20 semanas 0,006

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

Leituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

Medidas das Expansões (mm)

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,08

41,428

41,393

Comprimento prismas (mm)

Data

-

0,18
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Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4.1

Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

2886

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

OBSERVAÇÕES

0,23

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2978

8,541

Basáltica

Data da amassadura: 27-10-2011

Agregados

Brita

Brita

Areia
Basáltica

CEM I 42,5 R - Alhandra

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra: BS8
Massa volúmica (kg/m

3
)

Kg
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,450 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

8,613 3,457 8,067

Tipo: MV sss MV sss MV sss

Origem 2900 2940 2940

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,53

Slump (1) 155

Molde nº:   17 Temperatura do betão 18,6

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 16,8

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

26-01-2012 3,014 2,149 2,792 26-01-2012 4,2273 4,2880 4,2496

26-01-2012 3,014 2,149 2,792 26-01-2012 4,2272 4,2879 4,2495

C0 média 26-01-2012 3,014 2,149 2,792 W0 média 26-01-2012 4,2273 4,2880 4,2496

26-01-2012 3,020 2,150 2,797 26-01-2012 4,2394 4,3004 4,2610

26-01-2012 3,021 2,149 2,797 26-01-2012 4,2391 4,2997 4,2608

C30 min média 26-01-2012 3,021 2,150 2,797 W30 min média 26-01-2012 4,2393 4,3001 4,2609

C4 22-02-2012 3,048 2,179 2,829 W4 22-02-2012 4,2216 4,2805 4,2471

C8 21-03-2012 3,054 2,184 2,832 W8 21-03-2012 4,2269 4,2858 4,2480

C10 04-04-2012 3,055 2,185 2,831 W10 04-04-2012 4,2279 4,2865 4,2506

C12 18-04-2012 3,059 2,188 2,838 W12 18-04-2012 4,2266 4,2852 4,2498

C16 16-05-2012 3,066 2,195 2,847 W16 16-05-2012 4,2323 4,2908 4,2532

C20 13-06-2012 3,069 2,199 2,847 W20 13-06-2012 4,2287 4,2881 4,2520

C24 11-07-2012 3,071 2,200 2,847 W24 11-07-2012 4,2302 4,2895 4,2520

C28 08-08-2012 3,084 2,210 2,863 W28 08-08-2012 4,2417 4,3003 4,2643

C32 05-09-2012 3,086 2,214 2,864 W32 05-09-2012 4,2327 4,2927 4,2534

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,014 0,012 0,015 0,013

C8 8 0,016 0,014 0,016 0,015

C10 10 0,016 0,014 0,016 0,015

C12 12 0,018 0,016 0,018 0,017

C16 16 0,021 0,018 0,022 0,020

C20 20 0,022 0,020 0,022 0,021

C24 24 0,023 0,020 0,022 0,022

C28 28 0,028 0,024 0,028 0,027

C32 32 0,029 0,026 0,029 0,028

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 -0,134 -0,174 -0,058 -0,12

W8 8 -0,008 -0,050 -0,036 -0,03

W10 10 0,015 -0,034 0,025 0,00

W12 12 -0,015 -0,064 0,006 -0,02

W16 16 0,119 0,066 0,086 0,09

W20 20 0,034 0,003 0,058 0,03

W24 24 0,070 0,036 0,058 0,05

W28 28 0,342 0,288 0,347 0,33

W32 32 0,129 0,111 0,091 0,11

Expansão (%) às 12 semanas 0,017

Expansão (%) às 20 semanas 0,021

Expansão (%) às 24 semanas 0,022

Expansão (%) às 28 semanas 0,027

Expansão (%) às 32 semanas 0,028

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

água retirada: 2,045 Kg; provetes um pouco húmidos na base

água retirada: ???  Kg; provetes um pouco húmidos na base

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra: BS9
Massa volúmica (kg/m

3
)

Kg

Data da amassadura: 25-01-2012

Agregados

Brita

Brita

Areia
Basáltica

CEM I 42,5 R - Alhandra

0,23

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2923

8,370

Basáltica

2870

água retirada: 2,0015 Kg; Muitos cristais e pequenas manchas brancas

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

Muitos cristais e pequenas manchas brancas

OBSERVAÇÕES

Kg

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

Data

-

0,18
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Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4.1

Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Medidas das Expansões (mm)

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,22

35,318

35,242

Comprimento prismas (mm)

água retirada: 1,9850 Kg; Muitos cristais e pequenas manchas brancas

Leituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

água retirada: 1,995 Kg; provetes um pouco húmidos na base

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

água retirada: 1,995 Kg; Muitos cristais e pequenas manchas brancas

água retirada: 2,0000 Kg; Muitos cristais e pequenas manchas brancas

água retirada: 2,0007 Kg; Muitos cristais e pequenas manchas brancas; provetes muito secos
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 0 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

0 7,781 3,113

Tipo: MV sss MV sss MV sss

Origem 0 2700 2710

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

#DIV/0!

Slump (1) 125

Molde nº:   12 Temperatura do betão 23,1

Teor de ar (2) 0

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000 0,000 0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 20,5

284,0 284,0 284,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

28-10-2011 2,530 2,712 2,428 28-10-2011 3,9564 3,9595 3,9055

28-10-2011 2,529 2,710 2,429 28-10-2011 3,9561 3,9591 3,9051

Co média 28-10-2011 2,530 2,711 2,429 W0 média 28-10-2011 3,9563 3,9593 3,9053

C7 03-11-2011 2,534 2,715 2,433 W7 03-11-2011 3,9605 3,9611 3,9085

C14 10-11-2011 2,536 2,717 2,437 W14 10-11-2011 3,9633 3,9634 3,9120

C28 24-11-2011 2,534 2,712 2,432 W28 24-11-2011 3,9680 3,9657 3,9149

C56 22-12-2011 2,537 2,719 2,438 W56 22-12-2011 3,9730 3,9696 3,9200

C91 26-01-2012 2,535 2,723 2,436 W91 26-01-2012 3,9769 3,9750 3,9244

C136 11-03-2012 2,539 2,738 2,445 W136 11-03-2012 3,9798 3,9833 3,9298

C182 26-04-2012 2,551 2,753 2,459 W182 26-04-2012 3,9819 3,9838 3,9319

C273 26-07-2012 2,566 2,779 2,477 W273 26-07-2012 3,9850 3,9882 3,9364

C364 25-10-2012 2,565 2,779 2,478 W364 25-10-2012 3,9855 3,9888 3,9350

C455 24-01-2013 2,568 2,788 2,481 W455 24-01-2013 3,9854 3,9892 3,9359

C546 25-04-2013 2,568 2,791 2,486 W546 25-04-2013 3,9863 3,9904 3,9369

C637 25-07-2013 W637 25-07-2013

C728 24-10-2013 W728 24-10-2013

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,002 0,002 0,002 0,002

C14 14 0,003 0,002 0,003 0,003

C28 28 0,002 0,000 0,001 0,001

C56 56 0,003 0,003 0,004 0,003

C91 91 0,002 0,005 0,003 0,003

C136 136 0,004 0,011 0,007 0,007

C182 182 0,009 0,017 0,012 0,013

C273 273 0,015 0,027 0,019 0,020

C364 364 0,014 0,027 0,020 0,020

C455 455 0,015 0,031 0,021 0,022

C546 546 0,015 0,032 0,023 0,023

C637 637 -1,012 -1,084 -0,971 -1,023

C728 728 -1,012 -1,084 -0,971 -1,023

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,107 0,045 0,082 0,08

W14 14 0,178 0,104 0,172 0,15

W28 28 0,297 0,162 0,246 0,23

W56 56 0,423 0,260 0,376 0,35

W91 91 0,522 0,397 0,489 0,47

W136 136 0,595 0,606 0,627 0,61

W182 182 0,648 0,619 0,681 0,65

W273 273 0,727 0,730 0,796 0,75

W364 364 0,739 0,745 0,761 0,75

W455 455 0,737 0,755 0,784 0,76

W546 546 0,760 0,785 0,809 0,78

W637 637 -100,000 -100,000 -100,000 -100,00

W728 728 -100,000 -100,000 -100,000 -100,00

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Água retirada: (1) 250g, (2) 262g, (3) 252g

Água retirada: (1) 241g, (2) 240g, (3) 245g

Água retirada: (1) 244g, (2) 242g, (3) 240g

Água retirada: (1) 241g, (2) 250g, (3) 236g

Leituras de massa Dias
Massa (%)

Média

0

Massas confirmadas

Massas confirmadas

Expansão e massa confirmadas

Massas confirmadas

Massas confirmadas

C0 W0

Leituras de expansão Dias
Expansão (%)

Média OBSERVAÇÕES

Leituras de expansão Data
Medidas das Expansões (mm)

Leituras de massa Data
Medidas de massa (Kg)

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)
40,150

Massa do molde (kg) 

Variação de massa (%) 0,17

Comprimento prismas (mm)

% Na2O equivalente

Kg

mm

ºC

%

Pesagem do molde prismático triplo após enchimento (Kg) 40,217 Kg/m
3

1,08
Teor de álcalis activos do ligante 0,06 %Na2O equivalente

0,89064

Adição
-

NaOH adicionado
g

0

Basáltica 1547

Areia                          

(0 - 4,75 mm)

7,77

Cimento

CEM I 42,5 R - Alhandra 2690

0,18 0,35

Santos Silva/Luzia Barracha/Dora Soares 0,45

Data da amassadura: 27-10-2011

Agregados

Brita

Brita
Basáltica

Areia

Massa volúmica (kg/m
3
)

Adição
Kg

Procedência:
Massa volúmica (kg/m

3
)

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

IMPROVE

0204/14/17905

56
Cimento

Kg

Referência da amostra: BS6
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 0 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

0 8,375 3,338

Tipo: MV sss MV sss MV sss

Origem 0 2890 2880

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

#DIV/0!

Slump (1) 95

Molde nº:   13 Temperatura do betão 22,5

Teor de ar (2) 0

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000 0,000 0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 20,5

284,0 284,0 284,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

28-10-2011 2,480 2,983 2,880 28-10-2011 4,1606 4,2212 4,2182

28-10-2011 2,480 2,983 2,879 28-10-2011 4,1605 4,2208 4,2181

Co média 28-10-2011 2,480 2,983 2,880 W0 média 28-10-2011 4,1606 4,2210 4,2182

C7 03-11-2011 2,488 2,990 2,885 W7 03-11-2011 4,1648 4,2218 4,2216

C14 10-11-2011 2,488 2,992 2,888 W14 10-11-2011 4,1671 4,2249 4,2255

C28 24-11-2011 2,494 2,994 2,890 W28 24-11-2011 4,1741 4,2270 4,2290

C56 22-12-2011 2,495 3,000 2,898 W56 22-12-2011 4,1808 4,2332 4,2366

C91 26-01-2012 2,491 2,993 2,893 W91 26-01-2012 4,1845 4,2407 4,2398

C136 11-03-2012 2,501 3,011 2,913 W136 11-03-2012 4,1898 4,2456 4,2439

C182 26-04-2012 2,508 3,021 2,924 W182 26-04-2012 4,1915 4,2477 4,2454

C273 26-07-2012 2,527 3,045 2,946 W273 26-07-2012 4,1956 4,2539 4,2497

C364 25-10-2012 2,529 3,049 2,949 W364 25-10-2012 4,1969 4,2556 4,2510

C455 24-01-2013 2,530 3,051 2,951 W455 24-01-2013 4,1971 4,2569 4,2507

C546 25-04-2013 2,530 3,058 2,957 W546 25-04-2013 4,1989 4,2577 4,2513

C637 25-07-2013 W637 25-07-2013

C728 24-10-2013 W728 24-10-2013

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,003 0,003 0,002 0,003

C14 14 0,003 0,004 0,003 0,003

C28 28 0,006 0,004 0,004 0,005

C56 56 0,006 0,007 0,007 0,007

C91 91 0,004 0,004 0,005 0,005

C136 136 0,008 0,011 0,013 0,011

C182 182 0,011 0,015 0,018 0,015

C273 273 0,019 0,025 0,027 0,023

C364 364 0,020 0,026 0,028 0,025

C455 455 0,020 0,027 0,029 0,025

C546 546 0,020 0,030 0,031 0,027

C637 637 -0,992 -1,193 -1,152 -1,112

C728 728 -0,992 -1,193 -1,152 -1,112

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,102 0,019 0,082 0,07

W14 14 0,157 0,092 0,174 0,14

W28 28 0,326 0,142 0,257 0,24

W56 56 0,487 0,289 0,437 0,40

W91 91 0,576 0,467 0,513 0,52

W136 136 0,703 0,583 0,610 0,63

W182 182 0,744 0,633 0,646 0,67

W273 273 0,842 0,779 0,748 0,79

W364 364 0,874 0,820 0,779 0,82

W455 455 0,878 0,851 0,772 0,83

W546 546 0,922 0,869 0,786 0,86

W637 637 -100,000 -100,000 -100,000 -100,00

W728 728 -100,000 -100,000 -100,000 -100,00

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

IMPROVE

0204/14/17905

57
Cimento

Kg

Referência da amostra: BS7
Massa volúmica (kg/m

3
)

Adição
Kg

Procedência:
Massa volúmica (kg/m

3
)

Santos Silva/Luzia Barracha/Dora Soares 0,45

Data da amassadura: 27-10-2011

Agregados

Brita

Brita
Basáltica

Areia
Basáltica 1647

Areia                          

(0 - 4,75 mm)

8,28

Cimento

CEM I 42,5 R - Alhandra 2840

0,18 0,33

1,08
Teor de álcalis activos do ligante 0,06 %Na2O equivalente

0,89064

Adição
-

NaOH adicionado
g

0 % Na2O equivalente

Kg

mm

ºC

%

Pesagem do molde prismático triplo após enchimento (Kg) 41,019 Kg/m
3

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)
40,970

Massa do molde (kg) 

Variação de massa (%) 0,12

Comprimento prismas (mm)

Leituras de expansão Data
Medidas das Expansões (mm)

Leituras de massa Data
Medidas de massa (Kg)

C0 W0

Leituras de expansão Dias
Expansão (%)

Média OBSERVAÇÕES

0

Massas confirmadas

Massas confirmadas

Massa  do provete 1 confirmada

Massas confirmadas. O provete estava muito molhado.

Provetes com aspecto muito húmido

Provetes com aspecto muito húmido;   Contentor 3 mudado; Água retirada: (1) 245g, (2) 260g, (3) 99g

Água retirada: (1) 246g, (2) 248g, (3) 235g

Água retirada: (1) 230g, (2) 229g, (3) 235g

Água retirada: (1) 241g, (2) 250g, (3) 236g

Leituras de massa Dias
Massa (%)

Média
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 0 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

0 8,744 3,497

Tipo: MV sss MV sss MV sss

Origem 0 3000 3000

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

#DIV/0!

Slump (1) 60

Molde nº:   17 Temperatura do betão 22,9

Teor de ar (2) 0

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000 0,000 0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 20,8

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

28-10-2011 2,831 2,635 2,705 28-10-2011 4,2523 4,2928 4,3269

28-10-2011 2,829 2,634 2,705 28-10-2011 4,2525 4,2923 4,3267

Co média 28-10-2011 2,830 2,635 2,705 W0 média 28-10-2011 4,2524 4,2926 4,3268

C7 03-11-2011 2,838 2,639 2,712 W7 03-11-2011 4,2539 4,2948 4,3294

C14 10-11-2011 2,838 2,642 2,712 W14 10-11-2011 4,2585 4,2980 4,3326

C28 24-11-2011 2,842 2,639 2,712 W28 24-11-2011 4,2638 4,3016 4,3375

C56 22-12-2011 2,839 2,640 2,711 W56 22-12-2011 4,2661 4,3047 4,3401

C91 26-01-2012 2,838 2,644 2,712 W91 26-01-2012 4,2688 4,3069 4,3432

C136 11-03-2012 2,854 2,652 2,720 W136 11-03-2012 4,2736 4,3129 4,3480

C182 26-04-2012 2,859 2,659 2,727 W182 26-04-2012 4,2748 4,3149 4,3494

C273 26-07-2012 2,883 2,673 2,743 W273 26-07-2012 4,2786 4,3190 4,3539

C364 25-10-2012 2,886 2,676 2,746 W364 25-10-2012 4,2803 4,3203 4,3549

C455 24-01-2013 2,886 2,675 2,745 W455 24-01-2013 4,2813 4,3219 4,3562

C546 25-04-2013 2,893 2,680 2,749 W546 25-04-2013 4,2816 4,3229 4,3565

C637 25-07-2013 W637 25-07-2013

C728 24-10-2013 W728 24-10-2013

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,003 0,002 0,003 0,003

C14 14 0,003 0,003 0,003 0,003

C28 28 0,005 0,002 0,003 0,003

C56 56 0,004 0,002 0,002 0,003

C91 91 0,003 0,004 0,003 0,003

C136 136 0,010 0,007 0,006 0,008

C182 182 0,012 0,010 0,009 0,010

C273 273 0,021 0,015 0,015 0,017

C364 364 0,022 0,017 0,016 0,018

C455 455 0,022 0,016 0,016 0,018

C546 546 0,025 0,018 0,018 0,020

C637 637 -1,132 -1,054 -1,082 -1,089

C728 728 -1,132 -1,054 -1,082 -1,089

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,035 0,052 0,060 0,05

W14 14 0,143 0,127 0,134 0,13

W28 28 0,268 0,211 0,247 0,24

W56 56 0,322 0,283 0,307 0,30

W91 91 0,386 0,334 0,379 0,37

W136 136 0,499 0,474 0,490 0,49

W182 182 0,527 0,521 0,522 0,52

W273 273 0,616 0,616 0,626 0,62

W364 364 0,656 0,646 0,649 0,65

W455 455 0,680 0,684 0,679 0,68

W546 546 0,687 0,707 0,686 0,69

W637 637 -100,000 -100,000 -100,000 -100,00

W728 728 -100,000 -100,000 -100,000 -100,00

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

IMPROVE

0204/14/17905

58
Cimento

Kg

Referência da amostra: BS8
Massa volúmica (kg/m

3
)

Adição
Kg

Procedência:
Massa volúmica (kg/m

3
)

Santos Silva/Luzia Barracha/Dora Soares 0,45

Data da amassadura: 27-10-2011

Agregados

Brita

Brita
Basáltica

Areia
Basáltica 1714

Areia                          

(0 - 4,75 mm)

8,541

Cimento

CEM I 42,5 R - Alhandra 2886

0,18 0,32

1,08
Teor de álcalis activos do ligante 0,06 %Na2O equivalente

0,89064

Adição
-

NaOH adicionado
g

0 % Na2O equivalente

Kg

mm

ºC

%

Pesagem do molde prismático triplo após enchimento (Kg) 35,464 Kg/m
3

C0 W0

Leituras de expansão

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)
35,393

Massa do molde (kg) 

Variação de massa (%) 0,20

Comprimento prismas (mm)

Leituras de expansão Data
Medidas das Expansões (mm)

Leituras de massa Data
Medidas de massa (Kg)

Dias
Expansão (%)

Média OBSERVAÇÕES

0

Massas confirmadas.

0

Massas confirmadas.

Massas confirmadas.

Massas confirmadas.

Leituras de massa Dias
Massa (%)

Média

Água retirada: (1) 230g, (2) 229g, (3) 235g

Provetes com aspecto muito húmido; Contentor 1 mudado; Água retirada: (1) 150g, (2) 251g, (3) 258g

Água retirada: (1) 240g, (2) 248g, (3) 245g

Água retirada: (1) 241g, (2) 250g, (3) 236g
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 0 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

0 8,613 3,457

Tipo: MV sss MV sss MV sss

Origem 0 2900 2940

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

#DIV/0!

Slump (1) 155

Molde nº:   14 Temperatura do betão 18,6

Teor de ar (2) 0

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000 0,000 0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 16,8

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

26-01-2012 2,856 2,470 3,078 26-01-2012 4,2353 4,3439 4,3052

26-01-2012 2,855 2,469 3,076 26-01-2012 4,2351 4,3438 4,3052

Co média 26-01-2012 2,856 2,470 3,077 W0 média 26-01-2012 4,2352 4,3439 4,3052

C7 01-02-2012 2,855 2,474 3,071 W7 01-02-2012 4,2375 4,3474 4,3083

C14 08-02-2012 2,871 2,473 3,076 W14 08-02-2012 4,2409 4,3502 4,3118

C28 22-02-2012 2,879 2,485 3,090 W28 22-02-2012 4,2488 4,3543 4,3163

C56 21-03-2012 2,890 2,497 3,097 W56 21-03-2012 4,2551 4,3602 4,3192

C91 25-04-2012 2,905 2,508 3,109 W91 25-04-2012 4,2602 4,3660 4,3244

C136 09-06-2012 2,911 2,512 3,114 W136 09-06-2012 4,2636 4,3709 4,3313

C182 25-07-2012 2,925 2,522 3,126 W182 25-07-2012 4,2645 4,3723 4,3330

C273 24-10-2012 2,927 2,520 3,127 W273 24-10-2012 4,2650 4,3733 4,3340

C364 23-01-2013 2,932 2,523 3,131 W364 23-01-2013 4,2656 4,3732 4,3347

C455 24-04-2013 2,933 2,524 3,134 W455 24-04-2013 4,2659 4,3748 4,3359

C546 24-07-2013 W546 24-07-2013

C637 23-10-2013 W637 23-10-2013

C728 22-01-2014 W728 22-01-2014

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,000 0,002 -0,002 0,000

C14 14 0,006 0,001 0,000 0,002

C28 28 0,009 0,006 0,005 0,007

C56 56 0,014 0,011 0,008 0,011

C91 91 0,020 0,015 0,013 0,016

C136 136 0,022 0,017 0,015 0,018

C182 182 0,028 0,021 0,020 0,023

C273 273 0,029 0,020 0,020 0,023

C364 364 0,031 0,021 0,022 0,025

C455 455 0,031 0,022 0,023 0,025

C546 546 -1,142 -0,988 -1,231 -1,120

C637 637 -1,142 -0,988 -1,231 -1,120

C728 728 -1,142 -0,988 -1,231 -1,120

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,054 0,082 0,072 0,07

W14 14 0,135 0,146 0,153 0,14

W28 28 0,321 0,241 0,258 0,27

W56 56 0,470 0,376 0,325 0,39

W91 91 0,590 0,510 0,446 0,52

W136 136 0,671 0,623 0,606 0,63

W182 182 0,692 0,655 0,646 0,66

W273 273 0,704 0,678 0,669 0,68

W364 364 0,718 0,676 0,685 0,69

W455 455 0,725 0,713 0,713 0,72

W546 546 -100,000 -100,000 -100,000 -100,00

W637 637 -100,000 -100,000 -100,000 -100,00

W728 728 -100,000 -100,000 -100,000 -100,00

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Água retirada: 1,995 Kg

0

Leituras de massa Dias
Massa (%)

Média

-

-

Leituras confirmadas

Leitura do provete 1 confirmada

Massas confirmadas, provetes muito húmidos: Água retirada: 1,9955 Kg

Massas confirmadas, provetes muito húmidos: Água retirada: 1,9914 Kg

Massas confirmadas, provetes muito húmidos: Água retirada: 1,9834 Kg

Água retirada: 2,004 Kg

C0 W0

Leituras de expansão Dias
Expansão (%)

Média OBSERVAÇÕES

Leituras de expansão Data
Medidas das Expansões (mm)

Leituras de massa Data
Medidas de massa (Kg)

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)
41,251

Massa do molde (kg) 

Variação de massa (%) 0,19

Comprimento prismas (mm)

% Na2O equivalente

Kg

mm

ºC

%

Pesagem do molde prismático triplo após enchimento (Kg) 41,330 Kg/m
3

1,08
Teor de álcalis activos do ligante 0,06 %Na2O equivalente

0,89064

Adição
-

NaOH adicionado
g

0

Basáltica 1673

Areia                          

(0 - 4,75 mm)

8,37

Cimento

CEM I 42,5 R - Alhandra 2870

0,18 0,32

Santos Silva/Luzia Barracha/Dora Soares 0,45

Data da amassadura: 25-01-2012

Agregados

Brita

Brita
Basáltica

Areia

Massa volúmica (kg/m
3
)

Adição
Kg

Procedência:
Massa volúmica (kg/m

3
)

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

IMPROVE

0204/14/17905

60
Cimento

Kg

Referência da amostra: BS9

-0,20

0,00

0,20

0,40

0,60

0,80

1,00
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0,000
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Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 19-01-2012 2,685 2,569 2,436

L0 20-01-2012 2,829 2,711 2,576

L3 23-01-2012 2,822 2,706 2,571

L5 25-01-2012 2,826 2,717 2,584

L7 27-01-2012 2,824 2,715 2,579

L11 31-01-2012 2,826 2,716 2,583

L14 03-02-2012 2,830 2,712 2,583

L17 06-02-2012 2,826 2,707 2,571

L21 10-02-2012 2,839 2,724 2,584

L24 13-02-2012 2,838 2,721 2,588

L28 17-02-2012 2,843 2,723 2,589

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 -0,003 -0,002 -0,002 0,00

L5 5 -0,001 0,002 0,003 0,00

L7 7 -0,002 0,002 0,001 0,00

L11 11 -0,001 0,002 0,003 0,00

L14 14 0,000 0,000 0,003 0,00

L17 17 -0,001 -0,002 -0,002 0,00

L21 21 0,004 0,005 0,003 0,00

L24 24 0,004 0,004 0,005 0,00

L28 28 0,006 0,005 0,005 0,01

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

147

146

143

147

Média= 146

Resultado do Ensaio aos 14 dias (%):  0,00

Resultado do Ensaio aos 28 dias (%): 0,01

336

Medidas Data

Areia:

Ana P. Melo/Dora Soares Cimento/Agregado:

OBSERVAÇÕES

Média 

expansão 

(%)

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

Calcária

0

CL3

Medidas das Expansões (mm)

-

Anexo ao Boletim nº

Cimento :

g de 0,15 mm - 4,75 mm

Data da amassadura:

Técnico executante:

A/C:

0204/14/17905

 Ensaio Nº:

ml 

-

-

-

-

-

-

-

OBSERVAÇÕES

-

-

-

-

Espalhamento (mm) **

Dias nºs

placa cristalina à superfície da solução

-

-

-

-

-

-

-

A
M

O
S

T
R

A

g

Britada

placa cristalina à superfície da solução

g de CEM I (*)

Medidas 
Expansão (%)=((Li-L0)/250)*100

Adição:

18-01-2012

Água:
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Pedido nº:

Processo nº:

990

Referência : 0

Procedência: 440

Natureza: 207

Forma: 0,47

0,44

Provete 1 Provete 2 Provete 3

Lseco 19-01-2012 2,685 2,793 2,988

L0 20-01-2012 2,868 2,974 3,168

L3 23-01-2012 2,864 2,966 3,159

L5 25-01-2012 2,869 2,971 3,163

L7 27-01-2012 2,877 2,976 3,171

L11 31-01-2012 2,873 2,974 3,171

L14 03-02-2012 2,875 2,978 3,177

L17 06-02-2012 2,873 2,975 3,168

L21 10-02-2012 2,884 2,993 3,189

L24 13-02-2012 2,890 2,996 3,193

L28 17-02-2012 2,893 2,999 3,195

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 -0,002 -0,003 -0,004 0,00

L5 5 0,000 -0,001 -0,002 0,00

L7 7 0,004 0,001 0,001 0,00

L11 11 0,002 0,000 0,001 0,00

L14 14 0,003 0,002 0,004 0,00

L17 17 0,002 0,000 0,000 0,00

L21 21 0,006 0,008 0,008 0,01

L24 24 0,009 0,009 0,010 0,01

L28 28 0,010 0,010 0,011 0,01

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 0,18 % Na2O, 1,08 % K2O, 0,89 % Na2O equivalente e 1,0 mm de expansibilidade

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

128

131

128

127

Média= 129

Resultado do Ensaio aos 14 dias (%):  0,00

Resultado do Ensaio aos 28 dias (%): 0,01

A
M

O
S

T
R

A

g

Britada

poucos cristais à superfície da solução

g de CEM I (*)

Medidas 
Expansão (%)=((Li-L0)/250)*100

Adição:

18-01-2012

Água:

Espalhamento (mm) **

Dias nºs

poucos cristais à superfície da solução

-

pequenos cristais brancos na solução

pequenos cristais brancos na solução

pequenos cristais brancos na solução

pequenos cristais brancos na solução

-

pequenos cristais brancos na solução

pequenos cristais brancos na solução

OBSERVAÇÕES

pequenos cristais brancos na solução

-

-

-

 Ensaio Nº:

ml 

pequenos cristais brancos na solução

pequenos cristais brancos na solução

pequenos cristais brancos na solução

pequenos cristais brancos na solução

-

pequenos cristais brancos na solução

DL2

Medidas das Expansões (mm)

-

Cimento :

Data da amassadura:

Técnico executante:

A/C:

Média 

expansão 

(%)

Avaliação da Reactividade aos Álcalis de Agregados para Betão - ASTM C 1260

Dolomítica

0

Anexo ao Boletim nº

g de 0,15 mm - 4,75 mm

0204/14/17905

337

Medidas Data

Areia:

Ana P. Melo/Dora Soares Cimento/Agregado:

OBSERVAÇÕES
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Pedido nº:

Processo nº:

900

Referência : Absroção do agregado 0,7 %

Procedência: 900

Natureza: 290

Forma: 296,3

NaOH: 7,080 g % Na2O equiv. 1,50

0,32

1,00

Provete 1 Provete 2 Provete 3

Lseco 01-03-2012 3,138 2,846 3,063

L0 02-03-2012 3,260 2,965 3,185

L3 05-03-2012 3,266 2,972 3,190

L5 07-03-2012 3,269 2,972 3,192

L7 09-03-2012 3,264 2,968 3,188

L10 12-03-2012 3,265 2,970 3,192

L14 16-03-2012 3,274 2,973 3,196

L17 19-03-2012 3,277 2,982 3,202

L21 23-03-2012 3,270 2,977 3,198

L24 26-03-2012 3,272 2,979 3,199

L28 30-03-2012 3,271 2,978 3,199

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 0,002 0,003 0,002 0,00

L5 5 0,004 0,003 0,003 0,00

L7 7 0,002 0,001 0,001 0,00

L10 10 0,002 0,002 0,003 0,00

L14 14 0,006 0,003 0,004 0,00

L17 17 0,007 0,007 0,007 0,01

L21 21 0,004 0,005 0,005 0,00

L24 24 0,005 0,006 0,006 0,01

L28 28 0,004 0,005 0,006 0,01

 0,18 % Na2O,1,08 % K2O e 0,89 % Na2O equiv.

112

106

109

109

Média= 109

Resultado do Ensaio aos 14 dias (%):  0,00

Resultado do Ensaio aos 28 dias (%): 0,01

cristais na solução em suspensão; um ponto de gel no provete 2

cristais na solução em suspensão; um ponto de gel no provete 2

cristais na solução em suspensão; um ponto de gel no provete 2

Medidas das Expansões (mm)

A/C:

-

cristais na solução em suspensão; um ponto de gel no provete 2

Cimento/Agregado:

2

ml 

CL3

A
M

O
S

T
R

A

Britada

g de CEM I (*)

Água a adicionar na 

amassadura

 Ensaio Nº:

OBSERVAÇÕES

Avaliação da Reactividade aos Álcalis de Agregados para Betão - RILEM AAR-5

Calcária

0

0204/14/17905

Medidas Data

-

cristais na solução em suspensão

cristais na solução em suspensão

cristais na solução em suspensão

Anexo ao Boletim nº

Cimento :

g de 4 mm - 8 mm

Data da amassadura:

Técnico executante:

Agregado

Fátima Meneses/Dora Soares

29-02-2012

Água efectiva:

Expansão (%)=((Li-L0)/250)*100

Espalhamento (mm) **

Dias nºs

cristais na solução em suspensão; um ponto de gel no provete 2

cristais na solução em suspensão; um ponto de gel no provete 2

-

cristais na solução em suspensão; um ponto de gel no provete 2

cristais na solução em suspensão; um ponto de gel no provete 2

cristais na solução em suspensão; um ponto de gel no provete 2

cristais na solução em suspensão

-

-

OBSERVAÇÕES

cristais na solução em suspensão; um ponto de gel no provete 2

Média 

expansão 

(%)

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

cristais na solução em suspensão; um ponto de gel no provete 2

cristais na solução em suspensão; um ponto de gel no provete 2

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 1,0 mm de expansibilidade e:

Medidas 
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Pedido nº:

Processo nº:

900

Referência : Absroção do agregado 2 %

Procedência: 900

Natureza: 290

Forma: 308,0

NaOH: 7,080 g % Na2O equiv. 1,50

0,32

1,00

Provete 1 Provete 2 Provete 3

Lseco 01-03-2012 2,942 2,913 3,165

L0 02-03-2012 3,065 3,044 3,293

L3 05-03-2012 3,080 3,050 3,299

L5 07-03-2012 3,082 3,050 3,299

L7 09-03-2012 3,079 3,046 3,295

L10 12-03-2012 3,075 3,047 3,298

L14 16-03-2012 3,071 3,049 3,298

L17 19-03-2012 3,082 3,058 3,307

L21 23-03-2012 3,077 3,058 3,305

L24 26-03-2012 3,078 3,056 3,306

L28 30-03-2012 3,083 3,057 3,307

Provete 1 Provete 2 Provete 3

L0 0 0,000 0,000 0,000 0,00

L3 3 0,006 0,002 0,002 0,00

L5 5 0,007 0,002 0,002 0,00

L7 7 0,006 0,001 0,001 0,00

L10 10 0,004 0,001 0,002 0,00

L14 14 0,002 0,002 0,002 0,00

L17 17 0,007 0,006 0,006 0,01

L21 21 0,005 0,006 0,005 0,01

L24 24 0,005 0,005 0,005 0,01

L28 28 0,007 0,005 0,006 0,01

 0,18 % Na2O,1,08 % K2O e 0,89 % Na2O equiv.

0

0

0

0

Média= 0

Resultado do Ensaio aos 14 dias (%):  0,00

Resultado do Ensaio aos 28 dias (%): 0,01

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

Medidas das Expansões (mm)

A/C:

-

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

Cimento/Agregado:

3

ml 

DL2

A
M

O
S

T
R

A

Britada

g de CEM I (*)

Água a adicionar na 

amassadura

 Ensaio Nº:

OBSERVAÇÕES

Avaliação da Reactividade aos Álcalis de Agregados para Betão - RILEM AAR-5

Dolomítica

0

0204/14/17905

Medidas Data

-

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

Anexo ao Boletim nº

Cimento :

g de 4 mm - 8 mm

Data da amassadura:

Técnico executante:

Agregado

Fátima Meneses/Dora Soares

29-02-2012

Água efectiva:

Expansão (%)=((Li-L0)/250)*100

Espalhamento (mm) **

Dias nºs

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

-

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

-

-

OBSERVAÇÕES

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

Média 

expansão 

(%)

(**) Medido de acordo com a norma ASTM C 109 - secção 10,3

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

muitos pontos de gel pequenos na superfície dos agregados visíveis nas faces de todos os provetes

(*) Cimento CEM I 42,5 R da CIMPOR Alhandra com 1,0 mm de expansibilidade e:

Medidas 
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,190 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,930 3,172 7,401

Tipo: MV sss MV sss MV sss

Origem 2690 2690 2690

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,51

Slump (1) 120

Molde nº:   11 Temperatura do betão 17,8

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 16,7

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

02-02-2012 2,640 2,564 2,342 02-02-2012 3,9047 3,8913 3,9113

02-02-2012 2,640 2,563 2,340 02-02-2012 3,9045 3,8910 3,9111

C0 média 02-02-2012 2,640 2,564 2,341 W0 média 02-02-2012 3,9046 3,8912 3,9112

02-02-2012 2,638 2,557 2,338 02-02-2012 3,9093 3,8953 3,9164

02-02-2012 2,637 2,556 2,337 02-02-2012 3,9092 3,8949 3,9163

C30 min média 02-02-2012 2,638 2,557 2,338 W30 min média 02-02-2012 3,9093 3,8951 3,9164

C4 29-02-2012 2,672 2,599 2,371 W4 29-02-2012 3,9017 3,8813 3,9054

C8 28-03-2012 2,677 2,602 2,373 W8 28-03-2012 3,8994 3,8805 3,9047

C10 11-04-2012 2,680 2,608 2,375 W10 11-04-2012 3,8973 3,8777 3,9031

C12 24-04-2012 2,683 2,614 2,377 W12 24-04-2012 3,8986 3,8789 3,9038

C16 23-05-2012 2,670 2,601 2,367 W16 23-05-2012 3,8983 3,8791 3,9042

C20 20-06-2012 2,685 2,622 2,388 W20 20-06-2012 3,9001 3,8802 3,9101

C24 18-07-2012 2,699 2,636 2,400 W24 18-07-2012 3,8989 3,8803 3,9151

C28 14-08-2012 2,696 2,635 2,397 W28 14-08-2012 3,8981 3,8798 3,9029

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,013 0,014 0,012 0,013

C8 8 0,015 0,015 0,013 0,014

C10 10 0,016 0,018 0,014 0,016

C12 12 0,017 0,020 0,014 0,017

C16 16 0,012 0,015 0,010 0,012

C20 20 0,018 0,023 0,019 0,020

C24 24 0,024 0,029 0,024 0,025

C28 28 0,022 0,029 0,022 0,024
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Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 -0,074 -0,253 -0,148 -0,16

W8 8 -0,133 -0,274 -0,166 -0,19

W10 10 -0,187 -0,346 -0,207 -0,25

W12 12 -0,154 -0,315 -0,189 -0,22

W16 16 -0,161 -0,310 -0,179 -0,22

W20 20 -0,115 -0,281 -0,028 -0,14

W24 24 -0,146 -0,279 0,100 -0,11

W28 28 -0,166 -0,292 -0,212 -0,22

Expansão (%) às 12 semanas 0,017

Expansão (%) às 20 semanas 0,020

Expansão (%) às 24 semanas 0,025

Expansão (%) às 28 semanas 0,024

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

água retirada: 2,0042 Kg

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra: CL3
Massa volúmica (kg/m

3
)

Kg

Data da amassadura: 01-02-2012

Agregados

Brita

Brita

Areia
Calcária

CEM I 42,5 R - Alhandra

0,25

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Santos Silva/Luzia Barracha/Dora Soares 0,45

2690

7,980

Calcária

2680

água retirada: 1,982 Kg

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

água retirada: 2,000 Kg; presença de muitas micas (brilhantes) na superfície dos provetes

OBSERVAÇÕES

Kg

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

Data

-

0,18
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Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4.1

Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Medidas das Expansões (mm)

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,10

40,067

40,026

Comprimento prismas (mm)

água retirada: 1,997 Kg

Leituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

água retirada: 1,9974 Kg

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

água retirada: 1,998 Kg; presença de muitas micas (brilhantes) na superfície dos provetes

água retirada: 2,0051 Kg; provetes muito secos

água retirada: 1,989 Kg
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 3,565 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

7,603 3,041 7,096

Tipo: MV sss MV sss MV sss

Origem 2610 2610 2610

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

5,56

Slump (1) 150

Molde nº:   12 Temperatura do betão 19,9

Teor de ar (2)

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 18,1

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

09-03-2012 2,974 2,851 3,214 09-03-2012 3,855 3,8453 3,8015

09-03-2012 2,974 2,851 3,214 09-03-2012 3,8549 3,8452 3,8012

C0 média 09-03-2012 2,974 2,851 3,214 W0 média 09-03-2012 3,8550 3,8453 3,8014

09-03-2012 2,965 2,840 3,206 09-03-2012 3,8638 3,8523 3,8089

09-03-2012 2,964 2,840 3,206 09-03-2012 3,8635 3,8519 3,8087

C30 min média 09-03-2012 2,965 2,840 3,206 W30 min média 09-03-2012 3,8637 3,8521 3,8088

C4 05-04-2012 3,000 2,882 3,247 W4 05-04-2012 3,8496 3,8325 3,7957

C8 03-05-2012 3,013 2,891 3,257 W8 03-05-2012 3,8402 3,8340 3,7957

C10 17-05-2012 3,011 2,894 3,260 W10 17-05-2012 3,8396 3,8340 3,7945

C12 31-05-2012 3,020 2,895 3,265 W12 31-05-2012 3,8425 3,8353 3,7979

C16 28-06-2012 3,034 2,907 3,276 W16 28-06-2012 3,8500 3,8453 3,7966

C20 26-07-2012 3,046 2,919 3,289 W20 26-07-2012 3,8599 3,8421 3,8049

C24 23-08-2012 3,050 2,925 3,293 W24 23-08-2012 3,8643 3,8506 3,8084

C28 20-09-2012 3,045 2,918 3,288 W28 20-09-2012 3,8631 3,8468 3,8061

C32 18-10-2012 3,048 2,921 3,290 W32 18-10-2012 3,8647 3,8532 3,8099

C36 15-11-2012 3,049 2,922 3,291 W36 15-11-2012 3,8583 3,8406 3,7986

C40 13-12-2012 3,052 2,919 3,287 W40 13-12-2012 3,8565 3,8451 3,7984

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C4 4 0,010 0,012 0,013 0,012

C8 8 0,016 0,016 0,017 0,016

C10 10 0,015 0,017 0,018 0,017

C12 12 0,018 0,018 0,020 0,019

C16 16 0,024 0,022 0,025 0,024

C20 20 0,029 0,027 0,030 0,029

C24 24 0,030 0,030 0,032 0,031

C28 28 0,028 0,027 0,030 0,028

C32 32 0,030 0,028 0,030 0,029

C36 36 0,030 0,028 0,031 0,030

C40 40 0,031 0,027 0,029 0,029

336

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W4 4 -0,139 -0,332 -0,149 -0,21

W8 8 -0,383 -0,293 -0,149 -0,27

W10 10 -0,398 -0,293 -0,180 -0,29

W12 12 -0,323 -0,259 -0,091 -0,22

W16 16 -0,128 0,001 -0,125 -0,08

W20 20 0,128 -0,082 0,093 0,05

W24 24 0,243 0,139 0,185 0,19

W28 28 0,211 0,040 0,125 0,13

W32 32 0,253 0,207 0,225 0,23

W36 36 0,087 -0,121 -0,072 -0,04

W40 40 0,040 -0,004 -0,078 -0,01

Expansão (%) às 12 semanas 0,019

Expansão (%) às 20 semanas 0,029

Expansão (%) às 28 semanas 0,028

Expansão (%) às 36 semanas 0,030

Expansão (%) às 40 semanas 0,029

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

água retirada: 2,048 Kg

Leituras de massa Semanas Média

Leituras de expansão

Variação de massa (%)

água retirada: 2,009 Kg

água retirada: 2,020 Kg

água retirada: 1,983 Kg

Leituras de expansão Leituras de massa

Média

W0

Data

C 30 minutos W30 min

Expansão (%)
Semanas

Medidas das Expansões (mm)

C0

Medidas de massa (Kg)

Adição

Variação de massa (%) 0,11

39,907

39,863

Comprimento prismas (mm)

Data

-

0,18
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Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-4.1

Cimento

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm

Kg

NaOH adicionado
g

0,00

0,89

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)

Pesagem do molde prismático triplo após enchimento (Kg)

Cimento

% Na2O equivalente

1,08

0,26

água retirada: 1,975 Kg; muita alteração na massa

Kg

mm

ºC

%

Kg/m
3

Massa do molde (kg) 

Água retirada: 1,973 Kg 

OBSERVAÇÕES

água retirada: 1,999 Kg; provetes molhados na base, contentor com vácuo

Santos Silva/Luzia Barracha 0,45

2610

7,800

Dolomítica

2670

Teor de álcalis activos do ligante 0,06 %Na2O equivalente

Areia                          

(0 - 4,75 mm)

Massa volúmica (kg/m
3
)

Kg

Data da amassadura: 08-03-2012

Agregados

Brita

Brita

Areia
Dolomítica

CEM I 42,5 R - Alhandra

água retirada: 1,988 Kg

água retirada: 1,981 Kg

água retirada: 1,985 Kg

água retirada: 1,987 Kg

Procedência:

Massa volúmica (kg/m
3
)

Adição

Referência da amostra: DL2
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 0 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

0 7,93 3,172

Tipo: MV sss MV sss MV sss

Origem 0 2690 2690

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

#DIV/0!

Slump (1) 120

Molde nº:   13 Temperatura do betão 17,8

Teor de ar (2) 0

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000 0,000 0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 16,7

285,5 285,5 285,5

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

02-02-2012 2,904 2,685 2,827 02-02-2012 3,9215 4,0163 3,9722

02-02-2012 2,904 2,684 2,827 02-02-2012 3,9214 4,0164 3,9720

Co média 02-02-2012 2,904 2,685 2,827 W0 média 02-02-2012 3,9215 4,0164 3,9721

C7 08-02-2012 2,919 2,699 2,850 W7 08-02-2012 3,9272 4,0209 3,9787

C14 15-02-2012 2,926 2,703 2,851 W14 15-02-2012 3,9311 4,0255 3,9830

C28 29-02-2012 2,938 2,709 2,855 W28 29-02-2012 3,9362 4,0313 3,9885

C56 28-03-2012 2,950 2,721 2,865 W56 28-03-2012 3,9418 4,0383 3,9918

C91 02-05-2012 2,951 2,721 2,864 W91 02-05-2012 3,9445 4,0427 3,9947

C136 16-06-2012 2,967 2,737 2,874 W136 16-06-2012 3,9477 4,0459 3,9965

C182 01-08-2012 2,971 2,735 2,871 W182 01-08-2012 3,9491 4,0460 3,9974

C273 31-10-2012 2,983 2,746 2,883 W273 31-10-2012 3,9496 4,0473 3,9977

C364 30-01-2013 2,988 2,750 2,887 W364 30-01-2013 3,9481 4,0466 3,9988

C455 01-05-2013 2,993 2,753 2,886 W455 01-05-2013 3,9491 4,0467 3,9987

C546 31-07-2013 W546 31-07-2013

C637 30-10-2013 W637 30-10-2013

C728 29-01-2014 W728 29-01-2014

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,006 0,006 0,009 0,007

C14 14 0,009 0,007 0,010 0,009

C28 28 0,014 0,010 0,011 0,012

C56 56 0,018 0,015 0,015 0,016

C91 91 0,019 0,015 0,015 0,016

C136 136 0,025 0,021 0,019 0,022

C182 182 0,027 0,020 0,018 0,022

C273 273 0,032 0,025 0,022 0,026

C364 364 0,034 0,026 0,024 0,028

C455 455 0,036 0,027 0,024 0,029

C546 546 -1,162 -1,074 -1,131 -1,122

C637 637 -1,162 -1,074 -1,131 -1,122

C728 728 -1,162 -1,074 -1,131 -1,122

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,147 0,113 0,166 0,14

W14 14 0,246 0,228 0,274 0,25

W28 28 0,376 0,372 0,413 0,39

W56 56 0,519 0,547 0,496 0,52

W91 91 0,588 0,656 0,569 0,60

W136 136 0,669 0,736 0,614 0,67

W182 182 0,705 0,738 0,637 0,69

W273 273 0,718 0,771 0,644 0,71

W364 364 0,680 0,753 0,672 0,70

W455 455 0,705 0,756 0,670 0,71

W546 546 -100,000 -100,000 -100,000 -100,00

W637 637 -100,000 -100,000 -100,000 -100,00

W728 728 -100,000 -100,000 -100,000 -100,00

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Água retirada: 1,999 Kg

0

Leituras de massa Dias
Massa (%)

Média

0

0

0

0

Água retirada: 1,971 Kg

Água retirada: 1,980 Kg

Água retirada: 1,996 Kg

Água retirada: 2,0002 Kg

C0 W0

Leituras de expansão Dias
Expansão (%)

Média OBSERVAÇÕES

Leituras de expansão Data
Medidas das Expansões (mm)

Leituras de massa Data
Medidas de massa (Kg)

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)
40,223

Massa do molde (kg) 

Variação de massa (%) 0,08

Comprimento prismas (mm)

% Na2O equivalente

Kg

mm

ºC

%

Pesagem do molde prismático triplo após enchimento (Kg) 40,257 Kg/m
3

1,08
Teor de álcalis activos do ligante 0,06 %Na2O equivalente

0,89064

Adição
-

NaOH adicionado
g

0

Calcária 1537

Areia                          

(0 - 4,75 mm)

7,98

Cimento

CEM I 42,5 R - Alhandra 2680

0,18 0,35

Santos Silva/Luzia Barracha/Dora Soares 0,45

Data da amassadura: 01-02-2012

Agregados

Brita

Brita
Calcária

Areia

Massa volúmica (kg/m
3
)

Adição
Kg

Procedência:
Massa volúmica (kg/m

3
)

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3

                             Prisma de Betão de 7,50 x 7,50 x 28,50 cm
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Cimento

Kg

Referência da amostra: CL3
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Pedido nº:

Processo nº:

Nº do Ensaio: 6,594

3140

0,000

0

Água 3,000 L (efectiva) 0 L (adicionada)

Responsável do Ensaio: Água/Ligante

Brita 1                

(4,75 - 9,50 mm)  

(Kg)

Brita Intermédia               

(9,50 - 12,5  mm)  

(Kg)

Brita 2                    (12,5 - 

20,0 mm)  (Kg)

0 7,603 3,041

Tipo: MV sss MV sss MV sss

Origem 0 2610 2610

Tipo: MV sss

Origem: Kg

Tipo e origem: MV sss

Na2O (%): Ligante/Agregado

K2O /%)

Na2Oequiv. (%):

Tipo e origem: 30,59

Na2Oequiv. (%): 0,02

Na2Oequiv./m
3

#DIV/0!

Slump (1) 150

Molde nº:   14 Temperatura do betão 19,9

Teor de ar (2) 0

Massa volúmica do betão no 

estado fresco
0,00

m1 m2 m3

0,000 0,000 0,000

Volume do molde (l) 0,0080037

1 2 3 Temperatura do ar (ºC) 18,1

285,0 285,0 285,0

Provete 1 Provete 2 Provete 3 Provete 1 Provete 2 Provete 3

09-03-2012 2,524 2,758 2,203 09-03-2012 3,8600 3,7991 3,8515

09-03-2012 2,524 2,756 2,204 09-03-2012 3,8596 3,7990 3,8510

Co média 09-03-2012 2,524 2,757 2,204 W0 média 09-03-2012 3,8598 3,7991 3,8513

C7 15-03-2012 2,537 2,772 2,222 W7 15-03-2012 3,8621 3,8028 3,8536

C14 22-03-2012 2,540 2,774 2,223 W14 22-03-2012 3,8672 3,8085 3,8588

C28 05-04-2012 2,547 2,783 2,231 W28 05-04-2012 3,8703 3,8121 3,8627

C56 03-05-2012 2,553 2,791 2,237 W56 03-05-2012 3,8704 3,8130 3,8630

C91 07-06-2012 2,565 2,800 2,246 W91 07-06-2012 3,8671 3,8138 3,8626

C136 22-07-2012 2,558 2,796 2,242 W136 22-07-2012 3,8611 3,8114 3,8616

C182 06-09-2012 2,569 2,807 2,253 W182 06-09-2012 3,8736 3,8194 3,8716

C273 06-12-2012 2,584 2,822 2,268 W273 06-12-2012 3,8830 3,8253 3,8788

C364 07-03-2013 2,587 2,826 2,272 W364 07-03-2013 3,8858 3,8333 3,8828

C455 06-06-2013 W455 06-06-2013

C546 05-09-2013 W546 05-09-2013

C637 05-12-2013 W637 05-12-2013

C728 06-03-2014 W728 06-03-2014

Provete 1 Provete 2 Provete 3

C0 0 0,000 0,000 0,000 0,000

C7 7 0,005 0,006 0,007 0,006

C14 14 0,006 0,007 0,008 0,007

C28 28 0,009 0,010 0,011 0,010

C56 56 0,012 0,014 0,013 0,013

C91 91 0,016 0,017 0,017 0,017

C136 136 0,014 0,016 0,015 0,015

C182 182 0,018 0,020 0,020 0,019

C273 273 0,024 0,026 0,026 0,025

C364 364 0,025 0,028 0,027 0,027

C455 455 -1,010 -1,103 -0,881 -0,998

C546 546 -1,010 -1,103 -0,881 -0,998

C637 637 -1,010 -1,103 -0,881 -0,998

C728 728 -1,010 -1,103 -0,881 -0,998

Provete 1 Provete 2 Provete 3

W0 0 0,000 0,000 0,000 0,00

W7 7 0,060 0,099 0,061 0,07

W14 14 0,192 0,249 0,196 0,21

W28 28 0,272 0,344 0,297 0,30

W56 56 0,275 0,367 0,305 0,32

W91 91 0,189 0,388 0,295 0,29

W136 136 0,034 0,325 0,269 0,21

W182 182 0,358 0,536 0,528 0,47

W273 273 0,601 0,691 0,715 0,67

W364 364 0,674 0,902 0,819 0,80

W455 455 -100,000 -100,000 -100,000 -100,00

W546 546 -100,000 -100,000 -100,000 -100,00

W637 637 -100,000 -100,000 -100,000 -100,00

W728 728 -100,000 -100,000 -100,000 -100,00

Observações:  (1) - Medido de acordo com a norma ASTM C 143

(2) - Medido de acordo com a norma ASTM C 138

Avaliação da Reactividade aos Álcalis - Ensaio RILEM AAR-3
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Cimento

Kg

Referência da amostra: DL2
Massa volúmica (kg/m

3
)

Adição
Kg

Procedência:
Massa volúmica (kg/m

3
)

Santos Silva/Luzia Barracha/Dora Soares 0,45

Data da amassadura: 08-03-2012

Agregados

Brita

Brita
Dolomítica

Areia
Dolomítica 1491

Areia                          

(0 - 4,75 mm)

7,8

Cimento

CEM I 42,5 R - Alhandra 2670

0,18 0,36

1,08
Teor de álcalis activos do ligante 0,06 %Na2O equivalente

0,89064

Adição
-

NaOH adicionado
g

0 % Na2O equivalente

Kg

mm

ºC

%

Pesagem do molde prismático triplo após enchimento (Kg) 39,892 Kg/m
3

Pesagem do molde prismático triplo após 24h em câmara 

saturada a 20º C (Kg)
39,850

Massa do molde (kg) 

Variação de massa (%) 0,11

Comprimento prismas (mm)

Leituras de expansão Data
Medidas das Expansões (mm)

Leituras de massa Data
Medidas de massa (Kg)

águar retirada: 1,590 kg

águar retirada: 2,409 kg; provetes com aspecto um pouco seco

C0 W0

Leituras de expansão Dias
Expansão (%)

Média OBSERVAÇÕES

água adicionada: 2,400 kg

águar retirada: 2,388 kg

águar retirada: 2,388 kg

águar retirada: 2,365 kg

águar retirada: 2,394 kg

águar retirada: 2,413 kg; Provete 3 baixou muito a massa

águar retirada: 1,980 kg

0

Leituras de massa Dias
Massa (%)

Média
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