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Several design guidelines adopt limit state methods (e.g., earth pressure or limit equilib-
rium slope stability methods) to estimate the reinforcement loads for geosynthetic-
reinforced soil structures (GRSSs). Field measurements usually reveal lower tensile loads
in the reinforcements than that predicted by conventional design methods.
Consequently, limit state methods have been criticized for being conservative or inaccu-
rate. However, these lower-than-expected loads are primarily due to redundancy in design,
attributed to several factors such as toe resistance, soil volumetric dilation, underestima-
tion of soil shear strength, and the effect of suction stress. While these factors commonly
contribute to the performance of the GRSSs, they are not accounted for in design proce-
dures. This disregard is accredited to complexities and uncertainties associated with reli-
able quantification of these factors during the life span of the structure. By properly
quantifying the role of suction stress, this study aims to quantitatively explain a part of
the discrepancy which exists between the tensile loads in the reinforcement, which are
estimated by working-condition design methods versus those by limit state design meth-
ods. A suction stress-based formulation is presented for calculating the active earth pres-
sures coefficient (Ka) of unsaturated backfill under unsaturated steady flow conditions.
The formulation is derived by implementing an analytical solution of one-dimensional
steady flow into a limit equilibrium-based effective stress analysis. The proposed formula-
tion is used in conjunction with the earth pressure method to illustrate the effect of suction
stress on predicted reinforcement loads. Two backfills, referred to as marginal and high
quality backfill, along with three representative annual rain events are examined. The
results are compared with two classical earth pressure methods as well as two empirical
methods. The results show that the suction stress contribution can lead to significantly
lower reinforcement loads than that predicted by classic earth pressure methods for back-
fill types. Empirical methods lead to lower loads in some cases and higher predicted loads
in others. The proposed formulation provides a mechanics-based approach to explain a
part of the discrepancy which exists between the measured tensile loads in the reinforce-
ment in the field versus those by limit state design methods.

� 2016 Elsevier Ltd. All rights reserved.
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Introduction

Limit state design methods developed based upon limit
equilibrium (LE) formulations are commonly used to deter-
mine the tensile load, and subsequently the required tensile
strength, of reinforcements for geosynthetic-reinforced soil
structures (GRSSs), including mechanically stabilized earth
(MSE) walls and geosynthetic-reinforced slopes (GRS) [e.g.,
FHWA (2009), AASHTO (2014) and NCMA (2010)]. Field
measurements under normal conditions, however, usually
reveal lower tensile loads in the reinforcement than those
predictedby limit statedesignmethods. Consequently, limit
state design methods have been criticized as being overly
conservative. Frequently, these methods are based on
empirical-baseddesignmethods thatdonot dependon stat-
ics equilibrium and are tailored to specific wall types, back-
fills, etc. (Leshchinsky, 2009). However, using measured
reinforcement loads under normal conditions, which
include back analyses, to develop design methods can be
misleading if all contributing factors are not properly con-
figured. Interpretation of field data can be unsafe by
attributing the impact of the other factors to the reinforce-
ment contribution (Leshchinsky and Tatsuoka, 2013;
Tatsuoka et al., 2014a,b; Leshchinsky et al., 2015a).

Better-than-expected performance of GRSSs or lower
reinforcement loads than those predicted by limit state
methods is primarily due to ‘‘implicit safety margin” or
‘‘design redundancy” attributed to several factors such as,
but not limited to, toe resistance, soil volumetric dilation,
underestimating soil shear strength, and suction stress
(Leshchinsky, 2009; Leshchinsky and Tatsuoka, 2013;
Vahedifard et al., 2015). Along with several other factors,
suction stress is yet another ‘‘design redundancy” factor
which is not accounted for in limit state design methods
(Leshchinsky and Tatsuoka, 2013; Vahedifard et al.,
2015). While these redundancy factors may exist and con-
tribute to the performance of the structure, ignoring them
does not invalidate typical design since their value cannot
be accurately and reliably determined for the life span of
the structure and they may decrease or diminish in an
uncontrolled and random manner (Leshchinsky and
Tatsuoka, 2013).

Recent studies (Koerner and Koerner, 2013; Valentine,
2013) show that over 60% of failures and poor performance
of GRSSs are caused by internal or external water. While
some of the water-induced failures were due to poor drai-
nage and the subsequent saturation of the backfill, many
failures were reported in unsaturated GRSSs under work-
ing stress conditions and varying moisture content
(Koerner and Koerner, 2013; Valentine, 2013; Kim and
Borden, 2013; Yoo, 2013; Yoo and Jung, 2006; McKelvey
et al., 2015). Ignoring unsaturated soil behavior can make
interpretation of field data confounding for many geotech-
nical problems, including GRSSs. While suction stress is
shown to counterbalance a major portion of the lateral
thrust of the backfill (Vahedifard et al., 2015, 2016a), its
contribution is commonly ignored in design [e.g., FHWA
(2009) and AASHTO (2014)]. This omission of the suction
stress in design is attributed to the uncertainties associated
with its magnitude during the life span of the structure.
While the potential impact of suction stress in many
earthen structures is widely acknowledged, there is very
limited data in the literature to accurately demonstrate
and explain its impact on the performance of GRSSs. This
article attempts to address this by quantifying the contri-
bution of suction stress toward the force mobilized in the
reinforcement layers under normal conditions. To accom-
plish this task, a suction stress-based formulation is devel-
oped which calculates the active earth pressures
coefficient (Ka) of unsaturated backfill under unsaturated
steady flow conditions. The proposed formulation consid-
ers variations in the depth of water table and rainfall char-
acteristics. It allows for a reasonable approach to assess the
impact of effective stress on the required reinforcement
strength distribution at a limit state. The proposed formu-
lation is used along with the earth pressure method, to
illustrate the effect of suction stress on predicted reinforce-
ment loads for two backfills, referred to as marginal and
high quality backfills.

Suction stress-based formulation for Ka for unsaturated
backfill under steady flow

This study adopts the closed-form solution presented in
Vahedifard et al. (2015) to determine Ka for unsaturated
backfills under a steady one-directional (vertical) flow. A
suction stress-based effective stress representation (Lu
and Likos, 2004, 2006) is assembled into a limit equilib-
rium (LE) analysis based on log-spiral failure geometry.
Classic effective stress parameters (c0 and /0) can be
directly integrated with the unified effective stress
approach and consequently, eliminates the need to intro-
duce additional shear strength criteria or parameters in
the presence of unsaturated soils. The closed-form equa-
tion for the suction stress profile has been successfully
employed in classic geotechnical engineering problems
such as active earth pressures (Vahedifard et al., 2015),
slope stability (Vahedifard et al., 2016a; Griffiths and Lu,
2005) and ultimate bearing pressure calculations
(Vahedifard and Robinson, 2015). Representing a statically
determinate mechanism, the log spiral approach does not
require any a priori statical assumptions unlike most of
the currently available alternative LE methods.

Under the suction stress-based effective stress repre-
sentation, Lu and Likos (2004, 2006) defined the unified
effective stress for both saturated and unsaturated condi-
tions as follows:

r0 ¼ r� ua � rs ð1Þ
where r0 represents the effective stress, r is the total
stress, ua is the pore air pressure, and rs represents the suc-
tion stress. Lu et al. (2010) established and validated the
following equation for the suction stress characteristic
curve (SSCC) of unsaturated soil:

rs ¼ �Seðua � uwÞ ð2Þ
where Se is the effective degree of saturation and the differ-
ence (ua � uw) represents the matric suction. The effective
degree of saturation can be defined with a set of two
parameters, n and a, both of which are identical to the soil



Fig. 1. Notation for calculating active earth pressure of unsaturated soils
under steady flow using a log spiral slip surface (modified after
Vahedifard et al. (2015)).
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water characteristic curve (SWCC) parameters defined by
van Genuchten (1980) and Mualem (1976):

Se ¼ S� Sr
1� Sr

¼ 1
1þ aðua � uwÞ½ �n

� �1�1=n

ð3Þ

where S is the pore-water degree of saturation, Sr is the
residual saturation, and a and n are fitting parameters.
That is, a approximates the inverse of the air-entry pres-
sure and the n parameter is directly related to the distribu-
tion of the soil’s pore size (Lu and Likos, 2004; Lu et al.,
2010).

Gardner’s model (Gardner, 1958) can be used as the
hydraulic conductivity function (HCF) to derive analytical
solutions of matric suction profiles under infiltration or
evaporation conditions:

k ¼ kse�aðua�uwÞ ð4Þ
where ks is the saturated hydraulic conductivity (m/s).
Because Gardner’s model (Eq. (3)) defines one parameter
a, which is consistent with van Genuchten–Mualem’s
model, it simplifies the means of finding an analytical
solution.

Using Darcy’s law and Gardner’s model, coupled with
imposition of zero matric suction boundary conditions at
the water table (zw = 0, where zw is the distance above
the water table), allows the matric suction profile along
the depth to be obtained as (Yeh, 1989):

ua � uwð Þ ¼ �1
a
ln 1þ q

ks

� �
e�cwazw � q

ks

� �
ð5Þ

where q is the vertical discharge and cw is the unit weight
of water. Using Eqs. (2), (3) and (5), one can define the suc-
tion stress profile versus z under vertical unsaturated seep-
age conditions as such:

rs ¼ 1
a

ln 1þ q
ks

� �
e�cwazw � q

ks

h i

1þ �ln 1þ q
ks

� �
e�cwazw � q

ks

h i� �n� �ðn�1Þ=n ð6Þ

In this analysis, Eq. (6) is incorporated in the formula-
tion of lateral earth pressures using a log-spiral failure
mechanism. Following classical earth pressure expressions,
the thrust of earth pressures (Pa) can be calculated as:

Pa ¼ 1
2
KacH2 ð7Þ

where c is the unit weight of soil and H is the height of the
analyzed GRSS as shown in Fig. 1. Note that Pa acts at
height D above the toe elevation. As shown in Fig. 1, Pa
comprises of P, which acts perpendicular to the face of
wall. The interface frictional component of P is represented
by P tan d with d being the soil–wall interface friction
angle.

Similar to the effective stress-based approach taken
by Vahedifard et al. (2015), the problem is formulated
by deriving the moment LE equation by assuming a
potential failure surface along a log spiral trace. Fig. 1
shows the notation and the failure mechanism which are
used in the formulation. The moment equilibrium equation
around the pole of the log spiral (RMpole = 0) can be written
as:
MPa þMW þMrs �Mc0
d
¼ 0 ð8Þ

whereMPa is the moment due to Pa, MW is the moment due
to W (where W is the total weight of the failure zone), Mrs

is the moment induced by rs, andMc0
d
is the moment due to

cd0 (where cd0 is the design cohesion and is equal to c0/FS).
Unless stated otherwise, ua is generally the atmospheric
pressure and is taken as zero. Such an assumption is typi-
cally valid under static loading conditions in the field. Cur-
rent GRSS design guidelines [e.g., FHWA (2009) and
AASHTO (2014)] commonly recommend to ignore
cohesion.

An assumed log spiral failure surface can be fully
defined using the log spiral pole (xC, yC) and log spiral con-
stant (A). The log spiral radius (R) at any point is defined as
R = Ae�wb, where w = tan /0, /0 is the design internal angle
of friction, and b is the rotation angle between the point
along the slip surface and the pole of log spiral. Explicit
forms of the contributing terms in Eq. (8) can be found in
the literature [e.g., Vahedifard et al., (2016a, 2012) and
Leshchinsky et al. (2012)]. The equations can be derived
using the geometry of the problem as shown in Fig. 1.
The moment due to suction stress, Mrs can be written as:

Mrs ¼
Z b2

b1

ðrsÞðAe�wb cos bÞðAwe�wb cosbþ Awe�wb sinbÞdb

�
Z b2

b1

ðrsÞðAe�wb sin bÞðAe�wb cosb� Awe�wb sinbÞdb

ð9Þ
Derivation of Eq. (9) is analogous to the derivation of

the moment term for positive pore water pressures in con-
ventional log spiral slope stability (Vahedifard et al., 2015).
Assuming that the water table is located at the depth zw0

below the toe (as shown in Fig. 1), Eq. (6) can be rewritten
to provide the normalized suction stress at any elevation y
along the wall height as:
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rs ¼ 1
a

ln 1þ q
ks

� �
e�cwa zw0þyð Þ � q

ks

h i

1þ � ln 1þ q
ks

� �
e�cwaðzw0þyÞ � q

ks

h i� �n� �ðn�1Þ=n ð10Þ

where y varies from y1 and y2 and z0 is a constant value
representing the vertical distance from the water table to
the toe (zw0 P 0). This equation assumes that suction stress
varies only in the y direction and is constant in the x direc-
tion at each elevation. Note that like the other terms incor-
porated in the moment equilibrium equation, the suction
stress should be normalized (by cH).

The value of Pa should be determined through a maxi-
mization procedure. For given input parameters and for
all feasible failure surfaces, an iterative analysis needs to
be performed to capture the maximum Pa that satisfies
the LE state. The solution scheme and required maximiza-
tion procedure are explained in detail in Leshchinsky et al.
(2012). This maximization process yields the failure mass
(i.e., active soil mass), which generates the maximum
thrust that satisfies the LE state. For an arbitrarily selected
point of action for the thrust, the proposed solution
scheme will yield the corresponding maximum thrust. In
common practice, the point of action of the thrust is taken
at D = H/3.
Methods for estimating maximum tensile load in
reinforcements

Different methods have been used in design guidelines
and previous studies to perform internal stability analyses
of GRSSs and to estimate the maximum tensile load,
Tmax�i, in the ith reinforcement layer. Several studies
[e.g., Leshchinsky (2009), Christopher et al. (2005), Allen
and Bathurst (2015) and Yang et al. (2013)] have discussed
advantages and limitations of existing LE-based slope sta-
bility, earth pressure, numerical, and empirical methods.

Several design guidelines such as FHWA (2009),
AASHTO (2014) and NCMA (2010) use the earth pressure
method or LE slope stability methods for estimating
Tmax�i. The earth pressure method estimates the forces
developed in reinforcement by assuming that the lateral
pressures in the wall are in equilibrium with reinforce-
ment forces. To calculate Tmax�i, the following equation is
used based on the FHWA (2009) design guidelines:

Tmax�i ¼ kr
Ka

� �
Kaðczþ QÞSv ð11Þ

where kr/Ka represents the normalized lateral earth pres-
sure coefficient; Ka is the active earth pressure coefficient,
z is the depth below the top of the structure, Q is the uni-
form surcharge, and Sv is the tributary area or the rein-
forcement vertical spacing when analyses are carried out
per unit length of wall. For calculating Ka, AASHTO (2014)
and FHWA (2009) use Rankine’s active earth pressure coef-
ficient whereas NCMA (2010) employs Coulomb’s method.

Further, semi-empirical and empirical methods such as
Wu and Pham (2013), the K-stiffness Method (Allen et al.,
2003; Bathurst et al., 2008) and the Simplified Stiffness
Method (Allen and Bathurst, 2015) have been developed
by using the measured values at the site for several case
studies and proposing empirical expressions to predict
Tmax � i. The K-stiffness Method (Allen et al., 2003;
Bathurst et al., 2008) is an empirical method that uses
the working stress principles for estimating loads and
deformations in reinforcements. This method estimates
Tmax � i as follows:

Tmax�i ¼ 1
2
K0ðcH þ QÞSvDtmaxU ð12Þ

U ¼ UgUlocalUfsUfbUc ð13Þ
where K0 is the at-rest earth pressure coefficient, Dtmax is
the load distribution factor, U is the influence factor, Ug

and Ulocal are the global and local reinforcement stiffness,
respectively, Ufs is the facing stiffness, Ufb is the face bat-
ter, and Uc is the backfill cohesion.

Use of the K-stiffness Method design procedure
involves estimation of facing stiffness factor (Ufs), plain
strain friction angle for backfill, and quantification of Dtmax.
These parameters, which may be difficult to attain, facili-
tated development of the Simplified Stiffness Method pro-
posed by Allen and Bathurst (2015) which involves a more
practical procedure for calculating Tmax � i. The Simplified
Stiffness Method imposes modifications on the influence
factors used by the K-stiffness Method. Moreover, the Sim-
plified Stiffness Method uses a peak friction angle obtained
from triaxial compression tests rather than that obtained
from plain strain tests. The Simplified Stiffness Method
defines Tmax � i as follows:

Tmax�i ¼ Sv cHDtmax þ Href

H

� �
cf S

� �
KavhUgUlocalUfsUfbUc

ð14Þ
where S is the average soil surcharge depth above the wall
top using a soil surcharge unit weight of cf; Kavh is the
active earth pressure coefficient for a vertical wall (calcu-
lated using a peak triaxial compression or plain strain fric-
tion angle); Href is the reference height. As defined, Dtmax

can be computed as (Allen and Bathurst, 2015):

Dtmax ¼ Dtmax0 þ
z
zb

� �
� ð1� Dtmax0Þ z < zb ð15aÞ

Dtmax ¼ 1 z P zb ð15bÞ

Zb ¼ Ch � ðHÞ y �Ufb ð16Þ
where Dtmax0 is Dtmax at z/H = 0 (i.e., at top of wall), z is the
depth below the top of the wall, zb is the break point dis-
tance, Ch is the height influence factor coefficient, and y
is the height influence factor exponent.

In the current study, the earth pressure method (Eq.
(11)) is used along with the Ka values calculated from
two classic earth pressure methods of Rankine and Cou-
lomb as well as from the proposed formulation which
accounts for suction stress. Further, the results are com-
pared against two empirical methods of K-stiffness (Eq.
(12)); and Simplified Stiffness Method (Eq. (14)). As stated
previously, the proposed formulation employs a LE-based
method and incorporates a closed form solution of one-
dimensional unsaturated steady flow into the LE formula-
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tion. The simplifying assumption of one-dimensional verti-
cal flow allows for implementing a relatively simple yet
acceptable closed-form solution of suction stress into the
LE earth pressure framework. However, it cannot consider
the possible effects of flow near the slope face. Considering
two- or three-dimensional flow warrants implementing
more rigorous analytical solutions or using numerical
techniques such as the finite element or finite difference
methods. Combining one-dimensional flow with two-
dimensional LE stability analysis is frequently done in con-
ventional slope stability and earth pressure practice by
assuming a horizontal flow and computing pore pressures
from the vertical height of the free surface. Moreover, like
other LE-based earth pressure methods, the proposed
formulation utilizes a pre-defined shape for failure surface,
doesn’t account for the effects of connection loads, facing
elements, toe resistance and wall deformations
(Christopher et al., 2005).
GRSS example for comparative studies

A wrapped-face GRSS is used to compare the Tmax � i

predictions from various methods and to illustrate the role
of suction stress. The wall is 3.6 m high, has a batter (x)
equal to 8�, and is reinforced by 6 rows of reinforcements.
The top reinforcement layer (reinforcement number 6) is
placed at 0.4 m below the top of the wall and the other
reinforcement layer are placed with a vertical spacing of
Sv = 0.6 (Fig. 2). Similar wall dimensions and reinforcement
configurations were used in a full scale GRSS test reported
by Bathurst et al. (2006).

Suction that can be developed in a backfill directly
relates to the soil’s fines content (i.e., passing sieve
#200). Higher fines content in the backfill can lead to lar-
ger matric suction. Design guidelines such as FHWA
(2009) classify GRSSs into two groups, ‘‘slopes” and
‘‘walls,” by introducing an arbitrary batter of 20� as bound-
ary between these two groups. This arbitrary distinction
has resulted in two different allowable fines contents.
The allowable fines content for geosynthetic-reinforced
walls is limited to 15%, whereas for the limit for slopes is
=8H
 =

 3
.6

 m

Tmax-2

L = 2.52 m, Sv = 0.6 m

0.2 m
Tmax-1

Tmax-3

Tmax-4
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Surcharge (Q)

Competent Foundation

ω °

Fig. 2. Section of the GRSS used for comparison.
50%. The allowable fines content is even higher for the
walls which are designed and built in the private sector.
For example, NCMA (2010) allows up to 35% fines content;
this limit can be as high as 50% if a geotechnical engineer is
involved in the design. For GRSSs built with high quality
backfills (i.e., with less than 15% fines), a notable amount
of suction exists within the backfill during most of the life
of the structure. The need for investigating the role of suc-
tion stress is more pronounced as there is an increasing
interest in using marginal backfills because of their poten-
tially lower construction costs [e.g., Kim and Borden
(2013), Yoo and Jung (2006), Miyata and Bathurst (2007),
Marr and Stulgis (2012), Portelinha et al. (2013) and
Esmaili et al. (2014)]. To address this need, this study con-
siders two backfills, henceforth referred to as high quality
backfill (i.e., backfill with low fines content) and marginal
backfill (i.e., backfill with high fines content) in the com-
parison. The high quality backfill is assumed to be a
poorly-graded sand with maximum of 5% fines content
whereas the low quality backfill is assumed to be a clayey
sand with 30% fines content.

Table 1 shows soil proprieties for each backfill. Soil type
and most of the mechanical properties for the high quality
and marginal backfills are taken from those reported in
Bathurst et al. (2006) and Yoo and Jung (2006), respec-
tively, for similar backfill types. The hydraulic parameters
(e.g., n and a) are assumed based on values reported for
similar soil types in literature [e.g., Lu and Likos (2004,
2006) and Lu et al. (2010)].

Fig. 3 shows the SWCC (Fig. 3a) and SSCC (Fig. 3b) in
terms of Se, SSCC in terms of matric suction (Fig. 3c), and
HCF (Fig. 3d) in terms of Se, for the high quality and mar-
ginal backfills. Fig. 3a demonstrates that at the same level
of effective saturation, the marginal backfill, in comparison
to the high quality backfill, develops higher matric suction.
The maximum matric suction for the high quality backfill
is approximately 1 � 104 kPa, whereas this value is on
the order of above 105 kPa for the marginal backfill. As
shown in Fig. 3b and c, both backfills show a monotonic
trend for suction stress versus saturation. Suction stress
is zero when matric suction is zero, but decreases mono-
tonically as matric suction increases. The minimum suc-
tion stress for the high quality backfill can be up to about
�10 kPa under very dry conditions (Fig. 3b). Fig. 3d shows
how the hydraulic conductivity of each backfill varies with
saturation. As expected, the marginal backfill has a much
Table 1
Soil properties for high quality and marginal backfills used in comparisons.

Parameter Unit High quality
backfill

Marginal
backfill

USCS – SP SC
Fines content % 5 30
cunsat kN/m3 21.8 19.0
csat kN/m3 22.5 20.0
/0 (peak, triaxial) Degrees 44 22
/0 (peak, plane

strain)
Degrees 47 25

c0 kPa 0 13
ksat m/s 2.00E�05 5.00E�07
Sres – 0.05 0.10
n – 1.8 1.2
a 1/kPa 0.3 0.15
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saturation for the high quality and marginal backfills.
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lower hydraulic conductivity at the same level of
saturation.

To simulate the service state behavior of the wall in the
proposed model, three different values of q were used in
the analyses, q = �100, �500, �900 mm/yr. Note that the
negative sign represents a downward flow (i.e., infiltra-
tion). The q values are selected to represent the steady
infiltration that the wall will experience under normal con-
ditions due to annual rain in different climatic regions (e.g.,
warm and dry climate to cold and wet climate). This is a
reasonable assumption considering that, under real condi-
tions, about 60% of the rainfall infiltrates into the soil (Ng
and Pang, 2000). In all models, it is assumed that the water
table is 4 m below the toe elevation.

Fig. 4 depicts the matric suction (Fig. 4a) and suction
stress (Fig. 4b) profiles along the height of the wall for
the high quality and marginal backfills, for different q val-
ues. As expected, matric suction increases as the absolute
magnitude of q decreases. As shown in Fig. 4a, the high
quality backfill generally displays higher matric suction
in comparison to the marginal backfill. In both backfills,
matric suction remains almost constant along the height
of wall. This trend is more pronounced for the high quality
backfill (Fig. 4a). As it can be seen from Fig. 4b, various dis-
charge levels (q) have no apparent impact on suction stress
for the high quality backfill and in all three q values, a suc-
tion stress of about �5 kPa develops in the high quality
backfill. Additionally, the absolute magnitude of suction
stress in the marginal backfill is significantly higher than
that in the high quality backfill. The maximum suction
stresses of approximately �23, �17, and �14 kPa are
developed in the marginal backfill for q = �100, �500,
and �900 mm/yr, respectively. Such high suction stress
can generate considerable amount of apparent cohesion
in the backfill. In the unified effective stress theory, the
apparent cohesion is defined as the shear strength mobi-
lized by suction stress through the internal angle of friction
(Lu et al., 2010).
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Comparison results

For each backfill type, five methods are compared: (a)
Rankine, adopted by FHWA (2009) and AASHTO (2014);
(b) Coulomb adopted by NCMA (2010); (c) K-stiffness
(Allen et al., 2003; Bathurst et al., 2008); (d) Simplified
Stiffness Method (Allen and Bathurst, 2015); and the (e)
current study with three different q values (q = �100,
500, and 900 mm/yr). All coefficients and factors used for
the Simplified Stiffness Method are adopted from Allen
and Bathurst (2015). The friction angle attained from triax-
ial tests is used for all the methods, with the exception of
the K-stiffness Method, which uses plane strain friction
angle. It is noted that the cohesion of the marginal backfill
is ignored to keep the focus of the study on the role of suc-
tion stress and also to have a consistent comparison
between different methods. Vahedifard et al., (2014) pro-
vides detailed discussion on the significance of cohesion.
Because the cohesion of the backfill is ignored, the cohe-
sion factor, Uc is assumed to be 1 for both the K-stiffness
and Simplified Stiffness Methods. The reinforcement stiff-
ness at 2% strain (J2%), which is used to calculate Ug and
Ulocal, is equal to 100 kN/m. Additionally, as suggested by
the K-stiffness Method, the facing stiffness factor (Ufs) is
considered to be 1. As recommended by AASHTO (2014)
for internal stability analysis of wrapped-faced GRSSs,
d = 0 was used for the reinforced soil/facing interaction.

Marginal backfill

The results in Fig. 5 display Tmax developed in the mar-
ginal backfill at each reinforcement layer along the depth
below the crest of the wall (z), for the three different infil-
tration rates, at a uniform surcharge of Q = 0 (Fig. 5a),
Q = 40 (Fig. 5b), and Q = 80 kPa (Fig. 5c.) As can be seen in
Fig. 5a–c, Rankine’s and Coulomb’s theories tend to overes-
timate Tmax, for all values of Q along the depth of the wall.
For example, as shown in Fig. 5a, Rankine’s theory, in com-
parison to Tmax calculated in the current study, overesti-
mates Tmax by approximately 14, 11, and 10 kN/m, for
q = �100, �500 and �900 mm/yr, respectively. It is appar-
ent that the relative difference in Tmax between Rankine’s
theory and the current study increases with an increase
in the surcharge level. For example, Tmax from Rankine’s
theory in Fig. 5b exceeds that from the current study by
approximately 24, 19, and 16 kN/m for q = �100, �500,
and �900 mm/yr, respectively. Additionally, Rankine’s the-
ory, in comparison to the current study, overestimates Tmax

in Fig. 5c by about 34, 26, and 23 kN/m, for q = �100, �500,
and �900 mm/yr, respectively.

As can be seen in Fig. 5, the empirical methods (i.e.,
K-stiffness and Simplified Stiffness Methods) can underes-
timate or overestimate Tmax, depending on the magnitude
of Q and depth. For example, Tmax calculated from the
K-stiffness Method appears to have good agreement with
Tmax calculated from the current study, for q = �500 mm/
yr and q = �900 mm/yr, at Q = 0. Similarly, Tmax from the
K-stiffness Method in Fig. 5b is very close to that from
the current study, for q = �900 mm/yr up to z = 1 m. How-
ever, for z > 1 m, Tmax from the K-stiffness Method becomes
as much as 3 kN/m less than the Tmax attained in the
current study. A similar trend in Tmax between the
K-stiffness Method and current study, for q = �500 mm/
yr, can be observed in Fig. 5c, as z varies from the top layer
(z = 0.4 m) down to the third reinforcement layer
(z = 1.6 m).

As illustrated in Fig. 5, the Simplified Stiffness Method,
in comparison to the current study for q = �500 mm/yr,
and -900 mm/yr, underpredicts Tmax. On the contrary, the
Simplified Stiffness Method, in comparison to the current
study for q = �100 mm/yr, over-predicts Tmax along the
entire wall height. For all of Q and z, the proposed method,
in contrast to the others presented herein, yields the low-
est Tmax, for q = �100 mm/yr, as z varies below the crest
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Fig. 5. Comparison of reinforcement load Tmax at each reinforcement
layer for different surcharge loads: (a) Q = 0 kPa, (b) Q = 40 kPa, and (c)
Q = 80 kPa.
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of the wall. Such behavior may be a manifestation of the
high matric suctions and inter-particle suction stress com-
ponents that can develop in marginal backfill soil, thus
leading to full mobilization of the soil and consequently,
low values of Tmax.

Fig. 6 demonstrates the relationship between the max-
imum Tmax among all the reinforcement layers, max(Tmax),
and Q, for all of the methods presented here. Generally,
each method shows that max(Tmax) increases linearly with
increasing Q. Among all methods, Rankine’s theory predicts
the highest max(Tmax) for all of Q, followed by Coulomb’s
theory. As can be seen, the current study, with respect to
the K-stiffness and Simplified Stiffness Methods, yields
higher values of max(Tmax), for q = �900 and �500 mm/
yr, as Q varies between 10 and 80 kPa. However, as Q varies
from 0 to 80 kPa, the current study produces significantly
lower values of max(Tmax), for q = �100 mm/yr. As noted,
the behavior in max(Tmax) predicted in the current study
at all infiltration rates is attributed to the high inter-
particle energy, consequently suction stresses, occurring
at the air–water interface areas.

The relation between the summation of Tmax for all rein-
forcement layers (RTmax) and Q is presented in Fig. 7. As
can be seen, the classic Earth pressure methods show sig-
nificant overestimation in RTmax. For example, Rankine’s
and Coulomb’s theories, in comparison to the current study
at q = �900 mm/yr, overestimate RTmax by approximately
120 kN/m and 90 kN/m, respectively, at Q = 80 kPa. As
illustrated, the K-stiffness Method shows good agreement
with the proposed method for q = �500 mm/yr as Q
increases from 0 up to 80 kPa. However, it can be seen that
the proposed method, for q = �500 mm/yr, predicts higher
RTmax at all values of Q in comparison with the Simplified
Stiffness Method. To conclude, RTmax estimated from the
Simplified Stiffness Method is, on average, about 20%
greater than the proposed method, for q = �100 mm/yr,
as Q increases from 0 to 80 kPa.
High quality backfill

The relationship between Tmax and z is presented in
Fig. 8 for the high quality backfill at three different values
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of Q. As shown, the effect of q has no significant influence
on the magnitude and variation of Tmax calculated in the
current study. It can be speculated from Fig. 8 that Rank-
ine’s and Coulomb’s theories over-predict Tmax for varying
Q values. In fact, Rankine’s theory, in comparison to the
current study, over-estimates Tmax at z = 3 m by approxi-
mately 5 kN/m, 9 kN/m and 12 kN/m, for Q = 0 (Fig. 8a),
40 kPa (Fig. 8b), and 80 kPa (Fig. 8c), respectively. As can
be seen, Tmax predicted from the Simplified Stiffness
Method is in compliance with the Tmax from the proposed
method especially for lower z at all Q values.

Fig. 9 depicts the max(Tmax) among all the reinforce-
ment layers at various Q values. Rankine’s theory, in com-
parison to the other methods, significantly over-predicts
max(Tmax) as Q increases from 0 up to 80 kPa. Specifically,
Rankine’s theory, in contrast to the proposed method for
all discharge rates, over-predicts max(Tmax) by as much
as 8 times at Q = 80 kPa. The range of max(Tmax) estimated
in current study lies between the K-stiffness and Simplified
Stiffness Methods, for all vertical discharge rates. More-
over, the magnitude of max(Tmax) from the current study
only varies by approximately 2 kN/m, as Q increases from
0 to 80 kPa. This small change (i.e., minor slope) in max
(Tmax) is directly related to the small amount of suction
stress, consequently inter-particle suction stress, which
can be developed at the air–water interface in high quality
backfill soils. It can be seen in Fig. 9 that the K-stiffness and
Simplified Stiffness Methods show mild variations in max
(Tmax) as Q increases from 0 to 80 kPa.

The association between RTmax and Q is illustrated in
Fig. 10, for all of the aforementioned methods. As can be
seen, Rankine’s and Coulomb’s theories, in comparison to
all other methods presented herein, lead to over conserva-
tive predictions in RTmax for increasing values of Q. Addi-
tionally, the rate of change in RTmax with increasing Q is
also more pronounced (i.e., sharper slope) in Rankine and
Coulomb theories. As Fig. 10 shows, the range of RTmax

predicted from the current study, for all infiltration rates,
falls between the K-stiffness and Simplified Stiffness Meth-
ods. However, RTmax from the current study for
q = �100 mm/yr is almost identical with RTmax computed
from the Simplified Stiffness Method. Additionally, as it
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was shown in Fig. 9 for the variation in max(Tmax), the rate
of change in RTmax estimated from the proposed method is
minute with increasing Q. Such behavior is anticipated in
high quality backfill soils, as the contribution of suction
stress is limited.

As shown in Table 1 and based on the values deduced
from Yoo and Jung (2006), Yang et al. (2013) and
Bathurst et al. (2006), we considered a difference of 3�
between /triaxial and /PS for each backfill type. This differ-
ence can be as high as 4–7� in sands, depending upon on
relative density of the soil and confinement (Bolton,
1984). If a greater difference between /triaxial and /PS were
assumed (i.e., a smaller /triaxial for the same /PS), the Tmax

values calculated using the K-stiffness Method would be
further reduced.
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Discussion

It is well know that positive or negative pore pressures
have a very important effect on the stability of soil masses
(Lu and Likos, 2004; Fredlund and Rahardjo, 1993;
Vahedifard et al., 2016b; Leshchinsky et al., 2015b), includ-
ing in reinforced and non-reinforced soil structures. In
geotechnical engineering projects, drainage systems are
commonly included in order to reduce positive pore pres-
sure in the soil. In conventional design, negative pore
water pressure is usually ignored and it serves as a redun-
dancy factor. However, negative pore water pressure, and
the corresponding suction stress, plays an important role
on the soil mass stabilization. As demonstrated through
numerical simulations and field experiments of reinforced
soil walls and slopes, the mobilized tension in the rein-
forcement may significantly be reduced due to the backfill
soil suction (Riccio et al., 2014; Thuo et al., 2015; Iryo and
Rowe, 2005).

Using a mechanics-based LE formulation, this study
showed that the contribution of suction stress can be a sig-
nificant cause of discrepancies between measured and pre-
dicted values for reinforcement loads in GRSSs under
normal loading conditions. Suction stress along with sev-
eral other factors contribute to the stability and possible
redundancy of a GRSS, leading to lower-than-expected
measured loads in reinforcements in the field than pre-
dicted by conventional LE methods (Leshchinsky, 2009;
Leshchinsky and Tatsuoka, 2013; Vahedifard et al., 2015;
Holtz, 2010; Leshchinsky and Vahedifard, 2012; Liu and
Won, 2014; Mirmoradi and Ehrlich, 2015). However,
excluding such redundancy factors in design does not
invalidate LE-based design methods. While the significant
impact of suction is illustrated, great caution must be
taken in counting on it for design purposes. It is because
of uncertainties associated with and huge variation of
matric suction during the life span of GRSS. Moreover,
the range of possible matric suction values can be quite
large depending upon the SWCC parameters used in the
analysis.

The proposed approach presents a tool for explaining
observations of reinforcement loads during wall service
and evaluating forensics of failed GRSSs. In design of GRSSs
to be newly constructed, despite potentially significant
effects of matric suction, it is strongly recommended to
discount this factor in consideration of safe design. It is dif-
ficult to accurately predict apparent cohesion due to matric
suction under extreme conditions (e.g., earthquakes) – the
moment that a given GRSS would exhibit its lowest stabil-
ity (Vahedifard et al., 2015). However, it is important to
implement good drainage to dissipate positive pore pres-
sures. However, good drainage is not linked to stability
analyses accounting for the positive effects of matric suc-
tion. If the possible effects of matric suction are to be
accounted for in stability analyses and design on the
premise of good drainage, specific procedures for this
design methodology should be suggested (Vahedifard
et al., 2015).

One may still argue that in LE methods the soil and the
reinforcement are assumed to be at incipient failure and
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this does not happen simultaneously. Leshchinsky (2009)
used a free body diagram and stated that globally, if the
soil fully mobilizes its strength, the minimum total
strength of reinforcement is required. If the strength of
the soil is not fully mobilized, the total force in the rein-
forcement would be larger as implied by the free body dia-
gram. This observation is valid not only for LE methods but
also for any analytical or numerical method that considers
statistics equilibrium. Regarding simultaneous failure, if
the reinforcement is ductile (as are most geosynthetics),
the soil could mobilize its strength and LE method (or
any mechanics-based analytical or numerical method) will
show the amount of reinforcement strength needed to
maintain equilibrium at the verge of failure. If the strength
of reinforcement is larger, no failure will occur but the sta-
bility of the structure then is hinging on the reinforcement
strength.

For analysis purposes, findings of this study can be used
for explaining true service state behavior of GRSSs and
evaluating forensics of failed structures. For design of
new GRSSs, further investigations may lead to proposing
rational reductions in design factors (e.g., creep reduction
factor) applied to the reinforcement load and length by
quantifying the impact of suction stress on the load carried
by the reinforcement under normal conditions and esti-
mating the anticipated period where suction stress is lost.
Such an approach will result in more economical design
while at the same time guaranteeing adequate stability
during the life span of the structure. Having a sustained
load much lower than the estimated value by limit state
deign methods implies that the substantial reduction on
the ultimate strength of the geosynthetics might be over
conservative and needs to be reassessed. For example, a
reduction factor of 1.5–2.5 is used for ensuring that creep
rupture will occur at the end of the life of the wall (i.e.,
after 120 years). If the increased load occurs during a very
short period of the life of the GRSS, perhaps the reduction
of strength for creep can be minimal – just allowing for
short term peak loads to develop without rupture. It
implies that a much smaller reduction factors can be used
to utilize higher strength of the reinforcement in the
design. Furthermore, suction stress may have a large effect
on the required length of reinforcement. It is common to
use L/H = 0.7 (AASHTO, 2014) or 0.6 (NCMA, 2010). How-
ever, under normal conditions, shorter reinforcements
would suffice as the load exerted by the retained soil is
small and thus would not cause sliding or overturning.
Conclusions

Several factors (e.g., toe resistance, soil volumetric dila-
tion, underestimating soil shear strength, and suction
stress) commonly contribute to the performance of the
GRSS but are not counted for in design procedures due to
complexities and uncertainties associated with reliable
quantification of these factors during the life span of the
structure. Suction stress contributes to the soil’s shear or
tensile strength and consequently, can significantly
increase the soil-reinforcement interface strength and
can reduce the load mobilized in the reinforcement under
normal conditions. Increases in degree of saturation and
the associated loss of suction during rainfall infiltration
will impose larger active earth pressures, which will
increase the reinforcement load. The corresponding
decrease in effective stress will also lead to a decrease in
the pullout resistance. It may also lead to an increased
creep as the retained load reaches closer to the ultimate
pullout resistance. Such changes, if not properly accounted
for, may threaten the integrity of GRSSs and can lead to
failure.

This article investigated the effects of suction stress on
the force mobilized in the reinforcement layers under nor-
mal conditions. A suction stress-based formulation was
developed to calculate the active earth pressures coeffi-
cient of unsaturated backfill under unsaturated steady flow
conditions. The formulation was derived by implementing
an analytical solution of one-dimensional steady flow into
a limit equilibrium-based effective stress analysis. The pro-
posed formulation is used along with the classical earth
pressure method to compute the maximum tensile load
in each reinforcement layer (Tmax � i). A wrapped-face GRSS
was used to compare the Tmax � i predictions from various
methods and to illustrate the role of the matric suction and
corresponding suction stress. Two representative backfills,
high quality backfill (i.e., backfill with low fines content)
and marginal backfill (i.e., backfill with high fines content)
were used in the comparison. For each backfill, five meth-
ods were compared: (a) Rankine, (b) Coulomb adopted, (c)
K-stiffness, (d) Simplified Stiffness Method, and (e) current
study with three different steady infiltration rates
(q = �100, �500, and �900 mm/yr).

The results showed that ignoring the suction stress role
in classic earth pressure methods lead to an over-
estimation of Tmax for both high quality and marginal back-
fills and all surcharge levels (Q). Rankine’s theory predicted
Tmax by approximately three times and seven times as high
as the proposed method for all infiltration rates in the mar-
ginal and high quality backfill, respectively. Results
showed that in the marginal backfills, for all cases, the pro-
posed method, in comparison to all other methods, yields
the lowest Tmax, for q = �100 mm/yr. Such behavior may
be due to the high matric suctions developed in this case,
thus leading to low values of Tmax. The empirical methods
(i.e., K-stiffness and Simplified Stiffness Methods) underes-
timate or overestimate Tmax, depending on the magnitude
of Q. The comparison results indicated that, in high quality
backfill soils, the effect of infiltration rate q has no signifi-
cant influence on the magnitude and variation of Tmax from
the proposed method, for all values of Q. This is a conse-
quence of the small contribution of suction stress in high
quality backfill soils.

The results from this study can help to explain part of
the discrepancy between the measured tensile loads in
the reinforcement in the field versus those by limit state
design methods.
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