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Abstract:While significant emphasis has been placed on the quantification of soil–geosynthetic properties under failure conditions, studies
of properties that are suitable for characterizing this interaction under serviceability conditions have been limited. Also, most geosynthetic
properties are currently defined in isolation rather than under the confinement of soil. The purpose of this study is to develop a soil–
geosynthetic interaction framework that, with a single and repeatable parameter, can capture the stiffness of a soil–geosynthetic composite
under small displacements. The soil–geosynthetic interaction model developed in this study involves well-established force equilibrium
differential equations. However, the constitutive relationships and boundary conditions were specifically selected so that the model results
in a closed-form analytical solution. Since the analytical solution involves a single parameter, its use may be particularly suitable for spec-
ifications and the design of structures such as stabilized roadways. This parameter, referred to as the stiffness of the soil–geosynthetic
composite, or KSGC, captures both the tensile characteristics of the geosynthetic and the shear behavior of the soil–geosynthetic interface.
Experimental procedures to quantify KSGC were developed as part of this study. The results of a pilot experimental program, conducted using
tailor-made soil–geosynthetic interaction equipment, are presented in the paper. These results confirm the suitability of the assumptions and
outcomes of the model. A companion paper provides the results of a comprehensive experimental program with particular emphasis on the
evaluation of the repeatability of the results and on the sensitivity of the assumptions and outcomes of the model to variables that impactKSGC.
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Introduction

Geosynthetic inclusions have been extensively used to enhance
the mechanical response in two groups of geotechnical systems:
(1) geotechnical structures that are designed using criteria asso-
ciated with the structure’s limit state (e.g., reinforced soil walls,
reinforced steep slopes) and (2) geotechnical structures that are de-
signed using deformability or serviceability criteria (e.g., stabilized
bases and subgrades in roadway systems). In the case of reinforced
walls and steep slopes, the internal stability analysis requires that
geosynthetics be selected to account for the development of shear
surfaces within the reinforced soil mass. Tensile forces (and strains)
develop along the geosynthetics, with a maximum value occurring
at the locus of the potential failure surface (Allen et al. 1992;
Zornberg et al. 1997; Zornberg and Arriaga 2003). On the other
hand, geosynthetics have also been used in roadway applications,
either by placing the geosynthetic within the unbound base layer or
at the subbase–subgrade interface to improve the performance of a
roadway under both traffic and environmental loads (e.g., Al-Qadi
et al. 2008; Giroud and Han 2004a, b; Roodi and Zornberg 2012;

Zornberg et al. 2012a, c). Specifically, geosynthetics have been
used in roadway base layers to minimize the lateral spreading
of granular particles (and the consequent degradation of the base
layer stiffness) through lateral restraint mechanisms. While failure
criteria govern the design of geosynthetic-reinforced retaining
structures, deformability criteria under comparatively small dis-
placements govern the performance of geosynthetic-stabilized
roadways. Additional examples of geosynthetic systems designed
using deformability or serviceability criteria include geosynthetic-
stabilized rail subballast (e.g., Biabani and Indraratna 2015),
geosynthetic-encased stone columns (e.g., Gu et al. 2016), and
geosynthetic-reinforced airport pavements (e.g., Abdesssemed et al.
2015). Recent studies have focused not only on the mechanical but
also on additional sustainability benefits resulting from the use of
geosynthetics in combination with recycled aggregates and indus-
trial byproducts (e.g., Han and Thakur 2015; Hanumasagar et al.
2014; Xiao et al. 2015; Pando et al. 2014).

Because the initial use in the geotechnical practice of geosyn-
thetics involved reinforcement of retaining structures, the method-
ologies and models developed for the analysis of geosynthetics in
geotechnical structures have traditionally relied on the quantifica-
tion of properties related to limit conditions (e.g., tensile strength,
pullout resistance). However, the quantification of stiffness proper-
ties of a soil–geosynthetic composite is key to understanding the
behavior of other structures such as geosynthetic-stabilized roadway
systems. In the absence of properties suitable for characterizing
soil–geosynthetic interfaces under small displacements, designers
have typically relied on the mechanical properties of geosynthetics
in isolation (e.g., ultimate tensile strength, tensile stiffness) to
achieve a target performance level. Accordingly, studies have aimed
at establishing correlations between geosynthetic index properties
and their performance in field applications. In the case of geogrids,

1Professor, Dept. of Civil, Architectural, and Environmental Engineer-
ing, Univ. of Texas at Austin, Austin, TX 78712 (corresponding author).
E-mail: zornberg@mail.utexas.edu

2Postdoctoral Fellow, Dept. of Civil, Architectural, and Environmental
Engineering, Univ. of Texas at Austin, Austin, TX 78712. E-mail: hroodi@
utexas.edu

3Project Engineer, Geosyntec Consultants, Phoenix, AZ 85028.
Note. This manuscript was submitted on October 25, 2016; approved on

April 17, 2017; published online on July 29, 2017. Discussion period open
until December 29, 2017; separate discussions must be submitted for in-
dividual papers. This paper is part of the Journal of Geotechnical and
Geoenvironmental Engineering, © ASCE, ISSN 1090-0241.

© ASCE 04017075-1 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2017, 143(10): 04017075 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f 
T

ex
as

 a
t A

us
tin

 o
n 

10
/0

4/
17

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

https://doi.org/10.1061/(ASCE)GT.1943-5606.0001768
mailto:zornberg@mail.utexas.edu
mailto:hroodi@utexas.edu
mailto:hroodi@utexas.edu


index properties have included the geogrid rib strength, junction
strength, wide-width tensile strength, tensile modulus, unit tension
at 2 and 5%, and flexural rigidity (e.g., Chen and Abu-Farsakh
2012; Christopher et al. 2008; Cuelho and Perkins 2009; Perkins
et al. 2004). However, most of these properties involve the behavior
of geosynthetics in isolation rather than a confined interaction be-
tween soil and geosynthetic.

The purpose of this study is to develop a soil–geosynthetic
interaction framework that, with a single and repeatable parameter,
captures the stiffness of a soil-geosynthetic composite under con-
fined conditions and for small displacements. This paper details
the assumptions, formulations, development, and solution of amodel
that provides the framework for such a stiffness parameter. This
model is referred to as the soil-geosynthetic composite (SGC)model.
The paper also reports on the results obtained from a pilot large-
scale soil–geosynthetic interaction test, conducted to evaluate the ba-
sic assumptions and predictions of the model. A companion paper
(Roodi and Zornberg 2017) provides the results of a comprehensive
experimental program, with particular emphasis on the evaluation
of the repeatability of the experimental results and of the sensitivity
of the assumptions and outcomes of the model to variables that
impact the stiffness of the soil-geosynthetic composite (KSGC).

Background on Analytical Models

The analytical studies previously conducted to evaluate the behav-
ior of geosynthetic-reinforced systems can be grouped according
to two main approaches. The initial approach, introduced in the
1970s, assumed that the reinforced soil mass behaves as a homog-
enized material that presents an equivalent cohesion (Yang 1972) or
an anisotropic response based on Mohr-Coulomb theory (Schlosser
and Long 1973). Although this approach resulted in reinforced soil
models with simple solutions, these models provided a limited rep-
resentation of the interface between soil and geosynthetics. In par-
ticular, these approaches could not distinguish between the stresses
and strains in the soil and those in the geosynthetic inclusions. The
second approach, which has been used since the 1990s, involves
representing the soil and geosynthetic as two discrete materials. This
approach requires characterization of the soil, the geosynthetic, and
the interface between soil and the geosynthetic inclusions.

Accordingly, the use of a discrete model requires that suit-
able constitutive relationships be defined for (1) the backfill soil,
(2) the geosynthetic, and (3) the soil–geosynthetic interface. Simple
models have been used for structures incorporating inextensible
reinforcements because the interaction could be interpreted as
movement of the entire reinforcement without elongation. How-
ever, more complex models are needed for extensible reinforce-
ments because the interaction in this case involves both relative
soil–geosynthetic displacements and elongation of the geosyn-
thetic. This complex interaction results in the progressive develop-
ment of tension in the extensible reinforcement, with mobilization
of interface shear along its length.

Modeling of soil–geosynthetic interaction can account for
the local mechanisms and actual geometry of the geosynthetic. The
two main types of geosynthetic inclusions involve (1) geogrids,
which involve a regular network of members (e.g., longitudinal and
transverse members) that form apertures that interlock with the sur-
rounding soil media, and (2) sheet reinforcements, which involve
planar surfaces without openings. The presence of transverse mem-
bers in geogrids has been reported to mobilize bearing resistance
mechanisms, whereas the main resistance mechanism in sheet rein-
forcements involves shear that develops at the geosynthetic surface.
Hence, while modeling sheet reinforcements has involved only the

frictional resistance at the interface, modeling of geogrids has also
accounted for bearing resistance of the soil (e.g., Wilson-Fahmy and
Koerner 1993). Furthermore, the advent of geogrids with triangular-
shaped apertures requires proper accounting of the geosynthetic
geometry (Archer and Wayne 2012; Swan and Yuan 2013a, b).
Alternatively, to preserve the simplicity of the analytical solutions for
geogrids, an equivalent interface shear has often been adopted to
represent the combined effects of (1) frictional resistance acting on
the top and bottom plane areas of longitudinal and transverse mem-
bers and (2) bearing resistance acting against transverse members.

A number of studies have been reported considering separate
models for soil bearing resistance and geogrid transverse members.
The ultimate soil bearing resistance has been estimated using ap-
proaches suggested by Peterson and Anderson (1980) and Jewell
et al. (1984), which were developed on the basis of the general fail-
ure mechanism for shallow footings (Terzaghi 1943) and punching
failure for deep foundations (Vesic 1963). These equations were
later recognized as upper and lower bounds for the soil bearing re-
sistance in pullout tests (Jewell 1996; Palmeira and Milligan 1989).
An additional formulation was proposed by Matsui et al. (1996)
based on Prandtl’s failure mechanism. The predictions obtained us-
ing this formulation lay within the upper and lower limits. The soil
bearing stress–displacement response has often been modeled us-
ing hyperbolic functions (Bergado and Chai 1994; Wilson-Fahmy
and Koerner 1993). Transverse ribs of geogrids have been modeled
using a number of approaches, including (1) a flexible-rib model
for transverse ribs that have negligible flexural rigidity, (2) a stiff-
rib model for relatively rigid transverse members, and (3) a beam
model for transverse members responding with some flexural ri-
gidity (Wilson-Fahmy and Koerner 1993). However, the rigorous
formulations have only been solved using numerical approaches
such as finite elements and finite differences (e.g., Sieira et al.
2009; Wilson-Fahmy and Koerner 1993).

Comparatively simple constitutional relationships adopted in
previous studies for sheet reinforcements have also been adopted
for geogrids by assuming an equivalent interface shear strength.
In these studies, the resulting soil–geosynthetic interaction formu-
lation will depend on the models selected for (1) the geosynthetic
and (2) the soil–geosynthetic interface. The geosynthetic constitu-
tive model describes its unit tension versus strain response and
can be obtained by tensile testing of the geosynthetic in iso-
lation. Although the unit tension–strain response of geosynthetics
is inherently nonlinear, a linear response has often been adopted
(e.g., Alobaidi et al. 1997; Gurung and Iwao 1999; Juran and
Chen 1988; Sobhi and Wu 1996; Yuan 2011). However, nonlinear
functions have also been used, including polynomial functions
(Bergado and Chai 1994; Wilson-Fahmy and Koerner 1993) and
hyperbolic functions (Perkins and Cuelho 1999; Sieira et al. 2009;
Weerasekara and Wijewickreme 2010).

Interface constitutive relationships relate the shear stress mobi-
lized at the soil–geosynthetic interface to the relative displacements
that are mobilized between these two materials. Experimental
data have been obtained to determine this relationship using interface
direct shear tests in which pure shear is induced between a soil layer
and a geosynthetic specimen. Models adopted in previous studies to
describe the interface interaction include linear elastic (Yuan 2011),
linear elastic–perfectly plastic (Juran and Chen 1988; Bergado
and Chai 1994), rigid–perfectly plastic (Sobhi and Wu 1996),
bilinear and hyperbolic models (Alobaidi et al. 1997; Gurung and
Iwao 1999; Sieira et al. 2009; Wilson-Fahmy and Koerner 1993),
andmore complex nonlinearmultiphasemodels such as elastoplastic
strain hardening and softening models (Juran and Chen 1988;
Perkins andCuelho 1999), aswell as linear prepeak followed by non-
linear postpeak response (Weerasekara and Wijewickreme 2010).
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The use of different constitutive models and boundary condi-
tions has led to a wide range of formulations to solve the differ-
ential equations that result after considering force equilibrium in
a soil–geosynthetic system. However, owing to the complexity of
these formulations, the reported solutions have often involved the
use of numerical techniques, including finite elements and finite
differences (e.g., Alobaidi et al. 1997; Bergado and Chai 1994;
Weerasekara and Wijewickreme 2010; Wilson-Fahmy and Koerner
1993). Even though a limited number of closed-form solutions have
been reported in the literature (e.g., Juran and Chen 1988; Sobhi
and Wu 1996), these solutions have focused on predicting the
pullout force versus displacement response and have resulted in
multiparameter solutions rather than a single parameter that could
characterize the stiffness of a soil-geosynthetic composite. Conse-
quently, an important goal of this study was to develop a closed-
form analytical solution that involves a single, repeatable parameter
that could characterize the initial stiffness of a soil-geosynthetic
composite. Additional important objectives of this study were to de-
velop the experimental approach to quantify such a soil–geosynthetic
interaction parameter, as well as to validate the constitutive models
that led to its determination.

Development of the SGC Model

As part of this study, a significant number of constitutive rela-
tionships and boundary conditions were evaluated to solve the
differential equation governing the soil–geosynthetic interaction. Ul-
timately, the relationships, boundary conditions, and formulations
finally adopted in this study were those that led to a closed-form
solution that involves a single parameter that captures the stiffness
of a soil-geosynthetic composite under small displacements. This
section presents the adopted analytical framework. As will be dis-
cussed subsequently in the paper, suitable experimental procedures
could be readily implemented to determine all constitutive param-
eters in the model.

Adopted Constitutive Relationships

Specific constitutive relationships for both the geosynthetic and the
soil–geosynthetic interface had to be adopted in order to develop
the model proposed in this study. The constitutive law adopted for
the geosynthetic relates its unit tension (T) to the corresponding
tensile strain (ε). Specifically, a linear relationship with a slope re-
ferred to as the confined geosynthetic stiffness or Jc was assumed
to represent the geosynthetic unit tension (T) versus tensile strain
(ε) [Fig. 1(a)]:

T ¼ Jc · ε ð1Þ
The unit tension (T), which is the applied force per unit width of

the geosynthetic, has been commonly used to represent the load in

geosynthetics. The confined stiffness Jc also corresponds to E · t,
where E is the elastic modulus of the geosynthetic and t is its
thickness.

It should be noted that Jc was used in this study for the confined
stiffness, while Jwas used to represent its in-isolation stiffness. The
effect of confinement on the unit tension–strain response of geo-
synthetics has been evaluated in other studies (e.g., Christopher
et al. 1986; El-Fermaoui and Nowatzki 1982; Kokkalis and
Papacharisis 1989; Leshchinsky and Field 1987; McGown et al.
1982; Mendes et al. 2007; Palmeira et al. 1996; Siel et al. 1987;
Wu 1991; Zornberg et al. 1998a). The effect of confinement has
been reported to be particularly relevant for nonwoven geotextiles
(Palmeira 2009) owing to (1) increased interlocking and friction
among geotextile fibers and (2) intrusion of soil particles into geo-
textile voids (impregnation), which reduces the space available for
fiber stretching. In addition, the confinement of soil also minimizes
geosynthetic necking during the development of tension, which
may affect the geosynthetic stiffness.

The linear unit tension–strain response adopted in this study has
often been adopted in previous studies because it is deemed to be
particularly suitable for confined conditions under small displace-
ments. It has been reported that nonlinear modeling of the geosyn-
thetic response becomes necessary only when approaching tensile
failure (Perkins and Cuelho 1999).

A constitutive relationship for the soil–geosynthetic interface,
which relates the shear stress (τ ) to the relative displacement be-
tween soil and geosynthetic (u), was also adopted to formulate
the SGC model. Specifically, a rigid–perfectly plastic response
was assumed in this study to relate the interface shear stress to dis-
placement. Adopting this assumption led to simplification of the
governing differential equation for soil–geosynthetic interaction
and, consequently, to a closed-form analytical solution. The rigid–
perfectly plastic relationship for the soil–geosynthetic interface
implies that the interface shear was not assumed to change with dis-
placement. A yield shear stress, referred to herein as τ y [Fig. 1(b)],
develops for nonzero displacements as follows:

τðuÞ ¼ 0 for u ¼ 0 ð2aÞ

τðuÞ ¼ τ y for u > 0 ð2bÞ

As stated previously, the constitutive relationships described in
this section were adopted because they lead to a closed-form sol-
ution that can be verified experimentally. In addition, since the dis-
placements within the confined soil are significantly smaller than
those in the geosynthetic, the relative displacement between soil
and geosynthetic was assumed to be equal to the total displacement
in the geosynthetic. This is deemed acceptable for a testing setup
where the geosynthetic is pulled out of the soil.

Fig. 1. Constitutive relationships adopted in this study: (a) unit tension-strain relationship for confined geosynthetics; (b) soil–geosynthetic interface
shear
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Formulation

The governing differential equation for soil–geosynthetic interac-
tion results from considering the local force equilibrium of a dif-
ferential control segment of the geosynthetic (Fig. 2). The use of
nonlinear constitutive relationships for any of the materials could
lead to nonlinear differential equations that do not result in closed-
form solutions, requiring numerical methods instead.

Considering the force equilibrium of a differential segment of
confined geosynthetics (Fig. 2), the differential equation governing
soil–geosynthetic interaction can be represented by

dT
dx

¼ −2τ ð3Þ

where dx = length of a differential segment of the geosynthetic; T =
geosynthetic unit tension; and τ = interface shear stress between
soil and geosynthetic.

Consistent with the interface constitutive relationship assumed
in this study, the soil–geosynthetic interface shear is constant
(i.e., τ ¼ τ y) along the segment of geosynthetic length, referred
to as the geosynthetic active length (L 0), where shear has been mo-
bilized (Fig. 2). Therefore, the soil–geosynthetic interface shear has
been assumed not to be a function of displacement. Incorporating
Eqs. (1) and (2) into Eq. (3) results in

dðJcεÞ
dx

¼ −2τ y ð4Þ

The geosynthetic tensile strain (ε) at a location x can be ex-
pressed as the derivative of the geosynthetic displacement (u) at
that location. In addition, since Jc is considered constant for a given
normal pressure and under small displacements, Eq. (4) can be re-
written as follows:

−Jc d
2u

dx2
¼ −2τ y ð5Þ

Eq. (5) can be simplified to yield

d2u
dx2

¼ 2τ y
Jc

ð6Þ

Integrating twice the differential Eq. (6) results in a solution for
u, as follows:

u ¼ τ y
Jc

x2 þ c1xþ c2 ð7Þ

where c1 and c2 are constants of integration.

Boundary Conditions and Solution

Determination of the constants c1 and c2 in Eq. (7) requires con-
sidering two boundary conditions. As illustrated in Fig. 2, under
a given confining pressure and for a given applied tension, shear
has been mobilized only along a portion of the geosynthetic length

[active length (L 0)]. As the frontal load increases, the mobilized
(active) length of the geosynthetic will also increase. This
progressive mobilization of the interface shear resistance continues
until shear is mobilized along the entire length of the geosynthetic
(or until the geosynthetic breaks in tension, if this condition oc-
curs first).

Solutions reported in the literature have typically used two force
(or strain) boundary conditions at the two ends of the geosynthetic
to solve the governing differential equation (e.g., Gurung and Iwao
1999). Specifically, boundary conditions typically reported in the
literature include (1) T ¼ T0 (or ε ¼ ε0) at x ¼ 0 (Point A in Fig. 2)
and (2) T ¼ 0 (or ε ¼ 0) at x ¼ L (Point B in Fig. 2). Although
these boundary conditions may be suitable, particularly for rigid
reinforcements, their use does not lead to closed-form solutions.
As an alternative, the approach considered in this study results from
recognizing that a portion of the length of the extensible reinforce-
ment (Stationary Length BC in Fig. 2) had not been mobilized.

Accordingly, a force boundary condition can be assumed at the
loading front of the geosynthetic (Point A in Fig. 2), while a dis-
placement boundary condition can be assumed at the end of the
active length of the geosynthetic, where the stationary portion of
the geosynthetic begins (Point C in Fig. 2). This approach involves
adopting a moving boundary condition to solve the differential
equation since the active length of the geosynthetic, L 0, increases
with increasing frontal tension. Therefore, the boundary conditions
adopted in this study were

T ¼ T0 at x ¼ 0 ðforce boundary conditionÞ ð8aÞ

u ¼ 0 at x ¼ L 0 ðdisplacement boundary conditionÞ ð8bÞ
Use of a moving boundary condition in Eq. (8) and adoption of

the constitutive relationships in Eqs. (1) and (2) lead to an explicit
solution to the force equilibrium differential equation [Eq. (6)].
Specifically, the constants c1 and c2 in Eq. (7) result as follows:

c1 ¼ −T0

Jc
ð9aÞ

c2 ¼
T0

Jc
L 0 − τ y

Jc
L 02 ð9bÞ

Outcomes of the SGC Model

Substitution of the constants from Eq. (9) into Eq. (7) results in
explicit solutions for u and du=dx:

du
dx

¼ 2τ y
Jc

x − T0

Jc
ð10Þ

u ¼ τ y
Jc

x2 − T0

Jc
xþ

�
T0

Jc
L 0 − τ y

Jc
L 02

�
ð11Þ

Expressions for geosynthetic strain (ε) and unit tension (T) can
also be obtained as follows:

ε ¼ T0

Jc
− 2τ y

Jc
x ð12Þ

T ¼ T0 − 2τ yx ð13Þ

The interface shear stress, unit tension, relative displacement,
and tensile strain predicted using the SGC model along the geosyn-
thetic length are illustrated in Fig. 3. Specifically, Fig. 3(a) shows

Fig. 2. Boundary conditions adopted in formulation
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that the model predicts a uniform interface shear along the geosyn-
thetic active length and zero shear beyond the active length. With
increasing tension, the magnitude of the equivalent interface shear
remains constant (and equal to τ y), while the geosynthetic active
length increases. The unit tension mobilized along the geosynthetic
decreases linearly, from a maximum value T0 at the frontal end
to zero at the end of the active length [Fig. 3(b)]. The slope of
this relationship equals 2τ y. No tension is mobilized along the sta-
tionary portion of the geosynthetic. As inferred from Eq. (11), the
displacements in a tensioned, extensible reinforcement follow a par-
abolic function, with the maximum value, u0, at the loading front
and zero at the end of the active length [Fig. 3(c)]. The coefficients
of the parabola that represents the displacement function depend on
the magnitude of the frontal unit tension, T0, and the active length,
L 0. Finally, the tensile strains along the geosynthetic follow a linear
relationship along the active length of the geosynthetic [Fig. 3(d)].
This relationship is proportional to the unit tension with a slope of
1=Jc. The strain beyond the active length is zero.

Solving Eq. (13) at x ¼ L 0, and considering zero unit tension at
the end of the active length (L 0), results in

T0 ¼ 2τ yL 0 ð14Þ

Substituting this expression into Eqs. (11) and (13) yields
Eqs. (15) and (16):

T0 ¼ 2τ yðL 0 − xÞ ð15aÞ

or

T
2τ y

¼ ðL 0 − xÞ ð15bÞ

u ¼ τ y
Jc

x2 − 2τ yL 0

Jc
xþ τ y

Jc
L 02 ð16Þ

Eq. (16) can be rearranged as follows:

u ¼ τ y
Jc

ðx2 − 2L 0xþ L 02Þ ð17aÞ

or

u

�
Jc
τ y

�
¼ ðL 0 − xÞ2 ð17bÞ

A comparison of Eqs. (15b) and (17b) results in

u

�
Jc
τ y

�
¼

�
T
2τ y

�
2

ð18Þ

Rearranging Eq. (18) results in a relevant expression that relates
the unit tension at any location x (along the active length of the
geosynthetic) to the corresponding displacement at that location,
as follows:

TðxÞ2 ¼ ð4Jcτ yÞ · uðxÞ ð19Þ

Since the confined stiffness of the geosynthetic (Jc) and the
yield shear stress (τ y) are considered constants, the multiplier
(4τ y · Jc) is also constant. This constant represents a key param-
eter that may be particularly suitable to characterize of the soil–
geosynthetic interaction under small displacements. This parameter
is defined as the stiffness of the soil–geosynthetic composite, or
KSGC, as follows:

KSGC ¼ 4τ yJc ð20Þ

That is

TðxÞ2 ¼ KSGC · uðxÞ ð21Þ

Eq. (21) indicates that a linear relationship can be defined be-
tween the geosynthetic displacement [uðxÞ] and the square of the
unit tension [TðxÞ2] at any location along the active length of the
geosynthetic (0 < x < L 0). The slope of this linear relationship is
KSGC [Fig. 4(a)]. Consequently, the SGC model results in a para-
bolic relationship between TðxÞ and uðxÞ under small displace-
ments [Fig. 4(b)].

Fig. 3. Analytical predictions by the SGC model: (a) interface shear; (b) geosynthetic unit tension; (c) geosynthetic displacements; (d) geosynthetic
strains
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Experimental Evaluation of the Suitability of the
SGC Model: Conceptual Approach

The interaction between soil and geosynthetics has typically been
evaluated using interface direct shear as well as pullout tests, which
mobilize the soil–geosynthetic interface in two fundamentally dif-
ferent modes (e.g., Abdi and Zandieh 2014; Sukmak et al. 2015;
Weldu et al. 2016; Xiao et al. 2015). In the direct shear test, the soil
placed in a half box is forced to slide, without mobilizing tension,
over the geosynthetic specimen fixed to a block or to a second half
box. In contrast, the geosynthetic specimen in a pullout test device
is subjected to increasing tension and is pulled out of a soil mass
that remains stationary under a constant confining pressure. The
test continues until interface shear is mobilized along the entire em-
bedded length of the geosynthetic (or until the geosynthetic breaks
in tension if this condition occurs first). Unlike the direct shear test,
where the geosynthetic is essentially fixed and does not elongate,
the geosynthetic specimen in a pullout test is under tension and
undergoes elongation while being pulled out of the soil. Accord-
ingly, the relative displacements in a direct shear test result from
imposing movement of the soil specimen over a stationary geosyn-
thetic specimen, whereas the relative displacements in a pullout
test result from imposing movement of the geosynthetic specimen
while the soil remains stationary.

The soil–geosynthetic interaction device used in this study to
characterize KSGC allowed mobilization of shear along the soil–
geosynthetic interface by mobilizing mechanisms similar to those
developed in a conventional pullout test, although the focus was
not on pullout resistance, but rather on measurements taken at
the onset of geosynthetic mobilization. This experimental approach
was adopted because it is representative of mechanisms relevant to

practical applications involving geosynthetics, such as roadway
base stabilization, that are governed by the initial stiffness of the
soil-geosynthetic composite. The experimental procedures devel-
oped to evaluate the validity of the assumptions and outcomes of
the SGC model are described conceptually in this section of the pa-
per. The experimental results from a pilot test, as well as the values
obtained for the key model parameters, are presented subsequently.

Experimental Setup for Soil–geosynthetic Interaction
Testing

A series of soil–geosynthetic interaction tests were conducted in
this study using equipment based on a pullout test device. Fig. 5
provides a schematic view of the test setup. Tests were conducted
by embedding a geosynthetic specimen between two layers of soil,
applying target normal pressure on top of the soil, and imposing
a frontal displacement (or force) to the geosynthetic specimen.
The corresponding frontal load was recorded at the front of the
specimen, and the frontal load per unit width of the specimen cor-
responded to the frontal unit tension, T0. Displacements in the geo-
synthetic specimen were also recorded at the loading front, u0, as
well as at several locations along the embedded length of the speci-
men (see displacements u1 to u5 in Fig. 5). Telltales were used
along the embedded length of the geosynthetic to monitor the
advancement of the mobilized length as the tests progressed.

Soil–geosynthetic interaction tests were terminated once one
of the following termination criteria was satisfied: (1) the geosyn-
thetic failed under tension, (2) a predetermined displacement was
reached, or (3) an asymptote in the unit tension–displacement curve
was reached, which was interpreted as corresponding to pullout
failure. In addition, the frontal unit tension was recorded when

Fig. 4. Relationship between unit tension (T) and displacements (u) along active length of geosynthetic: (a) linear relationship between T2 and u;
(b) parabolic relationship between T and u

Fig. 5. Schematic view of equipment used for soil–geosynthetic interaction testing
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the displacements at each telltale were first triggered. The onset of
displacement, which was triggered at a different load level for each
telltale, indicated the progressive mobilization of interface shear
and resulted in increasing active length values. The first telltale
was expected to be triggered by relatively small loads, while the
rear telltales were triggered after increasingly larger load levels.
The data recorded by telltales were utilized to define key param-
eters of the SGC model. These parameters included not only KSGC,
which was the main outcome of the test, but the two additional
parameters that were used to define it as well, namely the yield
interface shear stress (τ y) and the confined geosynthetic stiffness
(Jc) [Eq. (20)]. Experimental procedures were developed in this
study to evaluate validity of the assumptions and outcomes of the
SGC model and to determine the model parameters, as described in
the next section of this paper. Additional details on these proce-
dures are provided by Gupta (2009), Roodi (2016), and Zornberg
et al. (2008).

Validation of the SGC Model: Linearity of the
Relationship between Unit Tension Squared (T 2) and
Displacements (u)

An important outcome of the analytical formulation developed in
this study is the linearity of the relationship between the unit ten-
sion squared and the displacement at any point along the active
length of the geosynthetic, as characterized by KSGC. This section
describes a procedure to experimentally evaluate the validity of
this outcome by analyzing this relationship using the results of soil–
geosynthetic interaction tests.

In the soil–geosynthetic interaction tests, the frontal unit tension
(T0) and displacements in the geosynthetic specimen at the location
of the telltales are directly measured (Fig. 5). The unit tension in the
geosynthetic at the location of each telltale can be estimated after
considering the shear stress distribution assumed in the proposed
model [Eq. (2)]. Since the interface shear is considered to develop
progressively, the geosynthetic active length expands toward the
free end of the geosynthetic. Considering a constant yield interface
shear [Eq. (2)], the unit tension at a given point along the geosyn-
thetic length could be estimated using the data measured from soil–
geosynthetic interaction tests. Specifically, the unit tension Ti at the
location of Telltale i can be obtained using measurements of the
frontal unit tension collected when displacements at Telltale i
are first triggered, T0;i.

Considering force equilibrium from Eq. (13):

Ti ¼ 0 if T0 < T0;i ð22Þ

Ti ¼ T0 − T0;i if T0 > T0;i ð23Þ

Eq. (23) implies that after the active length reaches a given
Point i, no additional shear stresses develop in the portion of the

geosynthetic before that location (because the interface shear is as-
sumed to be constant). Consequently, any additional tension results
in the mobilization of shear beyond Point i.

In summary, the frontal unit tension that corresponds to the mo-
ment when displacements are first triggered in each telltale should
be carefully recorded because this value is needed to define the unit
tension at the location of each telltale. The frontal unit tension
values are illustrated as a function of displacements in Fig. 6(a)
for the case of Telltale i. The unit tension versus displacements
at Location i [Fig. 6(b)] can be obtained by shifting the frontal unit
tension versus displacement at that location by the amount of T0;i.
Consistent with the model proposed in this study, this curve should
define a parabola under small displacements. The unit tension–
displacement data can be converted into the T2 versus u space by
squaring the unit tension values [Fig. 6(c)]. According to the model,
the experimental data in the T2 versus u space should define a
straight line with slope KSGC.

Validation of the SGC Model: Uniqueness of KSGC

The analytical model predicts that the linear relationship between
the geosynthetic unit tension and the displacement is unique and
independent of location within the geosynthetic. Specifically, the
value estimated for KSGC should be the same at any point along
the active length of the geosynthetic. Displacement measurements
at various points along the geosynthetic should then produce data
that can be used to experimentally validate this outcome of the
model.

A total of five telltales were installed along the embedded speci-
men with the first (Telltale 1) situated close to the loading front and
the last (Telltale 5) situated close to the free end. The displacement
data recorded by each telltale can be used according to the pro-
cedure described in the previous section to obtain the relationship
between the unit tension squared and displacement at the location
of that telltale. As illustrated in Fig. 7, the uniqueness of KSGC can
be explored by comparing the lines defined using data from the
various telltales. The analytical model predicts that the slopes of
the lines should be the same.

Validation of the SGC Model: Suitability of Constitutive
Relationships

The results from the soil–geosynthetic interaction tests can also be
used to define the yield shear stress (τ y) and the confined stiffness
of the geosynthetic (Jc). As illustrated in Fig. 8, because displace-
ments in the geosynthetic are measured at the locations of the tell-
tales, the average strain between these locations can be calculated at
any given time, as follows:

εavg ij ¼
ui − uj
Lij

ð24Þ

Fig. 6. Schematic view of steps in the procedure developed to estimate KSGC: (a) frontal unit tension versus Telltale i displacement; (b) unit tension at
Point i versus Telltale i displacement; (c) unit tension squared at Point i versus Telltale i displacement
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where ui = displacement at Telltale i at a given time; uj = displace-
ment at Telltale j at the same time; and Lij = distance between
locations of Telltales i and j. The average unit tension in the portion
of the geosynthetic between Points i and j can also be determined.
Specifically, this tension can be defined at the time when each tell-
tale is first triggered, which is when the displacement beyond each
of the telltales is zero. In this case, the average unit tension in the
segment, Tavg ij, can be calculated as follows:

Tavg ij ¼
T0;j − T0;i

2
ð25Þ

As illustrated in Fig. 9, estimation of εavg ij and Tavg ij between
multiple telltale locations allows determination of the geosynthetic
unit tension versus strain relationship, the slope of which represents
the confined stiffness of the geosynthetic.

Determination of τ y can also be achieved following the illustra-
tion in Fig. 10. Since a uniform distribution is assumed for the
equivalent interface shear (τ y), the equilibrium of forces along

the active length (L 0
i ) can be described by Eq. (14). Therefore, τ y

is obtained as

τ y ¼
T0;i

2L 0
i

ð26Þ

When Telltale i is first triggered, the recorded frontal unit ten-
sion corresponds to T0;i and the location of the telltale corresponds
to the active length (L 0

i ). Therefore, multiple realizations of T0;i and
L 0
i can be obtained for multiple telltales. According to the SGC

model, the relationships between T0;i and L 0
i should result in a

straight line with the slope 2τ y, as illustrated in Fig. 10.

Representation of Displacements along
Embedment Length

An alternative procedure to determine the parameters of the pro-
posed model involves direct use of geosynthetic displacements
along the active length. As previously described, the SGC model
predicts a family of parabolic functions for the displacements along
the active length of the geosynthetic. As illustrated in Fig. 3, for a
given frontal unit tension, displacements are represented by a para-
bolic function that depends solely on τ y and Jc. Therefore, a poly-
nomial regression can be used to estimate the equation coefficients.
In this regression, the values of τ y and Jc can be optimized to define
the best fit to the experimental data (Fig. 11). The best fit is iden-
tified using the least-squares approach, which involves minimizing
the sum of the squares of the errors between the experimental data
and predictions. Specifically, the values of τ y and Jc that minimize
the error for the family of parabolic curves can be defined.

For any given value of T0 (including the values of T0;i) the sum
of the squares of the errors, Si, is expressed as follows:

Si ¼
Xn
j¼1

r2ji ð27Þ

rji ¼ uji;e − uji;p ð28Þ

Fig. 7. Experimental evaluation of uniqueness of KSGC

Fig. 8. Estimation of εavg ij and Tavg ij from soil–geosynthetic test
results

Fig. 9. Estimation of Jc using soil–geosynthetic interaction test results

Fig. 10. Estimation of τ y from soil–geosynthetic test results

Fig. 11. Estimation of τ y and Jc from parabolic regression of telltale
displacements
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where n = number of telltales; rji = residual between predicted and
measured displacements; uji;e = experimental value for displace-
ment recorded at Telltale j when the frontal unit tension is T0;i;
and uji;p = predicted value for displacement at Telltale j when
the frontal unit tension is T0;i. The total sum of the squares of the
errors, S, results from integrating Si over the range of T0;i values
that resulted in the displacements used to estimate KSGC.

It should be noted that the various procedures described herein
are expected to result in the same model parameters. However,
discrepancies can be expected due to assumptions in the theory
and scatters in the experimental measurements. As described in
the next section, comparison between the parameters obtained us-
ing the various procedures allowed evaluation of the suitability of
the model and provided insight into the variability of the various
parameters.

Experimental Evaluation of the Suitability of the
SGC Model: Pilot Test Results

The results of a pilot large-scale soil–geosynthetic interaction test
are presented herein to evaluate the suitability of the constitutive
relationships and outcomes of the proposed SGC model. The ap-
proaches conceptually detailed in the previous section were used to
interpret the experimental data obtained in this pilot test in order to
assess the consistency of the data trends with model predictions as
well as to estimate KSGC, τ y, and Jc. The pilot test was conducted
using the large-scale soil–geosynthetic interaction device illustrated
in Fig. 5. The characteristics of this device are provided in the
companion paper.

Pilot Test Characteristics

The backfill material used in the pilot test consisted of a clean
poorly graded sand, known as Monterey No. 30 sand (Zornberg
et al. 1998b). This backfill material was used because of the rela-
tively small variation in its characteristics that has made it a standard
soil in previous studies. The sand has a uniform soil particle size
distribution, with particle sizes smaller than 0.762 mm, and is com-
posed of medium to fine and subangular to subrounded particles.
The mean particle size (D50), coefficient of uniformity (Cu), and
coefficient of curvature (Cc) were determined to be 0.44 mm,
1.6, and 1.0, respectively. Monterey No. 30 sand is classified as
poorly graded sand, according to the Unified Soil Classification
System (USCS) [ASTM D2487 (ASTM 2011)], and as Group
A-1-b, according to the AASHTO classification system [AASHTO

M145 (AASHTO 2012); ASTM D3282 (ASTM 2015)]. The
sand was placed with a moisture content of 1.5–2% and compacted
in four lifts of 75 mm to reach a total thickness of 280 mm
(after compaction) and a dry unit weight of 14.94 kN=m3 after
compaction.

Testing was conducted using a normal pressure of 21 kPa.
Biaxial geogrids have often been used in roadway systems, which
require deformability or serviceability criteria in their design. Ac-
cordingly, a commercially available biaxial geogrid was used as the
geosynthetic inclusion. The aperture dimensions of the geogrid
were 25 and 33 mm, while its minimum rib thickness was 0.76 mm
in both directions. The aperture stability of the geogrid was
0.32 m-N= deg, and the aspect ratio of the geogrid ribs was 0.23
in both directions. The confined portion of the specimen, tested in
the cross-machine direction, was 320 mm wide and 1,020 mm long
(embedded length). The unconfined tensile modulus of the geogrid,
reported at 2 and 5% strain, was 330 and 268 kN=m, respectively,
in the cross-machine direction and 205 and 170 kN=m, respec-
tively, in the machine direction.

As schematically illustrated in Fig. 12, five telltales were
attached to five geogrid junctions along its embedded portion at
distances of 60, 180, 300, 410, and 850 mm from the loading front.
The telltales consisted of cobalt-based alloy wires, 0.41 mm in
diameter. The wires were tied at specific geogrid junctions, tight-
ened by crimping their ends inside aluminum ferrules, and inserted
into high-strength plastic tubes to minimize direct contact with
the surrounding soil (Roodi 2016). The telltales were connected to
five linear potentiometers (LPs) installed in the back of the box. An
additional telltale was attached to one of the first junctions in the
unconfined portion of the geogrid (Telltale 0 in Fig. 12) to measure
frontal displacements.

Fig. 13 shows the measured frontal load and frontal displace-
ments, as well as the telltale displacements along the confined
length. Progressive development of interface shear is clearly ob-
served in the data presented in this figure. LP 1, connected to the
telltale closest to the pulling front, was triggered at a relatively low
frontal unit tension. The subsequent LPs were triggered in the order
of their location within the geosynthetic specimen. That is, as the
frontal unit tension increased, LPs 2, 3, and 4 were successively
triggered. The test was terminated once the geosynthetic specimen
was observed to break under tension outside of the confined area.
Breakage occurred before displacements were recorded by LP 5,
which indicates that the active length of the geosynthetic did not
reach the location of Telltale 5. Therefore, the end portion of the
geosynthetic had indeed remained stationary.

Fig. 12. Schematic view of geosynthetic specimen and telltale setup

© ASCE 04017075-9 J. Geotech. Geoenviron. Eng.
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Evaluation of the Linearity and Uniqueness
of Unit Tension Squared (T 2) versus
Displacement (u) Data

The unit tension versus displacement data for the three frontal
telltales (i.e., Telltales 1, 2, and 3) is presented in Fig. 14. As de-
scribed in the previous section, these data were obtained after plot-
ting and shifting the frontal unit tension versus telltale displacement
data presented in Fig. 13. Consistent with the predictions of the
analytical model, which assumed constant values for yield interface
shear and confined geosynthetic stiffness, the shape of T versus u
data was found to be essentially the same for the different points
along the active length of the geosynthetic. Specifically, the three
unit tension (T) versus displacement (u) curves in Fig. 14 were es-
sentially situated on top of each other and define a parabola for the
range of displacements evaluated in this study. The experimental
data presented in Fig. 14 verify the uniqueness of the unit tension
versus displacement relationship, as predicted by the SGC model.

The unit tension squared (T2) versus displacement (u) data was
then obtained (Fig. 15). Consistent with the predictions of the SGC
model, the experimental data presented in Fig. 15 confirm the linear
relationship between the unit tension squared (T2) and telltale
displacements (u) for all three telltales. Furthermore, the lines de-
fined by the data obtained from the three telltales exhibited reason-
ably similar slopes, which further underscored the uniqueness of
the linear relationship between the unit tension squared (T2) and
displacements (u) throughout the active length of the specimen.

The stiffness of the soil–geosynthetic composite (KSGC) was es-
timated as the slope of the T2 versus u data. As illustrated in Fig. 15,
the KSGC value estimated by the data obtained from the three

telltales ranged from 38 to 46 ðkN=mÞ2=mm. It should be noted
that the unit tensions calculated in Fig. 15 were used only to evalu-
ate the linearity and uniqueness of the T2 versus u relationship.
However, as presented next, validation of other aspects of the
model relies on measurement of the frontal unit tension at the time
when each telltale is first triggered.

Evaluation of the Constitutive Relationships Adopted
for the SGC Model

The experimental data obtained in the pilot test was also used to
evaluate the suitability of the constitutive relationships assumed
in the SGC model. Fig. 16 shows the frontal unit tension when dis-
placements at Telltales 1–4 were first triggered versus the locations
of the telltales within the active geosynthetic length. The linearity
of the correlation observed in this figure provides additional evi-
dence of the suitability of the constitutive model assumed for
soil–geosynthetic interface shear, at least for comparatively small
displacements. Accordingly, the yield interface shear corresponds
to half of the slope of this linear relationship (τ y ¼ 29.2=2 ¼
14.6 kN=m2).

The suitability of the constitutive relationship adopted for the
geosynthetic [Eq. (1)] was also assessed. As previously described,
the average geosynthetic strain and unit tension were estimated at
the times when displacements at telltales were first triggered. This
information allowed evaluation of the confined stiffness of the geo-
synthetic specimen. Since the confined data points were calculated
for comparatively small displacements, the predicted strain values
remained below 1%. As shown in Fig. 17, the confined data shows
a linear trend between geosynthetic unit tension and strain,

Fig. 13. Results of the pilot large-scale soil–geosynthetic interaction
test: frontal load and telltale displacements versus frontal displacement

Fig. 14. Representation of unit tension (T) versus displacements (u)
data for telltales

Fig. 15. Evaluation of the linearity and uniqueness of unit tension
squared (T2) versus displacement (u) data

Fig. 16. Experimental evaluation of the validity of the constitutive
model adopted for soil–geosynthetic interface shear
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confirming the suitability of the constitutive model adopted in the
SGC model for geosynthetic materials. Conventional wide-width
tensile tests were also conducted on the geosynthetic to evaluate
its stiffness under unconfined conditions. Comparison of the ten-
sion data for confined and unconfined conditions is provided in
Fig. 17. The initial slope of the unit tension versus strain data ob-
tained from unconfined tests showed reasonably good agreement
with the slope of the data from confined conditions. Specifically,
the slope in the confined conditions characterized the confined geo-
synthetic stiffness as Jc ¼ 660 kN=m.

As previously discussed, the constitutive parameters of the SGC
model, τ y and Jc, can also be estimated from a parabolic regression
of telltale displacement data. Fig. 18 presents the family of parab-
olas obtained by fitting the experimental data recorded in the pilot
soil–geosynthetic interaction test. Since the model was developed
considering small displacements, only displacements below 2.5 mm
were used in the regression analysis. Displacements that were re-
corded when the frontal load exceeded 80% of the ultimate frontal
load were also not considered. The regression analysis resulted in a
yield shear stress (τ y) of 14.9 kN=m2, a confined geosynthetic stiff-
ness (Jc) of 630 kN=m, and a sum of the squared residuals (S) of
6.9 mm2. Very good consistency can be observed between the τ y
and Jc values obtained from the parabolic regression and those pre-
viously obtained using separate procedures. This provides addi-
tional evidence of the suitability of the constitutive relationships
adopted in the SGC model.

The regression results can also be used in Eq. (20) to estimate
the stiffness of the soil-geosynthetic composite as KSGC ¼
4τ y · Jc ¼ 38ðkN=mÞ2=mm. This value is well within the range

of the values obtained directly from defining the slope of the T2

versus u data.

Summary and Conclusions

A new model, referred to as the soil-geosynthetic composite (SGC)
model, was proposed to evaluate the interaction between soil and
geosynthetics under small displacements. Although previously de-
veloped models have often focused on characterizing the resistance
of soil–geosynthetic systems, the proposed model emphasizes char-
acterization of the stiffness of these systems. Such characterization
is relevant to projects such as the base stabilization of roadways,
where design is based on deformability criteria. A relevant feature
of the new model is that it defines the stiffness of soil-geosynthetic
composite using a single parameter, which makes it particularly
suitable for practical applications (e.g., for specification or for
mechanistic-empirical formulations). The model was derived con-
sidering a force equilibrium differential equation by adopting a
moving domain for the boundary conditions and by assuming
two constitutive relationships: (1) a linear relationship between
the unit tension and tensile strain in the geosynthetic, characterized
by Jc, the confined geosynthetic stiffness; and (2) a rigid–perfectly
plastic relationship between the interface shear and geosynthetic
displacements, characterized by the yield interface shear stress,
τ y. Specific experimental procedures were developed to determine
model parameters using soil–geosynthetic interaction tests.
Although the soil–geosynthetic interaction equipment used in this
study was based on a large-scale pullout device, emphasis was
placed on the interpretation of the displacement data along the ac-
tive length of the geosynthetic. The results from a pilot test were
used to assess the suitability of the constitutive relationships and
outcomes of the SGC model. The main findings that result from
the analytical and experimental evaluations conducted in this study
are summarized as follows:
• A closed-form analytical solution could be obtained for the

soil–geosynthetic force equilibrium differential equation. This
required use of a linear constitutive relationship for the confined
geosynthetic, a rigid–perfectly plastic relationship for the inter-
face shear, and a specific moving boundary condition.

• The closed-form solution of the SGC model is characterized
by a single parameter, the stiffness of the soil-geosynthetic
composite (KSGC). The KSGC value is representative of a given
soil-geosynthetic composite system, under a certain confining
pressure, because it captures both the tensile characteristics
of the confined geosynthetic and the shear behavior of the
soil–geosynthetic interface.

• Experimental testing procedures could be defined to unambigu-
ously obtain the KSGC parameter. They require determination of
the frontal unit tension, internal displacements, and the frontal
unit tension when the displacements are first mobilized within
an embedded geosynthetic.

• The KSGC parameter is defined as the slope of the line between
the unit tension squared (T2) and displacements (u) along the
embedded length of the geosynthetic. The linearity of the rela-
tionship between the unit tension squared (T2) and displace-
ments (u) was experimentally validated using the results from
a pilot soil–geosynthetic interaction test. The pilot test presented
in this paper was conducted using large-scale soil–geosynthetic
interaction equipment to test a biaxial geogrid in the cross-
machine direction.

• The uniqueness of the KSGC parameter was experimentally va-
lidated. Specifically, the same KSGC was obtained, independent
of the location within the embedded geosynthetic, where the

Fig. 17. Experimental evaluation of the validity of the constitutive
model adopted for geosynthetic material

Fig. 18. Parabolic representation of displacement data from telltales
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experimental data (displacements from telltales) was collected
as the test progressed.

• Evaluation of the experimental results from the pilot test
also confirmed the suitability of the constitutive relationships
adopted in this study to characterize the geosynthetic and the
soil–geosynthetic interface shear under small displacements.
Overall, the availability of a single parameter, KSGC, to charac-

terize the initial stiffness of a soil-geosynthetic composite may be
particularly relevant for practical applications, such as the base sta-
bilization of roadways. A companion paper evaluates the suitability
of the constitutive assumptions and outcomes of the model for a
range of variables that may affect the predictions of the SGC model
(Roodi and Zornberg 2017).

Acknowledgments

The authors are grateful for the financial support received from the
Texas Department of Transportation.

Notation

The following symbols are used in this paper:
c1 = constant of integration;
c2 = constant of integration;
E = elastic modulus;
Jc = confined geosynthetic stiffness;

KSGC = stiffness of soil–geosynthetic composite;
L = embedment length of geosynthetic;
L 0 = active length of geosynthetic;
Lij =distance between locations of Telltales i and j;
rji = residual between predicted and measured displacements;
S = total sum of squares of error;
Si = sum of squares of error;
T =unit tension;
T0 = frontal unit tension;
T0;i = frontal unit tension at the time displacements at Telltale i

are first triggered;
Tavg ij = average unit tension in geosynthetic between locations of

Telltales i and j;
Ti =unit tension at location of Telltale i;
t = thickness;
u =displacement;
u0 = frontal displacement;
ui =displacement at location of Telltale i;

uji;e = experimental value for displacement recorded at Telltale j
when T0 ¼ T0;i;

uji;p =predicted value for displacement recorded at Telltale j
when T0 ¼ T0;i;

x =distance from loading front;
ε = tensile strain;
ε0 = frontal tensile strain;

εavg ij = average tensile strain between locations of Telltales i and j;
τ = interface shear stress; and
τ y =yield interface shear stress.
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