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Abstract: In recent years, environmental concerns related to the overexploitation of natural resources
and the need to manage large amounts of wastes arising from construction activities have intensified
the pressure on the civil engineering industry to adopt sustainable waste recycling and valorisation
measures. The use of recycled construction and demolition (C&D) wastes as alternative backfill for
geosynthetic-reinforced structures may significantly contribute towards sustainable civil infrastructure
development. This paper presents a laboratory study carried out to characterise the interaction
between a fine-grained C&D material and two different geogrids (a polyester (PET) geogrid and an
extruded uniaxial high-density polyethylene (HDPE) geogrid) through a series of large-scale pullout
tests. The effects of the geogrid specimen size, displacement rate and vertical confining pressure
on the pullout resistance of the geogrids are evaluated and discussed, aiming to assess whether
they are in line with the current knowledge about the pullout resistance of geogrids embedded in
soils. Test results have shown that the measured peak pullout resistance of the geogrid increases
with the specimen size, imposed displacement rate and confining pressure. However, the pullout
interaction coefficient has exhibited the opposite trend with the specimen size and confining pressure.
The pullout interaction coefficients ranged from 0.79 and 1.57 and were generally greater than or
equal to the values reported in the literature for soil-geogrid and recycled material-geogrid interfaces.
Keywords: sustainability in geotechnics; recycled construction and demolition materials; geogrids;
pullout behaviour; pullout test parameters

1. Introduction
Recent years have witnessed an increasing environmental awareness and the recognition of
the importance of reducing the production of wastes and the exploitation of non-renewable natural
resources in order to foster sustainable development. The civil engineering industry is among the
major contributors to the worldwide consumption of natural resources (such as sand, gravel and stone
reserves), being responsible for about 50% of all the materials extracted from the earth’s crust [1]. On the
other hand, construction and demolition (C&D) waste is one of the heaviest and most voluminous
waste streams generated in the European Union (EU), representing approximately 25–30% of all waste
generated in the EU [2].Billions of tons of construction and demolition (C&D) wastes are produced every
year from different activities, including the construction, maintenance and demolition of buildings
and civil infrastructure, which raises severe environmental concerns and intensifies the need for more
efficient waste management in the construction sector. In particular, the large volumes of C&D waste
generated across the EU and their high valorisation potential have led the European Commission to
classify these materials as a priority waste stream [3].
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Geotechnical design and construction, which is often placed early in a civil engineering project,
can significantly contribute to enhance the overall sustainable development by incorporating sustainable
practices, among which is the use of alternative, environment friendly materials and the reuse of waste
materials, such as the C&D wastes [4–6]. In Europe about 40% of the natural aggregates are consumed
in unbound layers of transportation infrastructures [7]. This suggests that the reliance on natural
aggregates in geotechnical applications is high and the inclusion of recycled aggregates can contribute
significantly to preserve the environment. In view of the above, several studies have recently been
conducted to evaluate the feasibility of using recycled C&D wastes in diverse geotechnical applications,
such as ground improvement works [8,9], pipe bedding and backfilling [10,11], construction of paved
and unpaved roads [12–18] and backfilling of geosynthetic-reinforced structures [19–22].
Most of the studies carried out on recycled aggregates from C&D waste are related to recycled
concrete aggregates [9,10,14,23] or reclaimed asphalt pavement materials [16,17]. However, particularly
in Southern European Countries, C&D wastes sent out at the recycling plants are mainly mixed wastes
(comprising concrete, mortars, stones, ceramics,). The recycled aggregates coming from mixed C&D
waste have limited market acceptance, particularly to concrete production and base layers of roadways.
Coarse recycled aggregates are sometimes applied as aggregates in sub-base layers of transportation
infrastructures [13] or unpaved roads [15,24].
During the recycling process of C&D waste, particularly in Portuguese recycling plants, a fine-grain
recycled material (0–10 mm) is produced. This fine grain fraction has reduced market acceptance and
the recycling operators have difficulties in commercialize it. Rodrigues et al. [25] evaluated physical
and chemical properties relevant for the incorporation in concrete of 10 samples of fine aggregates from
C&D waste obtained from seven Portuguese recycling plants and concluded that none of the samples
has all characteristics within the limits imposed in the European Standards to allow its incorporation in
concrete. Based on these evidences, a research study has been carried out to evaluate the feasibility of
using these recycled materials in the construction of structural embankments, in particular geosynthetic
reinforced embankments [11,20,21].
The interaction between the geosynthetic reinforcement and the backfill material is of critical
importance for the safe design and adequate performance of geosynthetic-reinforced structures, such as
walls, slopes and bridge abutments [26,27]. Various test methods have been used by numerous
researchers over the last decades to characterise soil-geosynthetic interaction, such as the direct shear
test [28–31], inclined plane test [32–35], pullout test [36–40] and in-soil tensile test [41], each of which
allows simulating a different type of deformation at the backfill-reinforcement interface. For instance,
the direct shear test is commonly used to analyse soil-reinforcement interaction when sliding of the
backfill on the geosynthetic surface is anticipated, whereas the pullout test simulates the interaction
between the backfill and the reinforcement in the anchorage zone of geosynthetic-reinforced soil walls
and slopes (i.e., beyond the hypothetical failure surface). In fact, a condition for verification of internal
stability of these structures is that the pullout capacity of the geosynthetic in the anchorage zone
should not be lower than the tensile force acting on the reinforcement. The pullout resistance of the
geosynthetic is therefore an important parameter required by design codes for geosynthetic-reinforced
structures [42–45].
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The pullout resistance of the geogrids is developed primarily by the combination of the passive
resistance mobilised against their transverse members and the skin friction at both sides of the
reinforcement [27]. While the latter mechanism depends mainly on the type of backfill material and
geogrid surface roughness, the contribution of the passive resistance mechanism to the overall pullout
resistance is dependent upon several factors, including the confining pressure, geogrid geometry and
ratio of the mean grain size of the backfill material to the geogrid opening size.
The feasibility of using C&D recycled materials in the construction of geogrid-reinforced structures
has been studied in recent years by some research groups [19–21,46,47]. These researches have been
focused mainly on full-scale testing [19] or on the study of interfaces behaviour through direct
shear [20,47–49] or pullout tests [20,22,49]. Nevertheless, the studies on the pullout resistance of
geogrids embedded in C&D recycled materials are limited and based on valid assumptions for soils.
Vieira et al. [20] carried out pullout tests on three geosynthetics for soil reinforcement (a uniaxial
HDPE geogrid, a uniaxial PET geogrid and a high-strength composite geotextile) embedded in a fine
grain recycled C&DW obtained from a Portuguese recycling plant. The tests procedures were defined
in accordance with the European standard for determination of pullout resistance in soil [50], being the
tests were carried out with a constant displacement rate of 2 mm/min and under normal stress of
approximately 31 kPa at interface level. Vieira et al. [22] report an experimental study carried out
to assess the pullout behaviour of two geosynthetics (a uniaxial geocomposite reinforcement and an
extruded HDPE geogrid) embedded in a recycled C&D material under cyclic and post-cyclic loading
conditions. Soleimanbeigi et al. [49] performed pullout tests on a recycled concrete aggregate reinforced
with a woven geotextile or a uniaxial geogrid following the procedures outlined in the ASTM standard
for measuring geosynthetic pullout resistance in soil [51]. walls. A pullout displacement rate of
1.0 mm/min was used and the tests were performed under 20, 30, 50, 100 and 200 kPa normal stress.
The aim of the present study is assessing whether the effects of the different parameters with
influence on the pullout resistance of geogrids (namely, the geogrid specimen size, the displacement
rate and the normal stress) when they are embedded in a C&D recycled material are in line with the
current knowledge about the pullout resistance of geogrids in soils. Previous studies on the pullout
behaviour of interfaces between geosynthetics and C&D recycled materials have been performed
following the guidance for common backfill materials (cohesionless soil soils) [20,22,49]. Thus, it is of
great importance to evaluate whether some assumptions are still valid for alternative backfill materials.
To this end, a series of large-scale laboratory pullout tests were carried out using a compacted C&D
recycled material and two distinct uniaxial geogrids: a laid and welded geogrid consisting of extruded
polyester (PET) bars and an extruded uniaxial high-density polyethylene (HDPE) geogrid. The effects
of the geogrid specimen size, displacement rate and vertical confining pressure on the measured
pullout response of the reinforcements are assessed. The pullout interaction coefficients for the
studied interfaces are then derived, discussed and compared with the values typically reported in
the literature for soil-geogrid interfaces. The main conclusions and the implications to the design of
geogrid-reinforced structures are also depicted.
2. Materials and Methods
2.1. General Overview
Figure 1 presents a flowchart of the experimental study for a better understanding of this research.
In this section the materials are characterized, pullout test apparatus and procedures are described,
the test programme is summarised and the processing of the pullout test results is introduced.
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Constituents
Constituents

Values

Values
Concrete,
concreteconcrete
products,products,
mortar, concrete
masonry
units
[%]
Concrete,
mortar,
concrete
masonry
units [%] 40.0
40.0
Unbound
aggregates,
natural stone,
aggregates
treated withtreated
hydraulic
binders
[%] binders
36.5 [%]
Unbound
aggregates,
natural
stone, aggregates
with
hydraulic
36.5
Clay and calcium silicate masonry units, aerated non-floating concrete [%]
10.8
Clay and calcium
silicate masonry units, aerated non-floating concrete 0.5
[%]
10.8
Bituminous materials [%]
Bituminous
materials
[%]
0.5
Glass [%]
1.3
Glass
[%]
1.3
Soils [%]
10.8
Other materialsSoils
[%] [%]
0.1
10.8
3 /kg]
10.0
Floating particles
[cm
Other
materials
[%]
0.1
3
Floating particles [cm /kg]
10.0
The gradation was evaluated by sieving and sedimentation, in accordance with the
The gradation was evaluated by sieving and sedimentation, in accordance with the Standards
Standards [53,54], respectively (Figure 2). It is worth noting that this material complies with the
[53] and [54], respectively (Figure 2). It is worth noting that this material complies with the gradation
gradation requirements of the Federal Highway Administration (FHWA) [43] for reinforced soil slopes
requirements of the Federal Highway Administration (FHWA) [43] for reinforced soil slopes and of
and of the National Concrete Masonry Association (NCMA) [44] for segmental retaining walls, but does
the National Concrete Masonry Association (NCMA) [44] for segmental retaining walls, but does not
not fulfil the criteria established by the FHWA for mechanically stabilised earth walls. Following the
fulfil the criteria established by the FHWA for mechanically stabilised earth walls. Following the
FHWA criteria, this C&D material can be used as backfill material for geosyntetic-reinforced steep
slopes (face inclinations of less than 70 degrees).
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Properties

Values

Properties
Values
DD
0.01
1010[mm]
[mm]
0.01
D50 [mm]
0.65
D50 [mm]
0.65
D60 [mm]
1.03
D
60 [mm]
1.03
Fines fraction (No. 200 sieve) [%]
16.9
Fines
fraction
(No.
200
sieve)
[%]
16.9
Minimum void ratio, emin
0.434
Maximum
void
ratio,
e
0.877
Minimum void ratio,max
emin
0.434
Particles density,
Gs emax
2.58
Maximum
void ratio,
0.877
20.1
Maximum dry unit weight, γd,max [kN/m3 ]
Particles density, Gs
2.58
Optimum moisture content, wopt [%]
9.0
3
Maximum
dry blue
unitvalue,
weight,
d,max [kN/m ]
20.1
Methylene
MBγ[g/kg]
3.2
◦
Optimum
moisture
content,
w
opt
[%]
9.0
Peak friction angle, ϕ [ ]
37.6
Cohesion,
c
[kPa]
16.3
Methylene blue value, MB [g/kg]
3.2
Peak friction angle, φ [°]
37.6
c [kPa]
16.3 direct shear tests, using a
The internal shear strength of theCohesion,
material was
estimated by large-scale
prototype
facility described
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publications
Theby
C&D
materialdirect
was compacted
The internal
shear strength
of the material
was[28,29].
estimated
large-scale
shear tests,inside
using
3 (corresponding
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direct
shear
box
(600
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×
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mm
in
plan)
at
the
dry
unit
weight,
γ
=
16.1
kN/m
d
a prototype facility described in previous publications [28,29]. The C&D material was compacted
to
80% the
of its
maximum
dry (600
density)
at mm
the optimum
moisture
(wopt =
andkN/m
then3
inside
direct
shear box
mm and
× 300
in plan) at
the drycontent
unit weight,
γd 9%)
= 16.1
subjected
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normal stresses
of 25, 50,
150 kPa. Based
on the
Mohr-Coulomb
(corresponding
to 80%
of itsthe
maximum
dry density)
and100
at and
the optimum
moisture
content
(wopt = 9%)
◦ and cohesion (c) of 16.3 kPa were obtained (Table 2).
failure
criterion,
a
peak
friction
angle
(ϕ)
of
37.6
and then subjected to shearing under the normal stresses of 25, 50, 100 and 150 kPa. Based on the
The use of C&D
materials
in geotechnical
applications
may
leadand
to environmental
as far
as
Mohr-Coulomb
failure
criterion,
a peak friction
angle (φ) of
37.6°
cohesion (c) ofissues
16.3 kPa
were
groundwater
contamination
is concerned. When the rainfall percolates a solid material (in the case,
obtained (Table
2).
solid The
waste
or
recycled
aggregates)
a leachate
which, may
in case
it contains
hazardousissues
substances,
use of C&D materials in produces
geotechnical
applications
lead
to environmental
as far
can
contaminate
groundwater.
This
issue
is
even
more
relevant
when
C&D
recycled
materials
are
as groundwater contamination is concerned. When the rainfall percolates a solid material (in the case,
placed
in direct
with
the ground,
as it is generally
the case
of geotechnical
applications.
solid waste
or contact
recycled
aggregates)
produces
a leachate
which,
in case it contains
hazardous

substances, can contaminate groundwater. This issue is even more relevant when C&D recycled
materials are placed in direct contact with the ground, as it is generally the case of geotechnical
applications.
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To evaluate the potential short-term release of contaminants, laboratory leaching tests were carried
out on the recycled C&D material, as per the standard [57]. The obtained results are given in Table 3,
which also shows the acceptance criteria of maximum leached concentration for inert landfill according
to the European Council Decision 2003/33/EC [58]. As can be seen from the analysis of Table 3 only the
value of sulphate, SO4 , is above the threshold value.
Table 3. Leaching test results and acceptance criteria according to Council Decision 2003/33/EC [58].
Parameter

Value
[mg/kg Dry Matter]

Acceptance Criteria
[mg/kg Dry Matter]

Arsenic, As
Lead, Pb
Cadmium, Cd
Chromium, Cr
Copper, Cu
Nickel, Ni
Mercury, Hg
Zinc, Zn
Barium, Ba
Molybdenum, Mo
Antimony, Sb
Selenium, Se
Chloride, Cl
Fluoride, F
Sulphate, SO4
Phenol index
Dissolved Organic Carbon, DOC

0.021
<0.01
<0.003
0.012
0.10
0.011
<0.002
<0.1
0.11
0.018
<0.01
<0.02
300
6.1
3200
<0.05
220

0.5
0.5
0.04
0.5
2
0.4
0.01
4
20
0.5
0.06
0.1
800
10
1000
1
500

pH

8.2

-

The source of sulphates in C&D recycled materials is commonly attribute to the gypsum
drywall [59], as well as, to concrete and mortar, natural aggregates and ceramic components [60].
Table 2 does not provide evidence of high gypsum content, but concrete and mortar, natural aggregates
and ceramic components are the predominant components of the recycled material.
It should be noted however that, according to the above-mentioned Decision [58], if the waste
material does not comply with the value for sulphate, it can still be considered as meeting the acceptance
criteria if the leaching (estimated either by a batch leaching test or by a percolation test under conditions
approaching local equilibrium) does not exceed 6000 mg/kg at a liquid to solid ratio of 10 L/kg (L/S = 10).
Based on that it can be concluded that this recycled material meet the acceptance criteria set out by the
European legislation for inert materials.
The Federal Highway Administration [43] recommends the use of fill materials with pH values
above 3 and in the range of 3–9 for mechanically stabilized earth structures involving geosynthetic
reinforcements manufactured from polyolefin (PP and HDPE) and polyester, respectively. The pH
value of this C&D material (pH = 8.2) fulfils the FHWA specified requirements.
The content of water soluble sulphates was determined by spectrophotometry on the basis of
Section 10 of the standard [61]. Firstly, the specimens of C&D material were sieved through the 4 mm
sieve. The retained particles were crushed so as to pass the same sieve. Then, the specimens were
mixed with hot water to extract water-soluble sulphate ions and barium chloride was added so that
sulphate ions precipitate as barium sulphate. The content of water soluble sulphates obtained by
weighting and expressed as a percentage of sulphate ions by mass of C&D material was about 0.14%.
2.3. Geogrids
Two commercially available geogrids were tested (Figure 3): a laid uniaxial geogrid consisting
of extruded polyester (PET) bars with welded rigid junctions (GGR1) and an extruded uniaxial
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Table 4.behaviour
Main physical
andgeogrids
mechanical
geogrids. tensile tests carried
out on a Universal Testing Machine (LR50K) following the standard [62]. The main physical and
Property
GGR1
GGR2
mechanical properties of the geogrids
can be found in Table 4.
Raw material
PET
HDPE
2)
Mass
per unit
areaand
(g/m
Table
4. Main
physical
mechanical
properties of380
the geogrids. 450
Aperture dimensions (mm)
30 × 73
16 × 219
Property
GGR1
GGR2
With of longitudinal members (mm)
10
6
Raw material
PET 7
HDPE 16
With of transverse
members (mm)
380
450
per unit area
(g/m2 ) (mm)
Thickness ofMass
longitudinal
members
1.0
1.1
Aperture dimensions (mm)
30 × 73
16 × 219
Thickness
(mm)
Withofoftransverse
longitudinal members
members (mm)
10 1.0
6 2.5 to 2.7
1 (kN/m)
Mean value
of
the
tensile
strength
80
68
With of transverse members (mm)
7
16
2
of longitudinal
members
(mm)
1.0 92.2
1.1
Mean Thickness
value of the
tensile strength
(kN/m)
60.3
Thicknessat
of maximum
transverse members
(mm)
1.0 ≤8 2.5 to 2.711 ± 3
Elongation
load 1 (%)
1 (kN/m)
80
68
Mean value at
of maximum
the tensile strength
Elongation
load 2 (%)
5.6
10.1
2
92.2
60.3
Mean value of the tensile strength
(kN/m)
2
Secant stiffness at 5% strain (kN/m)
1640
718
1
≤8
11 ± 3
Elongation at maximum load (%)
As per the manufacturer
specifications
(machine
direction). 2 5.6
As per the 10.1
laboratory tensile tests
Elongation
at maximum
load 2 (%)
2
performed in this study
(machine
1640
718
Secant
stiffnessdirection).
at 5% strain (kN/m)
1

1

As per the manufacturer specifications (machine direction).

2

As per the laboratory tensile tests performed in this

study (machine
direction). and Test Procedures
2.4. Pullout
Test Apparatus

Figure 4a presents an overall view of the large-scale pullout test apparatus used in this study.
2.4. Pullout Test Apparatus and Test Procedures
The pullout box consists of a modular structure with internal dimensions of 1.00 m wide, 1.53 m long
Figure
4a presents
viewisoffixed
the large-scale
apparatus
used in this
study.
and 0.80
m deep.
A 0.20an
m overall
long sleeve
to the frontpullout
wall totest
minimise
the frictional
effects
of
The
pullout
box
consists
of
a
modular
structure
with
internal
dimensions
of
1.00
m
wide,
1.53
m
long
this rigid boundary during testing (Figure 4b).
and 0.80 m deep. A 0.20 m long sleeve is fixed to the front wall to minimise the frictional effects of this
rigid boundary during testing (Figure 4b).
The C&D material was compacted inside the pullout box in several 0.15 m thick layers at the
optimum moisture content (wopt = 9%) and at the dry density of 16.1 kN/m3 (i.e., 80% of its maximum
dry density, based on the modified Proctor test), using an electric vibratory hammer. Once the first
two layers were compacted, the geosynthetic specimen was clamped and laid over the C&D material,
with the machine direction members oriented parallel to the pullout direction. For the geogrid GGR1
(Figure 4c), preliminary testing showed that the inextensible wires used to monitor the displacements
throughout the length of the reinforcement had the potential to damage the geogrid ribs and lead
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to rupture of the junctions during testing. Hence, to avoid any reduction of the measured pullout
resistance due to the presence of the inextensible wires, they were not used in these tests. In the tests
involving the geogrid GGR2, a set of inextensible wires were attached to the specimen (Figure 4d) and
connected to linear potentiometers placed at the back of the pullout box. Two additional layers of C&D
material were then placed and compacted over the geosynthetic specimen, resulting in a total height
of filling material of 0.60 m. To reduce the influence of the top boundary rigidity on the test results
and attain more uniform distribution of the vertical load, a neoprene slab was placed on the top of the
C&D material and beneath a wooden loading plate. The vertical load was applied by ten hydraulic
Sustainability 2020, 12, x FOR PEER REVIEW
8 of 19
jacks and monitored by a load cell.
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The C&D material conditions
was compacted
inside
the pullout
box indisplacement
several 0.15 mrate
thick
layers at the
displacement-controlled
(i.e., by
adopting
a constant
throughout
the
3 (i.e., 80% of its maximum
optimum
content
opt = 9%) andwas
at the
dry density
16.1 kN/m
test)
and themoisture
associated
front (w
displacement
measured
by aoflinear
potentiometer.
During the tests,
dry density,
based on
theas
modified
Proctor
test), using
an electric
vibratory
hammer.
Once theoffirst
relevant
parameters,
such
the imposed
vertical
pressure,
pullout
load, front
displacement
the
two layers
were compacted,
the geosynthetic
specimen
was
clamped
and laid over
the
C&D
material,
geogrid
specimen
(i.e., displacement
of the clamped
end)
and
displacements
along
the
length
of the
with the machine
direction
members
oriented
parallel to using
the pullout
direction.
Foracquisition
the geogridsystem.
GGR1
reinforcement
(for GGR2)
were
continuously
monitored,
an automatic
data
(Figure
4c),
preliminary
testing
showed
that
the
inextensible
wires
used
to
monitor
the
displacements
A more comprehensive description of the pullout test apparatus can be found elsewhere [36,39].
throughout the length of the reinforcement had the potential to damage the geogrid ribs and lead to
rupture of the junctions during testing. Hence, to avoid any reduction of the measured pullout
resistance due to the presence of the inextensible wires, they were not used in these tests. In the tests
involving the geogrid GGR2, a set of inextensible wires were attached to the specimen (Figure 4d)
and connected to linear potentiometers placed at the back of the pullout box. Two additional layers
of C&D material were then placed and compacted over the geosynthetic specimen, resulting in a total
height of filling material of 0.60 m. To reduce the influence of the top boundary rigidity on the test
results and attain more uniform distribution of the vertical load, a neoprene slab was placed on the
top of the C&D material and beneath a wooden loading plate. The vertical load was applied by ten
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2.5. Test Programme
A summary of the test conditions adopted in the current study is presented in Table 5. As mentioned
before, two different geogrids were tested (GGR1 and GGR2). To investigate the possible effect of
specimen size on the measured data, different specimen dimensions were considered for both
reinforcements (200 mm × 600 mm versus 250 mm × 750 mm for GGR1, and 200 mm × 600 mm versus
300 mm × 900 mm for GGR2), while keeping the ratio of the specimen confined length to width equal
to three, as recommended by the European Standard [50]. The role of the vertical confining pressure
(σv ) on the GGR1 pullout behaviour was evaluated by imposing vertical stresses at the interface level
of 10, 25 and 50 kPa. According to the European Standard [50], geosynthetic pullout tests involving
free draining soils, where excess pore water pressures are not anticipated should be conducted at a
constant displacement rate of 2 mm/min (±10%). However, the American Standard [51] suggests that
the pullout force be applied at a slower rate of 1 mm/min (±10%). In order to determine whether
the displacement rate affects the pullout test results, different displacement rates (dr ) ranging from 1
to 4 mm/min were adopted in the tests involving the geogrid GGR2. To analyse the repeatability of
results, the initial six tests (T1–T6) were carried out three times under identical conditions. Therefore,
22 pullout tests were performed in this study.
Table 5. Test programme.
Test

Geogrid

Specimen Size
[mm]

Displacement
Rate [mm/min]

Confining
Pressure [kPa]

Number of
Specimens

T1
T2
T3
T4
T5
T6
T7
T8
T9
T10

GGR1
GGR1
GGR1
GGR1
GGR1
GGR1
GGR2
GGR2
GGR2
GGR2

200 × 600
200 × 600
200 × 600
250 × 750
250 × 750
250 × 750
200 × 600
200 × 600
200 × 600
300 × 900

2
2
2
2
2
2
1
2
4
2

10
25
50
10
25
50
10
10
10
10

3
3
3
3
3
3
1
1
1
1

2.6. Processing of the Test Results
Based on the pullout load continuously monitored by the data acquisition system, the pullout force
per unit width of the geogrid is evaluated and plotted against the front displacement of the geogrid
specimen. The displacements over the geogrid length (only for GGR2 as mentioned in Section 2.4)
recorded through linear potentiometers can be plotted for any value of the pullout force or front
displacement. Graphs of all the relevant parameters (imposed vertical pressure, pullout load, front
displacement of the geogrid specimen and displacements along the geogrid length) as a function of
time can also be prepared.
In the design of geosynthetic-reinforced structures, such as retaining walls and slopes, one of the
essential parameters is the geosynthetic-backfill material pullout interaction coefficient. The pullout
interaction coefficient (fb ) can be estimated as the ratio of the maximum shear stress mobilised at the
backfill-geosynthetic interface during the pullout test (τp ) to the direct shear strength of the backfill
material (τs ), under the same confining pressure:
fb =

τp
τs

(1)

The maximum shear stress developed at the interface during the pullout test can be determined as:
τp =

PR
2 LR

(2)

The maximum shear stress developed at the interface during the pullout test can be determined
as:

 =
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where PR is the pullout resistance (i.e., maximum pullout force per unit width of reinforcement) and
L
R is the confined length of the reinforcement at maximum pullout force.
where
PR is the pullout resistance (i.e., maximum pullout force per unit width of reinforcement) and
The
shear strength
ofthe
thereinforcement
backfill material
(τs) was evaluated
through direct shear tests carried
LR is the
confined
length of
at maximum
pullout force.
outThe
on ashear
largestrength
scale prototype.
Details
on
these
tests
can
be
found
in
a previous
of the backfill material (τs ) was evaluated through
directpublication
shear tests [48].
carried
out on a large scale prototype. Details on these tests can be found in a previous publication [48].
3. Results and Discussion
3. Results
andsection
Discussion
In this
the results are presented and discussed, firstly, in terms of pullout force-

displacement
behaviour
(Subsections
3.1 and
to 3.3)
and subsequently,
regarding
the values
of the pullout
In this section
the results
are presented
discussed,
firstly, in terms
of pullout
force-displacement
interaction(Sections
coefficient—Subsection
3.4 (see Figureregarding
1).
behaviour
3.1–3.3) and subsequently,
the values of the pullout interaction
coefficient—Section 3.4 (see Figure 1).
3.1. Effect of Specimen Size
3.1. Effect of Specimen Size
Figure 5 shows the effect of specimen geometry on the variation of the pullout force with the
Figure
5 shows thefor
effect
of specimen
geometry
on the
variation
of thethe
pullout
force with
the
frontal
displacement
geogrid
GGR1. Here,
the three
graphs
illustrate
representative
curves
frontal
displacement
for geogrid
GGR1.
Here,pressures
the three imposed
graphs illustrate
the representative
corresponding
to different
vertical
confining
at the interface
level: 10 kPacurves
(Figure
corresponding
to different
vertical
confining
imposed at the interface level: 10 kPa (Figure 5a),
5a), 25 kPa (Figure
5b) and
50 kPa
(Figurepressures
5c).
25 kPa (Figure 5b) and 50 kPa (Figure 5c).

(a)

(b)

(c)
Figure 5. Effect of specimen size on the pullout behaviour of GGR1 (dr = 2 mm/min): (a) σv = 10 kPa;
Figure 5. Effect of specimen size on the pullout behaviour of GGR1 (dr = 2 mm/min): (a) σv = 10 kPa;
(b) σv = 25 kPa; (c) σv = 50 kPa.
(b) σv = 25 kPa; (c) σv = 50 kPa.

The plotted data show that, regardless of the confining pressure applied in the tests, the increase
in specimen size from 200 mm × 600 mm to 250 mm × 750 mm led to an increment in the peak
pullout resistance of the geogrid. Moreover, the influence of specimen dimensions on the peak pullout
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resistance appears to be more significant at higher confining pressures. Under the lowest vertical
pressure (10 kPa), the peak pullout resistance of the geogrid increased about 10% (on average) with
resistance
appears
to be more
at higher
confiningatpressures.
the lowest
the increase
in specimen
size,significant
and the frontal
displacement
peak loadUnder
remained
nearly vertical
constant
pressure
(10
kPa),
the
peak
pullout
resistance
of
the
geogrid
increased
about
10%
(on
average)
with
(Figure 5a). However, for the vertical pressures of 25 kPa and 50 kPa, the increase in pullout
resistance
the
increase with
in specimen
size, in
and
the frontal
displacement
at peak load(21%
remained
nearly
constant
(associated
the increase
specimen
size)
was more pronounced
and 17%,
respectively)
(Figure
5a).
However,
for
the
vertical
pressures
of
25
kPa
and
50
kPa,
the
increase
in
pullout
resistance
and higher frontal displacements were required for mobilisation of the peak load when larger
(associated
increase (Figure
in specimen
specimenswith
werethe
employed
5b,c).size) was more pronounced (21% and 17%, respectively) and
higherItfrontal
requiredresistance
for mobilisation
the peak
load when larger
specimens
is welldisplacements
known that were
the pullout
of the of
geogrid
is developed
primarily
by the
were
employed
(Figure
5b,c).
combination of the passive resistance mobilised against the transverse members and the skin friction
It issides
well known
that the pulloutTherefore,
resistance of
geogridinisthe
developed
primarily
by theof
combination
at both
of the reinforcement.
thethe
increase
peak pullout
resistance
the geogrid
ofachieved
the passive
resistance
mobilised
against
the
transverse
members
and
the
skin
friction
at
both sides
when the longer specimens were used is associated with an increase in the surface
area
ofavailable
the reinforcement.
Therefore,
the
increase
in
the
peak
pullout
resistance
of
the
geogrid
achieved
for mobilisation of skin friction along the reinforcement, as well as an increment
in the
when
theresistance
longer specimens
were
is associated
an increase
thepresence
surface area
available
for
passive
provided
by used
the recycled
C&Dwith
material
due to in
the
of two
additional
mobilisation
of
skin
friction
along
the
reinforcement,
as
well
as
an
increment
in
the
passive
resistance
transverse members contributing to the mobilised forces (the shorter specimens had 7 transverse
provided
the recycled
C&D material
duehad
to the
two additional
members
members,bywhereas
the longer
specimens
9 presence
transverseofmembers).
Sincetransverse
the increase
in the
contributing
to the mobilised
forces
(the in
shorter
specimens
had 7oftransverse
members,
whereas
the
confining pressure
leads to the
increase
the passive
resistance
recycled C&D
material
mobilised
longer
specimens
had
9
transverse
members).
Since
the
increase
in
the
confining
pressure
leads
to
the
against the geogrid transverse members during pullout movement, greater increments in the pullout
increase
in the
passive
resistance
of longer
recycled
C&D material
mobilisedto
against
geogridpressures
transverseof
resistance
were
attained
when the
specimens
were subjected
higherthe
confining
members
during
pullout
movement,
greater
increments
in
the
pullout
resistance
were
attained
when
25 and 50 kPa (Figure 5b,c).
the longer
specimens
were
subjected
to
higher
confining
pressures
of
25
and
50
kPa
(Figure
5b,c).
The influence of specimen size on the pullout response of GGR2 was evaluated through pullout
influence
of specimen
size
on the pullout
response
of GGR2
was evaluated
pullout
testsThe
carried
out under
a vertical
pressure
of 10 kPa.
The results
presented
in Figurethrough
6a indicate
that,
tests
carried
out
under
a
vertical
pressure
of
10
kPa.
The
results
presented
in
Figure
6a
indicate
that,
similar to the trend observed for GGR1, the increase in specimen size resulted in an increment in the
similar
to the trend
observed
GGR1,This
the increase
specimen
size
resulted
an increment
in the
peak pullout
resistance
of thefor
geogrid.
is mainlyinrelated
to the
fact
that theinnumber
of transverse
peak
pullout
resistance
the geogrid.
This iswhen
mainly
to the
fact that
the number
of transverse
members
(i.e.,
bearing of
members)
increased
therelated
specimen
length
changed
from 600
to 900 mm
members
bearing
increased
the specimen
length
changed
fromthose
600 tobars
900to
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(from 3 to(i.e.,
4 bars).
Duemembers)
to the importance
of when
the passive
resistance
developed
against
the
(from
3 to
4 bars).
Due to the
importance
of the passive
resistance
developed
against
those
bars to
overall
pullout
resistance
of the
reinforcement,
significantly
greater
(17%) peak
pullout
resistance
the
overall
pullout
resistance
of the
reinforcement,
greaterthe
(17%)
peak
pullout resistance
was
achieved
when
the 900 mm
long
specimen wassignificantly
tested. However,
frontal
displacement
at peak
was
achieved
when
the
900
mm
long
specimen
was
tested.
However,
the
frontal
displacement
at peak
pullout load remained nearly constant in both tests.
pullout load remained nearly constant in both tests.

(a)

(b)

Figure 6. Effect of specimen size on the pullout behaviour of GGR2 (σv = 10 kPa, dr = 2 mm/min):
Figure 6. Effect of specimen size on the pullout behaviour of GGR2 (σv = 10 kPa, dr = 2 mm/min): (a)
(a) Pullout force plotted against frontal displacement; (b) Displacements over the geogrid length at
Pullout force plotted against frontal displacement; (b) Displacements over the geogrid length at
maximum pullout force.
maximum pullout force.

The displacements recorded by the potentiometers throughout the length of the specimens at
maximum pullout force are shown in Figure 6b. It can be noted that the total displacements measured
at the front and rear ends of the reinforcement were rather similar for both specimens. Regardless
of the specimen dimensions, the full length of the reinforcement was mobilised during testing, thus
contributing to the mobilised forces. For the shorter specimen, the deformations (i.e., elongations)

The displacements recorded by the potentiometers throughout the length of the specimens at
maximum pullout force are shown in Figure 6b. It can be noted that the total displacements measured
at the front and rear ends of the reinforcement were rather similar for both specimens. Regardless of
the specimen dimensions, the full length of the reinforcement was mobilised during testing, thus
contributing to the mobilised forces. For the shorter specimen, the deformations (i.e., elongations)
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decreased progressively along the reinforcement length. For the longer specimen, the deformations
at the front half of the reinforcement (i.e., the two sections located closer to the clamp system) were
decreased
progressively
reinforcement
For the longer specimen, the deformations
significantly
greater thanalong
thosethe
at the
back half oflength.
the geogrid.
at the front half of the reinforcement (i.e., the two sections located closer to the clamp system) were
3.2. Effect of Displacement
significantly
greater than Rate
those at the back half of the geogrid.
As mentioned
previously,
the influence of the displacement rate on the pullout test results
3.2. Effect
of Displacement
Rate
involving the geogrid GGR2 was investigated by adopting clamp displacement rates of 1, 2 and 4
As mentioned
the tests
influence
the displacement
on the pullout
testof
results
involving
mm/min
(tests T7 previously,
to T9). These
wereofcarried
out underrate
a vertical
pressure
10 kPa
(at the
the
geogrid
GGR2
was
investigated
by
adopting
clamp
displacement
rates
of
1,
2
and
4
mm/min
interface level) and using 200 mm × 600 mm specimens (Table 5). The obtained pullout force —
(tests
T7 to T9).
These
carried
under a vertical
pressure
of 10
kPa of
(atthe
thegeogrid
interface
displacement
curves
andtests
the were
profiles
of theout
displacements
recorded
over the
length
at
level)
and using
200
mmare
× 600
mm specimens
(Table
5).respectively.
The obtained
pullout force—displacement
maximum
pullout
force
presented
in Figures
7a，b,
Regardless
of the displacement
curves
and the
ofall
thethree
displacements
over the Nevertheless,
length of the the
geogrid
at maximum
rate adopted
inprofiles
the tests,
specimens recorded
failed in tension.
displacement
rate
pullout
force
are
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in
Figure
7a,b,
respectively.
Regardless
of
the
displacement
rate
adopted
affected the measured pullout resistance of the reinforcement (Figure 7a). In fact, for the
conditions
in
the tests, allthe
three
specimens
failed in tension.
displacement
the
investigated,
peak
pullout resistance
increasedNevertheless,
progressivelythe
and
up to 16.2%rate
withaffected
increasing
measured
pullout
resistance
of
the
reinforcement
(Figure
7a).
In
fact,
for
the
conditions
investigated,
displacement rate. The variation of peak pullout resistance attributed to the increment in the
the
peak pullout
resistance
increased
progressively
up todisplacement
16.2% with increasing
displacement
rate.
displacement
rate
was more
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underand
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rates (i.e.,
1–2 mm/min).
The
variation of
pullout
resistanceat
attributed
to the increment
in the
displacement
was more
Furthermore,
thepeak
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displacement
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when
the rate ofrate
displacement
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under
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displacement
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(i.e.,
1–2
mm/min).
Furthermore,
the
frontal
displacement
varied from 1 to 2 mm/min, but did not significantly change upon a further increase in the
at
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when
the rate of displacement varied from 1 to 2 mm/min, but did not
displacement
rateconsiderably
(i.e., from 2 to
4 mm/min).
significantly change upon a further increase in the displacement rate (i.e., from 2 to 4 mm/min).

(a)

(b)

Figure 7. Effect of displacement rate on the pullout behaviour of GGR2 (σv = 10 kPa, specimen size =
Figure 7. Effect of displacement rate on the pullout behaviour of GGR2 (σv = 10 kPa, specimen size =
200 mm × 600 mm): (a) Pullout force plotted against frontal displacement; (b) Displacements over the
200 mm × 600 mm): (a) Pullout force plotted against frontal displacement.; (b) Displacements over the
geogrid length at maximum pullout force.
geogrid length at maximum pullout force.

The displacements recorded by the potentiometers along the reinforcement length at peak pullout
The displacements recorded by the potentiometers along the reinforcement length at peak
force (Figure 7b) indicate that the deformations induced by pullout loading were more significant
pullout force (Figure 7b) indicate that the deformations induced by pullout loading were more
along the first confined section of the geogrid and reduced progressively with increasing distance to
significant along the first confined section of the geogrid and reduced progressively with increasing
the point of application of the pullout load (front geogrid end). As expected, the higher the frontal
distance to the point of application of the pullout load (front geogrid end). As expected, the higher
displacement at peak load, the greater the displacements mobilised over the geogrid length.
the frontal displacement at peak load, the greater the displacements mobilised over the geogrid
Previous studies have shown that, because of the intrinsic viscous, time-dependent response
length.
of polymeric geosynthetic reinforcements, the peak strength is sensitive to rate of loading and
Previous studies have shown that, because of the intrinsic viscous, time-dependent response of
generally decreases with a reduction in the strain rate at failure [36,63]. Lopes and Ladeira [36]
polymeric geosynthetic reinforcements, the peak strength is sensitive to rate of loading and generally
evaluated the influence of the displacement rate on the pullout test results of a uniaxial HDPE geogrid
embedded in a gravelly sand. The authors observed a progressive increment in the measured pullout
resistance of the geogrid with increasing displacement rate from 1.8 to 22 mm/min. Over the range
investigated, the geogrid pullout resistance increased by up to 30%, whereas the displacements along
the reinforcement resulting from elongation tended to decrease. Hirakawa et al. [63] investigated the

decreases with a reduction in the strain rate at failure [36,63]. Lopes and Ladeira [36] evaluated the
influence of the displacement rate on the pullout test results of a uniaxial HDPE geogrid embedded
in a gravelly sand. The authors observed a progressive increment in the measured pullout resistance
of the geogrid with increasing displacement rate from 1.8 to 22 mm/min. Over the range investigated,
the geogrid pullout resistance increased by up to 30%, whereas the displacements along the
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reinforcement resulting from elongation tended to decrease. Hirakawa et al. [63] investigated the
loading rate effects on the tensile load-strain behaviour of different geosynthetics and found out that
the rupture
linearly
with behaviour
the logarithm
of the strain
rate at rupture.
Theout
results
loading
rate strength
effects onincreases
the tensile
load-strain
of different
geosynthetics
and found
that
obtained
in strength
this study
are in good
agreement
with
these previous
findings,
that
theresults
strain
the
rupture
increases
linearly
with the
logarithm
of the strain
rate showing
at rupture.
The
rate influences
the peak
pullout
as well
as the
deformations
along rate
the
obtained
in this study
are inload
goodmeasured
agreementinwith
thesetests,
previous
findings,
showing
that the strain
reinforcement
at maximum
load. in pullout tests, as well as the deformations along the reinforcement
influences
the peak
load measured
at maximum load.
3.3. Effect of Confining Pressure
3.3. Effect of Confining Pressure
The effect of the vertical confining pressure on the pullout response of the geogrid GGR1 is
The
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from
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carried out
using 250
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whereas
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×
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mm
specimens
750 mm specimens (tests T4 to T6) are plotted in Figure 8b. These tests were conducted at a constant
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T4 to T6)rate
are of
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in Figure
8b.5).
These
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conducted
at a constant
displacement
rate
displacement
2 mm/min
(Table
As expected,
the
pullout resistance
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significantly
of
2 mm/min
(Table 5).
As expected,
the pullout
significantly
with the confining
with
the confining
pressure,
regardless
of the resistance
specimen increased
dimensions.
Indeed, when
confining
pressure,
of 10
theto
specimen
Indeed, when
thereinforcement
confining pressure
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to
pressure regardless
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50 kPa, dimensions.
the pullout resistance
of the
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byfrom
57%10
and
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of the
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×
750
mm
specimens,
respectively.
Moreover,
the
increment
in
pullout
resistance
associated
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with
the confining
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was more pronounced at lower confining pressures (i.e., 10 to
confining
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(i.e., 10 to
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25 kPa).

(a)

(b)

Figure 8. Effect of vertical confining pressure on the pullout behaviour of GGR1: (a) Specimen size of
Figure 8. Effect of vertical confining pressure on the pullout behaviour of GGR1: (a) Specimen size of
200 mm × 600 mm; (b) Specimen size of 250 mm × 750 mm.
200 mm × 600 mm; (b) Specimen size of 250 mm × 750 mm.

Despite the fact that the increase in the confining pressure from 10 to 50 kPa may have reduced
Despite the fact that the increase in the confining pressure from 10 to 50 kPa may have reduced
the tendency of the recycled C&D material to dilate, the increase in the passive resistance of the C&D
the tendency of the recycled C&D material to dilate, the increase in the passive resistance of the C&D
material mobilised against the geogrid transverse bars (resulting from the confining pressure increase)
material mobilised against the geogrid transverse bars (resulting from the confining pressure
led to substantially greater pullout resistance of the reinforcement.
increase) led to substantially greater pullout resistance of the reinforcement.
3.4. Discussion
3.4. Discussion
The pullout interaction coefficients for the interfaces studied herein were obtained based on
Equations (1) and (2), using the results from pullout tests and those from large-scale direct shear tests
on the recycled C&D material.
Table 6 summarises the pullout test results for each individual test specimen, including the pullout
resistance (PR ) and corresponding frontal displacement (dPR ), the failure mode (i.e., pullout or tensile
failure) observed in the test, the pullout interaction coefficient (fb ), as well as the values of τp and τs
used in its calculation. Also shown in this table are the average values of PR , dPR and fb from the
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repeatability tests. Values in brackets in the test designation refers to the sample number. The analysis
of the results summarised in Table 6 should be simultaneously performed with Table 5.
Table 6. Summary of results.
fb

fb
Average

24.01
24.01
24.01

1.18
1.28
1.35

1.27

37.45
37.74
42.54

35.92
35.92
35.92

1.04
1.05
1.18

1.09

Pullout
Tensile
Tensile

43.95
41.48
54.98

52.21
52.21
52.21

0.84
0.79
1.05

0.89

54.05

Pullout
Pullout
Pullout

29.35
23.69
26.02

24.01
24.01
24.01

1.22
0.99
1.08

1.10

60.51
61.46
50.88

57.62

Pullout
Pullout
Pullout

37.69
39.66
36.24

35.92
35.92
35.92

1.05
1.10
1.01

1.05

61.17

61.77
58.81
50.04

56.87

Tensile
Tensile
Tensile

46.79
41.17
44.43

52.21
52.21
52.21

0.90
0.79
0.85

0.85

-

57.26
81.94
73.00
84.46

-

Tensile
Tensile
Tensile
Tensile

32.15
34.80
37.60
27.12

24.01
24.01
24.01
24.01

1.34
1.45
1.57
1.13

-

dPR —Average
[mm]

Failure
Mode

τp

τs

[kPa]

[kPa]

33.27

56.78
59.81
50.67

55.75

Pullout
Pullout
Pullout

28.39
30.76
32.52

41.71
42.48
45.76

43.32

43.18
37.31
62.14

47.54

Pullout
Pullout
Pullout

T3 (1)
T3 (2)
T3 (3)

49.23
46.45
60.69

52.12

40.05
40.15
48.07

42.76

T4 (1)
T4 (2)
T4 (3)

40.83
33.19
36.00

36.67

54.52
49.45
58.19

T5 (1)
T5 (2)
T5 (3)

51.97
54.62
50.67

52.42

T6 (1)
T6 (2)
T6 (3)

64.41
56.91
62.20

T7
T8
T9
T10

38.38
41.37
44.58
48.56

Test

PR
[kN/m]

T1 (1)
T1 (2)
T1 (3)

PR —Average
[kN/m]

dPR
[mm]

30.84
33.23
35.73

T2 (1)
T2 (2)
T2 (3)

It can be observed that the interaction coefficients for the interface involving the laid and welded
PET geogrid (GGR1) ranged from 0.79 to 1.35, whereas the values varied from 1.13 to 1.57 for the
interface involving the HDPE geogrid (GGR2).
On average the values of fb decreased with increasing confining pressure, regardless of specimen
dimensions, which is consistent with the findings of the study by Mohiuddin [64] involving cohesive
soil-geosynthetic interfaces.
The increase in the specimen size resulted in an increment in the pullout resistance, PR , for both
geogrids (Table 6). However, it should be noted that the confinement length of the geogrid at maximum
pullout force, LR , depends on the geogrid length, L, and frontal displacement, dPR , (LR = L-dPR )
being higher when the samples are longer. This leads to maximum shear stress (τp ) variations and,
on average, to its decrease as the sample size increases. According to Equation (1), the decrease of the
maximum shear stress mobilised at the interface (τp ) induces the reduction of the pullout coefficient,
fb . Thus, on average the values of fb decreased when the geogrid specimen size increased.
Comparing the results of tests T7, T8 and T9 carried out on GGR2 samples with dimensions
of 200 mm × 600 mm, one can conclude that the pullout resistance (PR ) increased with increasing
displacement rate. Similar trend was observed for the pullout interaction coefficient (fb ). These results
follow the know trend for soil-geogrid interfaces [36,63].
The values of fb obtained in this study are generally greater than or equal to the values
usually reported in the literature for soil-geosynthetic and recycled material-geosynthetic interfaces.
Vieira et al. [20] reported values in the range 0.58–0.63 for interfaces between two geogrids and a
fine-grain C&D recycled material under normal stress of approximately 31 kPa. Soleimanbeigi et al. [49]
found that the interaction coefficient for reinforced recycled concrete aggregate decreases with increasing
normal stress and is lower than 0.5.
Goodhue et al. [65] obtained fb values ranging between 0.25 and 1.4 for different soil-geosynthetic
interfaces involving a uniformly-graded quartz sand. Mohiuddin [64] reported values in the range
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of 0.44–1.04 for a variety of geosynthetics tested in a cohesive soil. Tang et al. [66] investigated
the interaction between different geogrids and dense-graded crushed stone and obtained pullout
interaction coefficients in the range of 0.62–1.00. Hsieh et al. [67] reported values of fb ranging from
0.18 and 1.25 derived from pullout tests of geosynthetics embedded in granular soils.
It is worth noting that most of the fb values attained in this study exceed the values typically
assumed in the design of geosynthetic-reinforced soil structures in the absence of test data.
4. Conclusions
An experimental study was carried out to assess the effects of different parameters with influence
on the pullout resistance of geogrids (namely, the geogrid specimen size, the displacement rate and the
normal stress) when they are embedded in a C&D recycled material. Previous studies on the pullout
behaviour of interfaces between geosynthetics and C&D recycled materials have been performed
following the guidance for common backfill materials so, it is important to evaluate whether some
assumptions are still valid for alternative backfills. The most relevant findings of the study are
listed below.
Regardless of the vertical confining pressure imposed in the tests (10, 25 or 50 kPa), the peak pullout
resistance of the geogrids increased with the specimen size. This increment was more pronounced at
higher confining pressures (i.e., 25 and 50 kPa).
The displacement rate adopted in the pullout tests affected the measured pullout resistance of the
HDPE geogrid (GGR2). This is related to the intrinsic viscous response of polymeric geosynthetics
under tensile loads (particularly for geosynthetics manufactured from HDPE). For the conditions
investigated in this study, the peak pullout resistance of GGR2 increased by up to 16% with increasing
displacement rate (from 1 mm/min to 4 mm/min).
The pullout resistance of the geogrid is positively correlated to the confining pressure acting at the
interface level. When the confining pressure varied from 10 to 50 kPa, the peak pullout resistance of the
geogrid GGR1 increased by 57% (for 200 mm × 600 mm specimens) and 67% (for 250 mm × 750 mm
specimens), which is associated with the increase in the passive resistance of the recycled C&D material
developed against the geogrid transverse members.
The values of pullout interaction coefficient, fb , obtained in this study are generally greater than
the values usually reported in the literature for soil-geosynthetic and recycled material-geosynthetic
interfaces. The pullout interaction coefficients, fb , for the interface involving the PET geogrid (GGR1)
ranged from 0.79 to 1.35. For the HDPE geogrid (GGR2), the values of fb were generally higher, ranging
from 1.13 to 1.57.
Although the pullout resistance of the geogrids has increased with the specimen size, the pullout
interaction coefficient, fb , showed in general the opposite trend.
The increase in the displacement rate led to both an increase in the geogrids pullout resistance
and an increase in the pullout interaction coefficient, fb .
Albeit the pullout resistance of the geogrids is positively correlated to the confining pressure,
on average and regardless of specimen size the pullout interaction coefficient, fb , decreased with
this parameter.
This study has confirmed the expected trends regarding the pullout resistance: higher pullout
resistance achieved in laboratory pullout tests for higher confining pressure, displacement rate and
specimen size. However, the conclusions concerning pullout interaction coefficient, fb , are very
interesting and should be properly considered. Even keeping the ratio of the specimen confined length
to width equal to three, as recommended by the European Standard (ASTM standard recommends
two), the pullout results are dependent upon geogrid length. It is important to point out that higher
pullout resistance (expected in longer geogrids) does not imply higher pullout interaction coefficient.
The increase in the confining pressure also led to the decrease of fb .
In the design of geosynthetic-reinforced structures one of the essential parameters is the pullout
interaction coefficient, fb . The fb values attained in this study exceed the values typically assumed in
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