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A B S T R A C T   

This paper presents an experimental and analytical evaluation of factors affecting the interface pullout resistance 
of polymeric strips embedded in marginal soils, with a particular interest in supporting the partial replacement of 
natural sands by intensely weathered tropical soils in reinforced soil structures, which have often been consid-
ered marginal fills in design guidelines. Large-scale pullout tests were conducted to evaluate the soil-geosynthetic 
interface pullout resistance, which also provided quantitative insight into the local increases in vertical stresses 
acting on the reinforcements due to pullout. Based on the experiments, analytical models were developed and 
calibrated to establish the relationship between confinement and soil-geosynthetic interface pullout resistance. 
The relationship between actual and initial stresses could then be represented in terms of a linear model in which 
the angular coefficient corresponds to the ratio between the apparent and actual friction coefficients (f*/f). This 
analytical relationship was found to represent a useful design tool since it directly correlates with soil 
geotechnical properties. The use of lateritic soils to partially replace coarse-grained soils in reinforced soil 
structures was found to be feasible for mixtures involving up to 25% of lateritic soils, with higher fractions 
affecting the interface resistance significantly.   

1. Introduction 

Reinforced soil walls are structures with linear reinforcement in-
clusions aiming at providing additional resistance in the form of tensile 
stresses that develop under working stress conditions (e.g. Schlosser and 
Bastick, 1991). The internal stability of these structures depends on the 
frictional resistance that develops on the soil-reinforcement interface as 
well as the bearing resistance provided by the transverse elements of 
certain types of reinforcement. Coarse-grained soils, such as clean sands 
and gravels, can lead to enhanced frictional and dilatant contributions to 
strength (e.g. Schlosser and Bastick, 1991; Alfaro et al., 1995; Loli et al., 
2018), which may not fully develop on the interface between re-
inforcements and fine-grained soils (e.g. Dai et al., 2015; Zhang et al., 
2020). 

Theoretical (e.g. Palmeira, 2004; Abdelouhab et al., 2010; Cardile 
et al., 2017), and numerical (e.g. Abdelouhab et al., 2011; Wang et al., 
2016; Noorzad and Badakhshan, 2017) methods have been used to 
simulate the mechanism of interface pullout resistance that develops 

under field conditions. Pullout tests provide insight into the responses of 
reinforcements embedded in reinforced soil structures (Palmeira, 2009), 
facilitating the quantification of the pullout resistance between fill soils 
and different reinforcement types, including geogrids (e.g. Palmeira, 
1987; Teixeira et al., 2007; Sieira et al., 2009; Moraci and Cardile, 2009; 
Abdi and Arjomand, 2011; Ezzein and Bathurst, 2014; Bathurst and 
Ezzein, 2016; Wang et al., 2016; Abdi and Mirzaeifar, 2017; Kayadelen 
et al., 2018), fibers (e.g. Zornberg, 2002; Yang et al., 2003; Tang et al., 
2016), cellular confinement systems (e.g. Khedkar and Mandal, 2009), 
steel meshes (e.g. Lajevardi et al., 2013; Suksiripattanapong et al., 
2013), and polymeric strips (e.g. Abdelouhab et al., 2010, 2011; Raz-
zazan et al., 2018, 2019; Cui et al., 2019; Zhang et al., 2020). 

The scarcity of adequate fill soils nearby construction sites may lead 
to considerable additional costs. Moreover, awareness of the negative 
sustainability impact related to the extraction of natural sands and 
gravels has been growing in recent years, prompting researchers to take 
notice and search for alternative construction materials. The use of non- 
standard soils as fills in retaining structures has been reported to involve 
soil-rock mixtures (e.g. Yang et al., 2014), copper slag (e.g. Prasad and 
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Ramana, 2016; Zhang et al., 2018), construction and demolition recy-
cled aggregates (e.g. Santos et al., 2014; Vieira et al., 2016; 
Gálvez-Martos et al., 2018), and fine-grained soils (e.g. Zornberg and 
Mitchell, 1994; Mitchell and Zornberg, 1995; Abdi and Arjomand, 2011; 
Portelinha et al., 2013; Sukmak et al., 2015; Abd and Utili, 2017; Chen 
et al., 2018). 

The use of intensely weathered tropical soils, also known as lateritic 
soils, as fills in reinforced soil structures may offer economic, technical, 
and environmental benefits due to their wide availability in tropical and 
sub-tropical climate zones (e.g. Araujo et al., 2009, 2021), such as 
sizeable regions of South America, Asia, and Oceania. However, tropical 
soils often exhibit a distinct geotechnical behavior, relative to their 
counterpart soils found in temperate zones (e.g. Gidigasu, 1972), which 
has frequently hindered the use of the design guidelines available for 
such materials. Intensely weathered soils are characterized by 
micro-structural bonding resulting from an accumulation of hydrated 
iron and aluminum oxides (sesquioxides), forming soil aggregations 
larger than individual clay particles, which can ultimately lead to 
enhanced mechanical behavior relative to typical cohesive soils found in 
temperate zones (Mahalinga-Iyer and Williams, 1994; Ng et al., 2019; 
Araujo et al., 2021). These characteristics favor support the use of 
lateritic soils as construction material in several geotechnical structures, 
such as roadway bases and sub-bases (e.g. Rezende et al., 2005), and 
reinforced soil structures (e.g. Sukmak et al., 2016) under predefined 
conditions. 

The use of polymeric strips instead of metallic strips can be partic-
ularly advantageous when dealing with marginal fills, such as intensely 
weathered soils, to avoid degradation of these elements over time due to 
corrosion. Only limited information is currently available in the tech-
nical literature regarding the pullout resistance of polymeric strips 
embedded in lateritic soils. A comprehensive understanding of the 

possibility of partially or entirely replacing granular fills with intensely 
weathered soils could provide more practical ranges of applications of 
these materials in reinforced soil structures. 

This paper provides insight into the interface pullout resistance of 
polymeric strips embedded in marginal tropical soils, with particular 
emphasis on the evaluation of factors influencing soil-geosynthetic 
pullout and interface shear resistance as well as a discussion of their 
relevance from a design perspective. The geomechanical properties of 
the soils and the results from pullout tests were used as input in 
analytical methods used to predict pullout responses, providing tools 
deemed relevant to the design of reinforced soil structures. 

2. Fill soils 

The experimental component of this research was developed at the 
University of Brasilia (Federal District, Brazil) (Pierozan, 2018). Samples 
of the following soils were collected from natural deposits in the central 
region of Brazil: (1) a clean uniform sand, extracted from a fluvial de-
posit at Rio das Almas (State of Goias, Brazil); and (2) a weathered 
fine-grained soil, collected at the Experimental Field of the University of 
Brasília Geotechnical Engineering Graduate Program (Federal District, 
Brazil). 

2.1. Geotechnical characterization 

Fill soils were prepared following ASTM D421-85 (2007). Particles 
with dimensions smaller than 0.075 mm (fines content, Fc) were 
removed from the natural sand, and particles larger than two (2) mil-
limeters were removed from both the natural sand and clayey soil to 
avoid their influence on test results. Following these procedures, mix-
tures were created with the clean uniform sand and the fine-grained soil 

Notation 

α Scale effect correction factor (dimensionless) 
β Slope inclination (degrees) 
γnat Unit weight of soil in its natural state (kN/m3) 
Δσv Local stress increase (kPa) 
Δσv,max Local stress increase under peak conditions (kPa) 
δface Face displacement (m) 
δface,max Face displacement under peak conditions (m) 
δh Horizontal displacement (m) 
δv Vertical displacement (m) 
σv,0 Initial vertical stress (kPa) 
σv Vertical stress (kPa) 
σv,max Vertical stress under peak conditions (kPa) 
τ Shear stress (kPa) 
τmax Shear stress under peak conditions (kPa) 
ϕs Soil friction angle (degrees) 
ϕs,sec Secant soil friction angle (degrees) 
ϕsg Soil-geosynthetic interface friction angle (degrees) 
ϕsg,sec Secant soil-geosynthetic interface friction angle (degrees) 
ψ Angle of dilation (degrees) 
be Distance between external boundaries of the strips (m) 
bi Distance between internal boundaries of the strips (m) 
bs Width of a single strip (m) 
c Coefficient used in Eq. (15) (dimensionless) 
C Correction factor indicated in Eq. (16) (dimensionless) 
C0, C1, χ Coefficients used in Eq. (16) (dimensionless) 
cs Cohesion intercept of the soil shear resistance (kPa) 
Cc Coefficient of curvature (dimensionless) 
Cu Coefficient of uniformity (dimensionless) 
Dmax Maximum diameter of diamond mesh as in Fig. 4(a) (m) 

Dmin Minimum diameter of diamond mesh as in Fig. 4(a) (m) 
f Actual friction coefficient (dimensionless) 
fb Pullout interaction coefficient (dimensionless) 
f* Apparent friction coefficient (dimensionless) 
f0 The maximum value for f* (dimensionless) 
f1 The minimum value for f* (dimensionless) 
Fc Fines content (mass fraction with a diameter smaller than 

0.075 mm) (%) 
g1, g2 Coefficients used in Eq. (1) (dimensionless) 
Gs Specific gravity (dimensionless) 
h1, h2 Coefficients used in Eq. (2) (dimensionless) 
j1, j2 Coefficients used in Eq. (3) (dimensionless) 
k20ºC Hydraulic conductivity at 20 ◦C (m/s) 
l1, l2 Coefficients used in Eq. (7) (dimensionless) 
Lg Geosynthetic embedment (m) 
n1, n2 Coefficients used in Eq. (8) (dimensionless) 
P Pullout resistance (kN) 
pa Atmospheric pressure (kPa) 
PI Plasticity index (%) 
Pmax Pullout resistance under peak conditions (kN) 
r1, r2 Coefficients used in Eq. (13) (dimensionless) 
R2 Coefficient of determination (%) 
s1, s2 Coefficients used in Eq. (14) (dimensionless) 
Wg Geosynthetic width considering a pair of strips (m) 
wL Liquid limit (%) 
wopt Optimum water content (%) 
wP Plastic limit (%) 
xi Relative position at the reference axis in Fig. 8 and Fig. 9 

(m) 
z Depth of installation (m) 
Z0 Break-point depth (m)  
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(lateritic weathered soil) at different weight fractions. 
The nomenclature used for the different samples in this paper con-

sists of an acronym (S for sand, and L for lateritic soil) followed by the 
weight fraction of the mixture’s components, which yielded the 
following sample designations: S100-L0 for 100% clean uniform sand; 
S75-L25 for a mixture containing 75% clean uniform sand and 25% 
marginal tropical soil; S50-L50 for a mixture containing 50% clean 
uniform sand and 50% marginal tropical soil; and S0-L100 for 100% 
marginal tropical soil. 

The X-Ray Diffraction (XRD) technique was utilized to evaluate the 
mineralogical composition of the clean uniform sand (S100-L0) and fine- 
grained soil (S0-L100) using a Rigaku Ultima IV apparatus, while the 
chemical composition of these soils was determined via the X-Ray 
Fluorescence (XRF) spectrometry technique. 

According to mineralogical composition tests, the clean uniform 
sand consisted primarily of quartz (82.3%), while muscovite (12.6%), 
kaolinite (3.4%), and rutile (1.7%) were also detected as secondary 
minerals. The mineralogical composition of the clean uniform sand was 
consistent with that of natural silica sands (e.g. Klein and Hurlbut, 
1993), which are a well-accepted fill in reinforced soil structures. The 
intensely weathered soil consisted of gibbsite (35.3%) and quartz 
(35.3%), while secondary minerals included kaolinite (16.2%), hematite 
(6.8%), rutile (4.0%), and anatase (2.4%), which are characteristic of 
the lateritic soils found in the Federal District of Brazil (e.g. Rezende 
et al., 2005; Araujo et al., 2009, 2021). 

Chemical composition tests indicated that the clean uniform sand 
was primarily composed of silica (SiO2 – 81.2%), while secondary 
components included aluminum oxide (Al2O3 - 6.1%), iron oxide (Fe2O3 
– 4.9%), titanium dioxide (TiO2 – 2.7%), and potassium oxide (K2O – 
1.9%), with 1.5% additional components and 1.7% loss on ignition. The 
main components of the intensely weathered soil (S0-L100) were 
aluminum oxide (Al2O3 - 38.8%), silica (SiO2 – 23%), and iron oxide 
(Fe2O3 – 15.7%), while secondary components included titanium diox-
ide (TiO2 – 2.1%) and 0.3% other components, with 20.1% loss on 
ignition. The intensely weathered soil was classified as a lateritic soil 
according to the tropical residual soil classification (e.g. Catt, 1990). 

Laboratory tests were also utilized to establish the specific gravity of 
solids (ASTM D854-14, 2014), Atterberg limits (ASTM D4318-17e1, 
2017), and particle size distribution analyses (ASTM D422-63e2, 
2007, and ASTM D4221-18, 2018). To determine the dimensions of 
individual soil particles, grain size tests were conducted via conven-
tional testing procedures using a Dispersing Agent (D.A.) following 
ASTM D422-63e2 (2007). The double hydrometer test (ASTM 
D4221-18, 2018) was also carried out for the samples containing 
lateritic soil (S75-L25, S50-L50, and S0-L100) used in this study, which 
includes an alternative procedure employing neither chemical disper-
sants (D.A.) nor solution stirring. It should be noted that the mechanical 
behavior of intensely weathered soils is largely affected by the di-
mensions of water-stable soil aggregations instead of individual particles 
(e.g. Mahalinga-Iyer and Williams, 1994; Ng et al., 2019, Araujo et al., 
2021), supporting this alternate testing procedure (hydrometer test with 
and without D.A.) to evaluate the possibility of formation of soil 
aggregations. 

Minimum and maximum void ratios were determined for the clean 
uniform sand (S100-L0) following the specifications provided by ASTM 
D4253 (2016) and ASTM D4254-16 (2016), respectively, while Stan-
dard Proctor compaction tests (ASTM D698-12, 2021) were carried out 
for the samples containing lateritic soil (S75-L25, S50-L50, and 
S0-L100). 

Constant head (ASTM D2434-19, 2019) and falling head (ASTM 
D5084-16a, 2016) hydraulic conductivity tests were conducted on 
saturated compacted samples of the clean uniform sand (S100-L0), and 
samples containing lateritic soil (S75-L25, S50-L50, and S0-L100), 
respectively. The fill requirements suggested by the Federal Highway 
Administration (Berg et al., 2009) served as a reference for specimen 
preparation: (i) a relative density of 95% when considering the clean 

uniform sand (S100-L0); and (ii) a relative compaction corresponding to 
95% of the maximum dry unit weight (Standard Proctor test), and 
tolerance of ±2% × wopt for the water content, with wopt referring to the 
optimum value, when considering samples containing lateritic soil 
(S75-L25, S50-L50, and S0-L100). 

A summary of the geotechnical characterization is presented in 
Table 1 and particle size distribution curves are given in Fig. 1. 

The behavior of the compacted samples was considerably affected by 
the fine-grained particles added to the sand-lateritic soil mixtures. The 
minimum and maximum void ratios of the clean uniform sand (S100-L0) 
were equal to 0.58 and 0.83, respectively. The voids between sand 
grains were observed to progressively fill with cohesive particles for 
mixtures M75-L25 and M50-L50, in relation to the clean uniform sand 
(S100-L0). Proctor compaction tests indicated an optimum water con-
tent of 12%, 16%, and 22%, respectively, for samples S75-L25, S50-L50, 
and S0-L100, respectively, while the maximum dry unit weights asso-
ciated with these soils were 18.2 kN/m3, 17.8 kN/m3, and 15.7 kN/m3, 
respectively. 

The arrangement of soil grains into aggregations had a considerable 
effect on size-distribution characteristics and associated fines content 
(the mass fraction with a diameter smaller than 0.075 mm, as indicated 
in Table 1). Hence, even though the lateritic soil (S0-L100) was classified 
as silty sand (SM) according to the USCS when considering tests with no 
dispersing agent (ASTM D4221-18, 2018), the overall geotechnical 
behavior presented by this material was more consistent with low 
plasticity silts (ML) considering the use of a dispersing agent (ASTM 
D422-63e2, 2007). Mixtures with lateritic soil content greater than 25% 
by weight (S75-L25, and M50-L50) presented plastic behavior due to the 
contribution of fine-grained particles. 

Based on the particle size distribution curves (Fig. 1), the percentage 
dispersion of the lateritic weathered soil (S0-L100) was determined as 
25%, indicating this material has low susceptibility to erosion. This 
behavior agrees with the findings of previous works, which have high-
lighted the satisfactory geotechnical behavior of sample S0-L100 as 
pavement base and sub-base in roadway projects (e.g. Rezende et al., 
2005) and also benefitted from the low compressibility presented by this 
material after compaction. Samples S75–25 and S50-L50 presented 70% 
and 50% dispersion, respectively, indicating these materials are more 
susceptible to erosion than the tropical soil (S0-L100) used in this 
research. Permeability coefficients at 20 ◦C (k20◦C) of 3 × 10− 4 m/s, 1 ×
10− 7 m/s, 7 × 10− 9 m/s, and 4 × 10− 9 m/s were measured for samples 
S100-L0, S75-L25, S50-L50, and S0-L100, respectively. Consequently, 
adequate surface water management and drainage must be implemented 
when using sand-lateritic soil mixtures. 

Table 1 
Geotechnical properties of fill materials and considering tests with and without 
Dispersing Agent (D.A.).  

Properties Fill Materials 

S100-L0 S75-L25 S50-L50 S0-L100 

Gs 2.64 2.65 2.66 2.67 
Atterberg Limits wP (%) – 20 23 28 

wL (%) – 21 27 39 
PI (%) – 1 4 11 

With D.A. Cc 1.0 28.0 ~100 ~200 
Cu 2.4 ~60 ~300 ~1000 
Fc (%) 0 16.2 31.9 64.8 
USCS SP SM SM ML 

Without D.A. Cc 1.0 2.6 6.8 ~20 
Cu 2.4 7.1 33.0 ~80 
Fc (%) 0 10.1 17.8 31.4 
USCS SP SW SM SM 

Note: The symbols and abbreviations indicated in Table 1 are: specific gravity 
(Gs); plastic limit (wP); liquid limit (wL); plasticity index (PI); coefficient of 
curvature (Cc); coefficient of uniformity (Cu); fines content (the mass fraction 
with a diameter smaller than 0.075 mm, Fc); and the Unified Soil Classification 
System (USCS, as in ASTM D4287-17e1, 2017). 
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2.2. Soil internal shear resistance 

As-compacted specimens (unsaturated) with a cross-section 
measuring 100 mm × 100 mm and a height of 20 mm were subjected 
to direct shear tests aiming at determining shear resistance mechanisms. 
The following compaction requirements were adopted in this research: 
(i) a relative density of 95% when considering the clean uniform sand 
(S100-L0), and a water content of approximately 0.25%; and (ii) a 
relative compaction corresponding to 95% of the maximum dry unit 
weight (Standard Proctor test), and tolerance of ±2% × wopt for the 
water content, before and after testing, with wopt referring to the opti-
mum value, when considering samples containing lateritic soil (S75- 
L25, S50-L50, and S0-L100). 

The weight of soils in their natural state (γnat), as expressed in this 
paper, corresponded to as-compacted samples (unsaturated), i.e. 
considering a relative density of 95% for sample S100-L0, and a relative 
compaction of 95% for samples S75-L25, S50-L50, and S0-L100. 
Accordingly, the values assumed by γnat corresponded to 14.16 kN/ 
m3, 19.41 kN/m3, 19.56 kN/m3, and 18.19 kN/m3 for samples S100-L0, 

S75-L25, S50-L50, and S0-L100, respectively, while the dry unit weights 
associated with these samples corresponded to 14.12 kN/m3, 17.33 kN/ 
m3, 16.86 kN/m3, and 14.91 kN/m3, respectively. 

These specimens were subjected to direct shear tests to define soil 
internal friction angles and cohesive intercepts under unsaturated con-
ditions, following ASTM D3080/D3080M-11 (2011). These tests were 
completed under a constant shear displacement rate of 0.05 mm/min, 
which was selected to avoid excess pore water pressures during shearing 
(ASTM D3080/D3080M-11, 2011). A representation of soil internal 
shear resistance parameters is shown in Fig. 2, with shear stresses 
relative to horizontal shear displacements shown in Fig. 2(a), and ver-
tical shear displacements relative to horizontal shear displacements 
indicated in Fig. 2(b). 

The Mohr-Coulomb envelopes corresponding to the internal friction 
(ϕs) and interface friction (ϕsg) considering the maximum shear stresses 
are presented in Fig. 2(c). It can be observed that the internal shear 
strength of the clean uniform sand (S100-L0) involved primarily a fric-
tional resistance component, while the mixtures (S75-L25 and S50-L50) 
and lateritic soil (S0-L100) presented an additional contribution the 
cohesion component of resistance. The internal friction angles (ϕs) were 
equal to 44◦, 40◦, 38◦, and 33◦ for samples S100-L0, S75-L25, S50-L50, 
and S0-L100, respectively, considering the maximum shear stresses. 

According to Fig. 2(c), the cohesion intercepts of samples S75-L25, 
S50-L50, and S0-L100 assumed values of 11 kPa, 21 kPa, and 30 kPa, 
respectively. As expected, the relatively large percentage of sesquioxides 
[aluminum oxide (38.8%) and iron oxide (15.7%)] relative to silica 
(23%) characteristic of the lateritic soil (S0-L100) caused the formation 
of water-stable micro-aggregations consistent with previous works (e.g. 
Mahalinga-Iyer and Williams, 1994; Ng et al., 2019). The particle 
arrangement of the mixtures (S75-L25, and S50-L50) also benefitted 
from the bonding provided by the accumulation of sesquioxides on the 
surface of the sand particles, which inhibited the frictional dilatant 
behavior that would be expected from sandy soils, as is discussed sub-
sequently in this paper. 

The secant soil friction angles (ϕs,sec) are presented in Fig. 2(d). An 
analytical model was used to represent the soil secant friction angles in 
terms of initial stress conditions (σv,0) given the values assumed by the 
coefficients of determination (R2 larger than 90%) when contrasting 
predicted values with experimental data, which is valid in the range of 
12.5 kPa ≤ σv,0 ≤ 200 kPa. The following equations were found to fit the 
experimental results well: 

ϕs,sec = e
g1+g2×ln

(
σv,0
pa

)

(1)  

where g1 and g2 are dimensionless coefficients associated with ϕs,sec; and 
pa is the atmospheric pressure (101 kPa). 

The coefficients associated with the fitting equations discussed in 
this paper are summarized in Table 2, including those related to Eq. (1). 
It is worth noting that the proposed equations and coefficients are valid 
for the materials studied in the current research, and additional research 
may be required for extrapolation for other materials and testing con-
ditions. The main objective of these fitting equations is to assess the 
trend of the evaluated parameters, as discussed later in this paper. 

2.3. Angles of dilation 

Previous studies (e.g. Schanz and Vermeer, 1996) have indicated 
that plane strain and axisymmetric testing conditions can lead to a 
similar angle of dilation, although the soil friction angle may be affected 
considerably by the testing configuration. Accordingly, a conventional 
direct shear apparatus was adapted to better quantify the angle of 
dilation (Jewell, 1989; Simoni and Houlsby, 2006). The adaptation of 
the direct shear device consisted of attaching the piston at which the 
normal efforts are applied to the upper frame, thus ensuring a uniform 
distribution of vertical displacements on top of the specimen, as shown 

Fig. 1. Particle size distribution curves with and without Dispersing Agent (D. 
A.), and schematic representation of tested samples. 
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in Fig. 3(a). As-compacted (unsaturated) samples, following the afore-
mentioned compaction requirements, were subject to adapted direct 
shear testing under a constant shear displacement rate of 0.05 mm/min. 
Shear stresses relative to horizontal shear displacements are shown in 
Fig. 3(b). 

Vertical shear displacements relative to horizontal shear displace-
ments are presented in Fig. 3(c). The angles of dilation were calculated 
as the tangent of the quotient between vertical and horizontal dis-
placements immediately before reaching the maximum shear stresses, i. 
e. the inclination of the δv versus δh curves [Fig. 3(c)]. Mohr-Coulomb 

Fig. 2. Soil shear resistance after conventional direct shear tests: (a) Shear stresses relative to horizontal shear displacements (δh); (b) Vertical shear displacements 
(δv) relative to horizontal shear displacements; (c) Soil shear resistance envelopes; and (d) Soil secant friction angles. 

Table 2 
Analytical fitting equations, and associated parameters, for variables associated with the interface shear resistance.  

Eq. Relationship Coef. Compacted Soil 

S100-L0 S75-L25 S50-L50 S0-L100 

(1) ϕs,sec = function
(
σv,0

)
g1 3.6860 3.5950 3.5450 3.4080 
g2 − 0.1205 − 0.0831 − 0.0601 − 0.0399 
R2 98.21% 98.68% 98.98% 90.13% 

(2) Ψ = function
(
σv,0

)
h1 1.5930 − 0.2113 − 1.3960 − 4.0000 
h2 − 0.6950 − 0.7675 − 1.0000 − 1.0000 
R2 100% 98.32% 100% 100%  

ϕsg,sec = function
(
σv,0

)
j1 3.4840 3.4970 3.4560 3.4140 

(3) j2 − 0.0955 − 0.0650 − 0.0313 − 0.0372  
R2 98.65% 97.79% 94.51% 94.70% 

(7) Pmax = function
(
σv,0

)
l1 − 0.8019 0.0427 0.1666 0.2000 
l2 7.4340 4.3400 3.1060 2.0710 
R2 98.89% 99.68% 98.65% 99.97% 

(8) 
P/Pmax = function

(
δface

δface,max

)
m1 0.4948 0.7094 0.7919 0.8753 
m2 0.4266 0.2142 0.1327 0.1033 
R2 96.74 98.66 98.53 99.46 

(9) σv = function
(
σv,0

)
f*/f  2.0747 1.5051 1.2808 1.1699 

R2 99.67% 98.95% 99.08% 99.87%  
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envelopes are presented in Fig. 3(d), while the angles of dilation (ψ), are 
presented in Fig. 3(e). Overall, dilatant behavior was observed for the 
clean uniform sand (S100-L0), while this component of shear strength 
was not observed from the mixtures (S75-L25 and S50-L50) due to 
interparticle bonding. The secant friction angles of the clean uniform 
sand (S100-L0) presented coefficients of determination (R2) larger than 
95% with the values predicted by the relation proposed by Bolton 
(1986), i.e. ϕs,sec = ϕcv − 0.8× Ψ, in which the constant volume friction 
angle (ϕcv) is equal to 33◦ for quartz sands. However, this relation was 
not suitable for the mixtures. 

An analytical model was used to represent the angles of dilation in 
terms of initial stress conditions (σv,0) given the values assumed by the 
coefficients of determination (R2 larger than 95%) when contrasting 
predicted values with experimental data, which is valid in the range of 
12.5 kPa ≤ σv,0 ≤ 200 kPa. The following equations were found to fit the 
experimental results well: 

ψ = e
h1+h2×ln

(
σv,0
pa

)

(2)  

where h1 and h2 are dimensionless coefficients associated with ψ; and pa 
is the atmospheric pressure (101 kPa). 

3. Soil-geosynthetic interface shear resistance 

As compacted (unsaturated) soil specimens with a cross-section 
measuring 100 mm × 100 mm and a height of 20 mm were molded 
from compacted blocks under the aforementioned compaction re-
quirements. These specimens were subjected to direct shear tests to 
define interface friction angles under unsaturated conditions to deter-
mine the soil-geosynthetic interface shear properties, following ASTM 
D5321/D5321M-20 (2020). These tests were completed under a con-
stant shear displacement rate of 0.05 mm/min, which was selected to 
avoid excess pore water pressures during shearing (ASTM 

Fig. 3. Adapted direct shear tests conducted to provide insight on the angles of dilation: (a) Shear stresses relative to horizontal shear displacements; (b) Vertical 
shear displacements relative to horizontal shear displacements; (c) Shear resistance envelopes; and (d) Angles of dilation relative to initial stress conditions. 
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D3080/D3080M-11, 2011). 
The polymeric strips used in this investigation involve a polyethylene 

sheet encasement which aimed at enhancing interface friction relative to 
smooth reinforcements. Detail of the interface features, including the 
diamond mesh found on both top and bottom surfaces of the rein-
forcement, is shown in Fig. 4(a), along with a representation of the direct 
shear device used for testing. The average dimensions of these diamond- 
shaped elements were one (1) millimeter high (distance between trough 
and crest), two (2) millimeters for the smallest diameter (Dmin), and 
three (3) millimeters for the largest diameter (Dmax), according to 3D 
microscopy tests (LEXT microscope, model OLS4100). The reported 
tensile strength of each polymeric strip was 50 kN. This comparatively 
large tensile strength may be attributed to the high tenacity polyester 
fibers (HTPET) found in the core of the polymeric strips. Since a key 
focus of this research was the behavior of these elements under working 

conditions, the tensile properties were characterized at strain levels of 
2% and 5%, resulting in elastic moduli of 2.43 GPa and 2.27 GPa, 
respectively. 

The Mohr-Coulomb envelopes corresponding to the interface friction 
(ϕsg) associated with maximum shear stresses are presented in Fig. 4(b), 
while the vertical shear displacements relative to the horizontal shear 
displacements are shown in Fig. 4(c). The soil-geosynthetic interface 
friction angles (ϕsg) were equal to 36◦, 35◦, 35◦, and 33◦ for samples 
S100-L0, S75-L25, S50-L50, and S0-L100, respectively, considering the 
maximum shear stresses. Furthermore, it can be observed that the 
components of soil friction angles were greater than the interface fric-
tion angles, indicating that interface sliding did not mobilize as much 
resistance as internal shear, which is consistent with the behavior 
described in previous works (e.g. Elias et al., 2001; Gao et al., 2010). 
Unlike the internal resistance, adhesion did not play an important role in 

Fig. 4. Interface shear resistance after direct shear tests: (a) Shear stresses relative to horizontal shear displacements; (b) Vertical shear displacements relative to 
horizontal shear displacements; (c) Interface shear resistance envelopes; and (d) Secant friction angles. 
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interface shear resistance, as evidenced by the Mohr-Coulomb envelopes 
presented in Fig. 4(d). In this regard, AASHTO (2017) and the French 
code (NF P94-270, 2009) recommend that the contribution from cohe-
sive components of interface shear strength should not be considered in 
design procedures. 

An analytical model was used to represent the angles of dilation in 
terms of initial stress conditions (σv,0), as shown in Fig. 4(e), given the 
values assumed by the coefficients of determination (R2 larger than 
95%) when contrasting predicted values with experimental data, which 
is valid in the range of 12.5 kPa ≤ σv,0 ≤ 200 kPa. The following 
equation was found to fit the experimental results well: 

ϕsg,sec = e
j1+j2×ln

(
σv,0
pa

)

(3)  

where j1 and j2 are dimensionless coefficients associated with ϕsg,sec; and 
pa is the atmospheric pressure (101 kPa). 

A summary of direct shear testing results is presented in Table 3. It 
should be noted that the determination of internal and interface shear 
resistance parameters, along with the estimates concerning the angles of 
dilation, were performed using unsaturated specimens with the initial 
moisture content targeting the optimum values (wopt), along with the 
preestablished compaction requirements. Unsaturated testing condi-
tions were selected in this research because they were considered more 
representative of actual working conditions to which retaining walls are 
subjected, also denoting the anticipated contribution of suction on the 
shear resistance of cohesive samples (S75-L25, S50-L50, and S0-L100), 
relative to the clean uniform sand (S100-L0). 

4. Soil-geosynthetic interface pullout resistance 

A view of the pullout testing equipment used in the experimental 
component of this study is presented in Fig. 5(a), with an overview of the 
most relevant components of the device given in Fig. 5(b). The pullout 
box, designed by Palmeira (1996), has internal dimensions of 1450 mm 
(length), 890 mm (width), and 570 mm (height). The original box was 
enhanced with a series of components, including a flexible hydraulic 
diaphragm-loading device, horizontal and vertical reaction frames, 
enhanced geosynthetic clamps, pullout actuator, and instrumentation. 

The external instrumentation consisted of one (1) load cell and two 
(2) displacement transducers installed on the face of the box, while the 
internal instrumentation consisted of five (5) pressure cells installed at 
the positions denoted as PC-1, PC-2, PC-3, PC-4, and PC-5. The pressure 
cells were adapted to provide a maximum stress capacity of 100 kPa, 
being installed on top of the reinforcements at positions PC-1, PC-2, and 
PC-3, and embedded within the compacted soil at positions PC-4 and PC- 
5. Also, the pressure cells used in this research had a diameter of 50 mm 
and a thickness of 6 mm. It is important to highlight that the local stress 
increase (Δσv) is influenced by the distance relative to the reinforcement 
element (Schlosser and Bastick, 1991). Thus, the pressure cells posi-
tioning directly on top of the reinforcements aimed at capturing the local 
stress increase on the soil-geosynthetic interface. The instrumentation 
devices were connected to a data acquisition system (LYNX, model 
ADS0500-16-W). 

Polymeric strips can be installed using different configurations. They 
include a double strap arrangement (e.g. Miyata et al., 2019), in which 
the reinforcement is installed in closely spaced pairs of straps oriented 

Table 3 
Summary of the direct shear data testing results, considering maximum shear stress data points.   

Data Points σv,0 (kPa) 

12.5 25 50 100 200 

Soil Internal Shear Resistance S100-L0 δh (mm) 2.61 3.56 3.58 4.77 4.88 
δv (mm) 0.66 0.78 0.60 0.51 0.43 
τ (kPa) 15.20 27.40 48.70 84.80 144.20 

S75-L25 δh (mm) 6.30 7.43 7.93 10.00 9.15 
δv (mm) 0.71 0.55 0.37 − 0.02 − 0.30 
τ (kPa) 22.66 32.73 51.49 85.80 145.30 

S50-L50 δh (mm) 9.58 9.56 8.81 9.75 9.44 
δv (mm) 1.07 0.74 0.34 − 0.21 − 0.43 
τ (kPa) 31.12 40.53 57.70 89.70 151.90 

S0-L100 δh (mm) 9.45 6.60 9.14 6.09 6.70 
δv (mm) 0.98 0.41 0.26 − 0.26 − 0.52 
τ (kPa) 38.12 45.62 60.04 86.70 145.30 

Angles of Dilation S100-L0 δh (mm) 2.66 3.54 4.50 5.22 5.29 
δv (mm) 0.85 0.75 0.52 0.40 0.17 
τ (kPa) 15.81 26.48 47.04 85.33 151.41 

S75-L25 δh (mm) 9.50 9.54 9.50 9.45 9.17 
δv (mm) 0.69 0.37 0.17 0.08 − 0.03 
τ (kPa) 22.39 32.96 49.71 84.65 143.18 

S50-L50 δh (mm) 8.95 9.75 9.72 9.96 9.67 
δv (mm) 0.19 0.08 − 0.05 − 0.19 − 0.34 
τ (kPa) 31.40 41.84 57.19 91.42 145.07 

S0-L100 δh (mm) 9.92 9.90 9.68 9.88 9.88 
δv (mm) − 0.13 − 0.24 − 0.37 − 0.49 − 0.63 
τ (kPa) 37.78 45.46 58.84 86.31 141.36 

Interface Shear Resistance S100-L0 δh (mm) 3.65 2.74 3.59 5.26 6.52 
δv (mm) 0.29 0.16 0.16 0.14 0.02 
τ (kPa) 10.60 18.84 34.60 63.50 122.40 

S75-L25 δh (mm) 8.47 7.64 8.68 9.29 9.12 
δv (mm) 0.19 0.01 − 0.06 − 0.12 − 0.18 
τ (kPa) 9.40 17.30 32.47 62.49 120.17 

S50-L50 δh (mm) 8.43 8.80 8.79 9.17 8.70 
δv (mm) 0.02 − 0.09 − 0.19 − 0.27 − 0.39 
τ (kPa) 8.30 16.24 31.24 62.49 120.00 

S0-L100 δh (mm) 8.57 9.75 8.97 8.55 8.64 
δv (mm) − 0.05 − 0.09 − 0.23 − 0.37 − 0.43 
τ (kPa) 8.00 15.62 30.04 57.74 115.47 

Note: The soil samples used for pullout testing, as indicated in Table 3, met the following criteria: water content of approximately 0.25%, the relative density of 95% ±
3% for sample S100-L0; and water content of wopt ± 2%, and relative compaction of 95% ± 3% for samples S75-L25, S50-L50, and S0-L100. 
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perpendicular to the facing unit, which can facilitate the development of 
arching (Abdelouhab et al., 2010). Other installation methods include: 
(i) single straps positioned perpendicular to the facing panel (e.g. 
Abdelouhab et al., 2010; Miyata et al., 2019); (ii) straps installed in a 
splayed pattern, in which the strap material is looped at the connection 
with the concrete facing (e.g. Luo et al., 2015); and (iii) U-shaped far end 
configurations (e.g. Razzazan et al., 2019). In the present study, the 
double strap arrangement was used, with the geosynthetic embedment 
length denoted as Lg, as also represented in Fig. 5(b). 

A vertical cross-section of the pullout box is presented in Fig. 5(c), 
along with an illustration of the initial stress configuration on the 
reinforcement plane. The width of a single polymeric strip reinforce-
ment is represented by (bs), and the distances between external and 
internal boundaries of the strips by (be) and (bi), respectively. The total 
reinforcement width (Wg) was 100 mm, with bs and bi being 50 mm and 
150 mm, respectively. The thickness of the polymeric strips was uniform 
and equal to 4 mm. The initial vertical stress (σv,0) acting on the rein-
forcement plane, as indicated in Fig. 5(c), can be grouped into two major 
components: (i) surcharge stress, which is applied by loading devices on 

the upper surface of the soil specimen; and (ii) vertical geostatic soil 
pressure on the reinforcement, which depends on the confinement level 
attributed to the compacted soil. However, the resistance mechanisms 
developed at the interface between the reinforcement and dense, 
compact, dilatant fill materials can lead to a local stress increase along 
with the reinforcements during pullout (e.g. Schlosser and Bastick, 
1991; Teixeira et al., 2007, Georgiou et al., 2020; Kido and Kimura, 
2021), as indicated in Fig. 5(d). Under failure conditions, the actual 
vertical stress acting on reinforcements can be expressed as follows 
(Schlosser and Bastick, 1991): 

σv,max = σv,0 + Δσv,max (4)  

where σv,max is the vertical stress acting on top of the reinforcements 
under failure conditions, and Δσv,max is the local increase in vertical 
stresses under failure conditions. 

The interface shear resistance associated with pullout tests may be 
determined according to the following equation (Schlosser and Bastick, 
1991): 

Fig. 5. Pullout apparatus (in millimeters): (a) Equipment overview; (b) Reinforcement installation and instrumentation positioning; (c) Vertical cross-section, and 
initial stress configuration; and (d) Presumed stress configuration on the reinforcement plane during the pullout of a pair of polymeric strips. 
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τmax = f × σv,max = f * × σv,0 (5)  

where τmax is the shear resistance under failure conditions, f is the actual 
friction coefficient, and f* is the apparent friction coefficient. 

Considering the definitions expressed in Eqs. (4) and (5), the friction 
coefficients can be back-calculated based on pullout test results, as fol-
lows (e.g. Elias et al., 2001): 

Pmax = 2 × Lg × Wg × f * × σv,0 = 2 × Lg × Wg × f × σv,max (6)  

where Pmax is the maximum pullout resistance. 

4.1. Pullout resistance 

The internal surfaces of the pullout box were lined with double layers 
of lubricant and polyethylene film, aiming at reducing sidewall friction. 
Sand pluviation (e.g. Lo Presti et al., 1992) and vibration techniques 
were used to achieve the target density for the clean uniform sand 
(S100-L0), while samples containing lateritic soil (S75-L25, S50-L50, 
and S0-L100) were compacted with a mechanical hammer. Sand plu-
viation and vibration were carried out in layers with a height of 90 mm 
after compaction, considering the aforementioned compaction re-
quirements. Initial vertical stresses (σv,0) of 12.5 kPa, 25 kPa, and 50 kPa 
at the reinforcements were adopted for testing. Tests were performed 
under unsaturated conditions. The rate of pullout displacement was 1 
mm/min, as recommended by ASTM D6706-01 (2013), and the 
maximum displacement of the external end of the strip was 100 mm. 

A depiction of the pullout test results is given in Fig. 6, with pullout 
resistance curves shown in Fig. 6(a), and a summary of pullout testing 
results is presented in Table 4. It can be noted that the frictional and 
dilatant behavior of the clean uniform sand (S100-L0) provided it with 
enhanced pullout resistance in relation to samples containing lateritic 
soil (S75-L25, S50-L50, and S0-L100). It is believed that the interparticle 
bonding caused by the accumulation of hydrated iron and aluminum 
oxides (sesquioxides) inhibited the frictional and dilatant behavior of 
the sandy grain skeleton, agreeing with previous works (e.g. Maha-
linga-Iyer and Williams, 1994; Ng et al., 2019) which focused on the 
internal shear resistance of lateritic soils. 

The pullout resistance envelopes are presented in Fig. 6(b). The 
following observations can be made based on these test results: (i) the 
initial vertical stresses (σv,0) affected considerably the pullout resis-
tance; (ii) pullout responses were also affected by the different fill types, 

indicating that the geomechanical properties of fills correlate to a 
certain degree with the mobilization of interface friction resistance 
mechanisms; and (iii) the maximum pullout forces (Pmax) were found to 
be directly proportional to frontal displacements at failure (δface,max), 
also depending on the type of fill. 

Given the influence of the stress levels observed on the friction 
resistance mechanisms, an equation was fitted to the failure envelopes 
(Fig. 6(b)) and is expressed as follows: 

Pmax = l1 + l2 ×
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σv,0 × Lg × Wg

√
(7)  

where l1 and l2 are dimensionless model coefficients. 
The relationship expressed in Eq. (7) had a strong statistical agree-

ment (R2 > 95%) with the experimental results for each set of data 
points and is valid in the range of 0 < σv,0 ≤ 50 kPa. The values assumed 
by the dimensionless model coefficients l1 and l2 are summarized in 
Table 2. 

In an attempt to focus the analysis on the effect of geomechanical fill 
properties on pullout behavior, a dimensionless representation of the 
pre-failure phase of the load-displacements curves (P < Pmax) was also 
investigated, with P corresponding to the pullout load associated with a 
given face displacement (δface). The aforementioned dimensionless 
curves are depicted in Fig. 7, with Fig. 7(a) indicating the relationship 
between P/Pmax and δface/δface,max. The 1:1 reference line in this figure 
represents a hypothetical soil in which any percentage of the pullout 
loads (0%–100% of Pmax) is directly correlated with an equivalent per-
centage of the face displacements (0%–100% of δface,max), i.e. a soil that 
does not benefit from the additional frictional resistance provided by the 
coarse-grained soil skeleton. 

It can be observed that the shape of the dimensionless load- 
displacement curves was somewhat affected by the type of fill mate-
rial. For instance, the curves associated with the clean uniform sand 
(S100-L0) presented a larger curvature concerning the curves associated 
with the lateritic soil (S0-L100). Conversely, the curves representing 
different vertical stresses (i.e. 12.5 kPa, 25 kPa, and 50 kPa) for a given 
type of soil presented less variability amongst each other. Accordingly, 
the curves associated with different stress conditions did not present 
significant differences amongst each other considering a confidence 
level of 95% for a specific type of fill soil, supporting the interpolation of 
a single analytical curve to represent each material. 

The analytical model used to represent the dimensionless load- 
displacement curves consisted of a hyperbolic function as recom-

Fig. 6. Pullout test results: (a) relation between pullout forces and frontal displacements; and (b) failure envelopes and analytical fitting.  
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Table 4 
Summary of the pullout testing results.  

Properties σv,0 (kPa) Properties σv,0 (kPa) 

12.5 25 50 12.5 25 50 

S100-L0 δface,max (m) 0.29 0.36 0.46 S75-L25 δface,max (m) 0.19 0.23 0.28 
Pmax (kN) 7.73 11.49 18.43 Pmax (kN) 5.70 7.77 10.55 
Stresses (kPa) PC-1 31.48 56.07 102.46 Stresses (kPa) PC-1 27.62 43.57 72.29 

PC-2 29.85 57.02 98.08 PC-2 24.69 42.82 72.60 
PC-3 31.08 53.41 101.57 PC-3 22.39 41.71 68.73 
PC-4 12.55 22.36 50.41 PC-4 12.20 25.41 53.07 
PC-5 12.07 21.72 49.71 PC-5 11.96 24.36 52.27 
σv,max 30.80 55.50 100.70 σv,max 24.90 42.70 71.20 
Δσv,max 18.30 30.50 50.70 Δσv,max 12.40 17.70 21.20 

f* 2.52 1.88 1.50 f* 1.86 1.27 0.86 
f 1.02 0.84 0.75 f 0.93 0.74 0.60 

S50-L50 δface,max (m) 0.15 0.18 0.23 S0-L100 δface,max (m) 0.12 0.14 0.19 
Pmax (kN) 4.37 5.88 7.48 Pmax (kN) 2.58 3.57 5.07 
Stresses (kPa) PC-1 22.77 36.35 64.24 Stresses (kPa) PC-1 16.63 32.50 57.89 

PC-2 20.25 35.70 61.75 PC-2 15.84 31.26 57.06 
PC-3 21.18 34.15 57.01 PC-3 14.62 29.55 56.93 
PC-4 14.22 25.74 51.80 PC-4 11.78 23.04 47.76 
PC-5 14.88 24.21 49.69 PC-5 11.95 23.16 48.19 
σv,max 21.40 35.40 61.00 σv,max 15.70 31.10 57.30 
Δσv,max 8.90 10.40 11.00 Δσv,max 3.20 6.10 7.30 

f* 1.43 0.96 0.61 f* 0.84 0.58 0.41 
f 0.83 0.68 0.50 f 0.67 0.47 0.36 

Note: The soil samples used for pullout testing, as indicated in Table 4, met the following criteria: water content of approximately 0.25%, the relative density of 95% ±
3% for sample S100-L0; and water content of wopt ± 2%, and relative compaction of 95% ± 3% for samples S75-L25, S50-L50, and S0-L100. 

Fig. 7. Pullout resistance in dimensionless units: (a) load-displacement curves and analytical fitting; and (b) relation between fitted coefficients (n1, and n2) and 
selected geomechanical fill properties. 
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Fig. 8. Actual stresses acting within the soil (PC-4, and PC-5) and on top of the reinforcements (PC-1): (a) area of analysis; (b) σv,0 of 12.5 kPa; (c) σv,0 of 25 kPa; and 
(d) σv,0 of 50 kPa. 
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Fig. 9. Actual stresses acting on top of reinforcements (PC-1, PC-2, and PC-3): (a) area of analysis; (b) σv,0 of 12.5 kPa; (c) σv,0 of 25 kPa; and (d) σv,0 of 50 kPa.  
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mended by previous authors (e.g. Huang et al., 2014; Kumar and 
Ilamparuthi, 2020), which is representative of the stress-strain responses 
of cohesive soils (e.g. Kondner, 1963). This model presented strong 
statistical agreement (R2 > 95%) with the experimental data in the range 
of 0 < δface/δface,max ≤ 1, expressed as follows: 

P
Pmax

=
δface

/
δface,max

n1 + n2 × δface
/

δface,max
(8)  

where n1 and n2 are dimensionless model coefficients, δface is the face 
displacement during testing, and δface, max is the face displacement at 
failure. 

Given the observed effect of fill type on pullout responses, a series of 
comparisons between different geomechanical properties and the fitted 
coefficients n1 and n2 [Eq. (8)] were conducted, with results shown in 
Fig. 7(b). It should be noted that parameter n1 serves as a reduction 
factor in the referenced equation, and parameter n2 weights the curva-
ture of the hyperbolic function. Parameter n1 presented a positive cor-
relation with the fines content (the mass fraction with a diameter 
smaller than 0.075 mm, Fc), plasticity indices (PI), and cohesion in-
tercepts (cs), while the increase in permeability coefficients (k20◦C) and 
increase in the friction angles (tan ϕs) caused a decrease in the values 
associated with parameter n1. Therefore, it can be presumed that an 
increase in the magnitude of variables typically characteristic of cohe-
sive soils (i.e. Fc, PI, and cs) causes a decrease in pullout effort, while an 
increase in the magnitude of variables characteristic of granular soils (i. 
e. k20◦C, and tan ϕs) has the opposite effect. In contrast, parameter n2 
presented the opposite behavior relative to n1, indicating the curvature 
of the dimensionless load-displacement curves is affected by the geo-
mechanical properties of the fill. The observed correlation between 
pullout responses and geomechanical fill properties can lead to 
straightforward preliminary design assumptions. 

4.2. Soil stress distribution 

It is important to consider that, in general, the experimental results 
associated with total pressure cells are considerably affected by 
compaction or compaction conditions of the surrounding soil. Since 
pullout of the reinforcements can lead to particle rearrangement at the 
soil-geosynthetic interface, the accuracy of readings associated with the 
pressure cell may be affected during testing. For these reasons, the 
values associated with Δσv,max reported in this research may present 
slight variations with actual behavior. 

The actual vertical stresses (σv) acting on top of the reinforcements 
(PC-1) and within the fill (PC-4, and PC-5) at the level of reinforcement 
are presented in Fig. 8, while the pressure cells readings considered in 
these analyses are summarized in Table 4. A schematic representation of 
the plan view is shown in Fig. 8(a), while the results of tests conducted 
with initial stress conditions of 12.5 kPa, 25 kPa, and 50 kPa are given in 
Fig. 8(b), (c), and 8(d), respectively. 

It can be observed in Fig. 8(b), (c), and 8(d) that the actual stresses 
(σv) acting on the reinforcement level along axis xi did not present sig-
nificant variation relative to the initial stress conditions (σv,0) for null 
face displacements (δface equal to 0 mm), even though slight differences 
may be attributed to arching effects relative to differences in stiffness 
between the reinforcements and surrounding soil under steady condi-
tions. On the other hand, the actual stresses acting on top of the re-
inforcements (PC-1) showed a continuous increase during pullout until 
failure was reached (δface,max), while the actual stresses within the 
embankment (PC-4, and PC-5) remained almost constant. It can also be 
observed that the magnitude of stresses mobilized during pullout was 
considerably larger for the clean uniform sand (S100-L0) relative to the 
lateritic soil (S0-L100), while mixtures S75-L25 and S50-L50 presented 
intermediate behavior. 

It was observed that the stresses acting on top of the reinforcements 
at position PC-1 were significantly larger than the stresses acting at 

positions PC-4 and PC-5, indicating that pullout of the reinforcement can 
mobilize stresses much larger than those considered in traditional design 
procedures. Since it was possible to capture the changes in stress dis-
tribution with the reinforcement pullout via pressure cells PC-1, PC-4, 
and PC-5, additional investigations were also carried out. A comparison 
of readings from the pressure cells installed on top of the reinforcements 
(PC-1, PC-2, and PC-3) is given in Fig. 9, with a schematic representation 
of the relevant positions shown in Fig. 9(a). Fig. 9(b), (c), and 9(d) 
present the results of initial stress conditions of 12.5 kPa, 25 kPa, and 50 
kPa, respectively. 

It can be observed in Fig. 9(b), (c), and (d) that the progressive 
pullout of the reinforcements caused a progressive increase in the ver-
tical stresses acting on top of the reinforcements up to interface failure 
conditions. Based on the observed behavior, it was possible to estimate 
the actual stresses acting on the reinforcements (σv,max) according to the 
average readings of pressure cells PC-1, PC-2, and PC-3 under peak 
conditions. Accordingly, the increments in vertical stresses were deter-
mined as the difference between actual and initial stress conditions (Eq. 
(4)). 

Fig. 10 presents the average stresses acting on top of the re-
inforcements and associate friction coefficients, including a comparison 
between local increases in vertical stresses and actual stresses (average 
values) with initial stress conditions [Fig. 10(a)], and correlations be-
tween f*/f and shear strength parameters [Fig. 10(b)], and geotechnical 
properties and particle size coefficients [Fig. 10(c)]. 

It is worth noting that the different soil types induced different 
vertical stress responses under pullout [Fig. 10(a)]. For example, the 
pullout of the pair of polymeric strips within the clean uniform sand 
(S100-L0) resulted in larger increments in vertical stresses than those for 
the samples containing lateritic soil (S75-L25, S50-L50, and S0-L100). 
The lateritic weathered soil (S0-L100) presented poorer pullout perfor-
mance relative to other samples since it does not benefit from the 
contribution of a compact sand dilatant skeleton, which could induce 
local increases in vertical stresses. It can be observed that the repre-
sentation of Δσv,max versus σv,0 assumes a non-linear distribution, with a 
shape resembling that of the failure envelopes (Fig. 6(b)), which in-
dicates that the stress increment due to pullout has a considerable in-
fluence on interface resistance mechanisms. 

It is possible to notice in Fig. 10(a) that the relationship between 
total stresses acting on the reinforcements at failure (σv,max) and initial 
stress conditions (σv,0) was linear, which presented coefficients of 
determination (R2) larger than 95% with experimental data in the range 
of 0 kPa < σv,0 ≤ 50 kPa. The linear equation used in this regard con-
sisted of a rearrangement of the terms presented in Eq. (5), as follows: 

σv =
f *

f
× σv,0 (9)  

where the angular coefficient of the slope (β) corresponds to f*/f (Fig. 10 
(a)). 

The main advantage of considering the relationship f*/f as a soil- 
geosynthetic interface parameter in Eq. (9) is that it can be correlated 
with the different geomechanical properties of fill soils, as presented in 
Fig. 10(b) and (c), thus providing a straightforward design tool to pre-
dict interface pullout performance. It is important to emphasize that the 
proposed approximation of f*/f as a soil parameter is valid considering 
peak conditions and under a limited range of vertical stresses, in which a 
linear approximation between actual (σv,max) and initial stresses (σv,0) is 
reasonable. A summary of fitted parameters is presented in Table 5. 

It can be assumed [Fig. 10(b)] and (c) that the geomechanical soil 
properties associated with granular, clean, and frictional soils, such as 
the internal friction angles (ϕs) and permeability coefficients (k20◦C), 
correspond with a larger component of induced stresses (Δσv,max), while 
the variables characteristic of cohesive samples, such as the cohesive 
intercept (cs), liquid limits (wL), plasticity indices (PI), fines content (the 
mass fraction with a diameter smaller than 0.075 mm, denoted as Fc), 
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Fig. 10. Evaluation of stress configuration and associate friction coefficients: (a) increment of vertical stresses due to pullout at failure; (b) relationship between f*/f 
and shear strength parameters; and (c) relationship between f*/f and geotechnical properties and particle size coefficients. 

Table 5 
Analytical models used to represent the apparent and actual friction coefficients, along with values of the fitted variables.  

Model Ref. Eq. Functions Var. Soil Type 

S100-L0 S75-L25 S50-L50 S0-L100 

MD-1 a (10)–(11) f* = function (f0, f1, σv,0) f0 1.10 1.02 0.89 0.79 
f1 0.58 0.54 0.52 0.46 

MD-2 b (12) f* = function (α, fb, ϕs,sec, σv,0) α 1.00 1.00 1.00 1.00 
fb 1.80 1.55 1.32 0.99 

MD-3 c (13) f* = function (α, r1, r2, ϕs,sec, σv,0) α 1.00 1.00 1.00 1.00 
r1 − 1.11 − 4.42 − 7.10 − 11.85 
r2 1.60 5.35 9.13 18.11 

MD-4 c (14) f* = function (α, s1, s2, ϕsg,sec, σv,0) α 1.00 1.00 1.00 1.00 
s1 − 2.29 − 6.44 − 15.71 − 11.85 
s2 3.86 9.50 24.00 18.11 

MD-5 d (15)–(16) f* = function (f0, f1, c, C(Fc), σv,0) f0 1.50 1.50 1.50 1.50 
f1 0.50 0.50 0.50 0.50 
c 2.30 2.30 2.30 2.30 
C(Fc) 2.20 1.25 0.95 0.76 

MD-6 e (15) f* = function (f0, f1, c, C, σv,0) f0 1.50 1.50 1.50 1.50 
f1 0.50 0.50 0.50 0.50 
c 2.30 2.30 2.30 2.30 
C 1.89 1.30 0.98 0.60 

MD-7 – (6)-(7)-(9)-(17) f and f* = function (f*/f) f*/f 2.07 1.51 1.28 1.17 

References: a NF P94-270 (2009), b Elias et al. (2001), c Adapted from Elias et al. (2001), d Miyata et al. (2019), and e Adapted from Miyata et al. (2019). 
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and other soil constants (i.e. Cc, Cu), were correlated with lower com-
ponents of stresses induced by pullout (Δσv, max). 

5. Prediction of interface pullout resistance 

A summary of the correlations developed in this research is presented 
in Table 5, along with the values of the fitted variables. A discussion of 
model assumptions is presented in this section, followed by comparisons 
between experimental and predicted values. 

5.1. Analytical models 

The conventional design procedures used for reinforced soil struc-
tures are based on the following bilinear function, which is used to 
predict pullout responses (e.g. Elias et al., 2001): 

f * = f0 ×

(

1 −
z
z0

)

+ f1 ×

(
z
z0

)

for z ≤ z0 (10)  

f * = f1 for z > z0 (11)  

where z is the depth of installation, calculated as σv0/γnat in this 
research, z0 is the break-point depth (assumed as 6 m), and f0 is the 
maximum value for f* and f1 is the minimum value for f*. 

The French code (NF P94-270, 2009) can be used as a reference for 
the design of retaining walls reinforced with polymeric strips, providing 
default values for f0 and f1 in Eq. (10) and Eq. (11). The default values 
assumed by the friction coefficients range from 1.0 to 2.5 when 
considering f0, and from 0.8 × tanϕs to tanϕs, with ϕs corresponding to 
the internal soil friction angle, when considering f1. As indicated in 
Table 5, the analytical model denoted as MD-1 refers to Eqs. (10) and 
(11), with f0 and f1 assuming the values suggested by the French code 
(NF P94-270, 2009). 

As previously discussed, stress levels play an important role in the 
mechanisms of shear resistance, especially under low confining pres-
sures. Concerns related to the non-linearity of stress configuration are 
partially addressed by model MD-1 (Table 5), which assumes a bilinear 
configuration of friction coefficients depending on the depth of rein-
forcement installation. However, friction behavior is dependent on the 
actual stresses acting on the reinforcement level, which are known to 
assume a non-linear configuration over different confinement levels (e. 
g. Schlosser and Bastick, 1991). 

Attempts to represent the apparent friction coefficients (f*) as a 
function of the internal shear strength have been widely discussed in the 
technical literature (e.g. Elias et al., 2001). In this context, the following 
equation has been used to estimate f* as a fraction of the friction angles 
(e.g. Elias et al., 2001; Moraci and Recalcati, 2006): 

f * = ∝ × fb × tanϕs,sec (12)  

where α is the scale effect correction factor, fb is the pullout interaction 
coefficient, and ϕs,sec is the secant soil friction angle. 

The model denoted as MD-2 in Table 5 refers to the secant compo-
nent of soil friction angles (ϕs,sec). This alternative is particularly useful 
to represent friction angles as a function of the vertical stresses acting on 
the reinforced plane. Despite considering the friction angles as a func-
tion of the initial vertical stresses, it is important to observe that Eq. (12) 
assumes a linear relationship between f* and tan ϕ in which ∝ × fb de-
notes the angular coefficient of this linear equation. 

In this context, a series of trials conducted in the current research 
indicated that the use of a linear equation to represent f* versus tanϕs,sec 

may not be the most representative design assumption. Consequently, 
new equations are being proposed in this paper to consider the non- 
linearity between f* and tanϕs,sec, and between f* and tanϕsg,sec, which 
are expressed as follows: 

f * = ∝ × e(r1+r2×tanϕs,sec) (13)  

where r1 and r2 are dimensionless model coefficients. 

f * = ∝ × e(s1+s2×tanϕsg,sec) (14)  

where s1 and s2 are dimensionless model coefficients. 
The method of prediction expressed by Eq. (13) is denoted as MD-3 in 

Table 5, while Eq. (14) is indicated as the method of prediction MD-4 in 
Table 5. 

Previous works in the technical literature have also attempted to 
provide consistent methods of representation of the f* over different 
confinements, considering both metallic (Miyata and Bathurst, 2012) 
and polymeric (Miyata et al., 2019) strips. The following analytical 
equations were proposed by Miyata et al. (2019) to predict pullout 
resistance considering different types of materials and fines content (the 
mass fraction with a diameter smaller than 0.075 mm, denoted as Fc): 

f * = f1 +
f0 − f1

e
c×

(
σv,0
pa

) (15)  

C ≅ C(Fc) = C1 +
C0 − C1

eχ×Fc
(16)  

where c, C0, C1, and χ are dimensionless coefficients; pa is the atmo-
spheric pressure (101 kPa); and C is the correction factor applied to Eq. 
(15), which can be approximated by coefficient C(Fc) considering the 
influence of fines content (the mass fraction with a diameter smaller 
than 0.075 mm). 

The method of prediction proposed by Miyata et al. (2019) is 
denoted as MD-5 in Table 5, allowing the prediction of f* as a function of 
the fines content (C(Fc)) and considering polymeric strips. It should be 
noted that the actual correction factor C applied in Eq. (15) is not 
necessarily limited by the fines content (the mass fraction with a 
diameter smaller than 0.075 mm) since it can be expressed in terms of 
other geomechanical properties. Thus, in this research the best fitting 
correction factors C were calibrated for each data set, facilitating several 
correlations with additional geomechanical fill properties as subse-
quently discussed in this paper. This calibrated model is referred to as 
MD-6 in Table 5. 

The last model studied in this investigation is denoted as MD-7 in 
Table 5 and was determined based on the pullout results described 
herein. This prediction method can be briefly described as follows: (i) 
the maximum pullout loads (Pmax) determined experimentally are used 
to calibrate the model variables l1 and l2 in Eq. (7), thus allowing the 
prediction of values assumed by the variables Pmax versus σv,0 in the 
considered range of initial vertical stresses; (ii) the apparent friction 
coefficients (f*) are calculated over the same range of initial vertical 
stresses considering the values assumed by Pmax in Eq. (6); (iii) the 
relation f*/f is estimated based on the geomechanical fill properties 
[Fig. 10(b) and (c)]; and (iv) the actual friction coefficients (f) are 
calculated considering the estimative of f*/f and according to the 
following equation: 

f =
Pmax

2 × Lg × Wg × σv,max
=

Pmax

2 × Lg × Wg × σv,0 ×

(
f *

f

) (17)  

where the f*/f relation is estimated based on the geomechanical fill 
properties [Fig. 10(b) and (c)]. 

5.2. Comparisons between measured and predicted results 

Measured and predicted values are presented in this section aiming 
at supporting a discussion on model assumptions and their significance 
from the design perspective. The results considering the apparent 
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friction coefficients are presented in Fig. 11, and a comparison between 
apparent and real friction coefficients is presented in Fig. 12. 

It is worth mentioning that the default model MD-1 (NF P94-270, 
2009) is inherently associated with conservative design assumptions 
considering it was established in prior decades and aimed at repre-
senting a wide range of conditions, which was also reflected in the 
selected statistical boundaries. It can be observed in Fig. 11 that the 
predictions with model MD-1 were conservative with the actual pullout 
behavior for the clean uniform sand (S100-L0), while a better agreement 
was observed with the cohesive samples (S75-L25, S50-L50, and 
S0-L100). Predictions associated with model MD-1 did not present 
considerable differences between the different types of soils, even 
though they presented very distinct geotechnical behavior amongst 
themselves. 

Models MD-2 (Elias et al., 2001), MD-3, and MD-4 (adapted from 
Elias et al., 2001) had the advantage of allowing the calibration of model 
variables based on pullout test and direct shear test results [Eq. (12), Eq. 
(13), and Eq. (14)]. Model MD-2 demonstrated poorer performance 

relative to models MD-3 and MD-4 since the former two models consider 
the use of a non-linear equation to describe the relationship between f* 
and friction [Eqs. (13) and (14)], while MD-2 considers a linear rela-
tionship between these variables [Eq. (12)]. Considerable differences 
were not observed between models MD-3 and MD-4, supporting the 
illustration of a single curve in Fig. 11. 

Model MD-5 was found to provide more consistent predictions for 
pullout friction with the previously discussed models. Model MD-5 was 
able to better capture the nuances of the geotechnical behavior based on 
the type of soil and fines content (the mass fraction with a diameter 
smaller than 0.075 mm), especially for the clean uniform sand (S100- 
L0). It is important to note that the fines content considered in Eq. (16) 
corresponded to hydrometer tests without the use of a D.A. (ASTM 
D4221-18, 2018), in contrast to the original method proposed by Miyata 
et al. (2019). These results indicate that prediction methods incorpo-
rating variables related to the geomechanical behavior of the soil can 
provide more reliable sources of information, especially when consid-
ering the particularities of cohesive tropical soils. The advantages of 
model MD-5 were also reflected in the predictions of model MD-6, in 
which the correction factor C [Eq. (15)] was calibrated based on pullout 
tests. 

Fig. 11. Comparison between experimental and predicted results for apparent 
friction coefficients. 

Fig. 12. Comparison between experimental and predicted results for actual 
friction coefficients. 
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A comparison between apparent and actual friction coefficients 
determined using model MD-7 are shown in Fig. 12, where it can be 
observed that the gap between apparent and actual friction coefficients 
decreased as the lateritic soil content increased. This behavior reflects 
pullout resistance failure envelopes [Fig. 6(b)], in which an increase in 
lateritic soil caused a decrease in resistance, along with the differences 
in stresses induced during pullout (Fig. 9). The shape of the dimen-
sionless load-displacement curves [Fig. 7(a)] was also observed to be 
consistent with these results. Based on these results, samples containing 
less than 25% lateritic soil were considered adequate for use as partial 
replacement of the clean uniform sand in retaining walls reinforced with 
polymeric strips. 

6. Summary and conclusions 

This paper presented a study on the use of coarse- and fine-grained 
tropical soils as fills in retaining walls reinforced with polymeric 
strips. The experimental component of this evaluation included the 
geomechanical characterization of these soils and large-scale pullout 
tests, followed by an analytical component that provided insight into the 
factors affecting interface shear strength. The most relevant lessons 
learned are as follows: 

• Local increases in vertical stresses induced during pullout of poly-
meric strips were found to considerably impact the friction co-
efficients assumed by conventional approaches. The relationship 
between actual and initial stresses was found to be linear, so the 
resulting angular coefficient (i.e. f*/f) may be incorporated into the 
design based on readily available geomechanical properties, such as 
in model MD-7 presented in this paper. 

• The actual stresses acting on the reinforcements were found to in-
crease significantly relative to initial stress conditions during pullout 
of clean uniform sand and mixtures with a lateritic weathered soil 
fraction below 25%.  

• The particular characteristics of the lateritic weathered soil were 
found to affect pullout resistance considerably. For example, the 
presence of sesquioxides caused the formation of micro-aggregations 
that were found to lead to poor pullout response. The sesquioxides 
also added interparticle bounding to sand particles, resulting in a 
decreased dilatant behavior that negatively influenced the pullout 
resistance.  

• The shape of dimensionless load-displacement curves could be 
correlated with geomechanical fill properties. In particular, the level 
of frontal displacement required to achieve a certain percentage of 
the pullout resistance was found to be comparatively lower for clean 
and granular sands than for fine-grained materials, ultimately 
resulting in comparatively larger mobilization of stresses within the 
granular materials.  

• The analytical method proposed by Miyata et al. (2019) was found to 
be a particularly useful tool to predict the pullout responses in terms 
of apparent friction coefficients (f*) of polymeric strips embedded in 
coarse- and fine-grained tropical soils, especially after calibration 
with experimental results. Accordingly, complementary analyses 
with the analytical model presented in this research (denoted as 
MD-7) enables the prediction of the actual friction coefficients (f) by 
considering the f*/f relation as an input argument. 

Sand-lateritic soil mixtures can provide a variety of technical and 
economic opportunities for use in tropical regions, such as the central 
region of Brazil. Overall, the interface frictional behavior of retaining 
walls reinforced with polymeric strips was significantly affected by the 
geomechanical properties of fill soils. The inherent characteristics of 
lateritic weathered soils did not compromise the pullout resistance of 
sand-lateritic soil mixtures that kept the lateritic soil fraction below a 
threshold. This provides innovative ranges of application for lateritic 
soils in the construction of retaining structures reinforced with 

polymeric straps. 
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