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ABSTRACT  

The knowledge of moisture migration within building materials and building construction components 
is decisive in the characterization of its in-service behavior. The durability, waterproofing, degrading 
aspect, as well as the thermal behavior of these materials are strongly influenced by the transfer of 
moisture within them, which is something that provokes changes in their normal performance and is 
normally hard to predict. Due to the awareness of the scientific community regarding the importance 
of this information, more and more studies have been carried out on moisture transfer within porous 
materials. Regarding such cases of highly complex phenomena, habitually monolithic constructional 
elements are considered, since the existence of joints or layers contribute to the change in moisture 
transfer throughout the respective construction element, which contributes to the alteration of the law 
of mass transference. The presentation of an experimental analysis regarding moisture transport at the 
interfaces of the materials that make up masonry is described in order to evaluate the durability and/or 
avoid building damage, since most of the buildings are made of masonry with walls which are exposed 
to the action of outside weather conditions and, occasionally, to humidity. This experimental work 
consists of an in-depth characterization of the type of interfaces/joints that exist in walls of older 
historical, patrimonial constructions, in order to analyze the influence of the type of interfaces/joints in 
the liquid water transport, as well as to deepen the knowledge of water resistance at the interface 
between layers. For this, different types of interfaces were considered: the perfect contact, the cement 
mortar joints, lime mortar and the air space, by anaylzing specimens of different densities. These types 
of interfaces were selected because of their similarities with what is most commonly found in 
buildings. The results allow for the calculation of a water resistance created at the interfaces in 
accordance with their type. It was also possible to develop a new mathematical model to study water 
resistance with objective of using the model fpr study purposes, instead of carrying out experimental 
tests, which are more time consuming and costly. With these results, it is possible to use any numerical 
program to study the water transport element in buildings, considering the interfaces and their water 
resistance.  

 

KEYWORDS: Interface/Joints, Historical buildings, Moisture, Water transport;  
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RESUMO  

O conhecimento da transferência de água no interior de materiais e de elementos construtivos 
revela-se determinante na caracterização do seu comportamento em serviço. Especialmente a 
durabilidade, a estanqueidade, o aspeto e o comportamento térmico desses materiais e elementos 
construtivos são fortemente influenciados pela transferência de humidade que ocorre no seu 
interior provocando alterações de desempenho, habitualmente de difícil previsão. Tendo em 
conta a consciencialização da comunidade científica para a importância deste conhecimento, tem 
vindo a ser realizados cada vez mais estudos sobre a transferência de humidade em materiais 
porosos. Tratando-se de fenómenos de elevada complexidade, é habitual considerarem-se 
elementos construtivos monolíticos, uma vez que a existência de juntas ou camadas contribui 
para a alteração da transferência de humidade ao longo do respetivo elemento construtivo, que 
contribuirão para a alteração da lei de transferência de massa. A apresentação de uma análise 
experimental sobre o transporte de humidade nas interfaces dos materiais que compõem uma 
alvenaria é descrita de maneira a avaliar a durabilidade e/ou evitar danos nas construções, uma 
vez que, a maioria das edificações são feitas de alvenaria, ficando essas paredes expostas à ação 
de intempéries e, ocasionalmente, à humidade. O trabalho experimental que se apresenta consiste 
em caracterizar profundamente o tipo de interfaces/juntas que existem nas paredes das 
construções mais antigas, históricas e patrimoniais, analisar a influência do tipo de 
interfaces/juntas no transporte de água líquida e aprofundar o conhecimento da resistência 
hídrica na interface entre camadas. Para tal, foram considerados diferentes tipos de interfaces: o 
contacto perfeito, a junta de argamassa cimentícia, a argamassa hidráulica e o espaço de ar, 
analisados por meio de provetes de materiais de densidades diferentes. Estes tipos de interfaces 
foram selecionados devido às suas semelhanças com o que mais encontra-se nas contruções. Os 
resultados permitem o cálculo de uma resistência hídrica criada nas interfaces de acordo com seu 
tipo. Também foi possível desenvolver um novo modelo matemático para estudar a resistência 
hídrica com o objetivo de utilizar o modelo em vez de realizar testes experimentais que 
significam maior consumo de tempo e custo. Com estes resultados, é possível utilizar quaisquer 
programas numéricos para estudar o elemento de transporte de água em edifícios considerando as 
interfaces e sua resistência à água.  

 

PALAVRAS-CHAVE: Interface, Edifícios históricos, Humidade, Transporte de água. 
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RÉSUMÉ 

La connaissance du transfert de l'eau à l'intérieur des matériaux et des éléments de construction 
s'avère déterminante dans la caractérisation de son comportement en service. En particulier, la 
durabilité, l'étanchéité, l'apparence et le comportement thermique des matériaux et éléments de 
construction sont fortement influencées par le transfert d'humidité qui se produit y provoquer des 
changements de performance habituellement difficiles à prévoir. Compte tenu de la conscience 
de la communauté scientifique quant à l’importance de ces connaissances, de plus en plus 
d’études ont été menées sur le transfert d’humidité dans les matériaux poreux. Dans le cas des 
phénomènes très complexes, il est d'usage de se considérer comme éléments de construction 
monolithique, puisque l'existence des articulations ou des couches contribuent au changement de 
transfert d'humidité le long de l'élément de construction respectif contribuera à la modification 
de la loi de transfert de masse. La présentation d'une analyse expérimentale du transport de 
l'humidité dans les interfaces matérielles qui comprennent une maçonnerie est décrite dans le but 
d'évaluer la durabilité et / ou prévenir des dommages aux bâtiments, étant donné que la plupart 
des bâtiments sont réalisés en maçonnerie, étant celles-ci murs exposés à l'action des intempéries 
et, occasionnellement, à l'humidité. Le travail expérimental qui présente lui-même est de 
caractériser complètement le type d'interfaces / joints qui sont sur les murs des plus anciens, des 
bâtiments historiques et du patrimoine, analyser l'influence du type d'interfaces / joints dans le 
transport de l'eau liquide et d'accroître la connaissance de la résistance à l'eau à l'interface entre 
les couches. Pour cela, ils ont été considérés comme différents types d'interfaces: le contact 
parfait, le joint de mortier de ciment, et l'entrefer mortier hydraulique analysé par différentes 
densités d'échantillons de matériaux. Ces types d'interfaces ont été sélectionnés en raison de leurs 
similitudes avec les plus courantes dans les bâtiments. Les résultats permettent de calculer une 
résistance hydrique créée dans les interfaces en fonction de leur type. Il a également été possible 
de développer un nouveau modèle mathématique pour étudier la résistance hydrique dans le but 
d'utiliser le modèle au lieu de faire des tests expérimentaux qui impliquent davantage de temps et 
d'argent. Avec ces résultats, il est possible d'utiliser n'importe quel programme numérique pour 
étudier l'élément de transport de l'eau dans les bâtiments en considérant les interfaces et leur 
résistance à l'eau.  

 

MOTS CLÉS: Interface, Bâtiments historiques, Transport par eau. 
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1 
 INTRODUCTION 

 

 

1.1 SUMMARY 

Moisture is one of the most important factors limiting building performance. High moisture levels can 
damage construction (condensations, mould development) and inhabitants’ health (allergic risks). As 
an example, rising damp coming from the ground that climbs through the porous materials constitutes 
one of the main causes of buildings degradation, especially in older constructions (Fig. 1. 1). 

 

Fig. 1. 1 – Building wall in contact with water 
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Over the last decade, a great deal of concern has been placed on moisture in building envelopes due to 
the various problems caused. These problems include increased energy use, damage building 
envelopes, poor performance of heating, ventilation and air conditioning (HVAC) system, growth of 
mould, fungus and bacteria, and increased expense for building maintenance. In fact, moisture has 
been the largest factor, visible or invisible, limiting the service life of a building. 

Furthermore, the knowledge of moisture transport is also essential for improving indoor air quality. 
Moisture accumulation in the building envelope can promote the growth of mould, mildew, and 
bacteria, which will grow anywhere (Flannigan et al., 1994[1.1]). A number of studies have found that 
mould and mildew in buildings can cause respiratory infections and increase the risk of asthma 
(Koskinen, 1999[1.2] and Armstrong et al., 2002[1.3]). In fact, mould is becoming one of the most 
important issues for building practices and, for example, Turner (2002)[1.4] presented a study in 
which a considerable amount of money was spent on mould repairs and litigation in the United States 
of America was cited. 

Another cause of moisture studies is the increased use of the building energy due to the presence of 
moisture in the building envelope, especially when evaporation and condensation occur inside them. 
In some cases, moisture accumulation may increase energy use by up to 25% (ASHRAE, 2001)[1.5]. 
Therefore, moisture studies are also important to the optimization in the use of the building energy. 

Moisture transport through a building envelope normally involves interface phenomena, i.e., moisture 
transport across interfaces between building materials. Therefore, the knowledge of the interface 
phenomena is essential for the prediction of moisture behavior in a building envelope. Most 
hygrothermal models treat materials as individual layers in perfect contact, i.e., the interface has no 
effect on the moisture transport. However, in practice, this might not always be true. Therefore, to 
appropriately evaluate the performance of a building envelope on moisture transport that can lead to 
building envelope design guidelines, it is imperative to obtain a good understanding of the interface 
phenomena. 

The major achievements of this work are: the measurements of experimental values of water 
absorption in samples of different building materials with and without joints at different positions 
(only a few experiments were presented in literature), new values of maximum transport flow, Qmax 
function of the interface hydric resistance, and a measurement and analysis of the moisture diffusion 
coefficient, Dw, of two building materials, using normal and anomalous diffusion models. In this study, 
this kind of model is analyzed, since this study has particular relevance in hygrothermal numerical 
simulation and the evaluation of the durability of building components. In literature it is possible to 
find a significant number of researchers ([1.6][1.7][1.8][1.9][1.10][1.11][1.12][1.13][1.14][1.15] 
[1.16]) that have observed deviation from this behavior when the infiltrating fluid is water and there is 
some potential for chemo-mechanical interaction with the material. For example, Küntz and Lavallée 
[1.6] discussed the anomalous behaviour and proposed a non-Fickian model as a more appropriate 
physical description. 

 

1.2 RESEARCH OBJECTIVES  

The objectives of this research are the study of different interfaces—hydraulic contact, perfect contact 
and air space—on moisture transport and to investigate the characteristics of these interfaces including 
the development of a new model to predict hydric resistance.  

The objectives of the study of this research are:  

� Determine the material properties of ceramic red bricks, lime mortar, and cement mortar;  
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� Investigate the effects of different interfaces between building materials on moisture 
transport;  

� Quantify hydric resistances in the interface between layers, which can be experimentally 
determined and is extremely important in relation to advanced hygrothermal simulation 
programmes; 

� Investigate the effects of bonding on moisture transport; 
� Develop a new, methodology to determine/estimate the hydric resistance. 

 

1.3 METHODOLOGY 

To effectively study moisture transport across interfaces between building materials, the present thesis 
employs an experimental research. On one hand, experimental research can provide a benchmark for 
modelling studies. On the other hand, it is limited by laboratory conditions and it is time-consuming 
and laborious. In contrast to experimental research, modelling studies are independent of laboratory 
conditions and provide an efficient way to study phenomenon. Therefore, the combination of 
experimental research and modelling studies can provide the best insights into the subject. 

In terms of experimental research, a series of specially designed tests were carried out to study 
moisture transport across perfect contact, hydraulic contact and air space interface between ceramic 
red bricks and mortar (lime and cement). Furthermore, the material properties of ceramic red bricks 
and mortar were experimentally determined.  

 

1.4 OUTLINE OF THE THESIS 

This thesis consists of seven chapters: 

� Chapter 1 - presents a brief introduction of the problem and the research objectives and 
methodology used to analyse the moisture problem on the interface of multi-layers 
building components;  

� Chapter 2 - contains a brief state-of-the-art knowledge of interface influence on moisture 
transport in building walls and the methods used to determine moisture content profiles;  

� Chapter 3 - presents the hygrothermal properties of the tested materials (ceramic bricks, 
cement mortar, and lime mortar); 

�  Chapter 4 - analyses the interface influence on moisture transport during the wetting 
process;  

� Chapter 5 - presents an experimental and analytical study of moisture transport across a 
hydric cut on the drying process of ceramic blocks, with different interfaces;  

� Chapter 6 - presents attempts at prevision models; 
� Chapter 7 - summarizes the achievements of this research study and gives some 

recommendations for future works in this specific research area. 

 

1.5 PUBLICATIONS (SEE ANNEX A) 

- Papers: 

Interface Influence on Moisture Transport in Buildings. Journal: Construction and Building Materials, 
v. 162, p. 480-488, 2018. https://doi.org/10.1016/j.conbuildmat.2017.12.040; 
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Hygrothermal and Mechanical Properties of Ceramic Bricks and Mortars. Journal of Material Science 
& Engineering, v. 07, p. 477, 2018. 10.4172/2169-0022.1000477; 

Guimarães, A. S., Delgado, J. M. P. Q., de Freitas, V. P., & Azevedo, A. C. (2017). Moisture 
Measuring Device Based on Non-Destructive Method of Gamma Ray’s Attenuation. In Defect and 
Diffusion Forum (Vol. 380, pp. 55-59). Trans Tech Publications.  
https://doi.org/10.4028/www.scientific.net/DDF.380.55; 

Hydric Resistance in Ceramic Samples with Contact Interfaces. U.Porto Journal of Engineering, v. 3:3, 
p. 60-72, 2017. 

Delgado, J. M. P. Q., Azevedo, A. C., Guimarães, A. S. (2019). Moisture Transport across Perfect 
Contact Interface of Ceramic Blocks. In Journal of Porous Media. (Approved) 

Guimarães, A. S., Delgado, J. M. P. Q., de Freitas, V. P., & Azevedo, A. C. (2019). Influence of 
Different Joints on Moisture Transport in Building Walls – A Brief Review. In Defect and Diffusion 
Forum. (Approved) 

- Conference: 

Medição da humidade na construção baseada na atenuação de raios gama. Conference: Conferência 
sobre patologia e reabilitação de edifícios. PATORREB 2018, 2018. Rio de Janeiro, Brasil. 

Análise do fenómeno da interface no transporte de humidade através de método não destrutivo. 
Conference: CONSTRUÇÃO2018, Porto, Portugal.  

Medição do teor de humidade em provetes cerâmicos - HUMIGAMA.V.F. Conference: 
CONSTRUÇÃO2018, Porto, Portugal. 

Influência das Juntas no Transporte de Água em Blocos de Concreto. Conference: Congresso 
Brasileiro do Concreto - IBRACON, 2016, Belo Horizonte, Brasil.  
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2 
STATE-OF-THE-ART 

 

 

2.1. SUMMARY 

Transport phenomena in porous media occurs in diverse fields of science and engineering, ranging 
from agricultural, biomedical, building, ceramic, chemical, and petroleum engineering to food and soil 
sciences. Morrow (1991)[2.1] provides an extensive description of the problems involving porous 
media. For building engineering, obtaining a good understanding of moisture transport in building 
envelopes is becoming one of the most important tasks. In the last few decades, many studies 
investigating moisture transport in building envelopes have been published, which have helped to 
improve overall building envelope design. This chapter presents a brief review of these studies. 

 

2.2. MOISTURE AND INTERFACE IN BUILDING COMPONENTS  

2.2.1. MOISTURE TRANSPORT IN BUILDINGS  

Many building materials are porous media (Kumaran, 1992)[2.2], consisting of an extremely 
complicated network of channels and obstructions (GreenKorn, 1983)[2.3]. For all porous media, part 
of the domain is a solid matrix, which is occupied by a persistent solid phase; the remaining part is 
void space, which is either occupied by a single fluid phase, or by a number of phases (Bear et al., 
1990) [2.4]. 

Moisture may exist in building materials in all three states, i.e., solid (ice), liquid (water), and gas 
(water vapour). However, it is difficult to experimentally distinguish the different physical states of 
moisture.  

To understand the moisture behaviour of a specific building material, it is necessary to know the 
moisture storage characteristics of the material, which are described and characterized in Chapter 3. 
There are two typical approaches to describe these characteristics. One states that moisture storage 
consists of three regimes: diffusion regime, transition regime, and capillary regime (Burch et al., 
1992)[2.4]. The diffusion regime refers to a state below the maximum sorption state occurring at 
95%RH. The transition regime refers/points to a transition state between diffusion regime and 
capillary regime. The capillary regime starts when the liquid transport is continuous. However, another 
more sound approach divides moisture storage in a building material into three regions: sorption 
moisture or hygroscopic region, capillary water region, and supersaturated region (see Karagiozis et 
al.[2.5], 2001; Krus, 1995[2.6]. and Kunzel et al., 1997[2.7]). The sorption region refers to moisture 
storage in a range between 0%RH and 95%RH and includes all moisture content resulting from water 
vapour sorption. In this region, moisture storage is characterized by capillary suction. Supersaturated 
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region ranges from free water saturation to the maximum saturation. The concept of hygroscopic 
moisture  indicates that a certain amount of humidity particles that adheres to a material particles does 
not evaporate at ordinary temperatures (Bomberg, 1974[2.8] and Hens, 1996[2.9]). As a consequence, 
a practical limit for sorption region may range from 95%RH to 98%RH, which depends on 
experimental facilities (Bomberg, 1974)  [2.8] 

Moisture storage in a material depends on the history of drying and wetting of the material, i.e., 
hysteresis effect (Molenda et al., 1992) [2.9]. The hysteresis effect may be due to: a) the rain-drop 
effect; b) the ink-bottle effect; c) the air entrapment effect. 

The rain-drop effect refers to the difference between advancing and receding contact angles. The rain-
drop effect is probably caused by the contamination of fluid, solid or surface roughness (Adamson, 
1990)[2.10]. The ink-bottle effect refers to the different stable configuration of water resulting from 
drainage and imbibition. The ink-bottle effect can be attributed to the fact that the wide range of pores 
with different dimensions in materials may result in different stable configurations (Greekorn, 
1983)[2.3]. The air entrapped in a material after draining or rewetting may also cause hysteresis 
(Poulovassilis, 1962)[2.11]. 

However, for most building materials, the hysteresis effect is not significant and, therefore, sorption 
curves are normally used to characterize building materials in the hygroscopic region (Kunzel, 1995) 
[2.7]. For those building materials with a significant hysteresis effect, Pedersen (1990) [2.12] 
concluded that the average of sorption and desorption curves can be used to characterize the moisture 
storage characteristics. 

Moisture can be transported in building materials in the form of water vapour, liquid water and 
adsorbate film. For the water vapour transport, the thermal diffusion resulting from the gradient of 
temperature, i.e., the Soret effect, accounts for approximately 0.05% of the overall moisture transport 
at normal conditions to which building structures are exposed (Krus, 1995)[2.6]. In addition, the air 
pressure around constructions is difficult to determine Pedersen (1990)[2.12]. Therefore, many studies 
of water vapour transport mainly investigate the water vapour diffusion resulting from the gradient of 
partial water vapour pressure, including pure diffusion, Knudsen diffusion or effusion, and mixed 
diffusion (Carman 1956)[2.13]. Pure diffusion is dominated by the interactions between gas 
molecules, while the Knudsen diffusion or effusion is dominated by the interactions between gas 
molecules and pore walls. The mixed diffusion consists of both types of diffusion.  

Surface diffusion refers to a phenomenon in which the water vapour diffusion increases as relative 
humidity increases. Surface diffusion may result from the fact that when building materials are in 
contact with moist air, water molecules are localized on the inner surfaces and form a water film. 
Since water molecules are more mobile in a thicker film than a thinner one, water molecules will move 
from relatively thick places to relatively thin one (Kunkzel et al., 1995 and Pel, 1995) [2.7][2.14]. 
Parker (1986)[2.15] suggested that the Van der Waals forces and the interactions between water 
dipoles and solid surfaces may attract water in films. Kumaran et al. (1994[2.16] and Straube et al. 
(2001) [2.17] concluded that the surface diffusion could be implicitly calculated by an overall moisture 
diffusivity coefficient and the gradient of moisture content. 

In summary, water can be transported in various forms, e.g., hydraulic flow, capillary flow, and 
gravitational flow in building materials. However, some of them, such as hydraulic flow and 
electrokinesis, are negligible for most buildings (Krus, 1995)[2.6]. Therefore, capillary flow is a major 
concern of many moisture studies. The driving force of capillary flow is capillary suction, which is an 
equilibrium property and is directly related to surface tension, i.e., interfacial potential energy 
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(Morrow 1970)[2.1]. Capillary suction is defined as the difference between the pressure for the non-
wetting phase and the pressure for the wetting phase (Dullien, 1992) [2.18], expressed in Equation 2.1: 

 

 �� = ��� − �� (2.1) 

 

In Equation 2.1, Pc is the capillarity suction, PnW is the pressure of the non-wetting phase and PW is the 
pressure of the wetting phase (all in Pa). 

 

2.2.2. NUMERICAL METHODS  

To study the water transport in building materials and components is essential to use numerical 
simulations that can easily predict the real behaviour, these models can be split into two types:  

� Continuum models; 
� Discrete models.  

Continuum modelling is a classical engineering approach to describe a system using macroscopic 
equations and suitable effective transport properties (Sahimi, 1993a) [2.19]. In contrast to continuum 
models, the strategy of discrete models is to disassemble pore space into discrete elements and to 
reassemble these elements into a model that preserves the basic geometrical and topological features 
of the pore space (Descamps, 1997[2.21]; Fatt, 1956[2.22] and Sahimi, 1993b[2.20]). Therefore, 
discrete models are helpful in understanding the physics of moisture flow in porous media. However, 
the main drawback of discrete models is that, from a practical point of view, excessively large 
computational efforts are required for a realistic discrete treatment of a system (Sahimi, 1993a)[2.18]. 
Moreover, transport problems cannot be formulated and solved at a microscopic level due to the lack 
of information concerning the microscopic configuration of the interphase boundaries. Such a solution 
is usually of no interest in practice (Bear et al., 1990)[2.4]  

Compared to discrete modelling, continuum modelling has been widely applied because of its 
convenience and sufficient accuracy. The main advantages of continuum models are:  

� Avoid specifying the exact configuration of the inter-phase boundaries;  
� Describe a transport process in terms of differentiable quantities, which can be solved by 

mathematical analysis;  
� Mensure the macroscopic quantities used, which is useful in solving the field problems of 

practical interest (Bear et al. 1990)[2.4].  

Most moisture models are based on Fick's law, Darcy's law and Richards' equation. One of the main 
differences between these models is the driving potential utilized. In contrast to heat transfer, in which 
the temperature is recognized as the potential, unanimity on driving forces is lacking in moisture 
models. For example, Philip et al. (1957)[2.23], Luikov (1966) [2.24]and De Vries (1986)[2.25] used 
moisture content as a potential, Kießl(1983)[2.26] used a redressed potential generated by relative 
humidity and radius of pores (Hens, 1996)[2.9]. Salonvaara (1993)[2.27] used moisture content and 
water vapour pressure as the potentials. Matsumoto (1993)[2.28] defended temperature and chemical 
potentials. Kunzel et al. (1997)[2.7] argued that relative humidity is the potential. Burch et al. 
(1997)[2.4] used capillary suction and water vapour pressure. 

In 2003, a review report of hygrothermal models for building envelope retrofit analysis made by 
Canada Mortgage and Housing Corporation (2003) has identified 45 hygrothermal modelling tools, 
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and in the last four years, 12 new hygrothermal models were developed, most of them are included in 
during Annex 41. However, most of the 57 hygrothermal models available in the literature are not 
readily available to the public outside the organization where they were developed. In fact, only a 
reduced number of hygrothermal modelling tools are available to the public in general. 

DELPHIN 5 and the WUFI, two of the models cited in this study, are the more well-known and are 
available at the FEUP (Laboratory of Building Physics of Faculty of Engineering of University of 
Porto) where this work is being developed, and are utilized for the transport of liquid water, which is 
part of the objective of this study. Additionally, other important models are cited because the value of 
the references they contribute in relation to material properties and boundary conditionals outside. 

1D-HAM (commercial program) - a one-dimensional model for heat, air and moisture transport in a 
multi-layered porous wall. The program uses a finite-difference solution with explicit forward 
differences in time. Analytical solutions for the coupling between the computational cells for a given 
air flow through the construction are used. The moisture transfer model accounts for diffusion and 
convection in vapour phase, but not liquid water transport. Heat transfer occurs by conduction, 
convection and latent heat effects. Climatic data are supplied through a data file with a maximum 
resolution of values per hour over the year. The program accounts for surface absorption of solar 
radiation (Hagentoft and Blomberg, 2000)[2.29]. 

The governing equations for moisture and energy transfer are, respectively: 
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Where w (kg/m3), denotes the water content of the material considered. The vapor diffusion coefficient 
is denoted by δv (m²/s).The thermal conductivity of the wall material is denoted by λ (W/m·K), the 
airflow rate is qa (m3/m2s), the humidity by volume in the surrouding air is v (kg/m³) the density is ρ 
(kg/m³ ), and the heat capacity is cp (J/kg·K). The volumetric heat capacity of the air is denoted by ρca 
(J/(m³·K)). The latent heat of evaporation is denoted by Lv (J/kg). 

BSim2000 (commercial program) - a one-dimensional model for transport of heat and moisture in 
porous building materials. BSim2000, the successor of the MATCH program, is a computational 
design tool for analysis of indoor climate, energy consumption and daylight performance of building. 
The software can represent a multi-zone building with heat gains, solar radiation through windows, 
heating, cooling, ventilation and infiltration, steady state moisture balance and condensation risks. A 
new transient moisture model for an entire building was also developed as an extension of BSim2000. 
One of the limitations is that liquid moisture transfer in constructions is not yet represented (Rode and 
Grau, 2004)[2.30]. 

The governing equations for moisture and energy transfer are, respectively: 
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where ρ is the density of the dry porous material (kg/m³), δp is the vapour permeability (kg/ms Pa), p is 
the vapour pressure (Pa), kw is the water permeability (kg/ms Pa), s is the suction pressure (Pa), cp is 
the heat capacity (J/kg K), λ is the thermal conductivity (W/m K) and hv is the latent heat of phase 
change (J/kg). 

EMPTIED (freeware program) - a one-dimensional model for heat, air and moisture transport, with 
some considerations for air leakage included (Rousseau, 1999)[2.31]. The software simplifies 
assumptons enough to be practical for designers to use in order to compare the relative effects of 
different climates, indoor conditions, wall materials and air tightness on wall performance. EMPTIED 
calculates temperatures assuming steady-state conditions for the duration of each bin, neglecting latent 
heat and heat transported by moving air. The program uses monthly bin temperature data and outputs 
graphical readings of the monthly amount of condensation, drainage and evaporation. It is 
recommended for simple analysis of air leakage. EMPTIED has limitations that should be mentioned. 
Initial moisture contents cannot be specified. Wind, sun, and rain are not taken into account. Air 
movement is taken to be the same through every layer, there are no convection loops within layers, or 
between the exterior and vented cavities. The maximum amount of moisture a material can store safely 
is assumed to be the same amount at which condensation will start to occur on the surface. 

 

GLASTA (commercial program) - a one-dimensional model for heat and moisture transport in porous 
media. It is based on the Glaser method, but includes a model for capillary distribution within the 
layers of the assembly and may be suitable for assessing drying potential. The program calculates 
monthly mean values of temperature and vapour pressure or relative humidity, and a climatic database 
for more than 100 European locations is presented (see Physibel, 2007)[2.32]. 

 

hygIRC-1D (commercial program) - a one-dimensional simulation tool for modelling heat, air and 
moisture movement in exterior walls. This program is an advanced hygrothermal model that is an 
enhanced version of the LATENITE model developed jointly by Institute for Research in Construction 
and the VTT (Valtion Teknillinen Tutkimuskeskus) (Finland). The hygIRC program can be used to 
model common wall systems. Retrofits to improve the air tightness and insulation levels in the walls 
were developed and are being applied to basic wall systems. The hygIRC model will simulate heat, air 
and moisture conditions within retrofitted walls to determine how retrofits affect the durability of the 
wall system. This information will be used as a means to confirm the integrity of several specific 
retrofit measurements developed for high-rise wall structures before they are recommended to the 
building industry (Salonvaara and Karagiozis, 1994)[2.33]. The governing equations for moisture, 
heat, air mass and momentum balance are, respectively: 
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where u is the air velocity, ρv is the water-vapor density, K is the liquid-water permeability, ρw is the 
density of water, %& is the acceleration due to gravity, Dw is the moisture diffusivity, ms is the moisture 
source, cp is the effective heat capacity, ρ is the dry density of the material, ρa is the density of air, cpa 
is the specific capacity of air, Lv is the latent heat of evaporation/condensation, Lice is the latent heat of 
freezing/melting, fl is the fraction of water frozen, Qh is the heat source, ka is the air permeability and η 
is the dynamic viscosity.  

HAMLab  (freeware program) - a one-dimensional heat, air and moisture simulation model. This 
hygrothermal model is a collection of four tools and functions in the MatLab/Simulink/FemLab 
environment that includes: 

- HAMBASE (used for indoor climate design of multizone buildings; energy and (de)humidification 
simulation; rapid prototyping; and HAM building model component to be used with HAMSYS, for the 
design of HVAC systems), HAMSYS (used for: HVAC equipment design; and controller design), 

- HAMDET (used for HAM simulation of, up to 3D, building constructions; and airflow simulation in 
rooms and around buildings) and, 

- HAMOP (used for design parameters optimization; and optimal operation). 

All tools have been validated, except HAMOP by comparison, with experimental data obtained in 
laboratory and field studies (van Schijndel, 2005)[2.34]. 

The main objective of HAMBASE is the simulation of the thermal and hygric indoor climate and 
energy consumption. In SimuLink, the HAMBASE model is visualised by a single block with input 
and output connections. The interface variables are the input signal of the HAMBASE SimuLink 
model and the output signal contain for each zone the mean comfort temperature, the mean air 
temperature and RH. In the HAMBASE model, the diffusion equations for heat and moisture transfer 
in the walls are modelled with a finite difference scheme and solved with an implicit method. 

 

HAM-Tools  (freeware program) - a one-dimensional heat, air and moisture transfer simulation model. 
The main objective of this tool is to obtain simulations of transfer processes related to building 
physics, i.e. heat and mass transport in buildings and building components in operating conditions. 
Using the graphical programming language Simulink and Matlab numerical solvers, the code is 
developed as a library of predefined calculation procedures (modules) where each supports the 
calculation of the HAM transfer processes in a building part or an interacting system. Simulation 
modules are grouped according to their functionality into five sub-systems: Constructions, Zones, 
Systems, Helpers and Gains (Kalagasidis, 2004)[2.35]. This software is open source, can be 
downloaded from the internet, and new modules can be easily added by users. As a disadvantage, 
some calculations can be slow due to the graphical interface, granularity, complexity and flexibility in 
modelling. The governing equations for moisture and energy transfer are, respectively: 
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where s is the suction pressure, ga is the air flux density and gv is the water vapour flux density. 
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IDA-ICE  (commercial program) - a tool for building simulation of energy consumption, the indoor air 
quality and thermal comfort. It covers a large range of phenomena, such as the integrated airflow 
network and thermal models, CO2 and moisture calculation, and vertical temperature gradients. For 
example, wind and buoyancy driven airflows through leaks and openings are taken into account via a 
fully integrated airflow network model. IDA-ICE may be used for the most building types for the 
calculation of:  

� The full zone heat and moisture balance, including specific contributions from: sun, 
occupants, equipment, lighting, ventilation, heating and cooling devices, surface 
transmissions, air leakage, cold bridges and furniture; 

� The solar influx through windows with a full 3D account of the local shading devices and 
those of surrounding buildings and other objects; 

� Air and surface temperatures; 
� The operating temperature at multiple arbitrary occupant locations, e.g. in the proximity 

of hot or cold surfaces. The full non-linear Stephan-Bolzmann radiation with the view 
factors is used to calculate the radiation exchange between surfaces; 

� The directed operating temperature for the estimation of asymmetric comfort conditions; 
� Comfort indices, PPD and PMV, at multiple arbitrary occupant locations; 
� The daylight level at an arbitrary room location; 
� The air, CO2, and moisture levels, which both can be used for controlling the of VAV 

(Variable Air Volume) system air flow; 
� The air temperature stratification in displacement ventilation systems; 
� Wind and buoyancy driven airflows through leaks and openings via a fully integrated 

airflow network model. This enables one to study temporarily open windows or doors 
between rooms; 

� The airflow, temperature, moisture, CO2 and the pressure at arbitrary locations of the air-
handling and distribution systems; 

� The power levels for primary and secondary system components; 
� The total energy cost based on time-dependent prices. 

To calculate moisture transfer in IDA-ICE, the common wall model RCWall should be replaced with 
HAMWall, developed by Kurnitski and Vuolle (2000)[2.36]. It can be used either as a single 
independent model or as a component of a bigger system. HAMWall model can also be used as a 
single program. Moisture transfer is modelled by one moisture-transfer potential, humidity by volume. 
Liquid water transport is not modelled and hysteresis is not taken into account. By using this moisture 
transfer model, it is possible to study the following cases: 

� The effect of structures on the indoor air quality and thermal comfort; 
� The effect of moisture buffering building materials and furniture to dampen the 

fluctuation of air humidity; 
� Making the hygrothermal analysis by taking into account the changes in the indoor 

climate; 
� The influence of the ventilation system that was caused by under or over pressure on the 

hygrothermal conditions in the building envelope; 
� The influence of moisture on the heating and cooling load and on the performance of 

heating and cooling equipment. 
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MATCH  (commercial program) - a one-dimensional model for heat and moisture transport in 
composite building structures. A modified version of the program also calculates air flow (Rode, 1990) 
[2.30]. The program uses both the sorption and suction curves to define the moisture storage function 
and the sorption isotherm in the hygroscopic regime. MATCH uses a Finite Control Volume method to 
calculate the transient evolution of both the thermal and the moisture related variables. Moreover, the 
moisture transport is assumed to be by vapour flow only, defined by the vapour permeability of the 
material. In the capillary regime the suction curve is used together with the hydraulic conductivity to 
model moisture transport. Some applications of the program are: (1) determine the moisture transport 
in and through building constructions which, to date, has been based on steady state methods which do 
not consider the hygroscopic capacity of building materials; (2) calculate the temperature and moisture 
profiles transiently by considering the thermal and hygroscopic capacities. By dividing time into small 
steps, it is possible to take into account the effect when constructions are exposed to short, intensive 
temperature gradients, such as when they are exposed to solar radiation. MATCH, like the similar 
MOIST, can be used successfully for the approximate analysis and design of protected membrane 
roofs and walls with non-absorbent cladding. The program has been validated by comparison with 
experimental data obtained in the laboratory as well as in field studies. The governing equations for 
moisture and energy transfer are, respectively: 
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where ρ is the density of the dry porous material (kg/m³ ), u is moisture content (kg moisture)/(kg dry 
material), δp is the vapour water permeability (kg/ms Pa), p is the vapour moisture pressure (Pa), kw is 
the water permeability (kg/ms Pa), s is the suction pressure (Pa), cp is the effective specific heat 
capacity (J/kg K), λ is the thermal conductivity (W/m K), the temperature is T (K) and hv is the latent 
heat of phase change (J/kg). 

 

MOIST (freeware program) - a one-dimensional model for heat and moisture transport in building 
envelopes. It models moisture transfer by diffusion and capillary flow, and air transfer by including 
cavities that can be linked to indoor and outdoor air (Burch and Chi, 1997)[2.36]. The program enables 
the user to define a wall, cathedral ceiling, or low-slope roof construction and to investigate the effects 
of various parameters on the moisture accumulation within layers of the construction as a function of 
time of year for a selected climate. Much of the material data required by the program are coefficients 
of curve-fits to specific equations for each property. The equilibrium moisture curves had to be 
severely approximated, close to the saturation point. Some applications of the MOIST program are: (1) 
predict the winter moisture content in exterior construction layers; (2) predict the surface relative 
humidity at the construction layers in hot and humid climates, thereby analysing the potential for 
mould and mildew growth; (3) determine the drying rates for materials containing original 
construction moisture; (4) investigate the performance of cold refrigeration storage rooms and (5) 
analyse the effect of moisture on heat transfer. Finally, the limitations of the MOIST are the fact that 
model is one-dimensional—the model does not include exterior wetting of a construction by rain and 
the insulating effect, and change in roof absorptance from a snow load. Moreover, the model does not 
include heat and moisture transfer by air movement (the construction is assumed to be air tight) and 
the weather data for European cities are not available and cannot be generated. It does, however, have 
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specific weather data for USA and Canada. The moisture distribution is governed by the following 
conservation of mass and energy equations, respectively: 
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where ρ is the density of the dry porous material (kg/m³), u is moisture content (kg moisture)/(kg dry 
material), δp is the water vapour permeability (m²/s), p is the vapour moisture pressure (Pa), Dφ is the 
liquid conduction coefficient (kg/ms), φ is the relative humidity (%a), cp is the effective specific heat 
capacity (J/kg K), λ is the thermal conductivity (W/m K) and hv is the latent heat of phase change 
(J/kg). 

 

MOISTURE-EXPERT (commercial program) - one or two-dimensional model for heat, air and 
moisture transport in building envelope systems (Karagiozis, 2001) [2.37]. The program is, basically, 
software developed by Oak Ridge National Laboratory and Fraunhofer Institute for Building Physics, 
to adapt the original European version of WUFI software for USA and Canada. The model treats 
vapour and liquid transport separately. The moisture transport potentials are vapour pressure and 
relative humidity, and the energy transport potential is the temperature. The model includes the 
capability of handling temperature dependent sorption isotherms and liquid transport properties as a 
function of drying or wetting processes. It is a highly complex program, typically requiring more than 
1000 inputs for the one-dimensional simulations. Inputs include exterior environmental loads, interior 
environmental loads, material properties and envelope system and subsystem characteristics. The 
governing equations for moisture and energy transfer are, respectively: 
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where ∂H/∂T is the heat storage capacity of the moist building material (J/kg), w is the moisture 
content (kg/m³), ∂w/∂ϕ is the moisture storage capacity (kg/m³ %), λ is the thermal conductivity (W/m 
K), Dφ is the liquid conduction coefficient (kg/ms), δp is the water vapour permeability (kg/ms Pa), hv 
is the evaporation enthalpy of the water (J/kg), psat is the water vapour saturation pressure (Pa), T is the 
temperature (K) and φ is the relative humidity (%). 

 

UMIDUS  (freeware program) - a one-dimensional model for heat and moisture transport within 
porous media, in order to analyse hygrothemal performance of building elements when subjected to 
any kind of climate conditions (Mendes et al., 1999)[2.38]. Diffusion and capillary regimes are 
modelled, so moisture transport occurs in the vapour and liquid phases. The model predicts moisture 
and temperature profiles within multi-layer walls and low-slope roofs for any time step and calculates 
heat and mass transfer. This program needs to be validated. The governing equations for mass and 
energy transfer are, respectively: 
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where u is moisture content (kg moisture)/(kg dry material), DT is the mass (liquid + vapour) transport 
coefficient associated with a temperature gradient (m² /sK), Du is the mass (liquid + vapour) transport 
coefficient associated with a moisture content gradient (m²/sK), ρ is the density of the dry porous 
material (kg/m³), cp is the effective specific heat capacity (J/kg K), λ is the thermal conductivity (W/m 
K), hv is the latent heat of phase change (J/kg) and jv is vapor flow (kg/m² s). 

 

DELPHIN 5 (commercial program) - a one or two-dimensional model for transport of heat, air, 
moisture, pollutant and salt transport in porous building materials, assemblies of such materials and 
building envelopes in general. The Delphin program can be used to simulate transient mass and energy 
transport processes for arbitrary standard and natural climatic boundary conditions (temperature, 
relative humidity, driving rain, wind speed, wind direction, short and long wave radiation). This 
simulation tool is used for: (1) Calculation of thermal bridges, including evaluation of hygrothermal 
problem areas (surface condensation, interstitial condensation); (2) Design and evaluation of inside 
insulation systems; (3) Evaluation of ventilated façade systems, ventilated roofs; (4) Transient 
calculation of annual heating energy demand (under consideration of moisture dependent thermal 
conductivity); (5) Drying problems (basements, construction moisture, flood, etc); (6) Calculation of 
mould growth risks and further applications. 

A particular advantage of the numerical simulation program is the possibility to investigate variants 
concerning different constructions, different materials and different climates. Constructive details of 
buildings and building materials can be optimised using the numerical simulation, and the reliability of 
constructions for different given indoor and outdoor climates can be evaluated. A large number of 
variables, such as moisture contents, air pressure, salt concentrations, temperatures, diffusive and 
advective fluxes of liquid water, water vapour, air, salt, heat and enthalpy which characterize the 
hygrothermal state of building constructions, can be obtained as functions of space and time (Nicolai, 
Grunewald and Zhang, 2007)[2.39]. 

The governing equations for moisture mass balance, air mass balance, salt mass balance and internal 
energy balance are, respectively: 
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where ρv (kg m-3) is the partial moisture density, φ (-) the relative humidity, δp (s) the water vapor 
permeability, ps (Pa) the partial pressure of saturated water vapor in the air, H (J m-3) the enthalpy 
density, Lv (J kg-1) the latent heat of evaporation of water, λ (W m-1 K-1) the thermal conductivity, T (K) 
the temperature and Dφ (m2 s-1) the liquid water transport coefficient. 

 

WUFI (commercial program) - a one or two-dimensional model for heat and moisture transport 
developed by Fraunhofer Institute in Building Physics (IBP) and validated using data derived from 
outdoor and laboratory tests. This model allows for realistic calculation of the transient hygrothermal 
behaviour of multi-layer building components exposed to natural climate conditions (Kuenzel and 
Kiessl, 1997)[2.40]. Heat transfer occurs by conduction, enthalpy flow (including phase change), 
short-wave solar radiation and long-wave radiative cooling (at night). Convective heat and mass 
transfer is not modelled. Vapour-phase transport is by vapour diffusion and solution diffusion, and 
liquid-phase water transport is by capillary and surface diffusion. The governing equations for 
moisture and energy transfer are, respectively: 
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and the water vapour diffusion resistance factor, µ , used by WUFI is given by: 
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where ρv (kg m-3) is the partial moisture density, φ (-) the relative humidity, δp (s) the water vapor 
permeability, ps (Pa) the partial pressure of saturated water vapor in the air, H (J m-3) the enthalpy 
density, Lv (J kg-1) the latent heat of evaporation of water, λ (W m-1 K-1) the thermal conductivity, T (K) 
the temperature and Dϕ (m2 s-1) the liquid water transport coefficient. 

The programs available for the public in general were analysed in detail [2.41][2.42][2.43], namely the 
input of material properties and the boundary conditions (inside and outside). In Table 2.1 all the 
physical parameters needed for the hygrothermal modelling tools presented above are shown. The 
most important exterior environmental loads (influence directly the transport of moisture) are: (1) 
ambient temperature; (2) ambient relative humidity; (3) solar diffuse; (4) solar direct; (5) cloud index; 
(6) wind velocity; (7) wind orientation and (8) horizontal rain precipitation. 
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Table 2.1 – Some information of the hygrothermal models available to the public in general 

Name 
Material Properties  Boundary Conditions (outside)  B. C. (inside)  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 A B C D E F G H I J I II III IV 
1D-HAM X  X X X X       X  X X X X    X   X X   

BSim2000 X X X X X X      X  X X X X X X X  X X  X X X  
DELPHIN 5 X X X X X  X X X  X  X  X X X X X X X X   X X X  
EMPTIED X  X X  X  X     X  X X X        X X X  
GLASTA X  X X  X X        X X  X    X   X    

hygIRC-1D X  X X X X  X X    X  X X  X X X X  X X X X  X 
HAMLab X  X X   X   X  X   X X   X X  X X  X X   

HAM-Tools X X X X X X  X   X  X  X X X X X X X X X  X X X  
IDA-ICE(*) X  X X X X      X X  X X X X X X  X   X X   
MATCH X X X X X X  X   X X  X X X  X X  X X X  X X   
MOIST X  X X X X  X X    X  X X  X X X   X  X X   

MOIST-EXP. X X X X X X  X X  X X X  X X X X X X X X X X X X X X 
UMIDUS X X X X X  X        X X  X X X     X X   
WUFI (**) X X X X X X   X X X X   X X  X X X X X X  X X   

(*) IDA-ICE version with HAMWall; (**) WUFI family: WUFI-Plus, WUFI-2D, WUFI-Pro and WUFI-

ORNL/IBP. A free research and education version of WUFI-ORNL/IBP for USA and Canada is available. 

 

List of symbols: 

Material Properties  Boundary Conditions  

1 – Bulk density 9 – Liquid diffusivity A – Temperature I – Cloud index 

2 – Porosity 10 – Diffusion resistance factor B – Relative humidity / 
Dew point/Vapour 
pressure / concentration 

J – Water leakage 

3 – Specific heat capacity 11 – Water conductivity  

4 – Thermal conductivity 12 – Specific moisture capacity C – Air pressure I – Temperature 

5 – Sorption isotherm 13 – Air permeability D – Solar radiation II – Relative humidity 
/ Dew point / Vapour 
pressure / 
concentration 

6 – Vapour permeability 14 – Hysteresis in sorption isotherm E – Wind velocity 

7 – Vapour diffusivity  F – Wind direction III – Air pressure 

8 – Suction pressure  G – Precipitation IV – Interior stack 
effect 

  H – Long wave exchange  

 

Table 2.1 presents the necessary input properties in the simulation programs, important for those who 
are working experimentally, as they reveal which properties must be determined. From these 
simulations programs, the most important ones for this thesis, whose purpose is to study the transport 
of moisture in the liquid phase, are those that require the property Liquid Diffusivity and Boundary 
Conditions (outside) Precipitation.  

Finally, as the purpose of most hygrothermal models is usually to provide sufficient and appropriate 
information needed for decision-making, four items that should be used when modelling a single 
component of the building envelope or a multizonal building are suggested: (1) the software must be 
available in the public domain (freeware or commercially); (2) the software must be suitable for the 
single component or a multizonal building analysis under consideration; (3) the programs must be of 
reasonably recent vintage or with recent updated development and (4) the software must be “user-
friendly”. 
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As the programs have different hygrothermal potentialities, strengths and weaknesses, such as the 
availability to modelling the heat and moisture transfer by air movement, 2-D or 3-D phenomena, or 
the capability to simulate high number of zones in a reasonable execution time, the investigators need 
to select the hygrothermal simulation tools that are better suited to their requirements.  

However, some of the programs have several limitations. For example, the UMIDUS version only 
includes Brazilian climatic data and the weather data for other cities and countries cannot be 
generated. The MOIST model does not appear to be undergoing any further development and technical 
support is no longer provided. The GLASTA program is only appropriate to check condensation and to 
simulate drying and the EMPTIED model doesn’t take into account the influence of wind, sun and 
rain. Finally, the MATCH model is the hygric version of the more complete program BSim2000. 
 

2.2.3. INTERFACE INFLUENCE ON MOISTURE TRANSPORT 

Rising damp consists of the migration by the capillary movement of water from the soil into the 
building walls through the porous network of the materials used in the walls and building floors. This 
type of moisture is more expressive in old buildings, mostly made of masonry, in which porous 
materials such as red clay bricks and mortars were used and whose protection against this 
phenomenon is almost non-existent.  

Incident rain is one of the main factors of humidification of façades. To quantify incident rain is quite 
complex and depends on several parameters, such as building geometry, façade position, topography, 
wind speed, wind direction, horizontal precipitation intensity and drops distribution [2.44].  

On a vertical surface, the action of the incident rain results from the combination of rain and wind is 
one of the main sources of façade moisture. Atmospheric parameters—wind and rain—change greatly 
in time and space, so the amount of incident rain on a façade also presents great variability (Nore et 
al., 2007)[2.45]. Nevertheless, the determination of the amount of incident rain on a façade is 
fundamentally carried out using semi-empirical methods, namely, an analytical relationship that 
defines the intensity between rain and the movement of the velocity perpendicular to the phase by the 
intensity of the precipitation. Nore et al (2007)[2.45] indicates that the proportionality factor, called 
the incident rainfall coefficient, Rci, is a function of characteristics and of the building itself, and can 
be determined from experimental results or simulations with computational models of fluid mechanics 
(CFD). 

According to Abuku et al (2007)[2.46], incident rain absorption on the façade depends on two 
consecutive boundary conditions. The absorbed moisture flow equals the amount of incident rainfall if 
the façade is not completely wet, i.e. when the moisture content at the surface is less than the moisture 
content parallel to the capillary saturation. When capillary saturation is reached, i.e. excess water 
flows down the vertical surface, the incident rain is no longer considered and ensures relative moisture 
of 100%. The absorbed moisture flow depends only on capillary pressure and surface saturation 
pressure. 

Masonry is the prevalent solution for constructing building envelopes. While its constituent materials 
(bricks and cement mortar) are reasonably well understood, the hygric behaviour of masonry is often 
shown to deviate from the normal unsaturated flow theory. In literature, some researchers refer to an 
imperfect contact and, hence an interface resistance in the brick-mortar bond plane. 

A building wall, in general, consists of multiple layers (see Fig. 2.1), and thus the investigation of the 
moisture transfer provides knowledge about the continuity between layers.  
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All of these phenomena enable a retardation in water uptake in brick–mortar composites found in the 
experimental investigations to be explained (Derluyn, 2011) [2.47]. Due to its complexity, the 
incorporation in numerical models of the retarded water uptake across a brick–mortar interface is often 
done by the implementation of the phenomena mentioned (Gummerson, 1979) [2.48]. In literature, 
different approaches were found. Brocken (Derluyn, 2011) [2.47] obtained an agreement between 
numerical and experimental investigations by assuming a perfect hydraulic interface contact in 
combination with modified mortar properties. In contrast, Qiu[2.49] neglected the change in material 
properties and examined the liquid transport across the interface between aerated concrete and mortar, 
and simulated the moisture behaviour by the use of an interface resistance. According to the authors, 
this simplification is acceptable if the interface resistance is determined after capillary saturation of the 
first layer. 

Derluyn et al. [2.47] took into account interface resistance as well as changes in mortar properties. The 
authors determined the brick–mortar interface resistance based on the water uptake from the brick 
layer into the mortar joint. Hence, the values were determined for the liquid transport into a material 
with a lower absorption. Besides the mortar properties, the interface resistance was also found to 
depend on the curing conditions. For a dry cured mortar, a higher interface resistance was obtained 
compared to the wet cured composite. Similar interface resistances analytically obtained by Janssen et 
al.[2.50] prove the validity of Derluyn’s approach.  

Although several studies concerning the liquid transport in multilayered composites can be found 
[[2.51][2.52][2.53][2.54][2.55][2.56], currently only a limited number of values for the interface 
resistance in multilayered composites are available [2.51][2.52][2.56]. These values were determined 
based on the moisture profiles measured during an imbibition’s experiment and can be strongly case-
dependent. For instance, the mortar type (e.g. W/C factor, additives), the brick type (e.g. capillary), the 
curing conditions (e.g. moisture content of the brick), the thickness of the mortar joint, etc. may have a 
potential impact on the interface resistance and the modification of the material properties. 

Freitas et al. [2.56] described three kinds of continuity between layers: “Hydraulic contact” when there 
is an interpenetration of both layer’s porous structure; “Perfect contact” when there is a contact 
without interpenetration and “Air space” between layers when there is an air box of a few millimetres 
wide between the layer’s porous structure (see Fig. 2.1).  
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Fig. 2.1 – Sketch of different interfaces observed in building components 

 

2.3. DETERMINATION OF MOISTURE CONTENT  

Building materials are, for the most part, porous structures which generate permanent changes when in 
contact with moisture, which could be in the vapour phase or in the liquid phase, with the environment 
in which they are placed. This behaviour conditioned their properties and their durability. It should be 
noted that humidity is a major cause of the pathologies in buildings. The profile of the transient 
moisture content describes it as a function of time and place. This profile is essential for determining 
the moisture diffusivity of a material and is also important for studying the interface phenomena. In 
this sub-chapter, a brief description of the most important experimental transient methods in 
determining moisture content profiles —Gravimetric Method, Nuclear Magnetic Resonance (NMR) 
method, X-Ray Analysis and Gamma Ray attenuation method—to determine moisture content profiles 
are presented.  

 

 



Interface Influence on Moisture Transport in Building Components 

 

48 

2.3.1. GRAVIMETRIC METHOD 

The Gravimetric Method is a classic method to determine the transient moisture content [2.14]. This 
method consists of the selection of a sample material, weighed before and after the drying process. 
This method permits calculating, by mass difference, the amount of water contained inside the 
material (cf. Lanzinha, 1998)[2.57]. 

The gravimetric method is the simplest since ISO 15148 [2.58] only provides for vertical absorption 
tests. This water absorption test is measured using prismatic geometry specimens of the analyzed 
material under prescribed atmospheric pressure conditions. After drying to constant mass, one side of 
the specimen is immersed in 5 to 10 mm of water for a specific period of time and the mass increase is 
determined (Fig. 2.2).  

Although it is a direct and apparently accurate technique, the gravimetric method has the disadvantage 
of being destructive. It should be noted that the cutting of the consolidated materials, necessary for 
observation of the wet front in the specimen, produces heat and consequently a disruption in the 
distribution of moisture. 

 

 

Fig. 2.2 – Imbibition model used in the research 

 

2.3.2. NUCLEAR MAGNETIC RESONANCE (NMR) METHOD 

The NMR method is a non-destructive method which is based on the fact that hydrogen nuclei in 
building materials occur only in the form of water. An extensive description of the NMR method can 
be found in references (see Gummerson et al., 1979[2.48]; Paetzold et al., 1985[2.59]; Guillot et al., 
1989[2.60]). The neutron scanning method is also a non-destructive method. This occurs hen a beam 
of neutrons passes through a material and neutrons interact with the nuclei of the material. As a 
consequence, neutrons are scattered, slow down or diffuse, which results in thermal neutrons having 
altered the direction of travel and reduced energy. Due to the large scattering cross-section of 
hydrogen, the intensity of neutrons significantly depends on the amount of water. Moisture content of 
a material can thus be determined by comparing the intensity of neutrons through the material at dry 
state with the intensity at wet state (McLane et al., 1988 and Pel, 1995)[2.61][2.14].  
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2.3.3. X-RAY ANALYSIS 

The water absorption by capillarity can be analyzed by the X-Ray projection method, as demonstrated 
by Janssen et al. (2012)[2.50]. The sample is placed in contact with water and the moisture transfer 
perpendicular to the mortar joint is evaluated. 

The X-Ray images are obtained at predefined time intervals in each assay by subtracting the X-ray 
image from the sample results, initially dried on an X-ray image after water absorption (see Fig. 2.3). 

 

Fig. 2.3 – Example of an X-ray image 

2.3.4. GAMMA RAY ATTENUATION METHOD 

The gamma ray attenuation method is one of the most widely used non-destructive methods to 
determine the transient moisture content profile. When gamma rays pass through a material, its 
adsorption and scattering depend on the nature of the material. Because the absorption of gamma rays 
varies with moisture in the material, moisture content of a material can be determined by comparing 
the intensity of gamma rays through the material at dry state with the material at wet state. A detailed 
description of the gamma ray attenuation method can be found in references (see Nielsen, 1972[2.62]; 
Kumaran et al., 1985[2.63]; Kumaran et al., 1989[2.64] and Descamps, 1997[2.21]). 

In order to study the imbibition and drying kinetics and to determine the water diffusivity coefficients 
of the various building materials, the LFC-FEUP has a gamma radiation attenuation moisture 
measuring device. These are non-destructive tests through which it is possible to calculate the moisture 
content profiles in a continuous absorption or drying process. 

The laboratory tests were done with gamma ray equipment which had already been built and recently 
adapted for such proposes, using an automatic system. Experimental measurement of moisture content 
profiles in multilayer specimens subjected to humidifying and drying of liquid water allows for the 
validation of a future mathematical model that will be developed, giving important information about 
the influence of salts solutions as well as the different layers in the moisture transport process. That 
objective includes basic research, as well as measuring moisture content profiles with a large 
laboratory experimental campaign supported by the use of gamma ray equipment. It was necessary to 
adapt the existing prototype to this specific task. The gamma ray equipment was adapted to profile 
with automatic measurements and linked to a computer, allowing for an almost continuous moisture 
content registration throughout the specimen. 

The absorption and drying tests were done with LFC-FEUP samples. This was done to simulate 
absorption and drying cycles and assesses how the capillarity is influenced by the absorption direction 
(vertical/horizontal), by the presence of interfaces and by pressure.  

The adaptation and use of gamma ray equipment, by LFC-FEUP, has two main objectives described in 
detail below: 
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� Implement and develop a robust toolkit of gamma ray technique and analyses suited to 
the study of porous building materials and experimentally measure moisture content 
profiles, for use in the current project and for future projects; 

� Obtain spatially resolved information. The gamma ray measurements are expected to 
provide detailed information regarding: (i) the differences in the absorption and drying 
processes of materials with distinct porosity and pore size distribution; (ii) the changes 
occurred in that processes due to the presence of soluble salts; (iii) the influence of 
different coatings, surface treatments and interfaces types. 

The characterization of the different interface types together with the behaviour and influence of each 
in moisture transfer during absorption and drying processes between different common construction 
building materials is expected, facilitating the provision of detailed information regarding the 
following: differences in the humidification and in the drying processes of materials with distinct 
porosity and pore size distribution; influence of different coatings, surface treatments and interfaces 
types. 

2.3.4.1 Measurement Principles  

An atomic nucleus of a radioactive element can essentially emit three types of radiation: alpha, beta 
and gamma rays. Some basic differences in the nature of these elements must be taken into account. 
Alpha and beta particles have mass at rest although gamma radiation does not, allowing the last to 
travel in a vacuum at 300.000 km/s. Alpha particles show doubly ionized helium nuclei and, therefore, 
are positively charged; beta particles carry a negative charge, whereas gamma rays have no charge and 
therefore interact with matter in a different way.  

The operating principle of this measurement technique consists of the emission of gamma photons, in 
a small radioactive amount, which attenuate when passing through specific thick material, thus 
allowing the establishment of the following exponential relation between the number of emitted and 
received photons:  

 g = g] . hi:+
  (2.27) 

Defined as: 

I0 – Emitted radiation intensity [counts] 

I – Received radiation intensity [counts] 

µ - Material attenuation coefficient [m²/kg] 

ρ – Volumetric mass [kg/m³] 

x –  Sample thickness [m] 

The particles composing the gamma radiation present energy prevailing in electron volt, which gets 
divided according to a spectrum with one or more peaks depending on the nature of the radioactive 
source. Since gamma-ray measurement implies the use of monoenergetic radiation, it is necessary to 
consider only the photons whose energy is included between two levels near a peak.  

The emission of photons, randomly performed, follows Poisson's law. Towards energy lower than 
1000 KeV, the total absorption of gamma radiation by the penetrated matter depends fundamentally on 
two mechanisms: 

• Photoelectric effect, in which photons give up all their energy to an electron of a deep 
layer; 
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• Compton effect, which is defined by a photon deviation after the collision with a free 
electron, thus losing its energy which decreases proportionally to the diffusion angle. 

Porous materials consist of their own solid skeleton and can also contain matter in the liquid phase. In 
addition, other materials involved in the specimens under study may exist. Therefore, the attenuation 
law will be expressed as follows: 

 g = g] . hi:j+j
j . hi:b+bk(_il). hi:m+mk.l.n (2.28) 

Envelope   Porous structure   Liquid phase 

Which represent: 

µi – Coefficient of envelope materials attenuation [m²/kg] 

µ0 – Coefficient of porous matrix attenuation [m²/kg] 

µw – Coefficient of water attenuation [m²/kg] 

xi – Envelope x thickness [m] 

d – Thickness of porous material being studied [m] 

ρi – Volumetric mass of envelope materials [kg/m³] 

ρ0 – Volumetric mass of porous material being studied [kg/m³] 

ρw – Volumetric mass of water [kg/m³] 

ε – Porosity [%] 

S – Saturation [%] 

 

Performing a measurement with a completely dry material one can get a value representing the 
intensity of the radiation received, which is named I0*, so the expression presents the following 
configuration: 

 

  g = g]∗ . e( − X� . �� . p. q. r) (2.29) 

 

The volumetric (θ = ε . S [m³/m³]) or ponderal (W) moisture content can then be easily calculated, 
provided that the water attenuation coefficient is known µw as the volumetric mass of the dry material. 

 

 E = − st( u
vb∗

) ⋅ u
:m+mk V"x

"xW  ou w = Q
+|

 V<G
<GW (2.30) 

 

Nielson (1972[2.62]), Kumaran et al. (1989), Schwartz et al. (1989)[2.64][2.65], Freitas (1992)[2.55] 
and X. Qiu et al. (2003)[2.49] conducted the experimental determination of the water absorption 
coefficients - µw corresponding to an Americium 241’s source, having achieved values close to 0,0191 
(m²/kg). 

If Isat matches the intensity of the received radiation when it goes through a fully saturated sample, it 
may be considered that:  
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 g��	 = g]∗ . e (− X��� . p. q) (2.31) 

 

Solving the expression, the following relation, which allows calculating the saturation degree, is 
obtained: 

 

 } =  ~�( �
�b∗)

~�  ( ��;�
�b∗  ) (2.32) 

 

Once the degree of saturation is known as well as the volumetric (θ = εS, m³/m³) and ponderal (W = 
Wsat. S, kg/kg) moisture contents, the results are easily obtained.  

When using Equation 2.32 there will be fewer parameters prone to errors when comparing with the 
use of Equation 2.30. However, there is great difficulty in obtaining saturation moisture content for 
some building materials as, for instance, for the cellular concrete. Therefore, Equation 2.30 is used for 
concrete and equation 2.32 for the red brick material. 

 

2.3.4.2 Setup 

In this subsection, the parts of the HUMIGAMA machine are presented in detail, as well as some care 
to be taken in its use.  

• Radioactive source collimator  

The chosen radioactive source is Americium 241, which has already been used in other laboratories as 
reported above, with an activity of 100 mCi (3,7 x 109 Bq) and energy of 60 KeV, showing thus the 
advantage of having a high contrast and a long half-life (458 years)(Fig. 2.4). 

 

 

Fig. 2.4 – Radioactive source 
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• Detector 

The detector, whose shielding and the measuring electronics were designed and assembled in Portugal 
by Laboratório Nacional de Engenharia e Tecnologia Industrial, was requested by the section of 
Construções Civis – FEUP. 

The detector is a crystal of sodium iodide (Fig. 2.5), activated with thallium, and coupled to a 
photomultiplier with its preamplifier. The detector protection is intended to reduce the natural 
background of gamma radiation. 

 

Fig. 2.5 – Detector inserted in protection 

• Measuring electronics 

The electronic unit contains the Power modules AT (Fig. 2.6); Voltmeter (3 digits); Feeding system 
BT; Discriminator Disc 02; Counting rate meter; Timer; Counter (5 decades) and a panel with a 
display to show the content of the counter.  

 

Fig. 2.6 – Electronic unit 

• Metal support structure 

The metal support structure allows strict displacement of the detector and the radioactive source by 
presenting a collimator with a diameter of 5 mm, which minimizes the measurement errors inherent in 
the dispersion of the emitted particles (Fig. 2.7 and Fig. 2.8). 
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Fig. 2.7 – General view of metal structure 

 

 

Fig. 2.8 – Operating scheme of the device 

• Stabilizer 

All electrical and electronic systems are designed and produced to function at maximum efficiency at a 
certain power supply, referred to as the nominal operating voltage. For different reasons, the voltage of 
the power distribution network does not remain constant, expressing significant fluctuations in relation 
to the nominal rate. This implies not only a loss of efficiency for appliances, even in terms of 
occasional inability of operation, but also a significant increase in the failure rate. The stabilizer is the 
electronic equipment responsible for correcting the voltage mains in order to provide the equipment 
with a stable and safe feeding. It also protects the equipment against most power grid problems. 
HUMIGAMA.VF. has a stabilizer to which the equipment and the computer are connected. 

 

• Calculation of the attenuation coefficient 

The calculation of the attenuation coefficient - µw was conducted by measuring the intensity of the 
emitted and received radiation after the crossing of parallelepipedic plastic cells filled with water.  

“Dead time" of the detector – τ must be considered to get the actual counts, in particular for calulating 
the attenuation coefficients based on the following expression. 

 

Legend: 

1) Protected radioactive source 

2) Protected detector 

3) Sample 

4) Collimators 

5) Adjustable table to support the sample 

6) Metal support 

7) Crank that allows horizontal 

displacements 

8) Measuring electronics (acquisition of 

results through software installed on 

the attached computer) 
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 � = �
	i� .� − � (2.33) 

 

Where N – Real countings [countings/s], t - Counting time [s], τ – Dead time [s/countings], B – 
Background radiation [countings /s], C – Counting numbers [countings /s].  

• Preparation of test specimens 

The square cross-section of the test specimens in HUMIGAMA.VF.  ought to be not more than 100 
mm x 100 mm. It is expected that the specimens are no more than 500 mm in terms of length. 

The cross section of the specimens was defined taking into account that the phenomenon of one board 
connected to the waterproofing is more significant with cross section decrease. However, the use of 
the gamma ray attenuation method is not compatible with overly thick specimens, particularly in the 
case of samples of higher density. 

 

2.3.4.2 Improvement of the available device 

For the use of HUMIGAMA, a software was developed, which defines two functions of great 
importance for an experimental campaign. Firstly, it records the reading of the photons emitted in each 
section, allowing the collection and processing of the data. The second function is the precision control 
of mechanical automatism associated with the displacement of the specimen in HUMIGAMA. A brief 
description of the procedure for using the software is given below. 

� Mark the test samples; 
� Ensure that all samples have a starting point, as this is the first measuring point - which will be 

used for further testing/replication; 
� A mobile cart is installed in the machine where the test sample should be placed in the starting 

point of measurement; 
� Insert the USB cable connecting the (Electronic Measurement) counter and the input of the 

computer where the specific software is installed for reading and counting the measurements in 
each section of the sample; 

� Open the extension (Sketch_jul25A) on the Arduino in the computer, click on the "monitor 
serie" button (initial phase), and the machine cart will automatically go to the instant zero (Fig. 
2.9); 

� On the computer screen, there appear a total of 4 questions; 
o Question 1 - Size of the sample in mm? Limit 500mm (Fig. 2.9); 
o Question 2 - Number of samples? Limit 100. This question relates the number of 

reading points (sections), equally spaced, throughout the sample. It is important to 
note that the starting point must be added to the desired number of readings, i.e, if you 
want to do four reading points along the sample (sections), then you must add the 
starting point, so the answer is five (Fig. 2.9); 

o Question 3 - Sampling time? In seconds (for superior precision, consider a time 
greater than 9 seconds) (Fig. 2.9); 

o Question 4 - Sampling repetition number?. Enter the number of reads (repeats) for the 
same sample section. The greater the number of repetitions in each section the smaller 
the error resulting from the calculation of the measurements (in the section). (Fig. 
2.9); 
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� After entering all answers, the program will get all the results automatically, and at the end of 
the process the software presents the average results of all data point readings (Fig. 2.9); 

� Copy the average results to a table, leaving only the amount of photons emitted. Then delete the 
numbers before the comma (for example 10, XXXX – the first two digits before comma means 
the distance from de inicial point, in this case [10, means that distance is equal to 10mm], delete 
this numbers before the comma and consider only the values XXXX); 

� For the moisture profile calculation, each reading data is converted instantly in relation to the 
dry sample, replacing the values in Eq. 2.30. 

�  
Open the extension (Sketch_jul25A) on the Arduino in the computer, click 
on the "monitor serie" button (initial phase), 

 

Question 1 

 

Question 2 

 

Question 3 

 
Question 4 

 

software presents the average results of all data point readings 

 

Fig. 2.9 – Software windows 

 

 

 

Size of the sample in mm? 
Limit 500mm 

Number of samples? 
Limit 100  

Sampling time? In 
seconds  

Sampling repetition 
number? 

0,198000 

10,23000 

20,23231 

30,23498 
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2.3.4.3 Difficulty and limitations 

Some remarks of practical difficulties related to the use of the equipment are important for future 
users, namely: 

• The maximum dimensions of the specimens, that are 0.50 m length and 0.10 m width. 
• The minimum distance between successive reading points should be 5mm, due to the 

collimator features. 
• The measurement errors inherent to the determination of the moisture content by 

attenuation of gamma radiation may come from the radioactive source whose photons 
emission is statistically random, from measurement electronics due to poor radiation 
monochromaticity, from the water attenuation coefficient, from the settlement of the 
absorbent material thickness, and from the development of the moisture content profile. 

• Analyzing exclusively the random character of photons emission, the average error 
counting is ±√n so errors less than 0.005 require the number of countings exceed 40.000, 
which corresponds to the change of times according to the materials density (10 seconds 
for a density of 500 kg/m³ and 100 seconds for a density of 2000 kg/m³). 

• Radiation workers who operate sources of gamma or high energy beta radiation sources 
must use a personal dosimeter (DIS). This dosimeter is personal and not transferable. The 
dosimeter used in this experimental campaign was read in one of the dosimeter reader 
stations, only the reading value of gamma / beta dosimeters was shown. The neutron 
dosimeter is evaluated every three months of use. The complete gamma / beta and 
neutron dose results were displayed in the official record after evaluation and validation 
by the Dosimetry Service (see Annex B). 

 

2.3.4.4 Example of moisture content profiles 

Applying the experimental equipment described above, Freitas (1992)[2.55] calculated the imbibing 
water profiles of the cellular concrete and the red clay (Fig. 2.10, Fig. 2.11 and Fig. 2.12). It is clear 
that the accuracy of the results is higher for the concrete, due to the fact that the density of both 
materials is different. The humidification of red clay is substantially faster than concrete. For example, 
in the red clay the wet front takes 3,5 hours to reach the first 5 cm and 17 hours in concrete. 

 

Fig. 2.10 – Profiles of moisture content of cellular concrete in absorption 
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Fig. 2.11 – Profiles of the moisture content of the red brick in absorption 

 

Fig. 2.12 – Moisture content along the thickness of red brick with interface. 

 

2.4. CHAPTER SYNTHESIS 

In order to quantify the amount of water that flows through the interface of building walls and analyse 
the moisture transport in construction building materials, a research work was developed based on the 
imbibition and drying processes. 

According to the numerical models described: 1D-HAM, Bsim2000, DELPHIN 5, EMPTIED, 
GLASTA, hygIRC-1D, HAMlab, HAM-tools, IDA-ICE, MATCH, MOIST, MOIST-EXP, UMIDUS, 
WUFI all equations for moisture transport were presented. These presents the necessary input 
properties in the simulation programs for those who are working experimentally, as they reveal which 
properties should be determined. For this thesis, the purpose of which is to study the transport of 
moisture in the liquid phase, the most effective simulation programs are those that require the property 
Liquid Diffusivity and Boundary Conditions (outside) Precipitation: DELPHIN 5, WUFI, hygIRC-1D, 
HAM-Tools, MATCH, MOIST-EXP. 

Moisture transport through a building envelope normally involves interface phenomena, i.e., moisture 
transport across interfaces between building materials. Therefore, this knowledge of the interface 
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phenomena is essential for the prediction of moisture behaviour in a building envelope. Most 
hygrothermal models treat materials as individual layers in perfect hydraulic contact, i.e., the interface 
has no effect on the moisture transport. However, in practice, this might not always be true. Therefore, 
to appropriately evaluate the performance of a building envelope on moisture transport that lead to 
building envelope design guidelines, it is imperative to obtain a good understanding of the interface 
phenomena. The most common types of interfaces are: “Hydraulic contact” when there is an 
interpenetration of both layer’s porous structure; “Perfect contact” when there is a contact without 
interpenetration and “Air space” between layers when there is an air box of a few millimetres wide 
between the layer’s porous structure. 

Finnaly, in this sub-chapter, a brief description of the most important experimental transient 
methods—Gravimetric Method, Nuclear Magnetic Resonance (NMR) method, X-Ray Analysis and 
Gamma Ray attenuation method—to determine moisture content profiles was presented. The 
gravitational method and the attenuation of gamma ray’s, HUMIGAMA V.F., were the methods 
chosen to obtain the experimental results presented in this research. The first one is an easy-to-use 
method worldwide and the second is a machine that was developed in the Laboratory of Building 
Physics (LFC), i.e, the laboratory where the research was conducted. 
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3 
HYGROTHERMAL PROPERTIES OF THE TESTED 

MATERIALS  
 

 

3.1. SUMMARY 

This chapter describes, in detail, the hygrothermal properties of the materials tested in this thesis. 
Specific materials were introduced and then analysed, i.e., two types of ceramics and two types of 
mortar (cement mortar and lime mortar).  

Taking into account the relevant literature on the subject, material property tests were carried out, and 
the obtained results are described and compared with the literature. These experiments were performed 
to determine the physical and hygrothermal properties of the materials used in the study. The 
following properties will be presented: bulk porosity, bulk density, vapour permeability, moisture 
content, water absorption coefficient, moisture diffusivity, and thermal conductivity, considering the 
current inputs in hygrothermal models (simulations models). 

In addition to the presentation of the characteristics of the materials chosen, the tests performed are 
also described.  

 

3.2. CERAMIC BRICK 

In this study, in order to examine different porous structures, two different ceramic blocks of red brick 
were chosen to be tested, using the following sample sizes which are commonly found at the local 
marketplace: ceramic A with 4x4x10 cm3 and ceramic B with 5x5x10 cm3.  

 

3.2.1. BULK POROSITY (ε)  

The porous characteristics of building materials have an important influence on the mechanisms of 
moisture transfer. The porous network formed by cavities and channels is the medium through which a 
fluid (liquid or vapour) are propagated. This type of porosity, called open porosity, is characteristic of 
most building materials (Fig. 3.2). In this study, an automated mercury porosimeter (Poremaster-60 
Quantachrome) and a helium pycnometer were used. The mercury porosimeter allowed for a pore size 
distribution up to 0.0035 micrometers in diameter (Fig. 3.1) to be determined, as well as the total 
surface area normalized to the sample mass and bulk density. 

Porosity, or void fraction, is a measure of the void spaces in a material and is a fraction of the volume 
of voids over the total volume, between 0 and 1. The standard EN ISO 10545-3[3.1] (1995) for 
ceramic was used to measure the bulk porosity of the tested building materials.  
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The samples were dried until constant mass was reached (m1). After a period of stabilization, the 
samples were kept immersed under constant pressure. The weight of the immersed sample (m2) and the 
emerged sample (m3) and m1 are used to calculate bulk porosity as given by Equation 3.1: 

  

 q = (�� − �_)/(�� − �[) (3.1)  

 

  
Fig. 3.1 – Pore size distribution 

 

 

Fig. 3.2 –  Material porous structure 

 

The phenomena of transfer and fixation of humidity are strongly dependent on the complex morpho-
optic aspect of the porous space. The pores, free spaces distributed inside the solid structure, 
characterize the permeability of the medium, allowing the fluid flow (Mendes and Philippi, 
2005)[3.2]. The values obtained for the porosity of Ceramics A and Ceramics B were, respectively, 
32% and 38%. 
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3.2.2 BULK DENSITY (ρ) 

Several standards can be applied for the experimental determination of this property, as EN ISO 
10545-3 (1995)[3.1] for ceramic tiles, EN 12390-7 (2000)[3.3] for concrete, EN 772-13 (2000)[3.4] 
for masonry units. The samples must be dried until a constant mass is reached. The samples’ volume 
was calculated based on the average of three measurements of each dimension. The values obtained 
for the bulk density of Ceramics A and Ceramics B were, respectively, 1800 kg/m³ and 1600 kg / m³. 

 

3.2.3 WATER VAPOUR PERMEABILITY  

The water vapour permeability, ��, was determined by using the cup test method, in accordance with 
the standard ISO 12572 (2001)[3.5]. The samples were cut according to the Fig. 3.3. Following the 
cutting process of these samples, tests were performed. The samples were sealed in a cup containing 
either a desiccant (dry-cup) or a saturated salt solution (wet-cup). The experiments were carried out in 
a climatic chamber with temperature and relative humidity controlled, of 23° C and 50%, respectively. 
The vapour pressure gradient originates a vapour flux through the sample, and a periodic weighing of 
the cup allows for the calculation of the vapour transmission rate.  

 

 

Fig. 3.3 – Cutting process to water vapour permeability 

The water vapour diffusion resistance factor, µ, given by 
p aµ δ δ= , where �� is the vapour permeability 

of the air. The results obtained showed that the average values of the water vapour diffusion resistance 
factor for ceramic block A samples were about 33.1 (corresponding to 5.94x10-12 kg/msPa) for drycup 
and 24.9 (corresponding to 7.98x10-12 kg/msPa) for wetcup, while for ceramic block B samples it was 
21.4 (corresponding to 9.07x10-12 kg/msPa) for the drycup, and 15.6 (corresponding to 12.3x10-12 
kg/msPa) for the wet cup, respectively. From these results, it is possible to conclude that the ceramic 
block B samples presented lower values of water vapour diffusion resistance when compared to the 
ceramic block A samples.  

 

3.2.4 MOISTURE STORAGE FUNCTION (MOISTURE CONTENT) 

The moisture storage function of a specific material describes the moisture content corresponding to a 
specific value of relative humidity, and could be approximated by Eq. (3.2) if the values of w80 
(moisture content at 80% relative humidity) and wf (free moisture saturation) are known: 

 

 � (∅) = �7
(�i_).  ∅

�i ∅  (3.2) 

 

Where φ  is the relative humidity and b is a variable. 
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In this study, in accordance with the standard ISO 12571 (2000)[3.6] was used to determine the 
moisture content at 80% relative humidity, w80 and the free saturation moisture content was 
determined according to EN 12859 (2008)[3.7]. It was not necessary to determine the entire 
hygroscopic curve, as with these two points (w80 e wsat) all the rest of the hygroscopic curve can be 
calculated. The samples were previously dried and the experimental values were obtained by the 
stabilization of specimens at different values of RH and constant temperature (23±0.5° C), by: 

 

 � = "mi "b
"b

 (3.3) 

 

where mw is the equilibrium sample mass (80% RH or saturated) and m0 is the initial dry sample mass. 

The results obtained showed that the average values of moisture content w (kg/m3) for ceramic block A 
samples were about 15.5 and 261.28 to w80% and wsat respectivamente, while for ceramic block B 
samples it was 9.75 and 233.07 to w80% and wsat respectivamente. This shows that the ceramic block A 
presents the highest values of moisture content (w80% and wsat). 

 

3.2.5 WATER ABSORPTION COEFFICIENT 

The experiments conducted in this test were guided by the outline of the partial immersion method 
described by ISO 15148 (2002)[3.8]. The samples were placed in distilled water with the base 
submerged only a few millimetres (~1-5mm) in order to avoid build-up of hydrostatic pressure. The 
partial immersion method used is in accordance with the European Standard CEN/TC 89[3.9]. The 
environmental laboratory conditions were 20° C, 50% RH and the samples were placed in a constant-
temperature water bath controlled within ±0.5 ºC to avoid changes in water viscosity that might affect 
the absorption rate. At regular time intervals, the samples were weighed to determine the moisture 
uptake. 

The reproducibility of the experiments was tested by independently repeating the measurement of 
water absorption coefficient of at least 5 identical samples (i.e., the same configuration and material), 
under identical operating conditions. Repeated measurements of water absorption coefficient did not 
differ by more than 10%. 

Fig. 3.4 shows the results of the average mass variation per contact area in the capillary absorption 
process of the samples of monolithic red brick type “A” and “B”. It is possible to observe that the 
water absorbed curve, by capillary action, as an absorption first step (short-time faster) is directly 
proportional to the square root of time just as described by Bomberg (1974)[3.10].  

The slope of this linear variation is called the water absorption coefficient (Aw) and is expressed as: 

 

 �� = �m
�√	 = "�i "b

�√	  (3.4) 

 

where Aw is the water absorption coefficient (kg/m2s0.5), Mw is the total amount in time �(kg/m2), mt is 
the weight of the specimen after time (kg), m0 is the initial mass of the specimen (kg), A is the contact 
area (m2) and t is the time (s).  
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Fig. 3.4 – Capillary absorption curve of monolithic samples of red brick type “A” and “B”, partially immersed in 

water, as a function of the square root of time 

The absorption coefficients obtained were 0.10 kg/m2s0.5 for red brick type A, and 0.19 kg/m2s0.5, for 
red brick type “B”, respectively. The absorption coefficient for red brick type “B” is approximately 
two times higher, an expectable result because the density of red brick type “B” is lower than the 
density of red brick type “A”. These results are in accordance with other experimental values found in 
literature for the same building materials, with a range of experimental values between 0.05 and 0.29 
kg/m2s0.5 (see Janssen et al., 2012[3.11]; Mukhopadhyaya et al., 2002[3.12]; Roels et al., 2004[3.13]; 
García et al., 2012[3.14]; Azevedo, 2013[3.15] and Guimarães et al., 2016[3.16]). 

 

3.2.6. MOISTURE DIFFUSIVITY 

Moisture diffusivity is a transport property that is frequently used in the hygrothermal analysis of 
building envelope components. This property is dependent on the local moisture content. The 
experiments that lead to the detailed information on the dependence of diffusivity on moisture content 
are often very sophisticated. 

The experimental wetting and drying data to determine the diffusivity was interpreted by using Fick’s 
diffusion model. In a one-dimensional formulation, with the diffusing substance moving in the normal 
direction to a sheet of medium of thickness L, the diffusion equation can be written as (J. Crank, 1975) 
[3.17]: 

 
��
�	 = �

�
 ($�77
��
�
 ) (3.5) 

 

subject to the following boundary conditions, 

 � = 0 0 � � � ∞ � � �] (3.6a) 

 � � 0 � � 0 � � �� (3.6b) 

 � � 0 � → ∞ � � �] (3.6c) 

 

The analytical solution of Eq. (3.5) with the initial and boundary conditions (3.6a-c), if constant 
diffusion coefficient is assumed (Dw(w)=Deff), is: 

 

�
  

 
�i�b
��i�b � 1 � erf	� 


[�����	� 
 

(3.7) 
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Integrating in respect of � the rate of the penetration of sample face unit area ( 0x = ) by water vapour, 
the total amount of diffusing substance in time � is obtained, then the appropriate solution of the 
diffusion Eq. (3.5) may be written as follows: 

 

 �  � ¡
¢£   ∑ _

([�S_)£ exp V−(2t + 1)[§[ ����	
¨² W��ª]  (3.8) 

 

and long drying times (neglecting the higher order term by setting n=0) has been simplified as follows:
  

 st(� ) = st( ¡
¢£) − [§[ ����	

¨£ ] (3.9) 

 

Finally, the effect of temperature on diffusivity is described using Arrhenius relationship: 

 

 

$�77 = �] x h �− ;
®��

  

(3.10) 

 

However, the variations of $�(�) with the moisture content w are usually nonlinear for most common 
porous media and there are no analytical solutions. For one-dimensional water absorption with � =
�] at � > 0 and � = 0, and � = �� at � = 0 and � > 0. Eq. (3.5) can be expressed in terms of a 
single variable, proposed by Boltzmann, tx/=η  [21]: 

 

 
¯
[

km
k°

=  k
k°

 ($�(�) km
k¯)  (3.11) 

 

with the following boundary conditions 

 

 ± = 0 � = �� (3.12a) 

 ± → ∞ � = �] (3.12b) 

 

and $�(�) can be determined by solving Eq. (3.11) using the boundary conditions (3.12a-3.12b). 

 

 $� (�) =  − _
[

k¯
km

² ±p�
�

�b  (3.13) 

 

This study presents the identification of moisture diffusivity coefficient (Dw) of different ceramic 
bricks, at constant temperatures, based on the increase moisture content. For the investigation of 
moisture diffusivity, the lateral sides of the samples were insulated by water-proof and vapour-proof 
epoxy resin. The front side of the specimens was placed in contact with water. Afterwords, the 
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moisture profiles were measured in the climatic chamber under isothermal conditions (23º C) in order 
to eliminate secondary effects on moisture transport. After the experiment, the moisture profiles of 
each sample were measured using the gamma ray method. 

Fig. 3.5 shows an example of the moisture content versus Boltzmann variable, η. For the tested 
materials, the Boltzmann transformation seems to hold very well. Based on this kind of η profiles the 
moisture diffusivity can be determined. 

 

  
Fig. 3.5 – a) Example of moisture profiles plotted as a function of 

0 5.x tη = ; b) Moisture diffusivity coefficient as a 

function of the moisture content. 

The moisture diffusivity values presented in Fig. 3.5 were obtained by the Boltzmann transformation 
method over the whole moisture content. It is possible to observe that the shape of the curve 
representing the dependence of diffusion coefficients with moisture content was quite equivalent for 
all materials tested, and in accordance with literature results (V. Freitas, 1992; Crausse, 1983; Perrin, 
1985; Koci, 2018)[3.18][3.19][3.20][3.21]. The moisture diffusivity first decreases with increasing 
moisture content in the hygroscopic region, passes a minimum and then increases, with an almost 
exponential behaviour, in the capillary range at high moisture content. 

 

3.2.7 THERMAL PROPERTIES 

Thermal conductivity could be measured by different methods that are broadly classified as steady-
state and transient methods. In this study, the measurements were performed using a transient method, 
the thermal shock probe method (CT-Mètre), in accordance with the standard protocol defined in ISO 
8301 (1991)[3.22]. The thermal conductivity values obtained for the samples tested, ceramic blocks A 
and B, were presented in Fig. 3.6, in function of moisture content.  
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Fig. 3.6  – Thermal conductivity in function of moisture content 

 

The values obtained for the 2 ceramic blocks tested are very similar and in accordance with the values 
reported by Taoukil et al. (2013)[3.23] and Kocí et al. (2018)[3.21] who presents values of ceramic 
blocks in the range between 0.40 and 0.70 W/mK, for different values of moisture content. 

 

3.2.8 PROPERTIES SUMMARY 

The properties of the ceramic blocks tested were measured carefully and the obtained values are 
summarized, in Table 3.1. 

 

Table 3.1 – Properties of the ceramic blocks tested 

Properties Block A Block B 

Apparent density, ρ,  (kg/m3) 1800 1600 

Water absorption coefficient (kg/m2s0.5) 0.10 0.19 

Porosity, ε,  (-) 0.32 0.38 

Water vapor permeability, δp (kg/msPa) 
5.94x10-12 (dry) 

7.98x10-12 (wet) 

9.07x10-12 (dry) 

12.3x10-12 (wet) 

Water vapor diffusion resistance factor, µ (-) 
33.1 (dry cup) 

24.9 (wet cup) 

21.4 (dry cup) 

15.6 (wet cup) 

Diffusion-equivalent air-layer thickness, sd (m) 
0.61 (dry cup) 

0.48 (wet cup) 

0.37 (dry cup) 

0.29 (wet cup) 

Moisture content, w (kg/m3)  
w80%=15.51 

wsat.=261.38 

w80%=9.75 

wsat.=233.07 

Thermal conductivity curve (λ (W/mK), w (kg/kg))  

 λ = 0,40        W = 0,00 λ = 0,38     W = 0,00 

λ = 0,91         W = 0,10 λ = 0,68     W = 0,05 

λ = 0,96         W = 0,12 λ = 0,92     W = 0,11 
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3.3. MORTARS 

Masonry mortar is used for wall construction. The mixture used in mortar is one of the most important 
factors for the workability associated with the rheological aspects of mortars. For the mixture used in 
this research, two references were used: NBR 7200 (1982)[3.24] and ASTM C 270 (2014)[3.25]. The 
two standards have in common the same proportion of sand binder, i.e., 1:3 (in volume). Thus, in 
mortar contact specimens, two types of mortar were selected: lime mortar with a proportion of 1:3 
(lime, sand) and cement mortar with a ratio of 1: 1: 6 (cement, lime and sand). The settling thickness 
was 10 mm. 

Mortar placement between the blocks was done through two wooden jigs on the side faces of the 
blocks, secured by a hook that promotes the contraction of the wood to keep them fixed and thus avoid 
the laying of the upper block on the mortar.  

As an attempt to reproduce mortars used in masonry walls and for supposed reproducibility in other 
investigations, the experimental characterization of mortars tested (cement and lime mortar) and the 
mixture aggregates are presented Annex D. 

The bulk porosity, water absorption coefficient, moisture diffusivity, bulk density, water vapour 
permeability, moisture storage function (moisture content) and thermal property were determined in 
accordance to the standards described for the monolithic samples of ceramic blocks.  

It is important to notice that there is a relationship between the mortars and the sample properties in 
masonry performance related to water penetration resistance. The mortar properties considered in the 
study include compressive strength, workability, water retention and porosity. The properties of 
masonry elements include surface texture, porosity and initial rate of absorption (see Ghosh and 
Melander, 1992)[3.26]. 

Since the building have present mortars with average values of porosity and large amount of pores that 
allow the capillary action and movement of water inside the coating system, the presence of moisture 
can be observed, mainly in the lower part of the walls. Mortars are characterized by the presence of 
voids within the materials (pores), which may vary according to the water / cement ratio, as well as the 
granulometry of the aggregates used in the mortar (see Mustelier, 2008)[3.27]. 

 

3.3.1. BULK POROSITY 

Fig. 3. 7 presents the results of the porosimetry analysis of the mortars tested and it is possible to 
observe the differences between the 2 mortars analysed, even taking into account that the materials 
present similar bulk porosity. 

  
Fig. 3. 7 – Porosimetry results of the mortars tested 
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Finally, Fig. 3. 7 shows the pore size distributions of cement mortar and lime mortar samples. Both 
distributions reach the minimum measurable diameter value of 3.5 nanometers, which means that the 
equipment is not capable of measuring all mesopores and micropores without interfering with the main 
conclusions in the pore range studied. However, it is possible to calculate from the total percentage of 
pores resorting to the apparent and true densities. The values obtained for the porosity of Cement 
mortar and Lime mortar were, respectively, 20% and 21%. 

 

3.3.2 WATER ABSORPTION 

The experiments conducted in this test were guided by the outline of the partial immersion method 
described by ISO 15148 (2002)[3.8]. The samples were placed in distilled water, with the base 
submerged only a few millimetres (~1-5mm) in order to avoid build-up of hydrostatic pressure. The 
environmental laboratory conditions were 20° C and 40% RH and the samples were placed in 
constant-temperature water bath controlled within ±0.5 ºC to avoid changes in water viscosity that 
might affect the absorption rate. At regular time intervals, the samples were weighed to determine the 
moisture uptake. 

The reproducibility of the experiments was tested by independently repeating the measurement of 
water absorption coefficient of at least 6 identical samples (i.e. the same configuration and material), 
under identical operating conditions, and repeated measurements of water absorption coefficient did 
not differ by more than 10%. 

Fig. 3. 8 shows the results of the average mass variation per contact area in the capillary absorption 
process for the mortar samples tested. It is possible to observe that the water absorbed curve by 
capillary action, as an absorption first step (short-time faster), is directly proportional to the square 
root of time just as described by Eq. (3.4).  

  
Fig. 3. 8 – Capillary absorption curve of cement mortar and lime mortar in function of the square root of time 

The experimental results of the water absorption coefficients showed a clear difference (twice) of 
values between the two mortars tested. The averages values obtained are 0.145±0.09 kg/(m².s0.5) and 
0.124±0.01 kg/(m².s0.5), for cement mortar and lime mortar, respectively. The coefficient of variation 
found for each set of identical samples was approximately 15%. In comparing, for lime mortar 0.17  
(Jan Fot, 2018)[3.28] and 0.20 (Vejmelková et al 2018)[3.29]; 
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3.3.3. MOISTURE DIFFUSIVITY 

Fig. 3. 9 shows the moisture content versus Boltzmann variable, η, for cement and lime mortar. For 
the materials tested, the Boltzmann transformation seems to hold very well. Based on this kind of 
η profiles the moisture diffusivity can be determined. 

 

Fig. 3. 9 – Example of moisture profiles plotted as a function of 
0 5.x tη =   

 

The moisture diffusivity values presented in Fig. 3. 10 were obtained by the Boltzmann transformation 
method over the whole moisture content. It is possible to observe that the shape of the curve 
representing the dependence of diffusion coefficients with moisture content was similar in all materials 
tested, and in accordance with literature results of Perrin (1985)[3.20], Daian (1986)[3.30] and 
Fernandes and Philippi (1989)[3.31].  

 

Fig. 3. 10 – Moisture diffusivity coefficient as a function of the moisture content  

Table 3.2 describes the experimental results obtained for cement mortar and lime mortar. The results 
show that the cement mortar presents the highest values of moisture content (w80% and wsat), bulk 
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Table 3.2 – Properties of the mortars tested 

Properties Cement mortar Lime mortar 

Apparent density, ρ,  (kg/m3) 1878 1810 

Water absorption coefficient (kg/m2s0.5) 0.15 0.12 

Porosity, ε,  (-) 0.20 0.21 

Water vapor permeability, δp (kg/msPa) 
0.81x10-11 (dry) 

1.09x10-11 (wet) 

1.35x10-11 (dry) 

1.50x10-11 (wet) 

Water vapor diffusion resistance factor, µ (-) 
23.9 (dry cup) 

17.9 (wet cup) 

14.25 (dry cup) 

12.8 (wet cup) 

Diffusion-equivalent air-layer thickness, sd (m) 
0.50 (dry cup) 

0.38 (wet cup) 

0.30 (dry cup) 

0.26 (wet cup) 

Moisture content, w (kg/m3) 
w80%=38.16 

wsat.=228.59 

w80%=8.16 

wsat.=186.61 

Thermal conductivity, λ (W/mK) 0.786 0.799 

 

The density, porosity, thermal conductivity, water vapor permeability, and water vapor diffusion 
resistance factor are practically identical and in accordance with the results found in literature, like 
Table 3.2. 

 

3.4. CHAPTER SYNTHESIS 

The knowledge of building materials properties is essential to predict heat, air and moisture transport 
in building elements and components. Moreover, this knowledge is used to correct characterization of 
the hygrothermal behaviour and to predict pathologies. In this work, two important studies were 
conducted: (a) a laboratory characterization of material properties for two different ceramic brick 
blocks; (b) and the material properties of mortars (cement mortar and lime mortar) were tested to 
determine their hygrothermal, mechanical and thermal properties.  

Based on the experimental tests, the following topics can be drawn: 

• Ceramic brick blocks: The properties that were measured were bulk porosity, density, water 
vapour permeability, moisture storage function (moisture content), water absorption 
coefficient, moisture diffusivity and thermal conductivity; 

• Mortars: not only were the hygrothermal properties measured, but also the physical properties 
involved, such as thermal and mechanical properties including a fine aggregate analysis; 

• The determination of those properties is thoroughly explained; 
• These properties are commonly necessary as inputs for the hygrothermal simulation programs 

to predict building materials and components hygrothermal performance; 
• With these results, it is now possible to do several numerical studies to predict, for example, 

durability, waterproofing, degradation appearance and thermal performance of buildings or 
building components; 
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• For other authors who want to study the hygrothermal behaviour of buildings or building 
components made of another materials, understanding how to calculate/determinate the 
required hygrothermal properties or even physical properties and mechanical properties 
explained in this study is also useful. 

• Researchers, whose papers were used for evaluation purposes in this thesis, as well as the 
characteristics they studied are preseented in Table 3.3 (below). This Table makes it possible 
to compare the characteristics previously studied with those that have been presented in this 
work. 
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Table 3.3 – Properties of the blocks (A and B) of the mortars tested with the literature results 

 

Material
Proportion 

(C:L:S:W/C)
Consistence 

(mm)
Apparent density 

(kg/m³)
Compressive 

strength (Mpa)
Flexural strength 

(Mpa)

Thermal 
Conductivity Test 

(W/m.k)

Porosity 
(% )

Wsat 
(Kg/m³) A (kg.m-1.s-1/2)

Water vapor 
permeability (dry cup) 

(kg/msPa)

Water vapor diffusion 
resestance factor (dry 

cup)

Water vapor diffusion 
resestance factor  (wet 

cup)

Block A Brick NA NA 1800.00 ND ND 0.40-1 0.32 261.38 0.1 5.94E-12 33.1 21.4

Block B Brick NA NA 1600.00 ND ND 0.39-0.97 0.38 233.07 0.19 9.07E-12 24.9 15.6

S. Roels (2004) [3.13] Brick NA NA 2002.00 ND ND ND 23.81 147.9 0.16 ND ND ND

N. Garcia (2012) [3.14] Brick NA NA ND ND ND ND ND ND 0.155 ND ND ND

N. Garcia (2012) [3.14] Brick NA NA ND ND ND ND ND ND 0.294 ND ND ND

V. Freitas (1992) [3.18] Brick NA NA 1926.00 ND ND 1.00 28.00 78.9 ND ND ND ND

F. Fernandes (2007) [3.33] Brick NA NA 1742.00 ND ND ND 33.00 ND ND ND ND ND

F. Fernandes (2007) [3.33] Brick NA NA 1754.00 ND ND ND 26.3 ND ND ND ND ND

F. Fernandes (2007) [3.33] Brick NA NA 1800.00 ND ND ND 28.2 ND ND ND ND ND

F. Fernandes (2007) [3.33] Brick NA NA 1747.00 ND ND ND 29.2 ND ND ND ND ND

F. Fernandes (2007) [3.33] Brick NA NA 1739.00 ND ND ND 30.4 ND ND ND ND ND

F. Fernandes (2007) [3.33] Brick NA NA 1656.00 ND ND ND 27.5 ND ND ND ND ND

Václav Kocˇí (2018) [3.21] Brick NA NA 1831.00 ND ND 0.59-1.73 27.9 ND 0.26 ND 22.1 8.8

C. Nunes et al. (2017) [3.32] Brick NA NA ND ND ND ND 33.00 ND ND ND ND ND

Kunzel (1995) [3.34] Brick NA NA 1600.00 ND ND ND ND ND ND ND 9.5 8.00

H. Derluyn (2011) [3.35] Brick NA NA 2087.00 ND ND ND 21.00 130.00 0.116 6.09E-12 ND ND

H. Janssen et al (2012) [3.11] Brick NA NA ND ND ND ND ND 270.00 0.43 ND ND ND

N. Laaroussi et al (2014) [3.36] Brick NA NA 1777.00 ND ND 0.35 ND ND ND ND ND ND

N. Laaroussi et al (2014)[3.36] Brick NA NA 1652.00 ND ND 0.35 ND ND ND ND ND ND

Z. SUCHORAB (2011) [3.37] Brick NA NA 2450.00 ND ND 0.81 23.7 ND 0.07 ND 10.3 ND

Z. SUCHORAB (2011) [3.37] Brick NA NA 1590.00 ND ND ND 34.5 ND ND ND ND ND

T. Rego (2014) [3.38] Brick NA NA 2100.00 ND ND ND ND ND 0.0686 ND ND ND

J. Azevedo (2013) [3.15] Brick NA NA ND ND ND ND ND ND 0.145 ND ND ND

Gonçalves et al (2012) [3.39] Brick NA NA ND ND ND ND 0.24 ND 0.13 ND ND ND

W. Depraetere et al. (2000) [3.48] Brick NA NA 2005.00 ND ND ND 0.24 240.00 0.184 ND ND ND

Cement mortar Cement mortar 1:1:6:1.12 (p) 271 1878.00 10.00 2.9 0.79 20.00 228.59 0.145 8.10E-12 23.90 17.90

V. Corinaldesi (2011) [3.40] Cement mortar 1:0.2:2.8:0.6 (m) 630 2191.00 32.00 12.00 0.73 ND ND ND ND ND ND

H. Carasek (2001) [3.41] Cement mortar 1:2:9:ND (p) ND ND ND ND ND ND ND ND ND ND ND

R. Demirbogˇa (2003) [3.42] Cement mortar 1:0:2:0.5 (m) ND 2040.00 45.4 ND 1.18 ND ND ND ND ND ND

Y. Xu (2000) [3.43] Cement mortar 1:0:1:0.5(na) ND 2040.00 ND ND 0.58 ND ND ND ND ND ND

Jan Fořt (2018) [3.28] Cement mortar 1:0:3:0.5 (m) ND 1755.00 0.91 0.4 ND 33.00 ND 0.175 1.63E-11 10.2 ND

Kunzel (1995) [3.34] Cement mortar ND ND 1900.00 ND ND ND ND ND ND ND 19.00 18.00

M. A. Wilson et. Al, 1995 [3.44] Cement mortar 1:0:2:0 (na) ND ND ND ND ND 25.00 ND ND ND ND ND

M. A. Wilson et. Al, 1995 [3.44] Cement mortar 1:0:1:0 (na) ND ND ND ND ND 24.00 ND ND ND ND ND

H. Derluyn (2011) [3.35] Cement mortar 1:0:3:0.5 (na) ND 2092.00 ND ND ND 19.00 130.00 0.019 1.46E-12 ND ND

H. Janssen et al (2012) [3.13] Cement mortar 1:0:3:0.5 (na) ND ND ND ND ND ND 190.00 0.17 ND ND ND

X. QIU (2003) [3.45] Cement mortar 1:0.5:4:0.5 (m) ND 1840.00 ND ND ND 25.4 187.00 0.032 7.87E-10 ND ND

L. Páscoa (2012) [3.46] Cement mortar Industrial ND 1578.00 ND ND ND 28.3 ND 0.001 1.89E-11 10.3 ND

W. Depraetere et al. (2000) [3.48] Cement mortar ND ND 2000.00 ND ND ND 0.22 215.00 0.073 ND ND ND

W. Depraetere et al. (2000) [3.48] Cement mortar ND ND 1850.00 ND ND ND 0.28 278.00 0.109 ND ND ND

Lime mortar Lime Mortar 0:1:3:1.05 (p) 179 1810.00 1.3 0.60 0.8 21.00 186.61 0.124 1.35E-11 14.25 12.80

E Vejmelková (2018) [3.29] Lime Mortar 0:1:2:NA (m) 165 1805.00 1.5 0.7 ND 28.8 ND ND ND 16.4 3.1

C. Nunes et al. (2017) [3.32] Lime Mortar 0:1:3:1.01 (m) ND ND ND ND ND 33.00 ND ND ND ND ND

C. Nunes et al. (2017) [3.32] Lime Mortar 0:1:3:1.04 (m) 165-170 ND 3.9 1.8 ND 31.9 ND 0.467 ND ND ND

Kunzel (1995) [3.34] Lime Mortar ND ND 1400.00 ND ND ND ND ND ND ND 7.3 6.4

M. A. Wilson et. Al, 1995 [3.44] Lime Mortar Plaster ND ND ND ND ND 23.00 ND ND ND ND ND

M. Torres (2004) [3.47] Lime mortar 0:1:2.5:0.5 (p) ND 1685.00 ND ND 0.37 26.4 258.00 0.229 2.07E-11 10.00 8.00

J. Azevedo (2013) [3.15] Lime Mortar 0:1:3:ND (p) ND ND ND ND ND ND ND 0.164 ND ND ND

Gonçalves et al (2012) [3.39] Lime Mortar 0:1:3:ND (p) ND ND ND ND ND 0.33 ND 0.13 ND ND ND

L. Páscoa (2012) [3.46] Lime Mortar Industrial ND 1246.00 ND ND ND 38.1 ND 0.068 3.19E-11 6.1 ND
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4  
INTERFACE INFLUENCE ON MOISTURE TRANSPORT 

DURING THE WETTING PROCESS  
 

 

4.1. SUMMARY 

As it was previsnesly mentioned moisture damage is one of the most important pathological causes of 
building materials and components. A moisture measuring device based on a non-destructive method 
of gamma rays attenuation allows measuring this moisture to broaden concepts in building physics 
related to moisture transfer; study the influence of the interface between layers in moisture transfer; 
analyse the influence of gravity on absorption and drying of different types of building materials; 
study the kinetics of absorption and drying of walls of one or more layers; analyse the importance of 
the temperature gradient in the movement of moisture; and calculate the coefficient of water 
diffusivity of some building materials, etc. 

This chapter presents the results produced in the analysis of an experimental campaign concerning 
water absorption in samples of red brick with different densities. In these experiments, the samples 
with and without joints at different height positions and different contact interface configurations were 
considered. Two experimental methods for the determination of the water absorbed during the wetting 
process were employed: the gravimetric method and gamma ray attenuation.  

The results show a retardation of the wetting process due to the interfaces which is called hydric 
resistance. The samples with hydraulic contact interface with cement mortar present lower absorption 
rates than the samples with lime mortar. The influence of an air space between layers was also 
demonstrated. The air space interfaces significantly increase the capillary coefficients, as the distances 
from the water contact point also increase. 

 

4.2. INTRODUCTION 

Intervening in old buildings requires extensive and objective knowledge. The multifaceted aspects of 
the work carried out on these buildings tend to include a growing number of disciplines, with a marked 
emphasis on those allowing for a greater understanding of the causes involved with the problems that 
affect them, as well as how to appropriately handle these causes.  

The study of moisture migration in the interior of materials and building construction components is of 
great importance for its behaviour characterization, especially regarding its durability, waterproofing, 
appearance degradation, and thermal problems. 

For example, the study of the rising damp allowed for the investigation of a technique to solve this 
problem, which can already be used to treat building walls after a flood [[4.1][4.2][4.3][4.4][4.5]]. In 
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Portugal, historical buildings stand near water courses with degraded walls due to the permanence of 
water. Moisture in buildings can have different origins of which rising damp is probably the most 
frequent. Floods are extreme occurrences but can permeate walls with large amounts of water. In fact, 
rising damp, because of its frequent occurrence, and floods, because of their consequential severity, 
both represent a high risk in terms of old building humidity problems. 

The analysis of moisture migration in building materials and elements is crucial for knowledge of its 
behaviour. This behaviour involves durability, waterproofing, degradation and thermal performance of 
building wall. Generally, the wall consists of multiple layers, and thus the investigation of the moisture 
transfer implies knowledge of the continuity between layers. Freitas [[4.6][4.7]] considered three 
different interfaces configurations: 

• Perfect contact – when there is contact without interpenetration of both layers of porous 
structure; 

• Hydraulic continuity – when there is interpenetration of both layers porous structure; 
• Air space interface – when there is an air space of a few millimetres wide between layers. 

In literature, although several studies concerning the liquid transport in multilayered porous structures 
exist, only a limited number of experimental values for the interface resistance in multilayered 
composites are found [[4.8][4.9][4.10][4.11]]. Qiu [4.9] shows that if the interface resistance is 
determined after capillary saturation of the first layer, the change in material properties could be 
neglected. The author analysed experimentally the liquid transport across the interface between aerated 
concrete and mortar. In addition, the author compared the experimental results with numerically 
results using an interface resistance. Derluyn et al. [4.11][4.12] considered an interface resistance as 
well as a change in mortar properties. The authors show that for dry cured mortar, a higher interface 
resistance was obtained, compared to the wet cured composite. Similar interface resistances 
analytically obtained by Janssen et al. [4.8] prove the validity of Derluyn’s study. 

In this chapter, new experimental values of water absorption in samples of red brick, with different 
densities, with and without interfaces, at varying positions, are presented, and an analysis of the three 
different interfaces configurations are reported and examined in detail. 

 

4.3. PREPARATION OF THE SPECIMENS  

In the current subsection, the steps performed for specimen preparation (Fig. 4. 1) of the tests 
developed will be described. The adopted materials for the ceramic blocks and mortars (cement and 
lime) were characterized in terms of hygrothermal behaviour in subsections 3.2 and 3.3, respectively. 
The red brick samples present different densities, type “A” with 1800 kg/m3 and type “B” with 1600 
kg/m3.  

The description of the typology, execution details, specimen preparation, among others factors are 
necessary to the experimental research, the aim of which is to discuss specimen production and the 
comparison of results, as well as the step-by-step preparation of the imbibition and drying tests. These 
results are presented in the following chapters 

In this study, different interface configurations are analysed (see Table 4. 1). The influence of a 
interface on moisture transport is evaluated by comparing the moisture flux of these samples with 
monolithic samples of the same material.  
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Fig. 4. 1 – Specimens used in the experimental campaign 

Table 4. 1 – Interface configurations analysed 

Material 
Interface configurations analysed 

Monolithic Perfect contact Hydraulic contact Air space 

Red brick 

Type “A” 

 

At 2cm 

At 5cm 

At 7cm 

Cement mortar at 2cm 

Cement mortar at 5cm 

Cement mortar at 7cm 

Lime mortar at 2cm 

Lime mortar at 5cm 

Lime mortar at 7cm 

Cavity of 0.2cm at 2cm 

Cavity of 0.5cm at 2cm 

Cavity of 0.2cm at 5cm 

Cavity of 0.5cm at 5cm 

Cavity of 0.2cm at 7cm 

Cavity of 0.5m at 7cm 

1 sample x 5 unit 3 samples x 5 unit 6 samples x 5 unit 6 samples x 5 unit 

Red brick 

Type “B” 

 

At 2cm 

At 5cm 

At 7cm 

Cement mortar at 2cm 

Cement mortar at 5cm 

Cement mortar at 7cm 

Lime mortar at 2cm 

Lime mortar at 5cm 

Lime mortar at 7cm 

Cavity of 0.2cm at 2cm 

Cavity of 0.5cm at 2cm 

Cavity of 0.2cm at 5cm 

Cavity of 0.5cm at 5cm 

Cavity of 0.2cm at 7cm 

Cavity of 0.5m at 7cm 

1 sample x 5 unit 3 samples x 5 unit 6 samples x 5 unit 6 samples x 5 unit 

 

The tests include four different typologies: i) monolithic block; ii) perfect contact interface at 2cm, 
5cm and 7 cm; iii) a block with cement and lime mortar interface at 2cm, 5cm and 7 cm; iv) an air 
space with 0.5 cm and 0.2 cm air space at 2cm, 5cm and 7 cm; Fig. 4. 1 illustrates the four types of 
tested blocks. 

The first step consisted of cutting the specimens, as the sections were required to be prismatic. The 
cuts were performed in two different ceramics, A and B, giving origin to distinct specimens. At the end 
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of the preparation, the specimens made of ceramics type “A” presented dimensions of 4 x 4 cm2, while 
the ceramics type “B” presented a base of 5 x 5 cm2, with variable height (Fig. 4. 2). After being cut, 
the specimens were placed in a chamber for complete drying of the material. 

  

 
Fig. 4. 2 – Cutting process to imbibition and drying process 

 

Following the in-chamber drying process, waterproofing was done on the lateral faces for the 
imbibition test. In addition, for the drying test, these specimens were also waterproofed on the lower 
side, as shown in Fig. 4. 3, since the water/humidity absorption and evaporation process would be 
analysed exclusively for the unidirectional transfer. 

 

 

Fig. 4. 3 – Sealing process 

 

For the waterproofing of the blocks, an epoxy resin, made up of two components, was used, mixed for 
3 minutes. Each face was covered twice with the epoxy, first waterproofing the two opposite 
longitudinal faces and the two remaining faces after drying, which facilitates the process of specimen 
waterproofing. After drying the waterproofing material under normal environment temperature, the 
specimens were placed again in a chamber in a manner that allowed the mass of the materials to 
remain constant. 

Specimen waterproofing is a process which requires caution in execution, since the faces which will 
be exposed to the water and air (top face) cannot come into contact with the waterproofing material. 
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When these surfaces come into contact with the waterproofing material, sanding is necessary to 
eliminate all traces of the epoxy, as the epoxy would inhibit the transfer of humidity within the block. 

In order to waterproof the faces in perfect contact with the specimens, the faces were joined together 
with varying distances from the base of the specimen (at 2 cm, 5 cm, and 7 cm) (Fig. 4. 4), in order to 
compose a solid block. To guarantee a perfect union, i.e. avoiding air spaces between the blocks, wet-
and-dry sandpaper was used. To assure the connection between the parts of the specimen and 
simultaneously avoid water evaporation through the interface, aluminium adhesive tape was used to 
anchor the blocks. When tested, despite being very similar to the monolithic specimens, a dissimilar 
behaviour in the perfect contact specimens was expected since there is a discontinuity in the porous 
structure.  

 

Fig. 4. 4– Samples tested: a) monolithic samples. b) samples with interface at 2cm. c) samples with interface at 

5cm and d) samples with interface at 7cm 

 

In the specimens with an air space interface, as the name suggests, there is an air space between the 
union of the two blocks, with varying distances from the base of the specimens (at 2 cm, 5 cm and 7 
cm) (Fig. 4. 4) and with two different thickness (0.2 cm and 0.5 cm). In order to guarantee the 
thickness of this space between the blocks, movable PVC spacers of uniform size were used, while 
fixed PVC pieces were used to join the two blocks by their lateral faces using a silicone bonding. The 
goal of the adapted material for the spacers was to guarantee the non-transfer of moisture in the place 
of fixation. After the silicone dried, the movable spacers were removed. An aluminium adhesive tape 
was then applied in order to guarantee the restriction of the airspace and impede the lateral 
evaporation, as can be seen in Fig. 4. 1.  

In the specimens with a mortar interface (cement and lime), with 2 cm, 5 cm and 7 cm (Fig. 4. 4) of 
distances from the sample base, a 1 centimeter thick layer was placed in the fresh state between the 
two blocks. The intention was to show that introducing materials with different properties between the 
blocks will produce a difference in moisture transfer at the interface. Since the mortars have a water 
absorption coefficient greater than block B and smaller than block A, it can be compared the influence. 
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After all the samples were made, the imbibition test was carried out with the following procedure: 1) 
organization of the bench where the reservoir would be located; 2) reservoir levelling; 3) balance 
calibration; 4) marking the 5mm level where the water will reach the samples; 5) filling the tank to the 
recommended level; 6) weighing the test pieces before the start of the tests; 7) placing the sample in 
the expected time; 8) weighing the specimen; (9) removal of the specimen from the receptacle; 10) 
elimination of excess water from the immersed surface with a damp cloth; 11) sample weighing; 12) 
weight annotation; 13) check the water level in the container. 

Having carried out all the tests, the faces that were immersed in the water were measured, because not 
all the samples had the same measurement due to the undesirable imprecisions obtained in the cuts, 
which is able to influence the absorption relation/contact area. 

Following imbibition testing, the drying test was started with the ensuing procedure: 1) bench 
organization, where the reservoir would be located; 2) reservoir levelling; 3) balance calibration; 4) 
weighing of the dry test pieces before initiating the tests; 5) placement of sample in the container until 
specimen is submerged; 6) delay until saturation of sample is achieved; 7) removal of the specimen 
from the container; 8) placement of the face of the specimen in contact with the environment opposite 
the one in contact with the water slide in the imbibition test; 9) sample weighing; 10) weight 
annotation; 11) measurement of the faces exposed to the different environments. 

Two environments were used for the samples with mortar interface: Laboratory (21°C RH 50%) and 
chamber (70 °C RH 3%) and for perfect contact interface and air space only the laboratory 
environment was considered (21°C RH 50%). 

 

4.4. RESULTS AND DISCUSSION 

4.4.1. HYDRIC RESISTANCE BY GRAVIMETRIC METHOD 

Moisture transport in multilayer porous materials, with discontinuities caused by the existence of an 
interface between the materials [4.7], was analysed by two experimental methods (gravimetric method 
and gamma ray attenuation). The existence of different interface types (perfect contact, hydraulic 
contact and air space interface) influence moisture transport, when compared to a monolithic porous 
element. 

Since the goal is to address the effect of the interface in water absorption, the water resistance is 
measured immediately after the first changing point, which is the time interval of interest. The final 
measurement is performed by calculating each Hydric Resistance (RH). For the gravimetric method 
the calculation of the RH’s was obtained through Equation 4.1. 

 

  ³ �  ∆�m
∆	   (4.1) 

 

where Δt (s) and ΔMw (kg/m²) are the variation of the time and water absorption immediately after the 
knee point, respectively.  
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Fig. 4. 5 – Hydric resistance (RH) in gravimetric method 

 

As a consequence of these discontinuities in the porous structure of building materials, the interface 
causes a hydric resistance that limits the transport of moisture. The hydric resistance (RH) is 
represented by Fig. 4. 5. This measurement is calculated experimentally (during a water absorption 
test) by the slope of the mass variation curve as function of time, after the knee point. 

Fig. 4. 6 to Fig. 4. 11 display some examples of water absorption, showing differences between 
monolithic, perfect contact, hydraulic contact and air space interface curves, for the two materials. 
This experiment follows the standard ISO 15148 [4.14]. 

 

 

Fig. 4. 6 – Comparison between a monolithic sample and a sample with perfect contact, for red brick type “A”  
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Fig. 4. 7 – Comparison between a monolithic sample and a sample with perfect contact, for red brick type “B”  

 

Fig. 4. 6 and Fig. 4. 7 show that the water absorption for the samples with perfect contact, before the 
interface, exhibit similar behaviour to the monolithic samples. When the water front reaches the 
interface (at 2cm 5cm or 7cm in height), a water resistance is verified, reducing the absorption rate. 

 

 

Fig. 4. 8 – Comparison between a monolithic sample and a sample with hydraulic contact, for red brick type “A” 

 

Fig. 4. 9 – Comparison between a monolithic sample and a sample with hydraulic contact, for red brick type “B” 
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Fig. 4. 8 and Fig. 4. 9 indicate that the water absorption for the samples with hydraulic contact, before 
the interface, exhibits behaviour similar to the monolithic samples. When water reaches the interface 
(at 2cm 5cm or 7cm in height), a water resistance is verified, reducing the absorption rate. 

 

 

Fig. 4. 10 – Comparison between a monolithic sample and a sample with air space interface, for red brick type “A” 

 

 

Fig. 4. 11 – Comparison between a monolithic sample and a sample with air space interface, for red brick type “B” 

As in the previous examples, Fig. 4. 10 and Fig. 4. 11 demonstrate that water absorption for the 
samples with an air space before the interface exhibits a behaviour similar to the monolithic samples. 
When water reaches the interface (at 2cm 5cm or 7cm in height), a water resistance is verified, and 
after that it remains almost an horizontal which means that the absorption processes almost stopped. 

Table 4. 2 summarizes the experimental values of hydric resistance obtained for the perfect contact, 
hydraulic contact and air space interface tested samples. 
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Table 4. 2 – Values of hydric resistance for the perfect contact, hydraulic contact and air space interface samples 

Material Sample / (interface type) 
Hydric Resistance 

(kg/m 2s) 

Standard 

Deviation 

Coefficient 

Variation (%) 

Red brick 

Type “A” 

Perfect contact (2cm) 6.6x10-5 7.7x10-6 11.5 

Perfect contact (5cm) 4.3x10-5 12.0x10-6 27.2 

Perfect contact (7cm) 2.4x10-5 3.8x10-6 15.6 

Hydraulic contact (cement mortar at 2cm) 9.7x10-5 5.2x10-6 5.3 

Hydraulic contact (cement mortar at 5cm) 7.1x10-5 19.0x10-6 26.2 

Hydraulic contact (cement mortar at 7cm) 4.2x10-5 0.6x10-6 1.6 

Hydraulic contact (lime mortar at 2cm) 7.9x10-5 5.5x10-6 7.0 

Hydraulic contact (lime mortar at 5cm) 5.8x10-5 2.2x10-6 3.7 

Hydraulic contact (lime mortar at 7cm) 5.4x10-5 5.8x10-6 10.8 

Air space 2mm at 2cm 0.8x10-5 1.2x10-6 14.0 

Air space 5mm at 2cm 0.4x10-5 1.2x10-6 28.2 

Air space 2mm at 5cm 0.9x10-5 0.3x10-6 3.6 

Air space 5mm at 5cm 0.8x10-5 0.2x10-6 2.3 

Air space 2mm at 7cm 0.9x10-5 1.4x10-6 15.1 

Air space 5mm at 7cm 0.4x10-5 0.6x10-6 16.1 

Red brick 

Type “B” 

Perfect contact (2cm) 7.3x10-5 14.0x10-6 19.4 

Perfect contact (5cm) 5.0x10-5 3.9x10-6 7.9 

Perfect contact (7cm) 0.9x10-5 0.3x10-6 2.7 

Hydraulic contact (cement mortar at 2cm) 7.9x10-5 1.7x10-6 2.1 

Hydraulic contact (cement mortar at 5cm) 4.8x10-5 4.7x10-6 9.7 

Hydraulic contact (cement mortar at 7cm) 3.2x10-5 3.5x10-6 11.1 

Hydraulic contact (lime mortar at 2cm) 7.9x10-5 11.0x10-6 14.1 

Hydraulic contact (lime mortar at 5cm) 4.2x10-5 1.6x10-6 3.9 

Hydraulic contact (lime mortar at 7cm) 4.2x10-5 4.2x10-6 9.8 

Air space 2mm at 2cm 0.7x10-5 0.1x10-6 1.8 

Air space 5mm at 2cm 0.8x10-5 0.8x10-6 10.0 

Air space 2mm at 5cm 1.0x10-5 0.1x10-6 9.4 

Air space 5mm at 5cm 0.7x10-5 0.8x10-6 12.3 

Air space 2mm at 7cm 0.7x10-5 0.9x10-6 13.9 

Air space 5mm at 7cm 0.9x10-5 1.6x10-6 18.9 
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Analyzing Table 4.2 for the interface in perfect contact, there is a decrease in the hydric resistance 
value when the height at which the interface is positioned is increased. For ceramic A it have been 
values of approximately 6, 4, and 2 x10-5 to 2cm, a 5cm and 7cm from the base respectively, and for 
ceramic B 7, 5 and 1 x10-5 to 2cm, 5cm and 7cm from the base respectively. The values for hydric 
resistance obtained at the interface in perfect contact for Ceramic B present lower coefficients of 
variation than in the case of ceramic A. On the interface in hydraulic contact, it was found a decrease 
in the values of hydric resistance in relation to the position in which it is located. In comparison, with 
the interface in perfect contact, this decrease was less expressive. A comparison of the results between 
the two types of mortars shows no substantial difference between them, taking into account the 
coefficient of variation for each typology. Finally, with the air space interface for ceramic A, the 
thickness of 5mm consistantly obtained lower hydric resistance values than that of 2mm, which was 
not observed in ceramic B. 

4.4.1.1. Comparison of results 

The following figures presents a comparison between the obtained values from this study with those 
obtained from the literature. 

Fig. 4. 12 compares the obtained value of the hydric resistance for perfect contact, which is similar to 
that found in Guimarães et al., 2016[4.14] and Freitas, 2012[4.6], given the values obtained from the 
ceramic brick test pieces and positioned at 5cm from the base, all results were between 4-5x10-5;  
 

 

Fig. 4. 12 – Comparison between the obtained values in perfect contact with that obtained from the literature 

 

Fig. 4. 13 show that the obtained values of hydric resistance for air space here determined are similar 
to that found by Freitas [4.6] and Guimarães et al.[4.14], given the values obtained from the ceramic 
brick test pieces and positioned at 5cm from the base, all results were between 3-8x10-6; 
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Fig. 4. 13 – Comparison between the obtained values in space air with that obtained from the literature 

 

Fig. 4. 14 show that the obtained curvature shape for the specimens with mortar cement, is similar to 
that found in Guimarães et al., 2016; H. Derluyn et al., 2011; Depraetere et al., 2000[4.12][4.14] 
[4.15]. The purpose of the mortar comparison is to show that the knee point in this type of interface 
does no appear as exagerated as in the case of interfaces in perfect contact nor with air space. This 
phenomenon will be discussed and explained in detail in chapter 6. 
 

 

Fig. 4. 14 – Comparison between the obtained values with mortar cement with that obtained from the literature 

The samples with mortar interface, as previously reported, are produced by placing this mortar in the 
fresh state. As this mortar is in the fresh state the bottom block absorbs water and cement from the 
mortar (Fig. 4. 15). Fig. 4. 15 presents the new approach presented below in detail. In this analysis the 
capillary coefficient of monolithic bricks was compared with the capillary coefficient of bricks with 
hydraulic interface (Fig. 4. 15(a)), before to reach the interface (Fig. 4. 15(c)). 
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Fig. 4. 15 – a) sample with interface; b) separation between the bricks and the interface; c) the blocks before and 

after the use of a mortar cement interface  

The coefficients of capillarity obtained in samples with hydraulic contact interface, the results 
obtained with monolithic bricks (A and B) and by other authors, presented in literature (Fig. 4. 16), are 
described in Table 4. 3. 

 

Fig. 4. 16 – Values of the capillarity coefficients for bricks before and after the employment of the cement mortar 

interface. 

Table 4. 3 – Comparison of the values for the capillarity coefficients for the monolithic bricks before of cement 

mortar interface 

Material A (kg.m -².s-0.5) 
(Monolithic brick)  

A (kg.m -².s-0.5)  
(brick before the interface))  

Influence of 
interface  

Ceramic A 0.100 0.087 -13% 
Ceramic B 0.190 0.110 -42% 

T. Rego [4.16] 0.068 0.042 -38% 
Depraete et al. [4.15] 0.184 0.165 -10% 

H. Derluyn et al. [4.12] 0.116 0.138 18% 

 

Depraetere et al.[4.15] (2000) and T. Rego (2014)[4.16] observed that there is a change in the 
capillarity coefficient before the corner of the cement mortar interface. This occurs due to the fact that, 
when one employs a fresh mortar between the dry ceramic blocks, there is an absorption of water and 
cement which is in the mortar, making the capillarity coefficient of the brick decrease when compared 
with the isolated brick. Derluyn et al. (2011)[4.12], for example, observed a different behaviour, where 
in the same conditions there was an increase of the capillarity coefficient of the tested blocks. 
Apparently, it is possible to conclude from these different results from literature that there is a change 
in capillarity coefficient in the blocks which are in contact with the mortar. 

In conclusion, from this research, it is possible to draw the following conclusions: 
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� The water absorption rate is related to the position of interface height, increasing by more 
than 10% for red brick type “B” and above 8% for red brick type “A”. This phenomenon 
was not observed in samples with perfect contact interface;   

� The difference between the monolithic samples tested and the samples with hydraulic 
contact (cement mortar and lime mortar) is the decrease of the absorption rate observed in 
the samples with hydraulic contact; 

� The samples with hydraulic contact interface with cement mortar present lower 
absorption rates than the samples with lime mortarar; 

� The situation where absorption reaches the value of the monolithic test result is with an 
interface of hydraulic contact with lime mortar; 

� The highest value of hydric resistance was obtained with an interface of hydraulic contact 
with cement mortar; 

� The two materials tested with air space interface show an initial constant absorption rate 
and, when the humidity reaches the interface, a very slow absorption; 

� The air space interfaces increase significantly capillary coefficients, as the distances from 
the contact with water increase; 

� In perfect contact interfaces, some values were discarded due to the fact that after the 
knee, the absorption curve assumes constant values. However, a perfect physical contact 
is difficult to achieve. In fact, the interface of an imperfect contact is characterized by a 
combination of air contact and natural contact conditions. 

 

4.4.2. HYDRIC RESISTANCE BY GAMMA RAY METHOD 

A moisture measuring device based on the non-destructive method of gamma ray attenuation 
(presented in 2.3.4) was used to study moisture transfer and to obtain moisture content profiles in two 
samples of red brick - types “A” and “B” - with different sectional area, density and interfaces types: 
contact perfect, air space and hydraulic contact. 

Fig. 4. 17 to Fig. 4. 22 present the moisture content profiles along the thickness of the samples tested 
with gamma ray attenuation (HUMIGAMA VF equipment). It is possible to observe that the existence 
of an interface between two layers causes a water resistance with a consequent delay in imbibition. In 
a few minutes the first layer reaches a moisture content close to saturation but the second layer, 
because of the different types of interface, behaves differently. In the perfect contact, the second layer 
is conditioned by the water resistance as occurs with lime mortar. With the air space, the second layer 
converges to the hygroscopic humidity and with the cement mortar, the interface prevents the transport 
of moisture functioning as a hydric cut. 

There are some results that should be repeated in a future work. For example, in Fig. 4. 18, where the 
discontinuity is observed, a different concavity of some curves obtained was expected. In addition, in 
Fig. 4. 17 to Fig. 4. 22, it is possible to observe some outliers that were not expected. However, the 
heterogeneity of the materials tested can explain the existence of the outliers observed. 
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Fig. 4. 17 – Moisture content along the thickness of monolithic samples of red brick type “A and B” 
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 a) Contact perfect  b) Air space 

 

 

 

Fig. 4. 18 – Moisture content along the thickness of red brick type “A” samples with interface: a) Perfect Contact 

and b) Air Space at 2, 5 and 7cm 
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 a) Contact perfect  b) Air space  

 

 

 

Fig. 4. 19 – Moisture content along the thickness of red brick type “B” samples with interface: a) Perfect Contact 

and b) Air Space at 2, 5 and 7cm 
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When comparing the profiles, at the same point of analysis, of the perfect contact interface and the air 
space interface it is possible to conclude that: 

  
Fig. 4. 20 – Comparing the profiles at the same point analysis 

• For ceramics “A”: 

- The blocks with a 2 cm interface, the water front, when in perfect contact, reached the 5 
cm height at the end of 3 hours, while the blocks with an air space interface, the same 
results only occurred after 72 hours; 

- The blocks with a 5 cm interface, the water front, when in perfect contact, reached the 
entire specimen (10 cm) within 24 hours, while the blocks with an air space interface, 
after 72 hours the water front was still found at 8 cm; 

- The blocks with a 7 cm interface, when in perfect contact, total saturation occured within 
26 hours, and in the case of the air space interface, the water front reached the 10 cm 
section of the specimen after 72 hours; 

• For ceramics “B”: 

- For blocks with 2 cm interface, the water front, when in perfect contact, reached the 8 cm 
section after 48 hours. On the other hand, for the space air interface, after 48 hours the 
water front was found at the 5.5 cm section; 

- For the blocks with 5 cm and 7 cm interface, the water front in both sides (perfect contact 
and space air interfaces) presented a similar behaviour up to 72 hours of test duration; 

Table 4. 4 and Table 4. 5 present a comparison between the velocities of moisture front progression of 
different interfaces (perfect contact and air space). 

Table 4. 4 – Comparison of the velocity (m/s) of progression of the moisture front after the transition from the 

perfect contact interface to the air space interface (Ceramics “A”) 

Interface type 
(Cerâmica A) Perfect Contact Air space 

Interface level 2cm 5cm 7cm 2cm 5cm 7cm 

Time interval after the 
interface transition (h) 3h 24h 26h 72h 72h 72h 

Measured distance 
after the interface 

transition (cm) 
5cm 5cm 3cm 5cm 3cm 3cm 

Velocity (m/s) of 
progression after the 
interface transition 

(m/s) 

4.6x10-6 5.7x10-7 3.2x10-7 1.9x10-7 1.1x10-7 1.1x10-7 
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Table 4. 5 – Comparison of the velocity (m/s) of progression of the moisture front after the transition from the 

perfect contact interface and the air space interface (Ceramics “B”) 

Interface Type 
(Ceramics “B”) Perfect Contact Air space 

Interface level 2cm 5cm 7cm 2cm 5cm 7cm 

Time interval after the 
interface transition (h) 48h 72h 72h 48h 72h 72h 

Measured distance 
after the interface 

transition (cm) 
6cm 5cm 3cm 3.5cm 5cm 3 

Velocity (m/s) of 
progression after the 
interface transition 

(m/s) 

3.5x10-7  1.9x10-7 1.1x10-7 2.0x10-7 1.9x10-7 1.1x10-7 

 

From Table 4. 4 and Table 4. 5, it is possible to conclude that the speed of moisture surface progress, 
after the transition between interfaces in the specimens in perfect contact, in ceramic A the transfer of 
water in air space is clearly slower than with in perfect contact. In ceramic B, both interfaces present 
approximately the same speed of progress.  
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 a) Cement mortar  b) Lime mortar  

 

 

 

Fig. 4. 21 – Moisture content along the thickness of red brick type “A” samples with interface: a) interface of 

cement mortar and b) lime mortar at 2, 5 and 7cm 
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 a) Cement mortar  b) Lime mortar  

 

 

 

Fig. 4. 22 – Moisture content along the thickness of red brick type “B” samples with interface: a) interface of 

cement mortar and b) lime mortar at 2, 5 and 7cm 

 

 

0.02 m

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
(k

g
/k

g
)

X (m)

0,08h 0,17h

0,25h 0,5h

2h 4h

5h 6h

7h 22h

24h 26h

46h 48h

72h

Ceramic Block B (wetting)
Hydraulic contact at 2 cm

Cementitious mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (

K
g

/k
g

)

X (m)

0,08h 0,17h

0,25h 0,5h

1h 3h

5h 22h

24h 46h

48h

Ceramic Block B (wetting)
Hydraulic contact at 2 cm

Lime mortar

0.02 m

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (
K

g
/k

g
)

X (m)

0.08h 0.17h

0.25h 0.5h

1h 2h

3h 3h

5h 8h

6h 7h

22h 24h

46h 48h

72h

Ceramic Block B (wetting)
Hydraulic contact at 5 cm

Cementitious mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (

K
g

/k
g

)

X (m)

0,08h 0,17h

0,25h 0,5h

1h 2h

3h 3h

5h 7h

22h 24h

46h 48h

50h

Ceramic Block B (wetting)
Hydraulic contact at 5 cm

Lime mortar

0.07 m

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (

K
g

/k
g

)

X (m)

0,08h 0,17h

0,25h 0,5h

1h 2h

3h 5h

22h 24h

46h 72h

Ceramic Block B (wetting)
Hydraulic contact at 7 cm

Cementitious mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (

K
g

/k
g

)

X (m)

0,08h 0,17h

0,25h 0,5h

1h 2h

3h 3h

5h 22h

24h 46h

72h

Ceramic Block B (wetting)
Hydraulic contact at 7 cm

Lime mortar



Interface Influence on Moisture Transport in Building Components 

 

104 

When comparing the two profile types in hydraulic contact (mortar cement and lime mortar), the 
following stands out: 

 

Fig. 4. 23 - Comparing the profiles at the same point analysis in hydraulic contact 

 
• For ceramics “A”: 

- - In the case of the blocks with a 2 cm interface, the water front in the specimens with 
cement mortar, after 72 hours, did not reach the 10 cm level. On the other hand, with lime 
mortar the 10 cm level was reached after 46 hours; 

-  In the case of the blocks with a 5 cm interface, the water front of the specimens with 
cement mortar reach the entire specimen after 48 hours and until 72 hours, while with the 
lime mortar, the same occurred before the 22-hour time mark; 

- In the case of the blocks with a 7 cm interface, the water front of the specimens with 
mortar cement reach the 10 cm level within 26 hours and with lime mortar before the 22-
hour time mark; 

 

• For ceramics “B”: 

- In the case of the blocks with a 2 cm interface, the water front in the specimens with 
mortar cement reached the 8 cm level between the 48 hour and the 72-hour time step. On 
the other hand, with the lime mortar, this level was reached after 48 hours; 

- In the case of the blocks with a 5 cm interface, the water front of the specimens with 
mortar cement reached the entire surface extension between 24 hours and 48 hours, while 
in the specimens with lime mortar the same occurred after 22 hours; 

- In the case of the blocks with a 7 cm interface, the water front of the specimens with 
cement mortar reached the 10 cm level within 46 hours. For the specimens with lime 
mortar, the same occurred before the 22-hour time step. 

 

Table 4. 6 and Table 4. 7 present a comparison between the velocities of moisture surface progression 
of different hydraulic interfaces (cement lime and mortar lime). 
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Table 4. 6 – Comparison of the velocity (m/s) of moisture surface progression of different hydraulic interfaces 

(cement mortar and lime mortar), for Ceramic “A” 

Interface type 
(Ceramic A) Cement mortar Lime mortar 

Interface level 2cm 5cm 7cm 2cm 5cm 7cm 

Time interval after 
the interface 
transition (h) 

72h 48-72h 26h 46h 22h 22h 

Measured distance 
after the interface 

transition (cm) 
6cm 5cm 3cm 8cm 5cm 3cm 

Velocity (m/s) of 
progression after 

the interface 
transition (m/s) 

2.3x10-7 2.9 -
1.9x10-7 

3.2x10-7 4.8x10-7 6.3x10-7 3.8x10-7 

 

Table 4. 7 – Comparison of the speed (m/s) of progression of the humidity surface after the transition from the 

cement mortar to the lime mortar (Ceramics “B”) 

Interface type 
(Ceramic B) Cement mortar Lime mortar 

Interface level 2cm 5cm 7cm 2cm 5cm 7cm 

Time interval after 
the interface 
transition (h) 

48 - 72h 24 - 48h 46h 48h 22h 22h 

Measured distance 
after the interface 

transition (cm) 
6cm 5cm 3cm 6cm 5cm 3cm 

Velocity (m/s) of 
progression after 

the interface 
transition (m/s) 

3.5 – 
2.3x10-7 

5.6 – 
2.9x10-7 1.8x10-7 3.5x10-7 6.3x10-7 3.8x10-7 

 

From Table 4. 6 and Table 4. 7, it is possible to conclude that the velocity of moisture surface progress, 
after the transition interface in the specimens with cement mortar is within 1.8×10-7 m/s and 5.6×10-7 
m/s, while in the specimens with lime mortar is within 3.5×10-7 m/s and 6.3×10-7 m/s. In the 
HUMIGAMA humidity profiles, the transfer of water from the cement mortar interface is slower than 
in the lime mortar interface. 
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4.4.2.1 Theory Hydric Resistance Determined by Gamma Ray Method 

This sub-section present the hydric resistance values determined by gamma ray method. Fig 4.21 
shows an example of the moisture profiles obtained during the imbibition process, for different times. 
It was used the moisture profiles measured with HUMIGAMA device, and the calculation of RHt by 
the following equation 

 

  ³	 �  ��jS[ ∑ �µf`dµ¶j·d �S�f
[  (�¸S_ − �¸) (4.2) 

 

 

Fig 4.21 – Example of moisture profile curves during an imbibition process. 

 

As the mathematical functions that describe the moisture profiles curves are unknown, we used the 
experimental points associated to each curve to determine the integral by trapezoidal (Equation 4.2) 
rule in order to avoid the total amount of water that passes through the interface (i.e., the amount of 
water that passes at a given time minus the amount of water passed at the previous instant is 
calculated).  

Table 4.8 presents the RH values obtained for by Gamma-ray method.  
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Table 4.8 Hydric resistance values determined gamma-ray method. 

Material Sample / (interface type) Gamma-ray method  

Red brick Type “A” 

Perfect contact (2cm) 8.7x10-5 

Perfect contact (5cm) 3.9x10-5 

Perfect contact (7cm) 1.6x10-5 

Hydraulic contact (cement mortar at 2cm) 1.8x10-5 

Hydraulic contact (cement mortar at 5cm) 4.4x10-5 

Hydraulic contact (cement mortar at 7cm) 7.6x10-5 

Hydraulic contact (lime mortar at 2cm) 4.5x10-5 

Hydraulic contact (lime mortar at 5cm) 2.2x10-5 

Hydraulic contact (lime mortar at 7cm) 1.6x10-5 

Air space 2mm at 2cm 0.6x10-5 

Air space 5mm at 2cm 0.5x10-5 

Air space 2mm at 5cm 0.8x10-5 

Air space 5mm at 5cm 1.4x10-5 

Air space 2mm at 7cm 0.7x10-5 

Air space 5mm at 7cm 0.2x10-5 

Red brick Type “B” 

Perfect contact (2cm) 4.1x10-5 

Perfect contact (5cm) 0.7x10-5 

Perfect contact (7cm) 1.8x10-5 

Hydraulic contact (cement mortar at 2cm) 3.5x10-5 

Hydraulic contact (cement mortar at 5cm) 2.9x10-5 

Hydraulic contact (cement mortar at 7cm) 5.1x10-5 

Hydraulic contact (lime mortar at 2cm) 4.1x10-5 

Hydraulic contact (lime mortar at 5cm) 3.3x10-5 

Hydraulic contact (lime mortar at 7cm) 3.2x10-5 

Air space 2mm at 2cm 1.1x10-5 

Air space 5mm at 2cm 1.1x10-5 

Air space 2mm at 5cm 1.3x10-5 

Air space 5mm at 5cm 1.5x10-5 

Air space 2mm at 7cm 3.9x10-5 

Air space 5mm at 7cm 0.7x10-5 
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Finally, it is interesting to present a comparison between the gravimetric method and gamma ray 
attenuation technique:  

• In monolithic samples, water is continuously absorbed to the maximum, i.e. until the top 
surface is reached; 

• It is possible to observe that the damp front velocity presents a relation with water 
absorption coefficient (Aw). Comparing the two ceramic brick samples (“A” and “B”) 
with the different dimensions (4x4x10 and 5x5x10cm³) and considering the damp front 
obtained with ceramic brick type "B", which exhibits an higher value of  water absorption 
coefficient, reaches the face in contact with the environment (at 10cm) in a shorter time 
period. On the other hand, it should be stated that the effect of the wall´s thickness has to 
be carefully considered. In fact, the damp front increases with the wall thickness, 
following approximately a function of the square-root of this thickness (Freitas et al., 
2012[4.5][4.4] and Guimarães et al., 2012). 

• In samples with perfect contact, the absorbed water is lower than in monolithic samples 
and the discontinuity is clearly identified. It is possible to observe that for higher 
positions of the interface, the water absorbed is greater. This was quantified by the 
gravimetric method and the results of the gamma ray attenuation technique showed a 
higher water absorption in the first layer; 

• The results with hydraulic contact interface (cement mortar) samples present lower 
absorption rate than the samples with lime mortar, for all techniques used. The interface 
of hydraulic contact of lime mortar is the only situation where the final absorption 
reaches the value of the monolithic test results; 

• The results of the air space interface samples showed, after the interface, that the water 
absorbed is almost zero in gravimetric method. In the gamma ray attenuation technique, it 
stays close to the equilibrium water content, which means the same. 

 

4.5. CHAPTER SYNTHESIS 

This chapter presents the results of experimental campaign and a critical analysis of water absorption 
processes. This analysis presented is comprised of samples of red brick with different densities, with 
and without joints at different height positions and different contact interface configurations, using two 
experimental methods: gravimetric method and gamma ray attenuation. A moisture measuring device 
based on the non-destructive method of gamma ray attenuation was used to study the moisture 
transfer. In this experiment, moisture content profiles in samples of red brick, type “A” and “B”, was 
obtained with two sectional area and density. 

The results show that when the moisture reaches the interface there is a slowing of the wetting process 
due to the interfaces hydric resistance. The samples with hydraulic contact interface cement mortar 
present lower absorption rates than the samples with lime mortar. The only situation where final 
absorption reaches the value of the monolithic test result was with an interface of hydraulic contact 
lime mortar and the highest value of hydric resistance was obtained with an interface of hydraulic 
contact of cement mortar. 

It was possible to observe the influence of air space between layers. If the layers of consolidated 
materials are separated by an air space interface, an initial constant absorption rate was observed 
instead of a very slow absorption when the water reaches the interface. The air space interfaces 
increase the coefficients of capillary significantly, as the distances from the contact with water 
increase. 
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5  
INTERFACE INFLUENCE ON MOISTURE TRANSPORT 

DURING THE DRYING PROCESS  
 

 

5.1. SUMMARY 

The study of drying kinetics of building materials is very relevant to avoid damage in the construction 
industry, taking into account that the drying process plays an important role in the available humidity, 
inside the material and on its surface. Drying can be defined as the process by which water leaves a 
porous building material. Knowledge and understanding of this process is necessary to predict the 
performance of those materials in use. 

In this experimental study, the interface influence on the drying process of multilayer ceramic blocks 
with perfect contact, air space and hydraulic contact (cement and lime mortar) at different heights was 
analysed. The results showed an increase in the drying time constant for the materials with interface 
compared to monolithic materials. In addition, the farther away the interface is located from the base, 
the longer the drying time constant. The interface significantly retarded the flow of moisture transport. 
i.e., the discontinuity of moisture content across the interface, which indicated that capillary transport 
deviates from the classical capillary transport in a homogeneous material. 

 

5.2. INTRODUCTION 

Several empirical and semi-empirical models are presented, in literature, to describe the drying 
process of porous materials, especially for food and chemical industries [5.1][5.2][5.3], where this 
phenomenon is fundamental. 

Related to the field of civil engineering, several authors have studied multi-layered walls mainly with 
perfect contact interfaces [5.4][5.5][5.6]. The hypothesis of perfect contact implies, in most cases, that 
the interface will be considered to have no effect on moisture transport [5.7]. However, related to 
models with imperfect contact, literature is less abundant. Freitas et al. [5.8] studied the interface 
influence on the drying kinetics of samples of cellular concrete and red brick. Derdour et al. [5.9] 
analysed the effect of thickness, porosity and the drying conditions of several building materials on the 
drying time constant. The authors concluded that the relationships corresponding to the characteristic 
drying curve obtained for thick components depend on the initial conditions. On the other hand, they 
observed a strongly dependence of the thicknesses and various plaster textures on the characteristic 
drying curve obtained. Bednar [5.10] studied the influence of the following properties: material size 
and insulation, and climate conditions on the liquid moisture transport coefficient during drying 
experiments. Karoglou et al. [5.11] evaluated the effect of environmental conditions, such as air 
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temperature, air relative humidity and air velocity, on the drying performance of 4 stone materials, 2 
bricks and 7 plasters. The authors showed that the parameters of the model proposed were affected 
strongly by the material and the drying air conditions. 

The transfer of moisture in buildings is usually modeled using a "diffusion" approach, because the 
different transport mechanisms are combined into a single moisture diffusivity that depends on the 
moisture content. In recent years several methods have been presented in the literature [5.12] to 
simplify the determination of moisture diffusivity from measurements of the water profile content 
(using the gamma or nuclear magnetic resonance (NMR) method), such as the Boltzmann transform or 
the flow gradient method. 

In this chapter, the influence on the drying process of ceramic blocks, with different interfaces types at 
different heights, is analysed. The variation observed in the drying time constants for the materials 
with interface (at different interface heights), comparatively to the monolithic materials, is presented, 
as the influence of each interface type.  

 

5.3. THEORY 

5.3.1. DRYING KINETICS AND MODELLING 

Thin-layer equations can be classified into empirical, semi-empirical and theoretical equations [5.13]. 
These are generally linear, power, exponential, Arrhenius or Logarithmic types. A common semi-
empirical equation that describes the drying process is: 

 

 �  �  �i��
�bi��

= h�'i	f
	¹º

 (5.1) 

 

where MR is the moisture ratio (dimensional), w is the total moisture content (in kg/m³), w∞ is the 
equilibrium moisture content (in kg/m³)  after the drying process, w0 (kg/kg) is the initial moisture 
content in the beginning of the drying process (in kg/m3), t  is the time (h), n is the empirical 
coefficient of model (dimensional) and tc is the drying time constant (h) (K=1/tc where K (h-1) is the 
drying constant). 

Over the last years, it has been possible to find in literature several studies carried out related to drying 
kinetics [5.14][5.15][5.16][5.17][5.18][5.19]. The first kinetic model developed was the Newton 
model. Eq. (5.1) with n=1, obtained by simplifying Fick's second law. Through the Newton model, 
studies have emerged where new models have been designed for different materials, as described in 
Table 5. 1 which presents an exhaustive list of empirical and semi-empirical models found in the 
literature. 

The experimental drying curves presented in this study were fitted with the models described in Table 
5.1 and regression analyses of these equations were done by using STATISTICA routine (see table 
Table 5. 2 to Table 5. 4 the most suitable approximation). The regression coefficient (R2) was the 
primary criterion for selecting the best equation to describe the drying curves of tested materials. The 
performance of derived new models was evaluated using different statistical parameters such as the 
mean bias error (MBE), the root mean square error (RMSE) and chi-square (χ2), in addition to the 
regression coefficient (R2). These parameters can be calculated as following: 
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where MR is the moisture ratio. 

Table 5. 1 – Thin layer drying models tested for modelling 

Model name  Model equation  

Newton [5.14][5.15] ct / tMR e−=  

Page [5.14][5.15] 
n

ct / tMR e−=  

Modified Page [5.14] ( )n
ct / tMR e−=  

Henderson and Pabis [5.14][5.15] ct / tMR a.e−=  

Two-term model [5.14][5.15] 1 2c ct /t t/tMR a.e b.e− −= +  

Diffusion approach or Two-term 

exponential [5.14][5.15] 
1 2(1 )c ct/t t/tMR a.e a .e− −= + −  

Henderson and Pabis modified [5.18] 1 2 3c c ct /t t/t t /tMR a.e b.e c.e− − −= + +  

Logarithmic [5.14][5.15] ct /tMR a.e c−= +  

Midilli-Kucuk [5.15] 
n

ct / tMR a.e b.t−= +  

Thompson [5.17] ( ) ( )[ ]2lnln MRbMRat +=  

Wang and Singh [5.14] 
21MR a.t b.t= + +  

Weibull distribution [5.18] ( )n
ct .tMR e−=  

Aghbashlo et al. [5.16] 
( )( )1 21c ct / t / t / t

MR e
+=  

Verma et al. [5.14][5.15] ( )1 21c ct / t t / tMR a.e a e− −= + −  

Vega and Lemus [5.19] ( )2

cMR a t / t= +  

Hii et al. [5.14][5.15] ( ) ( )1 2
n n

c ct / t t / t
MR a.e b.e

− −= +  

 

5.4. RESULTS AND DISCUSSION 

5.4.1. DRYING EXPERIMENTS / DRYING KINETICS 

The experiments to determine the interface influence in ceramic blocks on the drying kinetics were 
performed at constant conditions of relative humidity and temperature. For the drying test, the 
specimens were immersed in a recipient containing water where they stayed until reaching the 
saturation point. To measure the drying time of the specimens, two different environments for the 
specimens containing mortar interface was elaborated. Only one type of interface was chosen 
(hydraulic contact), with the objective to verify that when the drying speed increases there is an 
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increase in the resistance of the interface. First, these specimens were exposed to environments under 
temperatures of 20ºC and 50% RH and later were placed inside a hermetic box with a temperature of 
70ºC and 3% RH. The specimens with air space interface and perfect contact were subjected only to 
the first environmental conditions. It is important to highlight that between the first and the second 
environmental conditions, the specimens with hydraulic contact interface were immersed inside a 
recipient filled with water up to the saturation point again.  

The tested samples had an approximate size of 4.0x4.0x10 cm3 (ceramic block A) and 5.0x5.0x10 
cm3 (ceramic block B) as was the case in Chapter 4 for the absorption tests. The samples’ faces were 
completely sealed, with an epoxy material, except the upper face. (Fig. 5. 1). 

  

  

Fig. 5. 1 – Drying models tested 

 

The samples used in the drying process were the same ones used in the absorption phase, which only 
needed the waterproofing on the underside (Fig. 5.1). In this study (drying kinetics analysis), three 
different interface heights were analyzed (at 2 cm from the base, at 5 cm, and at 7 cm). 

To perform these experiments, a climatic chamber was used to guarantee adequate climatic conditions 
over extended periods of time, namely to control the temperature and relative humidity. Both 
parameters could be independently set to constant values. A precision balance was located inside the 
climatic chamber and the mass change was registered continuously by a computer. 

The drying semi-empirical models presented in Table 5. 1 were used to describe drying curves and the 
experimental results obtained for the ceramic block tested are presented in Table 5. 2. The semi-
empirical models selected to drying analysis were the ones who gathered better results. The criterion 
used for selecting the models that better describe the drying process was the magnitude of the relative 
error for each one (see equations 5.2). 
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Table 5. 2 – Results of the statistical analyses obtained with several tested drying models 

Sample T 

(ºC) 

RH 

(%) 

   Error (%)    

Newton  Page Page Mod  Logarit. Midilli et al.  
Hend.-

Pabis  

A Monolithic 20 50 7.81% 4.46% 7.81% 0.37% 1.05% 7.41% 

A PC at 2cm 20 50 5.85% 3.73% 5.85% 0.43% 0.78% 5.51% 

A PC at 5cm 20 50 7.18% 2.70% 7.18% 0.21% 0.51% 6.12% 

A PC at 7cm 20 50 10.47% 2.70% 10.47% 0.31% 0.58% 8.05% 

B Monolithic 20 50 1.83% 3.96% 2.06% 0.62% 2.85% 2.29% 

B PC at 2cm 20 50 3.88% 7.50% 4.65% 1.26% 4.60% 4.88% 

B PC at 5cm 20 50 23.83% 16.40% 31.94% 12.71% 12.78% 28.87% 

B PC at 7cm 20 50 81.13% 70.40% 102.77% 0.45% 66.40% 93.85% 

Sum  141.9% 111.8% 172.7% 16.3% 89.5% 156.9% 

 

According to the results of Table 5. 2, the logarithmic model presented the best results (see the errors 
sum). Table 5. 3 and Table 5. 4 show the drying time constant and the drying constant obtained. 

Table 5. 3 – Values of drying constant obtained for the best fitted models 

Sample T 

(ºC) 

RH 

(%) 

   K (h-1)   

Newton  Page Page Mod  Logarit. Midilli et al  
Hend.-

Pabis  

A Monolithic 20 50 0.004 0.012 0.004 0.006 0.009 0.004 

A PC at 2cm 20 50 0.004 0.009 0.004 0.005 0.005 0.004 

A PC at 5cm 20 50 0.004 0.012 0.004 0.005 0.008 0.003 

A PC at 7cm 20 50 0.003 0.013 0.003 0.005 0.009 0.003 

B Monolithic 20 50 0.003 0.002 0.003 0.004 0.001 0.003 

B PC at 2cm 20 50 0.003 0.002 0.003 0.004 0.001 0.003 

B PC at 5cm 20 50 0.002 0.007 0.003 0.003 0.003 0.003 

B PC at 7cm 20 50 0.002 0.009 0.003 0.002 0.009 0.002 

Table 5. 4 – Values of drying time constant obtained for the best fitted models 

Sample T 

(ºC) 

RH 

(%) 

   tc (h)   

Newton  Page Page Mod  Logarit. Midilli et al  
Hend.-

Pabis  

A Monolithic 20 50 224.9 84.1 224.9 161.0 116.4 236.3 

A PC at 2cm 20 50 247.2 110.0 247.2 185.6 184.0 258.6 

A PC at 5cm 20 50 264.6 86.9 264.6 191.9 124.2 287.5 

A PC at 7cm 20 50 305.5 74.1 305.5 202.6 114.8 349.0 

B Monolithic 20 50 331.3 556.1 323.8 267.2 958.0 312.8 

B PC at 2cm 20 50 355.6 547.3 340.5 271.6 1231.9 336.0 

B PC at 5cm 20 50 408.2 138.3 347.5 312.5 329.4 365.9 

B PC at 7cm 20 50 418.9 110.0 383.8 416.0 107.4 421.1 
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Fig. 5. 2 (for ceramic block A) and Fig. 5. 3 (for ceramic block B) show the changes in the moisture 
ratio (MR) with time during the drying process, at 20º C and RH=50%, for monolithic and perfect 
contact. It is also possible to see the flux along the time for the same cases. 

 

 

 

 

Fig. 5. 2 – Experimental values of the moisture content and flux mass, of ceramic block A, versus drying time, for: 

a) monolithic sample; b) sample with perfect contact at 2cm; c) sample with perfect contact at 5cm and d) sample 

with perfect contact at 7cm  
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Fig. 5. 3 – Experimental values of the moisture content and flux mass, of ceramic block B, versus drying time, for: 

a) monolithic sample; b) sample with perfect contact at 2cm; c) sample with perfect contact at 5cm and d) sample 

with perfect contact at 7cm 
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As expected, the results show an increase in drying times for materials with perfect contact interface, 
compared to the monolithic materials; and show that the further away from the base the interface is 
located, the greater is the drying time constant. 

To more fully describe the normalization adopted for the following figures, it is presented, in Table 5. 
5 and Table 5. 6, for the weighing difference and HUMIGAMA tests, the procedure adopted. 
Normalizing the graphs presented fom Fig. 5. 4. to Fig. 5. 7, it is possible to compare the two methods 
studied (HUMIGAMA and weighing difference). 

Table 5. 5 - Example of normalization for the calculation of MR by weighing difference 

The initial moisture content in the beginning of the drying process (w0) (kg) 0.35624 
The equilibrium moisture content after drying process (w∞) (kg) 0.31616 

W (The total moisture content) (kg) Time (hours) 
Moisture ratio ((kg/kg), 

MR = (w - w∞) / (w0 - w∞) 
0.356235 0.0 1.00 
0.355947 3.0 0.99 
0.355544 5.0 0.98 

... … … 
0.323079 672.0 0.17 
0.321753 888.0 0.14 
0.320784 1224.0 0.12 

 

Table 5. 6 - Example of normalization for the calculation of MR by HUMIGAMA 

The first average amount of moisture content in the beginning of the drying 
process (wmax) (kg/kg) 

0.151 

Wmed (average of the amount of 
moisture in the entire sample) 

(kg/kg) 
Time (hours) 

Moisture ratio ((kg/kg), 
MRmed = Wmed/Wmax 

0.151 3.0 1.00 
0.150 5.0 0.99 
0.149 24.0 0.99 

... … … 
0.047 504.0 0.31 
0.047 672.0 0.31 
0.042 840.0 0.28 
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Fig. 5. 4 – Effect of perfect contact interface on moisture content for ceramic block A and ceramic block B, 

comparing of the HUMIGAMA vs weighing test 
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Fig. 5. 5 – Effect of air space interface on moisture content for ceramic block A and ceramic block B, comparing of 

the HUMIGAMA vs weighing test 
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Fig. 5. 6 – Effect of hydraulic lime mortar and cement mortar interface on moisture in ceramic block A, comparing 

of the HUMIGAMA vs weighing test 
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Fig. 5. 7 – Effect of hydraulic lime mortar and cement mortar interface on moisture in ceramic block B, comparing 

of the HUMIGAMA vs weighing test  
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From Fig. 5. 4 to Fig. 5. 7 show similarity in the results obtained, validating the two methods and 
ensuring that there is an increase in the drying time constant for interfaced materials compared to 
monolithic materials, and the further away from the base the interface is located, the longer the time of 
constant drying process. In resume, the interface could significantly retard the moisture transport, i.e., 
the discontinuity of moisture content across the interface indicated that there was a difference in 
capillary pressure across the interface. 

 

5.4.2. COMPARISON OF MOISTURE PROFILES OBTAINED DURING THE WETTING AND DRYING PROCESSES 

HUMIGAMA has as one of its advantages the possibility to obtain moisture profiles along the 
thickness of the sample, allowing to know the distribution of the moisture content, for this purpose the 
monolithic samples, comparing these with samples having perfect contact, air space and hydraulic 
contact interface (cement and lime mortar) (with different interface locations). Fig. 5. 8 presents the 
moisture content profiles along the specimen thickness for the monolithic samples tested with gamma 
ray attenuation in drying and wetting processes.  
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Fig. 5. 8 – Moisture content of monolithic samples (ceramic block A an B), during the wetting and drying 

processes  
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Fig. 5. 8 shows that in a single piece of ceramic block the wetting process (used only for comparison, 
see Guimarães et al. [5.20]) and the drying process present different behaviors, that is, during the 
drying process it is possible to observe a homogeneous drying. More precisely, the moisture profiles 
become progressively flatter as the drying proceeds, i.e., the moisture content is uniformly distributed 
over the specimen thickness and is homogeneously decreased. In addition, since no evaporation front 
is present, it can be assumed that this experiment corresponds to the 1st drying phase and that moisture 
is transferred by capillary forces [5.21]. Evaporation occurs first in the larger pores and then in the 
smaller ones.   

 

5.4.3. INTERFACE INFLUENCE 

5.4.3.1. Perfect Contact  

Fig. 5. 9 and Fig. 5. 10 show some examples of the perfect contact interface influence on the wetting 
and drying processes. As for monolithic samples, the moisture content is evenly distributed over the 
specimen thickness and decreases homogeneously. As observed in section 5.4.2. the gamma ray results 
showed an increase in the drying time constant for the materials with perfect contact interface 
comparatively to the monolithic materials, and that the further away from the base the interface is 
located, the longer the drying time constant [5.20]. 
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Wetting Drying 200C RH 50%  

  

 

   

 

  

 

Fig. 5. 9 –Moisture content along the thickness, for samples of ceramic block A, with perfect contact, during the 

wetting and drying processes, at 2, 5 and 7 cm 
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Wetting Drying 200C RH 50%  

  

 

  

 

  

 

Fig. 5. 10 – Moisture content along the thickness, for samples of ceramic block B, with perfect contact, during the 

wetting and drying processes, at 2, 5 and 7 cm  

 

5.4.3.2. Air Space Interface 

In air space, its interface influence on wetting and drying processes will be illustrated from Fig. 5. 11 
and Fig. 5. 12. The moisture content  is evenly distributed over the specimen thickness and decreases 
homogeneously, like monolithic samples. Compared to this kind of sample (monolithic), the results 
obtained in section 5.4.2. (gamma ray) presented an increase of the drying time constant for the 
materials with air space, which means that the drying process is more slowly with air space interface. 
Moreover, the further the interface is from the base, the more the constant drying time increases [5.20]. 
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Wetting Drying 200C RH 50%  

  

 

  

 

  

 

Fig. 5. 11  – Ceramic block A, with air space interface, at 2, 5 and 7 cm 
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Wetting Drying 200C RH 50%  

  

 
 
 
 

  

 

  

 

Fig. 5. 12 – Ceramic block B, with air space interface, at 2, 5 and 7 cm 

5.4.3.3. Hydraulic Contact - Cementitious mortar 

As shown by C. Nunes (2017)[5.22], the changing of porosity in mortar near the brick-mortar 
transition zone can be attributed to the flow of water from fresh brick during the bonding process. In 
the beginning, small binder particles can be transported to the mortar-brick interface and the plaster 
becomes more compact (enriched in the binder agent) in the interface [R.S. Boyton, 1980[5.23], 
Brocken [N. Shahidzadeh-Bonn, 2007[5.24], C. Nunes et al 2014[5.25] studied the phenomenon of 
water from a cement-to-brick grout and water retention of the plaster, i.e. the amount of water retained 
by fresh plaster. Figures 5.13 and 5.14 present the hydraulic contact interface influence in regard to 
wetting and drying processes. Such as previously mentioned monolithic samples, the moisture content 
is equally distributed over the specimen thickness and decreases homogeneously. As mentioned 
before, the gamma ray results of the materials with hydraulic contact interface showed an increase in 
the drying time constant, when compared to the monolithic materials, and that the further away from 
the base the interface is located, the greater the constant drying time [5.20].  
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Fig. 5. 13 – Ceramic block A, with hydraulic contact of cementitious mortar, at 2, 5 and 7 cm 
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Fig. 5. 14 – Ceramic block B, with hydraulic contact of cementitious mortar, at 2, 5 and 7 cm 
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A detailed analysis was done based on the comparison of the average moisture content over the sample 
thickness before (bottom) and after (upper) the interface (Fig. 5. 15), at the beginning and at the end of 
the experimental test. The results obtained are presented in Tables 5.7 e 5.8.  

 

Fig. 5. 15 - Sample thickness before (bottom) and after (upper) the interface  

When comparing the profiles submitted to drying in an environment with 20° C and 50% RH, with 
cement mortar hydraulic contact interface, can be observed: 

• Ceramics “A”: 

At the outset of specimen testing, both sides of the test specimen (upper and lower) had 0.14 kg/kg of 
water. For specimens with an interface at 2cm from the base with sides both dried simultaneously, with 
different speeds, over 720 hours, reached 0.06 kg/kg at the bottom and 0.02 kg/kg at the top, different 
from what happened with the interface sample at 5 cm. Where after the same 720 hours a delay of 0.06 
kg/kg was recorded in the lower part, ie the top dried up to 0.04 kg/kg, and in the lower part it stopped 
at 0.08 kg/kg. Behavior similar to that verified at the 7 cm interface, from the lower side to the upper 
side, over 648 hours. 

• Ceramics “B”: 

At the outset of specimen testing, those specimens with the interface at 2 cm from the base, both sides 
(upper and lower) registered 0.14 kg/kg, and after 672 hours both sides had 0.02 kg/kg, presenting 
similar behavior at both extremes. Those with the interface at 5 cm from the base, both sides (upper 
and lower) recorded 0.15 kg/kg, and after 672 hours had 0.04 kg/kg, exhibiting similar behavior at 
both extremes. Those with the interface at 7 cm from the base, both sides (upper and lower) recorded 
0.14 kg/kg which, and after 672 hours, the upper side recorded an average 0.02 kg/kg, while the lower 
side showed 0.06 kg/kg. 

The experimental results showed that the cement mortar interface may result in significant error when 
predicting moisture transport. According to Xiaochuan Qiu et al (2003)[5.25], the mismatching 
resistance hidric was assumed in the study to explain the impact of hydraulic contact on the moisture 
transport while perfect contact refers to the good physical contact between two materials without 
penetration of pore structure. 

5.4.3.4. Hydraulic Contact - Lime Mortar 

The lime mortar interface influence on the methods related to wetting and drying phase can be seen in 
Fig. 5. 16 and Fig. 5. 17. The moisture content distribution over the specimen thickness is a uniform 
and homogeneously, just like monolithic samples. According to gamma ray results (section 5.4.2.), an 
increase of the drying time constant for the materials with hydraulic lime mortar, parallel to monolithic 
materials, is shown. Besides that, the further from the base the interface is located, more constant 
drying time increases [5.20].
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Fig. 5. 16 – Ceramic block A, with hydraulic contact of hydraulic mortar, at 2, 5 and 7 cm 
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Fig. 5. 17 – Ceramic block B, with hydraulic contact of hydraulic mortar, at 2 cm, 5cm and 7cmWhen comparing the drying profiles submitted in in an 

environment of 20ºC and 50 % RH with lime mortar hydraulic contact interface, can be observes:

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (K

g
/k

g)

X (m)

0,08h 0,17h

0,25h 0,5h

1h 3h

5h 22h

24h 46h

48h

Ceramic Block B (wetting)
Hydraulic contact at 2 cm

Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (K

g/
kg

)

X (m)

0,08h 0,17h

0,25h 0,5h

1h 2h

3h 5h

7h 22h

24h 46h

48h 50h

Ceramic Block B (wetting)
Hydraulic contact at 5 cm

Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
 (K

g
/k

g)

X (m)

0,08h 0,17h

0,25h 0,5h

1h 2h

3h 3h

5h 22h

24h 46h

72h

Ceramic Block B (wetting)
Hydraulic contact at 7 cm

Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
(k

g/
kg

)

X (m)

0h 3h 28h 52h 76h 168h
192h 216h 384h 600h 672h

Ceramic Block B (drying)
Hidraulic contact at 2 cm
Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
(k

g/
kg

)

X (m)

0h 3h 28h 52h 76h 168h
192h 216h 384h 600h 672h

Ceramic Block B (drying)
Hidraulic contact at 5 cm
Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
(k

g/
kg

)

X (m)

0h 3h 28h 52h 76h 168h

192h 216h 384h 600h 672h
Ceramic Block B (drying)
Hydraulic contact at 7 cm
Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
(k

g/
kg

)

X (m)

0 0,5h 4h 7h 24h 50h 72h
Ceramic Block B (drying)
Hidraulic contact at 2 cm
Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
(k

g/
kg

)

X (m)

0h 0,5h 3H 8h 26h

Ceramic Block B (drying)
Hidraulic contact at 5 cm
Lime mortar

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W
(k

g/
kg

)

X (m)

0h 0,5H 3h 6H 8H 48h 50h 72h

Ceramic Block B (drying)
Hydraulic contact at 7 cm
Lime mortar



Interface Influence on Moisture Transport in Building Components 

 

134 

• Ceramics “A”: 

At the outset of specimen testing, those specimens having the interface at 2 cm from the base, both 
sides (upper and lower) registered 0.13 kg/kg and after 720 hours the lower and upper side registered 
0.05 kg/kg. Those with the interface at 5 cm from the base, both sides (upper and lower) registered 
0.12 kg/kg, and after 720 hours both sides had on average 0.03 kg/kg, presenting similar behavior at 
both extremes. Those with the interface at 7 cm from the base, both sides (upper and lower) registered 
0.14 kg/kg and after 720 hours showed that on the lower side there was an average of 0.08 kg/kg, 
while the upper one showed 0.02 kg/kg. This indicates that the 7 cm interface created greater water 
resistance in the transport of moisture from the lower side to the upper side. 

• For ceramics “B”: 

At the outset of specimen testing, those with the interface at 2 cm from the base, both sides (upper and 
lower) recorded 0.14 kg/kg and after 672 hours both sides had 0.2 kg/kg. Those having the interface at 
5 cm from the base, the lower side registered 0.15 kg/kg and the upper side 0.14 kg/kg, and after 672 
hours registered, the lower side 0.03 kg/kg, and the upper 0.02 kg/kg. Those with the interface at 7 cm 
from the base, both sides (upper and lower) registered an average of 0.13 kg/kg, and after 672 hours 
showed that on the lower side there was an average of 0.04 kg/kg, while the upper one showed 0.01 
kg/kg. As it was said the 0.7 cm interface created greater water resistance in the transport of moisture 
in relation to the interfaces at 5 and 2 cm. 

Table 5. 7 and Table 5. 8 summarize the amount of moisture present the beginning of the test (termed 
the start of the drying tests) in two environments, at 20°C and 50% RH and at 70°C and RH 3% at 
both sides, and the amount of moisture present at the end of the test, taking into consideration the time 
elapsed. In the search to find a comparison coefficient between the sealed (Dbottom) and the contact with 
the environment (Dupper) ends, dividing the difference in the mean moisture content of each part 
(beginning minus end of the test) by the drying time was used as reference. An example of how to 
obtain the bottom coefficient (x10-4.h-1) from the hydraulic type cement mortar test samples: interface 
location at 2cm 0.14 kg/kg (beginning of the test) minus 0.06 kg/kg, divided by 720 hours (time 
elapsed) equals 1.11x10-4. The same is done for the upper coefficient. In order to verify if there is 
difference in the behavior of the drying of both parts, the difference between the coefficient was 
calculated 

 

 $�Ã		Ã" � ÄÅ�Æ,ÇÇiÄÅ�Æ,Ç�
	  $����½ � ÄÅ�Æ,È ÇiÄÅ�Æ,È�

	   (5.3) 

 

where Dbottom is coefficient of drying mean of the lower part (h-1), Dupper is coefficient of drying mean 
of the upper part (h-1), wmed,bb is the mean moisture content in part bottom in the beginning of the test 
(in kg/kg), wmed,be is the mean moisture content in part bottom in the end of the test (in kg/kg), wmed,ub is 
the mean moisture content in part upperin the beginning of the test (in kg/kg), wmed,ue is the mean 
moisture content in part upper in the end of the test (in kg/kg) and t  is the time (h). 
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Table 5. 7 – Values for comparison of coefficient of the drying test at 20°C and RH 50% 

Hydraulic 
type Brick 

Interface 
location 

Beginnig of the 
test (kg/kg) 

End of the test 
(kg/kg) Time 

elapsed 
- t (h) 

Coefficient  
(x10-4.h-1) 

Difference 
(Dupper-
Dbotomt) 

(x10-4.h-1) 
Bottom 
(wmed,bb) 

Upper 
(wmed,ub) 

Bottom 
(wmed,be) 

Upper 
(wmed,ue) 

Bottom 
(Dbottom) 

Upper 
(Dupper) 

C
em

en
t 

m
or

ta
r A 

At 2cm 0.14 0.14 0.06 0.02 720 1.11 1.67 0.56 
At 5cm 0.14 0.14 0.08 0.04 720 0.8 1.38 0.58 
At 7cm 0.14 0.14 0.08 0.01 648 0.9 2.01 1.11 

B 
At 2cm 0.14 0.14 0.02 0.02 672 1.79 1.79 0 
At 5cm 0.15 0.15 0.04 0.04 672 1.63 1.63 0 
At 7cm 0.14 0.14 0.06 0.02 672 1.04 1.63 0.59 

Li
m

e 
m

or
ta

r 

A 
At 2cm 0.13 0.13 0.05 0.05 720 1.11 1.11 0 
At 5cm 0.12 0.12 0.03 0.03 720 1.25 1.25 0 
At 7cm 0.14 0.14 0.08 0.02 720 0.8 1.67 0.87 

B 
At 2cm 0.14 0.14 0.02 0.02 672 1.78 1.78 0 
At 5cm 0.15 0.14 0.03 0.02 672 1.78 1.78 0 
At 7cm 0.13 0.13 0.04 0.01 672 1.34 1.78 0.44 

 

Table 5. 7 shows the part of the specimen, the end which was in contact with the environment, had a 
calculated coefficient greater than or equal to the calculated coefficient of the lower part. In the 
instance in which the mortar (both cement and lime, in both types of ceramic - A and B) is located at 7 
cm from the base, the drying at the end which has contact with the environment has always been 
greater than the sealed end. The results obtained in the 2 cm and 5 cm presented mixed results. Of the 
eight simulations performed, six showed no difference between the drying times of the extremities. 

Table 5. 8 – Values for comparison of coefficient of the drying test at 70°C and RH 3% 

Hydraulic 
type 

Brick 
Interface 
location 

Beginnig of the 
test (kg/kg) 

End of the test 
(kg/kg) Time 

elapsed 
- t (h) 

Coefficient  
(x10-3.h-1) 

Difference 
(Dupper-
Dbotomt) 

(x10-3.h-1) 
Bottom 
(wmed,bb) 

Upper 
(wmed,ub) 

Bottom 
(wmed,be) 

Upper 
(wmed,ue) 

Bottom 
(Dbottom) 

Upper 
(Dupper) 

C
em

en
t 

m
or

ta
r A 

At 2cm 0.14 0.14 0.06 0.05 72 1.11 1.25 0.14 
At 5cm 0.13 0.14 0.09 0.04 72 0.55 1.38 0.83 
At 7cm 0.16 0.14 0.11 0.04 72 0.69 1.39 0.70 

B 
At 2cm 0.15 0.15 0.04 0.04 50 2.22 2.22 0 
At 5cm 0.17 0.15 0.12 0.01 72 0.69 1.94 1.25 
At 7cm 0.16 0.16 0.08 0.01 48 1.67 3.12 2.43 

Li
m

e 
m

or
ta

r A 
At 2cm 0.18 0.14 0.11 0.06 72 0.97 1.11 0.14 
At 5cm 0.14 0.14 0.08 0.04 72 0.83 1.39 0.56 
At 7cm 0.14 0.15 0.10 0.03 72 0.55 1.67 1.12 

B 
At 2cm 0.14 0.14 0.01 0.03 72 1.80 1.53 -0.27 
At 5cm 0.17 0.15 0.02 0.01 72 2.08 1.94 -0.14 
At 7cm 0.14 0.15 0.07 0.01 72 0.97 1.94 0.97 

 

Table 5. 8 shows that in 10 of 12 situations, the side in contact with the environment had a higher 
coefficient of moisture loss than the opposite end. In the instance where the mortar (both cement and 
lime, in both types of ceramic - A and B) is located at 7 cm, the drying at the end of the sample which 
has contact with the environment has always been greater than the sealed end. The results obtained in 
the 2 cm and 5 cm instants of the lime mortar interface, as well as in the B ceramics, showed varied 
results. Eight simulations performed, two presented negative differences between the coefficients. 

It has been found that, in the drying process, when the flow reached the interface is greater than the 
maximum flow transmitted, there is a water resistance and consequently a faster drying of the outer 
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layer due to lack of water supply and a delay in the drying of the inner layer. These results were 
observed in the environment of 20°C and 50% RH only in the specimens with interface at 7 cm, as 
well as in 10 of the 12 cases in an environment of 70°C and 3% RH. This corroborates the prediction 
made by Freitas, 1996 [5.8], where if the drying takes place naturally, i.e. in the hygrothermal 
conditions existing in the laboratory itself, the flows involved are reduced and, therefore, the potential 
flows that seek to cross the interface are always inferior to the maximum flow transmitted through the 
interface, with no alteration in the development of the water profiles. 

The gamma ray technique allows the analysis of the sample in an accurate position, which is 
extremely advantageous when studying layered materials. The moisture profiles showed that the lime 
mortar inhibited the brick drying slightly, unlike the wetting process where the mortar has a significant 
moisture resistance. Since the monolithic brick samples showed similar drying kinetics between the 
samples with cement mortar interface and lime mortar, the main reason for the remarkable reduction in 
the drying rate of the brick system seems to be related mainly to a hydraulic resistivity created at the 
interface between the plaster and the brick. Thus, the combination of mortars with substrates is of 
great importance in the study of drying kinetics of a layered system. When plaster is applied and cured 
on a porous substrate, physical contact between two materials with penetration of pore structure, the 
porous network changes along the specimen thickness and, in particular, at the interface, which 
influences the drying behaviour of the entire system. 

 

5.5. CHAPTER SYNTHESIS 

This section presents an experimental study to analyse the interface influence on the drying process of 
ceramic blocks with different interfaces (perfect contact, hydraulic contact and air space), at different 
interface highs (2cm, 5cm and 7cm). The main achievements and conclusions drawn from this study 
are as follows: 

• The study of drying kinetics in building materials is very relevant to the construction 
industry in order to avoid building damage. Moisture damage is one of the most 
important factors limiting building performance, especially for its durability, 
waterproofing, degradation appearance and thermal performance; 

• The samples tested during the wetting and drying processes exhibit behavioral 
differences, i.e., during the drying process it is possible to observe a homogeneous drying 
in all specimen thicknesses wich in wetting process; 

• There is an increase in the drying time constant for interfaced materials compared to 
monolithic materials. This result is very relevant because not taking the interface into 
account, i.e., considering them to be monolithic walls, can result in a significant error in 
the prediction of moisture transport in construction materials; 

• The farther from the base the interface is located, the greater the drying time constant; 
• The interface can significantly retarded moisture transport, i.e., the discontinuity of 

moisture content across the interface, which indicated that there was a difference in 
capillary pressure across the interface. 
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6  
HYDRIC RESISTANCE – NEW CALCULATION 

METHODOLOGY 
 

 

6.1. SUMMARY 

After intensifying the knowledge of hydric resistance (RH) in multi-layered test samples, which were 
subjected to imbibition and drying processes, a significant set of RH values (with different interface 
types) was experimentally achieved. This was done in order to develop a new model which allows 
estimating more correctly the hydric resistance. The idea is, based on the results obtained in previous 
sections, predicts the RH with several scenarios, i.e., different interfaces (perfect contact, hydraulic 
contact and air space interface), interfaces heights and materials studied, in the attempt to estimate the 
RH without the need to resort to the measurement by the experimental route in the attempt to estimate 
the RH without the need to resort to the measurement by the experimental route and even with 
possible measurement, generator automatic calculation (without human opinion/criteria). 

In this chapter, the Hydric Resistance will be calculated by two different methods, gravimetric[6.1] 
and gamma ray methods, and a new methodology proposed. As described in Chapter 4, the maximum 
flows transmitted were determined by the slope of the mass variation per contact area in function of 
the time involved. When having interface, the calculations admit that the first layer is saturated and 
that all the increased weight stems becomes from the relative humidity that penetrates the interface. 

The new methodology proposed could be divided in 2 steps: 

1. The “knee point” detection – This technique allows the transition point in water 
absorption curves to be determined, which means the hygric resistance will be measured 
in the interface of multilayer building components. The moisture-dependent interface 
resistance between brick building components will be quantified and validated for 
transient conditions which mean that can be used for future numerical simulations. 

2. Analysis of the prevision mathematical model that describes the mass variation per 
contact area in function of the time, after the “knee point”.  

This is a pioneering work because it is the first attempt to provide a set of values that refer from hydric 
resistance in masonry of building walls, these being random values experimentally determined.  
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6.2. NEW METHODOLOGY PROPOSED 

6.2.1 KNEE POINT DETECTION PROCEDURE 

In this sub-section the moisture transfer in multi-layered building components will be analysed. The 
existence of different types of interfaces (perfect contact, hydraulic contact and air space interface) 
contributes to different means of moisture transport, when compared to a monolithic porous element. 
As an example, the “knee point” will be detected in water absorption curves of perfect contact 
interface in multi-layered building components. 

A “knee point” measurement procedure will be presented, which is automatic and has proved to be 
accurate. To fully achieve this objective, here in it is proposed the use of an automatically changing 
point detection method to assist the water absorption analysis. In fact, the manual procedure can be 
highly time consuming. In addition to the time saved, there is, as well, still an increase in accuracy, 
which does not depend on the result of the operator. This methodology to detect the “knee point” can 
also be used in the future for different materials with interfaces. 

6.2.1.1 Methodology 

The water absorption curve increases over time exhibits instants (points of change) where the rate of 
absorption seems to decrease significantly. These instants correspond to the contact of the water with a 
different material (contact with the interface). Only one point of change is expected for the interfaces 
in perfect contact and air space (see fig. 6.1a), different from what happens for the hydraulic interfaces 
(see fig. 6.1b) where it can be observed two discrete knees, one before the interface and another when 
the interface is saturated. 

 

 

 

 

 

 

 
 

Fig. 6.1 – Water absorption profile and the changing instant. 

 

In these experiments, since perfect contact is the interface considered in this example, only one point 
of change is expected. However, this study can be applied to other cases of interfaces. This 
generalization will be presented later. 

Since the goal is to address the effect of the interface in water absorption, the water resistance is 
measured immediately in after the first changing point, which is the time interval of interest. The final 
measurement is performed by calculating each Hydric Resistance (RH). Fig. 6.2 depicts how the 
several values are measured.  
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Fig. 6.2 – Method of RH measurements. 

Considering this measuring procedure, it is important to detect the exact time instant of the “knee 
point” automatically and with some precision. In the literature, there are several methods of knee or 
jump point detection [6.2][6.3][6.4][6.5][6.6][6.7]. The following two methods were taken into 
consideration to develop the algorithm presented in this subsection. The choice of these methods took 
into account the fact that there are discrete methods, intuitive and easy to implement, also available in 
the literature. 

1st Method: This method considers a line which passes through the two extreme points observed (x0 e 
xn). It also considers a set of line segments perpendicular to this line, where each line segment begins 
at an observed point (xi= (ti, Mwi)) and ends at a point of the line. The knee point is defined as the 
point related to the greater segment [6.3] – Fig. 6. 3 (see Annex C1 – Sec.Program). 

 

 

Fig. 6. 3– Knee point determination by the 1st Method [6.3] 

 

2nd Method: In this method, the point where the pair of lines that best fits the curve is called "knee". 
For its determination, it is necessary to perform, for each point (xi = (ti, Mwi) of the curve, two linear 
fittings, one for all points to the left of xi and one for all points to the right of xi. The knee is 
considered the point that minimizes the sum of the errors for the two fittings. This method is 
implemented in Matlab in a function called "knee-pt.m" (see Annex C2). 
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3rd Method: This method is a combination of the two methods previously presented. Since the main 
goal of the algorithm proposed is to find the "knee" point of a set of points xi = (ti, Mwi), i= 1, 2, …, n 
obtained in the measuring procedure, where the data errors should be taken into account, the 
combination of the two previously presented methods can give a better knee point.  

The steps of this algorithm are (see Annex C3 – Hibrid.program): 

1. Use the 1st Method to calculate, for each point obtained in the measuring procedure, the length of 
the line segment that is perpendicular to the line that connects the two extreme points of the set. Sort 
the length of perpendicular line segment by a decreasing order. Let �1 be the set of indices of the 
points corresponding to this ordering. 

2. Use the 2nd Method to determine the sum of the errors for the two linear fittings found for each point 
obtained in the measuring procedure. Sort the sum of the errors for the two linear fittings by an 
ascending order. Designate by �2 the set of indices of the points associated with this ordering. 

3. Determination of the knee point. Find the point xi = (ti, Mwi) whose index, i, occupies the best 
positions in sets M1 and M2, using the following algorithm: 

Step 0. Let � = 1 be the position of an element in a set, Î = 1 an index position and t the total number 
of points obtained in the measuring procedure. 

Step 1. If Î > �, let  D = 1  and go to Step 3.  

Step 2. If  �1(�) = �2(Î), the knee point is ��/�1(�)2, ��Î/�1(�)2� and Stop the algorithm. 

Otherwise, let  Î = Î + 1 and return to Step 1. 

Step 3. If D ≥ �, go to Step 5.  

Step 4. If  �2(�) = �1(D), the knee point is ��/�2(�)2, ��Î/�2(�)2� and Stop the algorithm. 

Otherwise, let  D = D + 1 and return to Step 3. 

Step 5. Let � = � + 1. If � > t,  an error message must be sent. Otherwise, let Î = 1 and return to 
Step 1. 

6.2.1.2 Validation 

The experimental procedure to obtain the hydric resistance measures after the knee point of several 
curves are guided by the outline of the partial immersion method as explained in the European 
Standard “Thermal performance of buildings and building components - Determination of water 
absorption coefficient” [6.8]. Specimens of two different red bricks, A and B, were tested.  During the 
tests, the temperature and the relative humidity were also measured. Then, for each curve, several 
dispersion measures were computed to evaluate the consistence, which was the coefficient of 
variation. 

The three methods presented above were applied to the experimental data reported in Chapter 4, for 
the determination of the “knee point” of 33 curves, and the results showed, summarizing:   

1. in 5 cases, the three methods obtained the same knee point; 
2. in 16 cases, each method obtained a distinct point as a knee; 
3. in 3 cases, the 2nd and 3rd methods obtained the same point as the knee, but the 1st method 

produced another distinct point; 
4. in 9 cases, the 1st and 3rd methods obtained the same point as knee but the 2nd method 

produced another distinct point; 
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5. no cases were observed in which the 1st and 2nd methods obtained the same knee point and 
the 3rd method produced another distinct point. 

Fig. 6. 4 and Fig. 6. 5 show particular cases: 1 - where three methods obtained the same knee point; 2 - 
each method obtain a distinct point as a knee; 3 - only the 2nd and 3rd methods obtained the same point 
as the knee and 4 - only the 1st and 3rd methods obtained the same point as the knee. 

In these figures, black asterisks represent all points obtained in the measuring procedure, magenta 
circle denotes the knee attained by the 1st method, red square symbolizes the knee determined by the 
2nd method and blue diamond characterizes the knee reached by the 3rd method. 

Fig. 6. 4 – 1 – The three methods obtained the same knee point; 2 – Each method obtain a distinct point as a 

knee (magenta circle - knee attained by the 1st method, red square - knee determined by the 2nd method and blue 

diamond - knee reached by the 3rd method) 

 

 

Fig. 6. 5 – 3 – Only the 2nd and 3rd methods obtained the same point as the knee; 4 – Only the 1st and 3rd methods 

obtained the same point as the knee (magenta circle - knee attained by the 1st method, red square - knee 

determined by the 2nd method and blue diamond - knee reached by the 3rd method). 
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It should be noted that when the three methods do not obtain the same knee, the point determined by 
the 2nd method is always to the left of the point calculated by the 3rd method. Meanwhile, the point 
obtained by the 1st method is always to the right of the point attained by the 3rd method. 

The 3rd method seems to be the best method of the three presented in this chapter since in the 33 cases, 
it was able to detect the point that is closer of the real knee point. It is important to keep in mind that in 
this type of analyse is, usually, used with experimental data, which means that there are “discrete” 
points, and not a curve, with some possible outliers that sometimes contribute to wrong solutions using 
other methodologies. 

In conclusion, the main achievements related to the new methodology proposed for “knee point” 
detection are the following: 

• The “knee point” was detected in water absorption curves. 
• Two methodologies were studied to detect the knee point. 
• A 3rd methodology is proposed, and showed to be the best method of good knee point 

detection in the 33 cases presented. 
• The proposed methodology is especially important considering that it is usually used in 

conjunction with experimental data which means that there are “discrete” points, and not 
a curve, with some possible outliers that sometimes contribute to wrong solutions using 
other methodologies. 

• The proposed methodology to detect the “knee point” can be also used in the future for 
different materials. 

• From the computational experimental performed, it is shown that the method developed 
in this work (3rd method) determines a point that best fits the definition of knee. 

• In order to make this process even more efficient and effective, the program allows the 
user to choose whether to define the time frame in which to determine the knee. 

Generalization: 

• In case there is an air space between the different materials, the procedure is the same that 
was presented for the perfect contact. 

• When the contact between the different materials is hydraulic, e.i., there are two points of 
change, the user can define the time space in which the knee should be determined and 
run the program more than once to determine the two knees. 

 

6.2.2 PREVISION EQUATIONS MODEL 

6.2.2.1 Theoretical Models 

For a theoretical analyses of monolithic samples the infiltration of liquid and the propagation of the 
moisture front in non-saturated porous media (see Fig. 6. 6) are generally described by a diffusion 
equation that predicts a scaling law of the type x / (t)1/2 in one dimension. This model, generally 
referred to as the theory of unsaturated flow, and was systematically applied to account for water 
movements in porous building materials [6.9]. 

 

Fig. 6. 6– The propagation of the moisture front in non-satured porous media 
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Assuming that the effect of gravity can be neglected, the problem of isothermal water absorption by 
means of rigid macroscopically non-reactive isotropic porous media is generally formulated by the so-
called extended Darcy equation [6.10]. 

 � � � (E) kÐ
kÑ

, (6.1) 

 

where q is the volumetric flow per unit area, k (θ) is the hydraulic conductivity and ψ (θ) is the 
capillary potential. Both k and ψ are functions of the volumetric water content (θ) (m3/m3). Equation 
(6.2) can be re-expressed as [6.11][6.10]  

 

 � = −$ (E) Q
k�

,  (6.2) 

 

where ∇ (E) is the moisture gradient and  

 

 $ (E) =  − � (E) VkÒ (Q)
k Q W (6.3) 

 

is the hydraulic diffusivity (m2 s−1) of the porous medium. Using equation (6.2) and considering 
conservation of mass, the water transfer in a partially saturated material can be described by the 
following diffusion equation 

 

 
�Q
�	 = ∇ [ D(E) ∇ (E)] (6.4) 

 

Taking into account that variations of D (θ) with the moisture content θ are usually nonlinear, for most 
common porous media, equation (6.4) is nonlinear and has no general analytical solution. For one-
dimensional water absorption, with θ = θ0 at x > 0 at t = 0 (an initial uniform distribution of the water 
content) and θ = θ1 at x = 0 at t > 0, θ can be expressed in terms of the single variable [6.11][6.10] 

 

 ∅ = � 

√	� (6.5) 

 

In this section the imbibition equations models will be proposed to determine the hydric resistance of 
the interfaces (Fig. 6. 7). Some linear or non-linear regression analyses have been achieved with good 
prediction accuracy [6.8]. 

 

Fig. 6. 7 – The propagation of the moisture front in non-satured porous media through the interface 

RH 
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In order to contribuit to the hygrothermal numerical simulation programs, experimental mathematical 
models were developed to describe moisture transport in the interface of ceramic bricks (perfect 
contact and air space interface). The multiple linear regression (LR) model, an extension of the simple 
regression model, was used to determine the relationship between two and more variables [6.12]. Its 
simplicity is attractive. The general formula for LR models is [6.13].  

 

 Υ �  Õ] + ∑ Õ¸Ö¸ +  q�̧ª_  (6.6) 

 
In order to apply the techniques of linear least-squares regression, the function whose coefficients are 
being approximated must be linear in the coefficients. Many relationships among independent and 
dependent variables in engineering are not linear. However, in many cases a transformation can be 
applied to the relationships to render them linear in the coefficients. Consider an exponential 
relationship, 

 

 × = Øh�
 (6.7) 

 

 where the base is the number e, a and b are constants. If is taken the natural logarithm of both sides of 
the equation to describe moisture transport in hydraulic contact interface of ceramic bricks, it can be 
written: 

 

 ln(×) = ln(Ø) + Ú� (6.8) 

 

which is a linear relationship between ln(y) and x. 

6.2.2.2 Empirical Equations for Imbibition 

For perfect contact and air space, a linear model was chosen to fit the points (ti, Mw) after the knee in 
imbibition regression curves, since the points present a line trend. The linear model is expressed as  

 

 �� (�) = Ø� + Ú, (6.9) 

 

where a is the line slope which represents the hydric resistance (RH) and b is the ordinate value at the 
origin. This appears to be the amount of moisture absorbed by the part of the specimen prior to 
arriving at the interface. This hydric resistance presents the same concept as the hydric resistance 
described in Chapter 4. 

For the calculation of the hydric resistance, the derivative of the best fit function is proposed. 
Therefore, for the perfect contact the derivative of the linear model. 

 

  ³ = k �� (	)
k	 = Ø � <G

"£��  (6.10) 
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6.2.2.2.1 Perfect Contact 

Fig. 6. 8 show the best linear functions that describe the mass variation per area in function of time, 
after the “knee point”. For the calculation of the hydric resistance, the derivative of the best fit 
function is proposed. 

 
Fig. 6. 8 – Example of perfect contact equations for imbibition curve of Ceramic block A and B 

Table 6. 1 presents the equations obtained for the samples analysed with perfect contact interface and 
the values of hydric resistance obtained. It is possible to observe that the closer the interface of the 
source of humidity is, the greater the amount of water transmitted by the perfect contact interface. 

 

Table 6. 1 – Tested models for modelling perfect contact interface 

Interface type  Model equation ( Ceramic A)  Model equation ( Ceramic B) 

Perfect Contact at 2cm 

 

 ³ � p	�6» � 05� � 5.233�
p�  

ÊË � Þß � àá 
 

 

 ³ � p	�4» � 05� � 5.421�
p�  

ÊË � ãß � àá 

Perfect Contact at 5cm 

 

 ³ � p	�4» � 05� � 10.948�
p�  

ÊË � ãß � àá 
 

 

 ³ � p	�2» � 05� � 12.646�
p�  

ÊË � æß � àá 

Perfect Contact at 7cm 

 

 ³ � p	�2» � 05� � 15.056�
p�  

ÊË � æß � àá 
 

 

 ³ � p	�1» � 05� � 16.693�
p�  

ÊË � çß � àá 

 

Table 6. 1 presents the results of the RHs obtained in perfect contact. For all ceramic blocks tested (A 
and B) it is possible to observe a decrease in RH results with increase of interface height in contact 
with water.  One the other hand, it is possible to observe an increase in the amount of water 
accumulated, below the interface, for the samples with higher heights. Moreover, another important 
conclusion is the fact that all the RHs for this type of interface are on the order of 10-5. 
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6.2.2.2.2 Air Space 

Fig. 6. 9 show the best linear functions that describe the mass variation per area in function of time, 
after the “knee point”, for samples with air space interface. For the calculation of the hydric resistance, 
the derivative of the best fit function is proposed. 

 
Fig. 6. 9 – Air space equation of imbibition curve, Ceramic block A and B 

 

Table 6. 2. presents the equations obtained for the samples analysed with air space interface and the 
values of hydric resistance obtained.  

Table 6. 2 – Tested models for modelling of air space 

Interface type  Model equation ( Ceramic A) Model equation ( Ceramic B) 

Air Space at 2cm 

 

 ³ � p (7» − 06� + 4.4779)
p�  

ÊË = éß − àÞ 

 

 

 ³ = p (9» − 06� + 5.988)
p�  

ÊË = êß − àÞ 

 

Air Space at 5cm 

 

 ³ = p (9» − 06� + 11.344)
p�  

ÊË = êß − àÞ 

 

 

 ³ = p (7» − 06� + 13.01)
p�  

ÊË = éß − àÞ 

Air Space at 7cm 

 

 ³ = p (4» − 06� + 15.383)
p�  

ÊË = ãß − àÞ 

 

 

 ³ = p (7» − 06� + 17.477)
p�  

ÊË = éß − àÞ 

 

Table 6.2 is possible to observe that there is no relation between the transfer of humidity in the 
interface with air space and the position of the interface, which may, however, be related to moisture 
transfer in the vapor phase. One hypothesis is to report that the hydric resistance to airspace interface 
is in the order of 10-6 (kg/m²s). 

This work confirms that the linear model improves performance in predicting perfect contact and air 
space interface. The ensemble models had robustness, operational simplicity, and prediction accuracy. 
All models achieved good prediction performance (R ≥ 90 %). 
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6.2.2.3 Hydraulic Mortar 

As shown by several authors [[6.14][6.15][6.16]] the changing of porosity in mortar near the transition 
zone of brick-mortar can be attributed to the flow of water from fresh brick during the bonding 
process. In the beginning, small binder particles can be transported to the mortar-brick interface and 
the plaster becomes more compact (enriched in binder) in the interface. The same conclusion was 
reached by Brocken [6.15] and Shahidzadeh-Bonn [6.16] who studied the phenomenon of water from 
a cement-to-brick grout and water retention of the plaster, i.e. the amount of water retained by fresh 
plaster. 

For hydraulic contact interface, cement and lime mortar, It is possible to observe the existence of two 
points of change in the water absorption curve profile (Kneepoints)(Fig. 6. 10). 

 

Fig. 6. 10 – Linear instant after logarithmic behaviour 

In accordance with the above description, a logarithmic fuction was selected to fit the points after the 
first knee point, 

 

 �� (�) = Ø ln  (�) + Ú (6.11) 

 

For the calculation of the hydric resistance, the derivative of logarithmic function is presented, 

 

 

 %(�) = k /��(	)2
k	 =  �

	  � <G
"£�� (6.12a) 

 

  ³ = % (�<) = �
	ë

,  (6.12b) 

where tk is the time instant at which the second knee point occurs. When using the 3rd method to 
determine the 2nd knee point, the time tk = 86.400 second. 

Fig. 6. 11 and Table 6. 3 present example of hydraulic contact equations for imbibition curve and 
tested models for modelling imbibition hydraulic contact, ceramic block A and B. 
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Fig. 6. 11 – Example of hydraulic contact equations for imbibition curve, Ceramic block A and B 

 

Table 6. 3 – Tested models for modelling imbibition hydraulic contact, Ceramic Block A and B 

Model name  Model equation at 2cm  Model equation at 5cm  Model equation at 7cm  

Cement mortar –  

Ceramic A 

ì�Í� � p	�6.64 ln��� � 	57.9�
p�  

ì	�Í� � Þ. Þã
Í  

tk = 86.400 s 

RH = 7.7 x10-5 

ì�Í� � p	�6.0 ln��� � 	48.4�
p�  

ì	�Í� � Þ. à
Í  

tk = 86.400 s 

RH = 6.9 x10-5 

ì�Í� � p�6.68 ln��� � 53.7�
p�  

ì	�Í� � Þ. Þí
Í  

tk = 86.400 s 

RH = 7.7 x10-5 

Cement mortar –  

Ceramic B 

ì�Í� � p	�5.68 ln��� � 	41.8�
p�  

ì	�Í� � á. Þí
Í  

tk = 86.400 s 

RH = 6.6 x10-5 

ì�Í� � p	�4.30 ln��� � 	27.2�
p�  

ì	�Í� � ã. îà
Í  

tk = 86.400 s 

RH = 5.0 x10-5 

ì	�Í� � p	�2.23 ln��� � 0.6�
p�  

ì	�Í� � æ. æî
Í  

tk = 86.400 s 

RH = 2.6 x10-5 

Lime mortar –  

Ceramic A 

ì	�Í� � p	�6.53 ln��� � 57.4�
p�  

ì	�Í� � Þ. áî
Í  

tk = 86.400 s 

RH = 7.6 x10-5 

ì	�Í� � p	�6.51 ln��� � 	55.7�
p�  

ì	�Í� � Þ. áç
Í  

tk = 86.400 s 

RH = 7.5 x10-5 

ì�Í� � p�5.58 ln��� � 41.4�
p�  

ì	�Í� � á. áí
Í  

tk = 86.400 s 

RH = 6.5 x10-5 

Lime mortar – 

Ceramic B 

ì	�Í� � p	�6.15 ln��� � 	49.2�
p�  

ì	�Í� � Þ. çá
Í  

tk = 86.400 s 

RH = 7.1 x10-5 

ì	�Í� � p	�4.17 ln��� � 	24.6�
p�  

ì	�Í� � ã. çé
Í  

tk = 86.400 s 

RH = 4.8 x10-5 

ì	�Í� � p	�3.09 ln��� � 	9.9�
p�  

ì	�Í� � î. àê
Í  

tk = 86.400 s 

RH = 3.6 x10-5 
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With the RH values presented the resistance will be a function of time. For ceramics A RH will be 
independent of the type of mortar and the position. For ceramics B, the water resistance values for the 
two types of mortar gave similar comparisons in the same position. The higher the distance from the 
interface of the moisture source to the ceramic the lower the moisture passage in both types of 
hydraulic contact. 

 

6.3. DISCUSSION 

This section presents a detailed analysis of the hydric resistance values determined by different 
experimental techniques and methodologies. Table 6. 4 presents the RH values obtained by 
Gravimetric method (GM), Gamma-ray method (GRM) and New methodology (NM). 
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Table 6. 4 – Hydric resistance values determined by different experimental techniques and methodologies. 

Material Sample / (interface type) 

Hydric Resistance (kg/m2s) 

Gravimetric 
method (GM) 

Gamma-ray 
method (GRM) 

New method. 
(NM) 

Red brick 

Type “A” 

Perfect contact (2cm) 6.6x10-5 8.7x10-5 6.2x10-5 

Perfect contact (5cm) 4.3x10-5 3.9x10-5 3.8x10-5 

Perfect contact (7cm) 2.4x10-5 1.6x10-5 2.3x10-5 

Hydraulic contact (cement mortar at 2cm) 9.7x10-5 1.8x10-5 7.7x10-5 

Hydraulic contact (cement mortar at 5cm) 7.1x10-5 4.4x10-5 6.9x10-5 

Hydraulic contact (cement mortar at 7cm) 4.2x10-5 7.6x10-5 7.7x10-5 

Hydraulic contact (lime mortar at 2cm) 7.9x10-5 4.5x10-5 7.6x10-5 

Hydraulic contact (lime mortar at 5cm) 5.8x10-5 2.2x10-5 7.5x10-5 

Hydraulic contact (lime mortar at 7cm) 5.4x10-5 1.6x10-5 6.5x10-5 

Air space 2mm at 2cm 0.8x10-5 0.6x10-5 0.9x10-5 

Air space 5mm at 2cm 0.4x10-5 0.5x10-5 0.7x10-5 

Air space 2mm at 5cm 0.9x10-5 0.8x10-5 1.0x10-5 

Air space 5mm at 5cm 0.8x10-5 1.4x10-5 0.9x10-5 

Air space 2mm at 7cm 0.9x10-5 0.7x10-5 0.6x10-5 

Air space 5mm at 7cm 0.4x10-5 0.2x10-5 0.4x10-5 

Red brick 

Type “B” 

Perfect contact (2cm) 7.3x10-5 4.1x10-5 3.5x10-5 

Perfect contact (5cm) 5.0x10-5 0.7x10-5 2.0x10-5 

Perfect contact (7cm) 0.9x10-5 1.8x10-5 1.3x10-5 

Hydraulic contact (cement mortar at 2cm) 7.9x10-5 3.5x10-5 6.6x10-5 

Hydraulic contact (cement mortar at 5cm) 4.8x10-5 2.9x10-5 5.0x10-5 

Hydraulic contact (cement mortar at 7cm) 3.2x10-5 5.1x10-5 2.6x10-5 

Hydraulic contact (lime mortar at 2cm) 7.9x10-5 4.1x10-5 7.1x10-5 

Hydraulic contact (lime mortar at 5cm) 4.2x10-5 3.3x10-5 4.8x10-5 

Hydraulic contact (lime mortar at 7cm) 4.2x10-5 3.2x10-5 3.6x10-5 

Air space 2mm at 2cm 0.7x10-5 1.1x10-5 0.9x10-5 

Air space 5mm at 2cm 0.8x10-5 1.1x10-5 1.0x10-5 

Air space 2mm at 5cm 1.0x10-5 1.3x10-5 0.7x10-5 

Air space 5mm at 5cm 0.7x10-5 1.5x10-5 1.2x10-5 

Air space 2mm at 7cm 0.7x10-5 3.9x10-5 0.7x10-5 

Air space 5mm at 7cm 0.9x10-5 0.7x10-5 0.7x10-5 
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The results presented in Table 6.4 shows good accordance similarity between the RH values obtained 
by gravimetric method and the new methodology proposed but did not opposed with the results 
obtained by the gamma-ray method. It is possible to observe that for higher positions of the interface 
the water absorbed is higher and the hydric resistance is lower. It was expected that considering a 
interface between layers the water absorption would become lower, and for the case of interfaces 
located in higher positions the absorption would become higher as the discontinuity is reached latter. 

The results show that in only 13 cases a ratio between the three methodology is close to 50%. The 
gravimetric method and GRM include 19 and 8 cases, respectively, with an error ratio of 20% in 
relation to the new methodology. When speaking of an error ratio in the order of 30%, the cases 
increase to 23 and 13 for GM and GRM, respectively, compared to NM. 

To interpret the data, it was used a Box Plot, which is an alternative method to the histogram and the 
branch-and-leaf method, to represent the data. The data used for this representation was taken from 
Table 6.4, taking into account only the type of interface, and taking into account the three 
methodologies for the calculation, while disregarding the height at which it is positioned. 

 

 

Fig. 6. 12 – Prediction model with Box Plot  

 

It can be conclude that the two types of ceramic (A and B) for the perfect contact the median line in 
the center of the rectangle does not match the average of data distribution and that, for this type of 
interface, a large discrepancy of data exists due to the maximum and minimum spectrum of the data. 
For the interface hydraulic contact, the median is close to the first quartile in ceramic B, therefore the 
data are positively asymmetrical. In addition, this interface in the ceramic B presented a smaller 
discrepancy when compared to the ceramic A. The one that presented a smaller discrepancy between 
the three methods for the calculation of the water resistance was the interface with air space having an 
average result of 8 x 10-6. For the interfaces in perfect contact and hydraulic contact in ceramic B 
presented lower hydric resistance (both the mean and the median of the data) when compared to 
ceramic A. In the case of the specimen with air space, because the phase of transfer of humidity is in 
the vapor phase, for both ceramics this interface is in the order of 10-6. 
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6.4. HYBRID PROGRAM  

“Hybrid.program” is the name of the developed program to compute the “Knee point” from the 
absorption curve and to obtain the corresponding hydric resistance. The program offers to users the 
ability to compute the “Knee point” in an automatically manner, excluding the possible mistakes that 
can occur with hand-calculations. With the analysis of the 3rd method "Hybrid.program" described 
previously, improvements were made in its method, in order to calculate the RH. Through the database 
originated in this thesis with 30 different measurement cases and 5 different specimens for each 
interface type, the program performs the reading from an Excel Worksheet, from which it requests the 
type of interface and the interval of time that the user considers applicable to obtain the "Knee point" 
of the absorption curve. The program then calculates the RH of these test pieces. Fig. 6. 13 shows an 
example of the program’s application. 

 

  
a) b) 

 
c) 

Fig. 6. 13 – “Hybrid.program” with an example application: a) first question regarding the interface, b) second 

question regarding the time instant and c) final results, showing the “Knee point” and the RH. 

 

For the definition of the screen of the program, after reading the automatic databases, the program 
shows “Question 1”, i.e. “What kind of interface do you want?”. The uses is then required to enter 
with a number from 1 to 4, being respectively the following interface types: 1) perfect contact, 2) 

RH 

“Knee point” 
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cement mortar, 3) lime mortar and 4) air space. Once the user answers the 1st question, the program 
performs the 2nd question, i.e. “Do you want to change the search time instant (Y or N)?”. In the case 
of a negative answer, a graph with the total time interval, the detection of the knee and the calculation 
of the RH according to the new methodology proposed in this chapter is automatically produced. In 
case of a positive answer, the user is required to enter a new time instant according the following 
format: “[Tinicial Tfinal]”, where “Tinicial” means the initial time and “Tfinal” means the final time, 
both in seconds. However, the analyst which is using the program needs to have a sense appropriate 
values for this search time instant according to the defined problem. Finally, the final graph with the 
results is produced with the time interval entered by the user. 

The present program is an interisting contribution given by this work, since the vast majority of the 
advanced hygrothermal simulation programs, presented in literature and described in Chapter 2, nor 
usually consider the interface influence (i.e., adopt a monolithic behaviour) on moisture transport in 
multilayer building materials or the interface is treated as a "fictitious" layer. 

Therefore, the “Hybrid.program” offers, by a simple, expeditious and more rigorous away, a database 
of hydric resistances, for different common interfaces between ceramics bricks, and present an 
efficient approach to deal with this key issue in hygrothermal problems. 

 

6.5. CHAPTER SYNTHESIS 

The first proposal was to detect the knee point being a single knee for the interfaces of perfect contact 
and air space, and where for the interface in hydraulic contact is the first knee of the curve of 
absorption. The suggested model was successful in 98% of the cases observed, so that it is not 
necessary for the experimental tests to detect this manually (with opperators errors and time 
consuming). 

The second proposal presents the imbibition equations model, after detection the knee point for the 
interfaces in perfect contact, air space and hydraulic contact. For the interfaces with perfect contact 
and air space, the model that presented the best fit was the linear one according to Equation 6.10 
presented, and for the calculation of the RH, is determined by the "a", this being the angular 
coefficient. For the interface with mortar, the best fit was the logarithmic regression model Equation 
6.12 and to obtain the RH, is suggested the "a / t", where "a" is the constant real and "t" is the 
logarithm. 

Finally, it was presented in Table 6.4, the RH values obtained by different methods: the Gravimetric 
method (GM), Gamma-ray method (GRM) and the New methodology (NM), for two different 
ceramics with four interfaces types. The main objective was to provide a set of values, referring to the 
hydric resistance in masonry walls of buildings, for advanced simulation programs of moisture 
transfer. 

The new methodology seems to be a good way to estimate RH. In this work, to validate the new 
methodology, it was necessary to have experimental results. In the future, the objective is to estimate 
the RH with this mathematical aproximation, avoiding the need of doing a strong experimental 
campaign to have RH. 
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7  
CONCLUSIONS AND FUTURE WORKS 

 

 

7.1. FINAL CONSIDERATIONS 

Intervening in old buildings requires extensive and objective knowledge. The multifarious aspects of 
the work carried out on these buildings tend to encompass a growing number of specialities, with a 
marked emphasis on those which allow the causes of the problems that affect them to be understood, 
and to define appropriate treatments. 

Moisture damage is one of the most important factors limiting building performance. The study of 
moisture migration in the inner parts of the materials and construction building components is of great 
importance for its behaviour characterization, especially for durability, waterproofing, degradation 
appearance and thermal performance.  

When dealing with phenomena of high complexity, it is common to consider monolithic constructive 
elements since the existence of joints or layers contributes to the change of moisture transfer along the 
respective constructive element, which will contribute to the change in mass transfer law. 

In literature, although several studies exist concerning the liquid transport in multilayered porous 
structures, only a limited number of experimental values for the interface resistance in multilayered 
composites are found. The most relevant conclusions of these studies are as follows: 

• The interface between layers affects the kinetics of imbibitions and the drying of the 
building elements;  

• The transport of moisture in walls will disregard the gravitational forces since, in building 
materials, capillary forces are much more important due to the fine pores. 

• The interface between layers delays the imbibitions process in a much more pronounced 
manner, lowering the maximum flow transmitted. This flow refers to the hydric resistance 
of the contact between layers; 

• Where the contact of two materials without interpenetration of the porous structure, there 
is no continuity of capillary pressure and interface that conditions the transport;  

• The interface between layers generally causes an acceleration of the drying of the outer 
layer due to a lack of moisture source; 

• The interface with mortar makes a hydric resistance, as well as a change in its properties. 
The different ways of curing of this type of interface cause different resistance values; 

• When the sample has two superimposed materials of different properties, the passage of 
water through the interface is controlled by the rate of absorption of the second material;  

• If the interface resistance is determined after capillary saturation of the first layer the 
change in material properties could be neglected; 
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7.2. SUMMARY OF CONCLUSIONS  

The development of this study contributes to the advancement in the knowledge of the behaviour of 
moisture transport in masonry walls with ceramic blocks. This study allows for evaluation and 
clarification of some aspects, namely: more frequent types of interfaces that masonry walls have; 
quantify and qualify the hygrothermal properties of constituent materials in masonry (ceramic bricks 
and mortars); the influence of these interfaces on the imbibitions and drying process, using two 
experimental methods (gravimetric method and gamma rays attenuation). The most significant 
conclusions drawn from the studies carried out are as follows: 

• Regarding water transport phenomena in walls of different materials and different 
interfaces, in the first part of the study, it was possible to augment our knowledge 
concerning this area. After this step, materials that are mostly used in historical building 
walls were checked and the ceramic brick material with two densities was selected. The 
types of interfaces found in building walls are hydraulic contact (cement mortar and lime 
mortar), perfect contact and air space. These three were chosen to carry out the tests of 
this research. 

• To quantify the amount of water that flows through the interface of building walls and to 
analyse the moisture transport in construction materials based on the use of the 
imbibitions and drying processes, tests were proposed and performed using two methods: 
gravitational method and gamma radiation. The first one is an easy-to-use method 
worldwide and the second involves a machine that was developed in the Laboratory of 
Building Physics (LFC). A moisture measuring device based on a non-destructive method 
of gamma rays attenuation facilitates measurements to deepen concepts in building 
physics related to the moisture transfer.  

• Knowledge of building material properties is essential to predict heat, air and moisture 
transport in building elements and components, and for a correct characterization of the 
hygrothermal behaviour to predict pathologies. In this study, two important aspects were 
covered: (a) a laboratory characterization of material properties for two different ceramic 
brick blocks was carried out to determine their hygrothermal behaviour; (b) moreover, the 
material properties of mortars (cement mortar and lime mortar) were studied to determine 
their hygrothermal and mechanical properties. Based on the experimental tests of this 
investigation, the following topics can be drawn for each study: i) Ceramic brick blocks: 
The properties that were measured were bulk porosity, density, water vapour permeability, 
moisture storage function (moisture content), water absorption coefficient, moisture 
diffusivity and thermal conductivity; ii) Mortars: The properties measured were not only 
the hygrothermal properties but also physical properties and mechanical properties, 
including a fine aggregate analyse. The determination of those properties was explained 
in depth. Those properties are commonly necessary as input for the hygrothermal 
simulation programmes to predict building materials and components’ hygrothermal 
performance. With these results it is now possible to carry out several numerical studies 
to predict, for example, durability, waterproofing, degradation appearance and thermal 
performance of buildings or building components. If other authors want to study the 
hygrothermal behaviour of buildings or building components made by another materials, 
it will also useful to understand the way they calculate/determine the required 
hygrothermal properties or even physical properties and mechanical properties here 
explained. 

• The results show that when the moisture reaches the interface there is a slowing of the 
humidifying process due to the interfaces hydric resistance. The samples with hydraulic 
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contact interface (cement mortar) present lower absorption rate than the samples with 
lime mortar. The only situation where final absorption reaches the value of the monolithic 
test result is with an interface of hydraulic contact (lime mortar) and the highest value of 
hydric resistance was obtained with an interface of hydraulic contact (cement mortar). It 
was possible to observe the influence of air space between layers. If the layers of 
consolidated materials are separated by an air space interface, an initial constant 
absorption rate, instead a very slow absorption when the water reaches the interface, was 
observed. The air space interfaces increase the coefficients of capillary significantly, as 
the distances from the contact with water increase. 

• The study of building materials’ drying kinetics is, therefore, very relevant for the 
construction industry to avoid damage or deterioration. The samples tested during the 
drying processes present a different behaviour, i.e., during the drying process it is possible 
to observe a homogeneous drying along the sample; not to include the interfaces in the 
building materials can result in significant prediction errors in the moisture transport 
simulation programs; There is an increase in the drying time constant for the materials 
with interface compared to the monolithic materials; as the further away from the base the 
interface is located, the greater the drying time constant; the interface could significantly 
retard the flow of moisture transport, i.e., the discontinuity of moisture content across the 
interface indicated that there was a difference in capillary pressure across the interface. 

• Finally, this study presents the RH values obtained by different methods: the Gravimetric 
method (GM), Gamma-ray method (GRM) and the New methodology (NM), for two 
different ceramics with four interfaces types. The main objective was to provide a set of 
values, referring to the hydric resistance in masonry walls of buildings, for advanced 
simulation programs of moisture transfer. The new methodology seems to be a good way 
to estimate RH. In this work, to validate the new methodology, it was necessary to have 
experimental results. In the future, the objective is to estimate the RH with this 
mathematical aproximation, avoiding the need of doing a strong experimental campaign 
to have RH which in practice would be a great step. 

 

7.3. FUTURE WORKS 

The contribution of the results obtained in this study does not exhaust the vast field of research in the 
field of moisture transport in imbibitions and drying kinetics. For this reason, we highlight some 
aspects considered of greater relevance and that should be developed in the future: 

• Analyze the influence of the hydraulic contact interface with the variation in 
water/cement ratio for cement mortar and mortar for limestone in studies with other 
proportions; 

• Tests similar to those performed in this work with other materials, such as the use of stone 
materials, concrete blocks, and ceramic bricks; 

• Compare with the existing simulation programs, and develop an algorithm that can only 
obtain profiles with the gravimetric method, based on the profiles obtained by the gamma 
ray attenuation method. 

• Develop a forecast model with good precision. Elaborate a heavy experimental campaign 
of at least 20 results for each typology, 3 types of blocks of the same material (e.g. 3 
types of ceramic blocks) and at least 3 different materials from the same mortar interface 
(e.g. three types of cement). 
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ANNEX A - PUBLICATION 
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ANNEX B – DOSIMETER 
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ANNEX C – DISCRETE METHODS 

C.1 – SEC.Program 

function [a,c]=FindKnee(idx,Segment) 
a=1; 
c=-1; 
x1=idx(1); 
x2=idx(end); 
y1=Segment(1); 
y2=Segment(end); 
if((x1-x2)==0) 
    x=x1; 
    y=y1; 
    c=0; 
    return; 
end 
hmax=0; 
x=0; 
y=0; 
hcum=[]; 
for i=1:length(Segment)  
    %=================== 
    x0=idx(i); 
    y0=Segment(i); 
    A=sqrt( (x1-x2)^2 + (y1-y2)^2 ); 
    B=sqrt( (x0-x2)^2 + (y0-y2)^2 ); 
    C=sqrt( (x0-x1)^2 + (y0-y1)^2 ); 
    h=sqrt( B^2 - ( ( B^2 + A^2 - C^2 )/(2*A) )^2 ); 
    %=================== 
    if h>hmax 
        hmax=h; 
        x=x0; 
        y=y0; 
        a=i; 
    end   
end 
%Concavity 
%============ 
u=y2+(y1-y2)*( B^2 + A^2 - C^2 )/(2*A^2); 
 
if( u>y0 ) 
    c=1; 
else 
    c=0; 
end 
%FIGURE 
%========================================= 
 figure(92554) 
 plot(idx,Segment);hold on; 
 plot(x1,y1,'*r'); 
 plot(x2,y2,'*g'); 
 plot(x,y,'r*'); 
 hold off; 
 figure(45) 
 plot(idx,hcum);hold on; 
 plot(x,hmax,'*r');hold off; 
 pause; 
%========================================= 
 
end 
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C.2 – Knee-pt.m 

function [res_x, idx_of_result] = knee_pt(y,x,just_return) 
%function [res_x, idx_of_result] = knee_pt(y,x,just_return) 
%Returns the x-location of a (single) knee of curve y=f(x) 
%  (this is useful for e.g. figuring out where the eigenvalues peter out) 
% 
%Also returns the index of the x-coordinate at the knee 
% 
%Parameters: 
% y (required) vector (>=3 elements) 
% x (optional) vector of the same size as y 
% just_return (optional) boolean 
% 
%If just_return is True, the function will not error out and simply return a Nan on 
%detected error conditions 
% 
%Important:  The x and y  don't need to be sorted, they just have to 
%correspond: knee_pt([1,2,3],[3,4,5]) = knee_pt([3,1,2],[5,3,4]) 
% 
%Important: Because of the way the function operates y must be at least 3 
%elements long and the function will never return either the first or the 
%last point as the answer. 
% 
%Defaults: 
%If x is not specified or is empty, it's assumed to be 1:length(y) -- in 
%this case both returned values are the same. 
%If just_return is not specified or is empty, it's assumed to be false (ie the 
%function will error out) 
% 
% 
%The function operates by walking along the curve one bisection point at a time and 
%fitting two lines, one to all the points to left of the bisection point and one 
%to all the points to the right of of the bisection point. 
%The knee is judged to be at a bisection point which minimizes the 
%sum of errors for the two fits. 
% 
%the errors being used are sum(abs(del_y)) or RMS depending on the 
%(very obvious) internal switch.  Experiment with it if the point returned 
%is not to your liking -- it gets pretty subjective... 
% 
% 
%Example: drawing the curve for the submission 
% x=.1:.1:3; y = exp(-x)./sqrt(x); [i,ix]=knee_pt(y,x);  
% figure;plot(x,y); 
% rectangle('curvature',[1,1],'position',[x(ix)-.1,y(ix)-.1,.2,.2]) 
% axis('square'); 
% 
%Food for thought: In the best of possible worlds, per-point errors should 
%be corrected with the confidence interval (i.e. a best-line fit to 2 
%points has a zero per-point fit error which is kind-a wrong). 
%Practially, I found that it doesn't make much difference. 
%  
%dk /2012 
%{ 
% test vectors: 
[i,ix]=knee_pt([30:-3:12,10:-2:0])  %should be 7 and 7 
knee_pt([30:-3:12,10:-2:0]')  %should be 7 
knee_pt(rand(3,3))  %should error out 
knee_pt(rand(3,3),[],false)  %should error out 
knee_pt(rand(3,3),[],true)  %should return Nan 
knee_pt([30:-3:12,10:-2:0],[1:13])  %should be 7 
knee_pt([30:-3:12,10:-2:0],[1:13]*20)  %should be 140 
knee_pt([30:-3:12,10:-2:0]+rand(1,13)/10,[1:13]*20)  %should be 140 
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knee_pt([30:-3:12,10:-2:0]+rand(1,13)/10,[1:13]*20+rand(1,13)) %should be close to 140 
x = 0:.01:pi/2; y = sin(x); [i,ix]=knee_pt(y,x)  %should be around .9 andaround 90 
[~,reorder]=sort(rand(size(x)));xr = x(reorder); yr=y(reorder);[i,ix]=knee_pt(yr,xr)  %i should be the same as above and 
xr(ix) should be .91 
knee_pt([10:-1:1])  %degenerate condition -- returns location of the first "knee" error minimum: 2 
%} 
%set internal operation flags 
use_absolute_dev_p = true;  %ow quadratic 
%deal with issuing or not not issuing errors 
issue_errors_p = true; 
if (nargin > 2 && ~isempty(just_return) && just_return) 
    issue_errors_p = false; 
end 
%default answers 
res_x = nan; 
idx_of_result = nan; 
%check... 
if (isempty(y)) 
    if (issue_errors_p) 
        error('knee_pt: y can not be an empty vector'); 
    end 
    return; 
end 
%another check 
if (sum(size(y)==1)~=1) 
    if (issue_errors_p) 
        error('knee_pt: y must be a vector'); 
    end 
     
    return; 
end 
%make a vector 
y = y(:); 
%make or read x 
if (nargin < 2 || isempty(x)) 
    x = (1:length(y))'; 
else 
    x = x(:); 
end 
%more checking 
if (ndims(x)~= ndims(y) || ~all(size(x) == size(y))) 
    if (issue_errors_p) 
        error('knee_pt: y and x must have the same dimensions'); 
    end 
     
    return; 
end 
%and more checking 
if (length(y) < 3) 
    if (issue_errors_p) 
        error('knee_pt: y must be at least 3 elements long'); 
    end 
    return; 
end 
%make sure the x and y are sorted in increasing X-order 
if (nargin > 1 && any(diff(x)<0)) 
    [~,idx]=sort(x); 
    y = y(idx); 
    x = x(idx); 
else 
    idx = 1:length(x); 
end 
%the code below "unwraps" the repeated regress(y,x) calls.  It's 
%significantly faster than the former for longer y's 
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% 
%figure out the m and b (in the y=mx+b sense) for the "left-of-knee" 
sigma_xy = cumsum(x.*y); 
sigma_x  = cumsum(x); 
sigma_y  = cumsum(y); 
sigma_xx = cumsum(x.*x); 
n        = (1:length(y))'; 
det = n.*sigma_xx-sigma_x.*sigma_x; 
mfwd = (n.*sigma_xy-sigma_x.*sigma_y)./det; 
bfwd = -(sigma_x.*sigma_xy-sigma_xx.*sigma_y) ./det; 
%figure out the m and b (in the y=mx+b sense) for the "right-of-knee" 
sigma_xy = cumsum(x(end:-1:1).*y(end:-1:1)); 
sigma_x  = cumsum(x(end:-1:1)); 
sigma_y  = cumsum(y(end:-1:1)); 
sigma_xx = cumsum(x(end:-1:1).*x(end:-1:1)); 
n        = (1:length(y))'; 
det = n.*sigma_xx-sigma_x.*sigma_x; 
mbck = flipud((n.*sigma_xy-sigma_x.*sigma_y)./det); 
bbck = flipud(-(sigma_x.*sigma_xy-sigma_xx.*sigma_y) ./det); 
%figure out the sum of per-point errors for left- and right- of-knee fits 
error_curve = nan(size(y)); 
for breakpt = 2:length(y-1) 
    delsfwd = (mfwd(breakpt).*x(1:breakpt)+bfwd(breakpt))-y(1:breakpt); 
    delsbck = (mbck(breakpt).*x(breakpt:end)+bbck(breakpt))-y(breakpt:end); 
    %disp([sum(abs(delsfwd))/length(delsfwd), sum(abs(delsbck))/length(delsbck)]) 
    if (use_absolute_dev_p) 
        % error_curve(breakpt) = sum(abs(delsfwd))/sqrt(length(delsfwd)) + sum(abs(delsbck))/sqrt(length(delsbck)); 
        error_curve(breakpt) = sum(abs(delsfwd))+ sum(abs(delsbck)); 
    else 
        error_curve(breakpt) = sqrt(sum(delsfwd.*delsfwd)) + sqrt(sum(delsbck.*delsbck)); 
    end 
end 
%find location of the min of the error curve 
[~,loc] = min(error_curve); 
res_x = x(loc); 
idx_of_result = idx(loc); 
end 
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C.3 – Hibrid program 

clc;clear;close all;warning off; 
Path='.\TempoxMw_grama.xlsx';;  
OUT=Read_Data_File(Path,[],[]); DtSt=cell2mat(OUT.Dt); DtSt=DtSt(1:4159,:); 
FctrIndx=[1:5]; 
[Tnsr,FctrLst]=Mtx2Tnsr(DtSt,FctrIndx); 
aijtol=1.0e-6; 
nn=0; 
TD=0; 
TI=0; 
CM=0; 
CK=0; 
MK=0; 
nRMC=0; 
nMmC=0; 
format compact 
format long 
disp('***************************') 
disp('* Interface:              *') 
disp('*   1 - Perfect contact   *') 
disp('*   2 - Cement mortar     *') 
disp('*   3 - Lime mortar       *') 
disp('*   4 - Air space         *') 
disp('***************************') 
b=input('What kind of interface do you want?  \n'); 
if(all(b~=1:4)) 
    error('Wrong value') 
end 
%for b=1:1; 
    for e=1:3; 
        for d=1:3; 
            for f=1:4 ; 
                for a=1:5 ; 
%disp([a,f,d,e,b])                     
M=Tnsr(b,e,d,f,a).M; 
  
total=(e-1)*3*4*5+(d-1)*4*5+(f-1)*5+a; 
if isempty(M); 
%    disp('não existe') 
    nn=nn+1; 
    continue; 
end 
  
if total==1 
nop=input('Do you want to change the search time instants (Y or N)? \n', 's'); 
if all(nop~=['Y', 'N', 'y', 'n']) 
    error(' You did not write the correct option: Y or N') 
end 
if any(nop == ['Y' 'y']) 
    TT=input('What is the interval of instants of time that you intend to do the research? [1st_value, 2nd_value] \n'); 
    if( any(TT) < 0 || TT(2)<TT(1)) 
           error(' Wrong interval of instants of time') 
    end 
    aux=find(M(:,1)<=TT(1)); 
    T(1)=aux(end); 
    T(2)=find(M(:,1)>=TT(2),1); 
else 
    T(1)=1; 
    T(2)=length(M(:,1)); 
end 
end 
t1=M(:,1); Mwi1=M(:,2); 
t=M(T(1):T(2),1); Mwi=M(T(1):T(2),2); 
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pp=length(t); 
  
  
figure(10) 
plot(t1,Mwi1,'k:o');hold on; 
xlabel('t(s)'); ylabel('Mwi(Kg/m^2)');grid on;hold off; 
grid on; 
axis([0 max(t1) 0 max(Mwi1)]); 
  
xx=zeros(pp,1); 
for i=2:pp 
    xx(i-1)= (Mwi(i)-Mwi(i-1))/(t(i)-t(i- 1)); 
%    if xx(i-1)<=aijtol; 
%        xx(i-1)=0; 
%    end 
end 
  
% Knee divition os dois 
[idxn,~]=FindKnee_novo(t,Mwi); 
[~,c11]=knee_pt1(Mwi,t); 
for i=1:pp 
     k1=find(idxn(i)==c11(1:i)); 
     if ~isempty(k1) 
        c111=k1; 
        break 
    end 
     if any(c11(i)==idxn(1:i-1)) 
        c111=i; 
        break 
     end 
end 
cm=c11(c111); 
kk=xx(cm+1); 
figure(10) 
plot(t1,Mwi1,'-bd','MarkerFaceColor','g');hold on; 
plot(t(cm),Mwi(cm),'k*'); 
title([num2str(total), ' ' ,'Combination  ', num2str(cm) , '  ',num2str(kk)]) 
xlabel('t(s)'); ylabel('Mwi(Kg/m^2)');grid on;hold off; 
grid on; 
axis([0 max(t) 0 max(Mwi)]); 
  
  
  
if total==1 
    pause(8) 
else 
    pause(5) 
end 
  
               end; 
            end; 
        end; 
    end; 
%end 
disp(['não há grafico   ', num2str(nn)]) 
disp([TD,TI,CM,CK,MK,nMmC, nRMC]) 
% TD - todos diferentes 
% TI - Todos iguais 
% CM - Combinação igual a Matlab  
% CK - Combinação igual a Knee (Ricardo) 
% MK - Matlab igual a Knee (Ricardo) 
% nMmC - numero de joelho que no Matlab está abaixo do obtido na combinação 
% nRMC - numero de joelho que no Knee (Ricardo) está acima do obtido na combinação
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ANNEX D – MORTAR 

D.1 - Fine aggregate analyse 

The characterization of the fine aggregates (sand) used in the preparation of mortars took into account 
the following tests and their respective Brazilian standards: 

� Granulometry of the fine aggregate - NBR NM 248 (2009)[D.12] 
� Dry aggregate specific gravity (Flask of Chapman) - NBR 52 (2009)[D.1] 
� Aggregate specific gravity in (SSS)³ conditions– NBR NM 52 (2009)[D.1] 
� Bulk density - NBR 52 (2009)[D.1] 
� Determination of the fine materials content– NBR NM 46 (2003)[D.3] 
� Fineness modulus– NBR NM 248 (2009)[D.12] 
� Maximum diameter – NBR NM 248 (2009)[D.12] 
� Determination of the unit mass – NBR NM 45 (2006)[D.4] 
� Water absorption – NBR NM 30 (2001)[D.5]  

The sand used was acquired in the Metropolitan Region of Recife and all the tests were carried out in 
the Laboratory of Construction Materials of Catholic University of Pernambuco - TECOMAT, Brazil. 

 

D.1.1 - Granulometric composition 

The determination of the granulometric composition aims to classify the aggregate as a function of the 
size of the grains. The test method described in NBR NM 248 (2009[D.12]) is to determine if it is 
necessary to collect two samples of the aggregate to be analysed which must then be washed and 
preheated to a temperature of (105+5)° C. Classification occurs through a set of sieves with openings 
standardized by ABNT (see [D.2][D.2]). The device is assembled in a decreasing manner so that the 
sieves of larger apertures overlap the sieves of smaller apertures; the material is then sieved so that 
each fraction is retained in the sieves, and then separated and weighed. Fig. D. 1 illustrates the tools 
used in the experiment. 

 

             

Fig. D. 1 – Sieves used 

 

The results obtained are presented in the following Table D. 1  and  Table D. 2 and Fig. D. 2 – and Fig. 
D. 3 –. 
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Table D. 1 – Granulometry of coarse sand aggregate - NBR NM 248 (2003) 

Opening of 
the sieves 

(mm)  

Mass retained (g)  Average of 
retained mass (g)  

Average of 
retained mass 

(%) 

Cumulated of 
retained mass 

(%) Test nº 1  Test nº 2 

9.5 6.0  6.08 0.8 1 
6.3 11.1 11.06 11.08 1.5 2 

4.75 13.3 13.34 13.32 1.8 4 
2.36 74.0 74.11 74.06 10.1 14 
1.18 196.2 196.14 19.17 26.7 41 
0.6 284.4 284.43 284.42 38.7 80 
0.3 123.3 123.26 123.28 16.8 96 

0.15 19.6 19.64 19.62 2.7 99 
Bottom  7.5 7.43 7.47   
Total  735.4 735.6 735.5   

 

 

Fig. D. 2 – Granulometry curve of coarse sand aggregate 

 

Table D. 2 – Granulometry of fine sand aggregate - NBR NM 248 (2003) 

Opening of 
the sieves 

(mm)  

Mass retained (g)  Average of 
retained mass (g)  

Average of 
retained mass 

(%) 

Cumulated of 
retained mass 

(%) Test nº 1  Test nº 2 

25 0 0 0 0 0 
19 0 0 0 0 0 

12.5 0 0 0 0 0 
9.5 0 0 0 0 0 
6.3 0 0 0 0 0 

4.75 1.0 1.08 1.04 0.1 0 
2.36 2.1 2.16 2.13 0.3 0 
1.18 9.7 9.62 9.66 1.3 2 
0.6 274.4 274.33 274.37 37.2 39 
0.3 249.0 249.09 249.05 33.8 73 

0.15 112.6 212.55 112.58 15.3 88 
Bottom  88.8  88.87 88.84   
Total  737.6 737.7 737.7   
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Fig. D. 3 – Granulometry curve of fine sand aggregate  

Fig. D. 2 –and Fig. D. 3 – present a comparison between the obtained results for sands utilized in the 
mortar mixtures for the optimal zone, usable and not usable, or not advisable. The desirable 
granulometric standard is that found in the optimal region. In other words, it presents a proportional 
standard with equality between the grains. If this standard presents different proportional grades, this 
will result in a granulometric standard which falls in the usable and not usable regions, depending on 
the differentiation grade of the grains. Knowing that, the granulometric curves of the employed sands 
for the mortar formulation lead us to conclude that two different curve patterns are needed. Thus, when 
combining both, it is possible to find the predominant granulometry in the optimal region, which 
allows us to obtain a better quality of mortar. 

 

D.1.2 - Specific mass 

In order to determine the specific mass of the fine aggregate, the procedure described in the Brazilian 
standard NBR NM 52 (2009)[D.1], using the Chapman vial (see Fig. D. 4 –), a standardized vial that 
indicates the displacement of the water column volume after the materials insertion, was used. The 
material specific mass is the ratio of its mass and the volume occupied, excluding voids between the 
grains. 

The sand was oven dried at a temperature of aproximatly 105° C and a sample of 500 g was 
withdrawn. This sample was then inserted into the Chapman vessel, which was already filled with 
water to a volume of 200 cm³; as the material was being placed in the vessel, the water column 
ascended so that, the variation of this displacement represented the volume of sand inserted at the end 
of the process. The Equation D.1 was applied: 

As expected, the results showed an increase of the drying time constant for the materials with perfect 
contact interface, compared to the monolithic materials, and that the further away from the base the 
interface is located, the greater the drying time constant. Summarizing, the interface could 
significantly retard the flow of moisture transport. For example, the discontinuity of moisture content 
across the interface indicated that there was a difference in capillary pressure across the interface. 

 

 ï �  "
(¨i[]]) (D.1) 

In equation D.1, m is the dry mass of the material and L is the final volume of the water column, the 
result is expressed in g/cm³. 
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Fig. D. 4 – Chapman vessel 

D.1.3 - Fine materials content 

Fine materials present in the aggregate, i.e., those passing through the 75 μm aperture sieve, also 
called powder material, should be analysed by the method described in NBR NM 46 (2003)[D.3]. Its 
quantity, when higher than the one foreseen in the standard NBR 7211 (2005)[D.6] that is of 5%, can 
harm the mixture, either of concrete or mortar, because the very fine grains make difficult the adhesion 
of the cement paste to the aggregate. 

The sample was oven-dried at 110° C until mass constancy, after which a 100 g sample was 
withdrawn. This quantity was placed on the sieves with opening 1.2 mm and 75 μm and subjected to 
the washing in successive times to eliminate the fine material adhered to the aggregate with the water. 
The process was completed when the water passed through was completely clean. The material was 
again placed in an oven to evaporate the water and obtain the final mass. The result was calculated 
according to the expression: 

 

    �ð�phñ �Ø�hñÎØs �ðt�ht� =  �j ` �� 
�j

 � 100 (D.2) 

where Mi is the initial mass and Mf is the final mass. 

 

D.1.4 - Unit Mass Test 

The unit mass in the loose state of the fine aggregate is determined by NBR NM 45 (2006)[D.4]. This 
method requires a cylindrical vessel with a known volume of 20 litters, 16 mm diameter metal bar, a 
concrete shovel, metal ruler, a balance of 50 g and a quantity of dry sand sufficient to occupy the 
volume of the vessel. 

In this test, method C was used. The dry sand is added without compaction until the entire volume of 
the vessel is occupied, a metal ruler is used to remove the excess sand in the vessel and the sand set 
plus the vessel are weighed and the result is calculated according to the expression: 

 

 ��� =  (";Ài "À)
ò  (D.3) 

where ρap is the unit mass of the aggregate (kg/m³), mar is the mass of sample plus container (kg), mr is 
the empty container mass (kg) and V is the container volume (m³). 
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D.1.5 - Water Absorption 

This test aims at determining the level of water absorption in small aggregates for specific use. It’s 
extremely relevant to obtain specific information concerning the degree of absorption from the 
aggregate which will be used in a concrete trace. In this case, when the aggregate already shows some 
percentage of moisture, the amount of water usually added to the paste should be decreased. 
Therefore, an eventual segregation will be prevented, where larger particles will separate from smaller 
ones, thus causing the emergence of layers in the concrete and consequently producing a serious 
reduction in resistance. The test method, described in NBR NM 30 (2001)[D.5], consists of quartering 
1kg of an aggregate sample which must be washed and placed in advance in the greenhouse at a 
temperature of (105+5) °C for 6 hours. 

Table D. 1 and Table D. 2 present the experimental results of the granulometric composition obtained 
and the experimental results of the aggregate characterization are described in Table D. 3 

 

Table D. 3 – Experimental results of the aggregate characterization 

 
Dry aggregate 
specific gravity 

(g/cm 3) 

Aggregate specific 
gravity in (SSS)³ 

conditions (g/cm 3) 

Bulk 
density 
(g/cm 3) 

Powder 
material 

(%) 

Fineness 
modulus 

Maximum 
diameter 

(mm) 

Water 
absorption 

(%) 

Fine 
aggregate  

2.53 2.55 2.60 0.5 3.35 4.75 1.2 

Coarse 
aggregate 

2.42 2.44 2.48 2.7 2.02 2.02 1.0 

 
NBR NM 52 
(2009)[D.1] 

NBR NM 52 
(2009)[D.1] 

NBR NM 52 
(2009)[D.1] 

NBR NM 46 
(2003)[D.3] 

NBR NM 
248 

(2003)[D.12] 

NBR NM 
248 

(2003)[D.12] 

NBR NM 
30 

(2001)[D.5] 

 

The results showed that the powder materials present values of less than 5% for fine and coarse sand 
aggregates. The granulometric distribution of the two types of sand analysed is a guarantee of good 
sand compaction. 

 

D.2 - Cement Portland 

The cement mortar used in making samples was of the type CPII F 32 which was provided in 50 kg 
sacks. It was purchased in a warehouse in the Metropolitan Region of Recife, Brazil. The reference 
values for this product, provided by the cement factory CIMPOR, are given in Table D. 4. 
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Table D. 4 – Cement Portland characterization 

Test Method Result Specification 

Fineness #75µm (%) NBR 11579[D.7] 2.1 <12 

Specific surface (cm²/g) NBR NM 16372[D.8] 4955 >2600 

Start of curing time (min) NBR NM 65[D.9] 182 >60 

End of curing time (min) NBR NM 65[D.9] 254 <600 

Expandability (mm) NBR 11582[D.10] 0 <5 

Compressive strength (MPa) NBR 7215[D.11] 

21.1 (3d) >10.0 

26.3 (7d) >20.0 

34.7 (28d) >32.0 

Magnesium oxide - MgO (%) FRXPA 5.7 <6.5 

Sulphuric anhydride - SO3 - (%) FRXPA 2.84 <4.0 

Calcium oxide - CaO (free) – (%) FRXPA 1.40 X 

 

D.3 - Hydrated Lime 

The lime used to make the mortar (laying and coating) was the of type CHII of Dolomil, supplied in 
20 kg sacks. Its features can be observed in Table D. 5, which were given be the quality control 
department of Dolomil industry.  

Table D. 5 – Hydrated lime characterization 

Test Result Specification 

Relative Humidity (110 °C)  - % 0.75 X 

Loss on ignition (1000 °C) - % 27.35 X 

Carbon dioxide - % 3.60 <7.0 

Sulphuric anhydride - % 0.03 X 

Total calcium oxide - % 42.38 X 

Magnesium oxide - % 27.23 X 

CaO + MgO not hydrated - % 2.71 <15.0 

Total oxides na base de non-volatile - % 95.82 >88.0 

Water retention - % 97.64 >75.0 

Particle size - % 
(+) 0.600 mm 0.0 <0.5 

(+) 0.075 mm 11.85 <15.0 
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D.4 - Mortar Properties 

D.4.1 - Mixture 

The mortars were submitted to an analysis process in which their properties were evaluated both in the 
fresh state and in the hardened state by diversifying traces with and without the cement addition. The 
mixing procedure had been previously determined and consisted of manual mixing of the dried binder 
and aggregate. Next, water was added while blending the mixture for 5 minutes in a low-speed 
automatic mixer. The amount of water used in the mixture was pre-determined with the aim of 
achieving the same consistency in both mixes (reference cement mortar and lime mortar). The water 
binder proportion is 1.04, the same used in Nunes, et al. (2017)[D.16][3.32]. Table D. 6 shows the 
types of mortars studied.  

 

Table D. 6  – Mortars mixtures analysed 

Type Proportion  
Mixture  

Cement Lime Fine sand Coarse sand Water  

Cement mortar 
Volume 1 1 3 3  

Mass (g) 228 198 1058 1133 460 

Lime mortar 
Volume 0 1 1.5 1.5  

Mass (g) 0 396 1058 1133 415 

 

 

D.4.2 - Physical Properties 

The fresh-state mortar was featured through tests showing consistency, density and to the content of 
indoor air. The mortar consistency can be evaluated through the procedures described in standard NBR 
13276 (2005)[D.13], which allow verification of the degree of plasticity being supported by a 
consistency table (“Flow Table”) as illustrated in Fig. D. 5 –.  

 

 

Fig. D. 5 – Consistency evaluation 

 

Samples are exposed to successive falls of a predetermined height. Thus, the more plastic the mortar, 
the bigger its final diameter will be. 
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Table D. 7 – Values of the consistency index 

Mortar Mixture Test 1 Test 2 
Average 

(mm) 

Cement mortar 1:1:6 270.2 271.3 270.75 

Lime mortar 0:1:3 178.8 178.3 178.55 

 

Mortar can be considered dry when the consistency index (flow table) is below 250 mm (e.g., mortar 
for sub-floor). When the consistency index of mortar is between 260mm and 300 mm (e.g., plaster 
mortar), the mortar is considered to be plastic. Finally, mortar whose consistency index is above 360 
mm is considered to be of a very plastic nature, (for example, roughcast mortar). The achieved results 
are summarized in Table D. 7. 

The mortar density in the fresh state and the content of indoor air, obtained in accordance with the 
procedures described in NBR 13278 (2005)[D.14], are presented in Table D. 8. 

 

Table D. 8 – Experimental values of density of the fresh mortar and air content incorporated 

Mortar Mixture 
Fresh mortar 

density (g/cm³) 
Air content 

incorporated (%) 

Cement mortar 1:1:6 1.95 35 

Lime mortar 0:1:3 2.07 29 

 

D.4.3. - Mechanical properties 

The mortars in the hardened state were characterized by the following tests: 

� Axial compressive strength (rupture test), NBR 13279 (2005)[D.15]; 

� Tensile strength in flexion, NBR 13279 (2005)[D.15]. 

In order to measure the axial compressive strength, three cylindrical specimens were prepared for each 
mortar type, and to measure the tensile strength in flexion three more were used for each type with 
dimensions of 4x4x16 cm3 (see Fig. D. 6 –). The specimens were cured for a period of 28 days, before 
carrying out the resistance tests, as showed in Fig. D. 7 – and described in Table D. 9 and Table D. 10. 

 

   
Fig. D. 6 – Mortar moulding and demoulding 
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Fig. D. 7 – Loading device for determination of tensile strength in bending 

Table D. 9 – Axial compression strength and tensile strength, for a mortar mixture of 1:1:6 

Mortar Sample 
Axial compressive 

strength (kN) 
Tensile strength 

(MPa) 

Tensile 

strength in 

flexion (MPa) 

Mixture 

1:1:6 

1 164.8 10.3 2.6 

2 160.0 10.0 3.2 

3 153.6 9.6 3.0 

Average 10.0 2.9 

Standard deviation 0.4 0.3 

Variation coefficient (%) 4 10 

 

Table D. 10 – Axial compression strength and tensile strength, for a mortar mixture 0:1:3 

Mortar Sample 
Axial compressive 

strength (kN) 
Tensile strength 

(MPa) 

Tensile 

strength in 

flexion (MPa 

Mixture 

0:1:3 

1 20.8 1.3 0.55 

2 20.8 1.3 0.57 

3 20.8 1.3 0.55 

Average 1.3 0.60 

Standard deviation 0 0 

Variation coefficient (%) 0 2 

 

Table D. 9 and Table D. 10 show the experimental results obtained for axial compression strength and 
tensile strength of two different mortar mixture, 1:1:6 and 0:1:3, respectively. The results showed that 
the cement mortar analysed is of type “N” (see [D.1]), in accordance with the mixture and resistance 
(see ASTM C270, 2014)[D.1][3.25].  

Related to the mortar without cement Portland (see Table 3.3), comparing to Jant Fot et al 
(2018)[D.17] gave 0.91 to compressive strength and 0.4 strength in flexion; (Vejmelková et al 
2018)[D.18] as opposed to 1.5 to compressive strength and 0.7 strength in flexion; 
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