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EVALUATION OF FORCE-EQUILIBRIUM AND
DEFORMATION-BASED DESIGN APPROACHESFOR PREDICTING
REINFORCEMENT LOADSWITHIN GEOSYNTHETIC-
REINFORCED SOIL STRUCTURES

Kuo-Hsin Yang ', Panji Utomo % and Tai-Ling Liu *

ABSTRACT

The appropriate estimation of reinforcement loads is crucial for evaluating the internal stabilities of geosynthetic-reinforced
soil (GRS) structures. The prediction methods used for the reinforcement loads within the GRS structures in the current research
and practice can be categorized into two approaches: The force-equilibrium approach (i.e., the earth pressure method and the limit
equilibrium method) and the deformation-based approach (i.e., the K-stiffness method and the finite element method). To date,
the accuracy of these methods has not yet been examined and evaluated. In this paper, each method is introduced and their ad-
vantages and disadvantages are discussed. Afterward, the reinforcement loads measured from a 3.6 m high full-scale GRS struc-
ture using careful construction and instrumentation were used to examine the prediction of reinforcement loads using the afore-
mentioned methods. The comparison results indicated that the force-equilibrium approach, including the earth pressure method
and the limit equilibrium method, overestimates reinforcement loads up to 2.57 times. The finite element method is in good
agreement with the measured data under working stress conditions; however, numerical illness (i.€., the convergence problem)
might occur earlier than the actual failure of the structure at large soil deformation (or strain) conditions. The K-stiffness method
showed a clear underestimation in surcharging conditions. The reasons for the discrepancy between the predicted reinforcement
loads and the measured data are discussed. The principal sources of the conservatism in the force-equilibrium approach to predict
the reinforcement loads for the wall case used in this study are the inability to appropriately model the effect of facing, and the
disregard for the strain compatibility between two dissimilar materials (i.€., soil and reinforcement) in the force-equilibrium ap-
proach. The results obtained from this study provide insightful information for the design of GRS structures.
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1. INTRODUCTION structures with extensible reinforcements, commonly called geo-
synthetic-reinforced soil (GRS) retaining structures. The three
primary agencies identified in the most recent MSE structure
design specifications in North America are the American Associ-
ation of State Highway and Transportation Officials (AASHTO
2002, 2007), Federal Highway Administration (FHWA) (Elias et
al. 2001; Berg et al. 2009), and National Concrete Masonry As-
sociation (NCMA 2010). In these design guidelines, the design of
the MSE retaining structures is the result of a synergistic ap-
proach. Figure 1 shows that the wall system is analyzed for in-
ternal, external, global, and seismic stability, as well as deforma-
bility. The MSE structures must meet certain factors of safety, FS,
against all failure models.

In analyzing the internal stability of the GRS structures,
predicting the maximum reinforcement tensile load, T, in each
reinforcement layer is required (Fig. 2). Knowing the forces in
the reinforcements enables one to select reinforcements with
adequate long-term strength (against breakage), to determine the

Mechanical stabilized earth (MSE) retaining structures are
now widely used in various projects, including residences, high-
ways, bridge abutments, and slope stabilization to increase the
right of way (ROW), resist earth pressures, provide load bearing
on top of MSE structures, and allow for changes of elevation in
highway projects. Numerous factors have fostered the acceptance
of MSE retaining structures. These include qualities such as
pleasing aesthetics, reliability, and low cost. Moreover, appropri-
ate construction techniques, impressive seismic performances,
and a considerable ability to withstand sizeable deformations
without structural distress account for the desirability of MSE
structures. This study specifically focuses on the MSE retaining
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Fig. 1 Failuremodesand safety factorsfor the design of M SE structuresasrequired by FHWA (Elias et al. 2001; Berg et al. 2009)
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Schematic illustration of reinforcement tensile loads mobilized within GRS structures and concept for internal stability anal-

yses (Tmax = maximum reinforcement tensile load; T, = connection load; t = soil-reinforcement interface shear stress: Ty =
allowable reinforcement tensile strength; P, = pullout capacity; T.. = allowable connection strength)

categorized into two approaches: The force-equilibrium approach,
namely, the earth pressure method and the limit equilibrium
method, and deformation-based approach, namely, the K-
stiffness method and the finite element method. The details of
each method are discussed later.

Christopher et al. (2005) used a numerical model to illus-
trate the comparison of the earth pressure, limit equilibrium, and
finite element methods. Their results indicate that the earth pres-
sure theory overestimates the reinforcement loads in the GRS
wall compared to the T, predicted using the finite element
method. Leshchinsky (2009) used a numerical benchmark test to
examine the earth pressure and the K-stiffness methods. The
benchmark test is based on a global static limit equilibrium anal-
ysis in which the sum of maximum reinforcement loads, T,
can be evaluated. Leshchinsky concluded that the earth pressure
method might yield particularly conservative results for GRS

structures with elevated facing stiffness (i.e., concrete block fac-
ing). The K-stiffness method might violate statics, potentially
leading to underestimating the reinforcement force. However, to
date, the aforementioned prediction methods have yet not been
assessed by comparing them with the measured T, from physi-
cal walls.

Accordingly, the mentioned observation prompted this study
to examine the effects of these methods on predicting the rein-
forcement tensile load T, within GRS structures. In this paper,
each method is first introduced and their advantages and disad-
vantages are discussed. The accuracy of each method is subse-
quently examined by comparing the predicted T, with the
measured T, from a full-scale (3.6 m high) and carefully in-
strumented GRS wall. The reasons of the discrepancy between
the predicted and the measured T,,,x are discussed at the end of
this paper.
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2. PREDICTION METHODS
2.1 Earth Pressure Method

The earth pressure method has been adopted in many current
design guidelines (AASHTO 2002, 2007; Elias et al. 2001; Berg
et al. 2009; NCMA 2010) to predict the reinforcement loads in-
side MSE walls. The design rationale assumes that the tensile
forces developed in reinforcements are in local equilibrium with
the lateral earth pressure generated in MSE walls. The FHWA
design guidelines recommend using Eq. (1) to predict the T, of
each reinforcement layer:

k
Tonax =(K—ija(v2+ DS, M

a

where T,,,, = maximum reinforcement load of each reinforcement
layer; k; / K = normalized lateral earth pressure coefficient; K, =
theoretical Rankine (adopted in AASHTO and FHWA) or Cou-
lomb (adopted in NCMA considering both face inclination and
soil-facing friction) active earth pressure coefficient; y = backfill
unit weight; z= depth below the top of the structure, = surcharge,
S, = tributary area (equivalent to the reinforcement vertical spac-
ing when analyses are carried out per unit length of wall). The
k. / K, varies with the type of reinforcement; for flexible MSE or
GRS walls, the k. / K, has a value of 1.0 and remains constant
throughout the depth of the wall. This implies that, for flexible
MSE or GRS walls, the horizontal movement occurring during
construction is sufficient for the soil to reach an active stress state
and generate an active earth pressure. The final computed rein-
forcement tensile loads increase linearly from the topmost layer
to the bottommost layer of reinforcement (proportional to the
overburden pressure).

Christopher et al. (2005) discussed the limitations of the
earth pressure method as follows: (a) it is theoretically-based and,
thus, it is limited to relatively simple geometric structures and
difficult to extrapolate to complex geometries, such as narrow
and multi-tiered walls; (b) it is limited to uniform granular soils
and difficult to extrapolate to non-ideal reinforced fill soils; (c)
the drainage should be adequate because pore water pressure or
seepage forces in the reinforced fill are disregarded; (d) it cannot
evaluate global stability; (e). the downdrag at connections is not
evaluated; (f) it cannot be used to evaluate the wall deformation.

In addition, Allen et al. (2003) and Bathurst et al. (2008,
2005) investigated quantitatively the accuracy of reinforcement
loads predicted using the earth pressure theory by carefully inter-
preting a database of 30 well-monitored, full-scale walls. By
comparing the reinforcement loads (estimated from measured
strains) in various instrumented GRS walls and the reinforcement
loads predicted using earth pressure theory, they concluded that
the loads predicted using earth pressure theory were excessively
conservative. The predicted loads for the GRS walls were, on
average, three times greater than the estimated values for the full-
scale instrumented walls. Furthermore, the distribution of rein-
forcement loads in the instrumented walls was considered trape-
zoidal in shape rather than linear with depth, as assumed in the
earth pressure theory for walls with uniform reinforcement spac-
ing. Finally, Yang et al. (2012) observed from a series of finite
element simulations that the mobilization of soil stress was non-
uniform along the failure surface. This finding contradicts the
basic assumption of the earth pressure method that the soil shear

strength along the failure surface mobilizes equally and reaches
the peak shear strength simultaneously. Overall, the earth pres-
sure method produces safe structures, but is conservative regard-
ing the reinforcement strength for MSE structures which are built
on firm foundations and the reinforced fills that do not have posi-
tive pore water pressures.

2.2 Limit Equilibrium M ethod

The limit equilibrium (LE) method has been used to analyze
the slope stability for years by assuming that the soil at failure
obeys the perfectly plastic Mohr-Coulomb criterion and LE
searches for a critical failure surface that contains a minimal fac-
tor of safety. The LE method can be applied to design problems
with complex geometry (€.g., multi-tiered structures) and non-
homogeneous soils. It can include the effects of pore water pres-
sure on system stability. The LE method can also evaluate global
stability, as well as local stability, at any location or interface of
interest. LE analyses of reinforced soil structures have also been
reported (Zornberg et al. 1998; Yang et al. 2011). The stabilizing
forces contributed by the reinforcement loads are incorporated
into the equilibrium equation (balance of force or moment) at the
“limit” state (exactly between stable and unstable states).

Christopher et al. (2005) discussed the limitations of design
based on the LE method as follows: (a) the FHWA limits the use
of the LE method to reinforced soil slopes (a facing inclination of
less than 70°); however, this limitation is arbitrary and no theo-
retical reason exists for not extending it to reinforced walls (a
facing inclination larger than 70°); (b) it requires modifications
so that the connection load and the effect of the facing element
can be assessed within the LE analysis; (c) the downdrag at con-
nections is not evaluated; and (d) it cannot account for wall de-
formations.

The problem of the GRS structures in the LE analysis is
statically indeterminate. In particular, the determination of T,
developed at each reinforcement layer requires assumptions. The
validity of the assumption that the distribution of the reinforce-
ment tensile loads with depth requires further verification. A
triangular distribution of T, (proportional to the overburden
pressure) has been assumed in the design of reinforced soil
structures (Schmertmann et al. 1987; Leschinsky and Boedeker
1989; Jewell 1991) (Fig. 3(a)). The FHWA design guidelines for
reinforced soil slopes also recommend a linear distribution of
Tmax With depth by dividing T, into two or three zones in the
case of structures that exceed 6 m (Elias et al. 2001; Berg et al.
2009). However, as mentioned, the measured data show the
nearly uniform mobilization of T, with depth for the GRS walls
under working stress and near failure conditions (Allen et al.
2003; Bathurst et al. 2008, 2005) (Fig. 3(b)). Regarding the GRS
slopes, the conventional triangular distribution of T,,,x with depth
is also unsupported by a centrifuge investigation that evaluated
the behavior of reinforced soil slopes under working stress
(Zornberg and Arriaga 2003) and failure (Zornberg et al. 1998)
conditions. In their studies, the results of the analysis of the rein-
forcement strains show that the location of the maximum rein-
forcement strain among all the reinforcement layers does not
occur near the toe of the structure. It was approximately located
at the mid-height of the reinforced slopes, at a point along the
critical failure surface and directly below the crest of the slope

(Fig. 3(¢)).
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Fig. 3 Digtributions of maximum reinforcement tensile loads
with depth: (a) triangular distribution assumed in cur-
rent design methods; (b) uniform shape for walls;, (c)
trapezoidal shape for slopes

2.3 K-Stiffness M ethod

Allen et al. (2003) and Bathurst et al. (2008, 2005) proposed
an empirical method for estimating reinforcement loads in GRS
walls under working stress conditions, known as the K-stiffness
method. In the development of the K-stiffness method, a database
of 30 wall case studies was used to establish an empirical expres-
sion for predicting T, at each reinforcement layer. The
K-stiffness method has altered the conventional equation, Eq. (1),
for computing T, by adding influence factors, @, calculated as

1
Tmax = E KO(YH + q)S/Dtmaxq) (2)
O=0; Oy Oy Dy, O (3)

where T, = maximum reinforcement load; K, = at-rest earth
pressure coefficient; y = backfill unit weight; H = wall height, q =
surcharge; S, = tributary area or the reinforcement vertical spac-
ing; Dyn.x = load distribution factor; @ = influence factor, the
product of factors that account for the effects of global and local
reinforcement stiffness ®g and @y, facing stiffness Py, face
batter @y, and backfill cohesion @

The limitations of design based on the K-stiffness method
include the following: (a) the applicability of the K-stiffness
method is limited to walls with a range of parameters matching
the database of the case histories used to calibrate the K-stiffness
method; (b) compared to earth pressure theory, the K-stiffness
method involves numerous design variables and long design
procedures; (c) the connection load is not included in the
K-stiffness method; (d) this method is limited to relatively simple
geometric structures; and (e) the pore water pressure in the rein-
forced fill is disregarded, which is implicitly assumed that soils
are adequately compacted and that an appropriate drainage prac-
tice is exercised to keep water from entering the reinforced soil
zone. In addition, the application of the K-stiffness method is
limited to the GRS walls under working stress conditions. Allen
et al. (2003) adequately predicted the T, for GRS walls under
working stress conditions (developed soil strain < 3%). However,
regarding GRS structures under large soil strain conditions (de-
veloped soil strain > 3%), the K-stiffness method consistently
underestimated T,,,, because the K-stiffness method was devel-
oped based on T, data from physical walls under serviceable
conditions.

midheight of slope

2.4 Finite Element M ethod

The finite element (FE) method has been widely applied to
model the behavior of GRS structures (Yang et al. 2012; Hatami
and Bathurst 2005, 2006; Ling et al. 2000; Karpurapu and Bath-
urst 1995; Lopes et al. 1994). An analysis based on the FE
method accounts for full continuum mechanics, namely, the con-
stitutive relationships of all of the materials involved. It satisfies
the boundary conditions, accounts for local conditions such as the
interface between soil and reinforcement, and can be applied to
any loading condition and sequence, namely, traffic loading,
seismic loading, and step loading, to simulate the construction
sequence. Unlike the earth pressure and LE methods, its potential
to produce displacements and compatibility between dissimilar
materials is analytically assured. It can realistically represent a
problem and its performance predictions can be accurate. It pro-
vides rich information concerning stress, strain, force, and dis-
placement, and can be obtained at any location of interest (€.g., at
the nodal and Gaussian point).

Christopher et al. (2005) discussed the limitations of design
based on the FE method as follows: (a) typically it requires a
computational effort by a trained analyst; (b) it requires the com-
prehensive characterization of the strength and compressibility
for all soils, reinforcements, and facings to produce relevant re-
sults; (c) it requires careful modeling to replicate the effects of
soil-reinforcement-facing interactions; and (d) predictions can be
non-conservative, requiring careful evaluation of the reliability of
input values and the appropriate safety and resistance factors. In
addition, although it has accurately predicted the behavior of
GRS structures under working stress conditions, the FE method
has not been reported to successfully predict under failure or
sizeable deformation conditions. Numerical difficulties often
occur under failure or large deformation conditions. This is a
crucial problem for the evaluation of the structure behavior, spe-
cifically for comparatively flexible structures, such as GRS
structures. Specific developments and implementations in this
method are required for modeling the GRS structures under large
deformation conditions. For example, a soil constitutive model is
required to model the soil post-peak behavior. In addition, nu-
merical accuracy and stability for simulations under large defor-
mation conditions require particular care.

3. FULL-SCALE GRSWALL TEST

The mentioned methods to predict T, are examined
through a comparison of the T,,, measured from a carefully in-
strumented full-scale GRS wall conducted by Bathurst et al.
(2006) at Royal Military College (RMC). The GRS wall is 3.6 m
high and constructed using six reinforcement layers at a spacing
of S, = 0.6 m. Unlike a typical wrapped-face GRS wall, in which
each facing wrap is extended back into the reinforced soil zone,
each facing wrap in this test wall was attached to the reinforce-
ment layer above using a metal bar clamp to form the wall face
with a facing slope of o = 8°. Figure 4 illustrates the cross- sec-
tion of the GRS test wall.

The backfill, named the RMC sand, is a clean, uniform
graded, beach sand classified as poor sand according to the
USCS. The backfill soil has Ds, = 0.34 mm, a coefficient of cur-
vature C. = 2.25, a coefficient of uniformity C, = 1.09, a unit
weight y= 16.7 kN/m’, a soil peak friction angle ¢, = 39°,
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according to triaxial compression tests, and ¢,; = 42°, according
to plane strain tests. The reinforcement was a polypropylene (PP)
geogrid with a total length of 2.52 m, measured from the front
wall face. The ultimate tensile strength was T, = 13 kN/m,
which was obtained from a wide width strip tensile test (ASTM
D4595). Because the reinforcement strain rate (10%/min) in the
wide width tensile test is much higher than the strain rate that
possibly developed in the test wall, a series of constant-load
creep tests were carried out by Bathurst et al. (2006) to determine
the isochronous load-strain responses of the reinforcement at
1,000 hr which approximates the duration of the wall test. The
determined isochronous load-strain responses of the reinforce-
ment at 1,000 hr was T,; = 7.7 kN/m and the stiffness at 2%
strain was Jyy, = 100 kKN/m.

The backfill was placed in 150 mm lifts matching the height
of the facing units and compacted to the target density y= 16.7
kN/m® with a 3% ~ 5% amount of moisture content. After com-
pletion of wall construction, uniform surcharges were applied on
the top of the wall with load increments of 10 kPa until a final
loading of 80 kPa was reached. The wall was intensively instru-
mented to measure its performance at the end of the construction
and during the staged uniform surcharging; for instance, the
strain gauges and extensometers attached to reinforcements were
used to measure the reinforcement strains along each reinforce-
ment layer. The measured maximum reinforcement strain at each
reinforcement layer was then multiplied by the reinforcement
secant stiffness (T,.x= J(€) x €), which was determined from the
isochronous load-strain responses at the same strain level to es-
timate the reinforcement loads in this study.

4, CALCULATION DETAIL
4.1 Earth Pressure Method

Regarding the test wall without a backslope, the lateral earth
pressure coefficient K, in Eq. (1) can be calculated according to
Rankine’s and Coulomb’s theories, as shown in Egs. (4) and (5),
respectively:
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where ¢ = backfill friction angle; ® = facing batter; 8 = soil-
facing interface friction angle. Unlike Rankine’s theory, Cou-
lomb’s theory accounts for the effect of the wall facing batter and
the soil-face interaction on K, resulting in the calculated K, be-
ing less than the K, from Rankine’s theory. The peak plane strain
friction angle of ¢,s= 42° was inputted into Eqgs. (4) and (5) to
characterize the backfill shear strength in the test wall conditions.
In the calculation using Coulomb’s theory, 6 = ¢ was used, as-
suming that the facing column creates a soil-to-soil interface for
the wrapped-face wall. In this case, the difference in Coulomb’s
K, between & = 0° and & = ¢ was only 7%. The normalized lateral
earth pressure coefficient of k. / K, = 1 was applied for the GRS
test wall. The input values for other parameters in Eq. (1) corre-
sponded to the physical wall test.

Ka= %)

4.2 Limit Equilibrium Method

The limit equilibrium analyses were performed by applying
the modified Bishop method with circular surfaces, as coded by
the commercial slope stability analysis software, STEDwin. Fig-
ure 5 shows the LE modeling of the GRS test wall. The geometry
of the wall model follows the dimensions of the physical wall test.
The peak plane strain friction angle of ¢,,= 42° was used. The
LE analysis assumed that the reinforcement forces had a uniform
distribution through depth and accounted for the contribution of
the geogrid overlap layers to the system’s stability. Unlike the
recommended use of the allowable tensile strength in the conven-
tional analysis, the LE analyses in this study did not account for
the reduction factors because of installation damage, creep, or
degradation (i.e., all the reduction factors were 1.0). A series of
uniform loadings were applied on the top of the LE model to
simulate the surcharges. The mobilized reinforcement loads T«
at different surcharges were determined by varying the values of
Thax until FS = 1 was reached at each surcharge level.

STABLBH FSmin=1.01
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Fig.5 Limit equilibrium model and results of the GRS test wall
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4.3 K-Stiffness M ethod

As suggested by the K-stiffness method, the peak plane
strain friction angle of ¢, = 42° was used in the calculation. The
reinforcement stiffness at 2% strain Jy, = 100 kN/m, which was
determined from the project-specific isochronous load-strain
response was applied to calculate the influence factor for the
effects of the global and local reinforcement stiffness (i.e., ®g
and @, respectively). The facing stiffness of ®i= 1 was ap-
plied according to the suggestion in the K-stiffness method. This
implies that the wrapped-around face exerts no influence on the
calculated T Specifically, the wrapped-around face cannot
reduce the reinforcement loads by resisting a part of the lateral
earth pressure. Because the cohesion in the backfill is non-
existent, the effect of the cohesion is not considered in the calcu-
lation (i.e., ®. = 1). The input values for other parameters in Egs.
(2) and (3) correspond to the physical wall test.

4.4 Finite Element M ethod

The FE program, PLAXIS version 8.2 (PLAXIS 2005), was
used to develop a numerical model for the GRS test wall at the
end of construction and during the staged uniform surcharging.
Figure 6 shows the FE model of the GRS test wall. The backfill,
the RMC sand, was modeled as a stress-dependent, hyperbolic
elasto-plastic material using the Hardening Soil model. Table 1
lists the material properties of the RMC sand calibrated using
plane strain and triaxial compression tests. The soil plane strain
properties were selected for the FE simulation. Figure 7 shows
the measured and predicted results of the stress-strain-volumetric
response of the RMC sand. A small cohesion value, ¢ = 1, and
2 kPa were introduced in the soil model during construction and
during the staged uniform surcharging, respectively, to improve
the numerical stability. In addition, because each facing wrap
was fixed using a metal bar clamp in the test wall, a cohesion of
Cc = 10 kPa was applied to the soil elements in the wrapped-
around face to simulate this effect. The reinforcements were
modeled as elasto-plastic bar elements with an axial stiffness EA,
maximum axial tensile strength, N, and no compressive strength.
Table 1 lists the reinforcement properties determined from the
isochronous load-strain response at 1,000 hr. Figure 8 shows the
calibration results of the geogrid load-strain response. To model
the nonlinear load-strain response, the reinforcement stiffness
was inputted as EA = 100 kN/m and 70 kN/m for construction
and during the staged uniform surcharging, respectively. These
input values of reinforcement stiffness correspond to the average
mobilized reinforcement strains of 2% and 7% during construc-
tion and during staged uniform surcharging, respectively.

The stage construction was included in the simulation by
conducting layer-by-layer constructions in PLAXIS. The uniform
surcharges were applied on the top of the FE model with load
increments of 10 kPa until the target loading of 80 kPa was
reached. The updated mesh and the arc-length control were acti-
vated to account for sizeable system deformations, which were
particularly critical under substantial loading conditions. Notably,
the calculated FE failure occurred earlier than the actual failure
of the soil when a clear internal surface failure was observed in
the test wall at q = 90 kPa. The FE simulation terminated at the
next 10 kPa loading increment after completing 40 kPa because
of numerical difficulties occurred in the computation. The FE
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Tablel Material propertiesfor RMC sand and geogrid

Material Value

Backfill

¥ (unit weight) (kN/m?) 16.7

¢ (friction angle) (degree) 42 (39)

1 for construction

C (cohesion) (kPa) 2 for surcharging
10 for wrapped-around face
v (dilation angle) (degree) 11

Eso" (secant stiffness) (kPa) 6.2 x 10* (2.76 x 10%)

Eoed™ (tangent stiffness for primary

4 4
odeometer loading) (kPa) 6.0 x107(2.76 x 10°)

E." (unloading/reloading stiffness) (kPa) 1.8 x 10°(8.28 x 10%

m (modulus exponent) 0.5

R (failure ratio) 0.8
Reinforcement

Np (maximum tensile strength) (kN/m) 7.7

EA (axial stiffness) (kN/m) 100 for construction

70 for surcharging

Note: E," was assumed to be 3Es, ¥ as the default setting in PLAXIS; values in
parenthesis are for simulation of soil behavior under triaxial compression in Fig 7.
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Fig. 8 Measured and predicted isochronousload-strain
response of geogrid

output reveals that over 5% of the soil strain was mobilized along
the failure surface at q = 40 kPa. Compared with the plane strain
test results in Fig. 7, the mobilization of 5% of the soil strain
indicated that the soil had already reached its peak strength at this
loading stage. Figure 9 demonstrates the verification of the FE
model by comparing the predicted and the measured reinforce-
ment strains along each reinforcement layer at g = 0 kPa.

5.RESULTSAND DISCUSSION

5.1 Maximum Reinforcement Load Tax

The accuracy of each method is examined by comparing the
predicted T, with the measured T,,, from the test wall. Figure
10 shows the comparison of T, at q = 0 kPa (the end of con-
struction), d = 40 kPa, and q = 80 kPa. The “measured”
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Fig. 9 Measured and predicted reinforcement strain along each
reinforcement layer after construction (q = 0 kPa). The
range bars represent 10% of uncertainties on measured
strain.

reinforcement load in Fig. 10 indicates the estimated reinforce-
ment load calculated by multiplying the measured strain by using
the isochronous stiffness value at the same strain level for each
reinforcement layer. The error bars in Fig. 10 represent 10% of
the uncertainties of the estimated T,,,, to account for the error of
the strain measurements and the reinforcement stiffness interpre-
tation. Because Bathurst et al. (2006) only reported the strain
magnitude and distribution in the six layers of the reinforcements
at g = 0 and 80 kPa, no measured T, data at q = 40 kPa is
shown in Fig. 10(b). In addition, the FE simulation in this study
terminated at q = 40 kPa; therefore, no FE results can be shown
in Fig. 10(c) for q = 80 kPa. Overall, the comparison results
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Fig. 10 Comparison of reinforcement load T, at each

reinforcement layer

indicate that the earth pressure methods using both Rankine’s and
Coulomb’s theories overly predict the reinforcement loads. The
earth pressure method using Coulomb’s theory is considered
superior to that using Rankine’s theory because Coulomb’s theo-
ry can account for the effect of the wall facing batter and the
soil-face interaction on K, which predicts that T, values are
closer to the measured T,,,,. Although the T, at q = 0 kPa pre-
dicted using the LE method is in good agreement with the maxi-
mum value of the measured T,,,,, the uniform distribution of the
reinforcement load with the depth assumed in the LE method
does not match the distribution of the measured data. The
K-stiffness method seems to underestimate the measured T,
after construction (Fig. 10(a)) and at g = 80 kPa (Fig. 10(c)). The
FE predictions agree substantially with the measured T, in Fig.
10(a).

5.2 Maximum of Maximum Reinforcement Load T axmax

Figure 11 shows the comparison of the maximum of the
Tiax among all the reinforcement layers (i.€., Tyaxmax) at various
surcharge levels. Predicting the Tp.xmax value accurately is criti-
cal because this value is conventionally used to determine the
reinforcement tensile strength in the internal design of the GRS
wall against reinforcement breakage. The measured T axmax 1S
obtained from reinforcement layer 3, the highest loaded rein-
forcement layer as mentioned in Bathurst et al. (2006). Overall,
each method can predict the increase of the T axmax With increas-
ing surcharges. However, except for an accurate prediction of
Tinaxmax at q = 0 kPa using the LE method, the force-equilibrium
approach, including the earth pressure methods using Rankine’s
and Coulomb’s theories and the LE method, overly predicts the
reinforcement loads at various surcharge levels. The magnitude
of the discrepancy between the predicted and the measured re-
sults increases as the surcharge increases.

Regarding the deformation-based approach, the K-stiffness
method slightly underestimates the measured Taxmax at q =
0 kPa; however, it displays an substantial underestimation under
surcharging conditions. This observation is consistent with one of
the K-stiffness method’s limitations as discussed by Allen et al.
(2003). The prediction of the FE method agrees well with the
measured Taxmax- As mentioned, the FE simulations terminated
at the next 10 kPa loading increment after reaching 40 kPa be-
cause of the numerical difficulties that occurred in the computa-
tion. Therefore, the FE results are only presented until g = 40 kPa
(Fig. 11). Table 2 summarizes the ratio of the predicted T axmax
to the measured Taxmax under various surcharge levels. The earth
pressure method using Rankine’s theory displays the most sub-
stantial overestimation of the T.xmax Value by an average ratio of
2.57. In contrast, the K-stiffness method underestimates the
Tinaxmax value most substantially with an average ratio of 0.64.

5.3 Sum of the Maximum Reinforcement Load X T max

Figure 12 shows the comparison of the sum of T, from all
reinforcement layers (i.e., > T.x) at various surcharge levels. As
mentioned, because Bathurst et al. (2006) only reported the strain
magnitude and distribution in the six layers of reinforcements at
g = 0 and 80 kPa, only the measured > T, at q = 0 and 80 kPa
are plotted in Fig. 12. Similarly to the previous observations in
Fig. 11, the force-equilibrium approach overly predicts the mobi-
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lized 2T, ... The FE method agrees well with the measured data
obtained under working stress conditions; however, numerical
illness occurs under large soil deformation conditions (q <
40 kPa). The K-stiffness method exhibits good agreement under
working stress conditions (the end of construction), but underes-
timates the measured > T, in particular, under large loading
conditions.

Leshchinsky (2009) performed a numerical benchmark test
to examine whether the earth pressure and the K-stiffness meth-
ods satisfy the global static equilibrium in a limit state. Lesh-
chinsky (2009, 2010) argued that although each design method
yields a different T, for each reinforcement layer, the XT,,,, over
all the reinforcement layers predicted using any design approach
requires meeting or exceeding the requirement for a global static
equilibrium in the limit state. The benchmark test based on a
static limit equilibrium analysis is shown in Fig. 13. The bench-
mark test is unsuitable for assessing the individual T, value in
each reinforcement layer. Only the sum of the reinforcement
loads XT can be evaluated using the benchmark test. The
closed-form solution for =T is

_[Ly2 R _
ZT—(zyH +qu(tan6 tanco]tan(e o) 6)

Table2 Summary of ratio of predicted Taxmax 10 Measured

Tmaxmax

Surcharge level, g (kPa)

Methods
0 10 | 30 | 40 | 50 | 60 | 70 | 80 |Average

Rankine 2.6112.75(231(243]2.63|2.62(2.52(2.66| 257

Coulomb 1.8511.95[1.64(1.73|1.87|1.86(1.79(1.89| 1.82

ILimit equilibrium| 1.11 [ 1.23 | 1.16 | 1.27 | 1.42 [ 1.42 | 1.42| 1.50| 1.32

K-stiffness | 0.710.720.58 [ 0.61 [ 0.65 [ 0.64 | 0.61 | 0.64| 0.64
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Fig. 11 Comparison of the maximum of maximum reinforce-
ment load among all reinforcement layers Tpaxmax at
various surcharge levels

where y = unit weight of backfill; q = surcharge; H = wall height;
6 = inclination angle of failure plane; m = face batter; ¢ = backfill
friction angle. The calculation must be repeated for various 0
until the maximum value of XT, (£T),., is determined. The
benchmark test requires that the sum of the design values of T
is equal to or exceeds the maximum of XT, which is required to
maintain the global static equilibrium in the limit state (i.€., X T,
2 EDmay): If EDmax > ZThax, the design approach underesti-
mates the reactive force and the global static equilibrium is vio-
lated. Based on the results from the benchmark test, Leshchinsky
concluded that the earth pressure method yields very conserva-
tive results for the GRS structures with elevated stiffness facing
(i.e, concrete block facing). The K-stiffness method violates
statics, potentially leading to underestimation of the reinforce-
ment force.

For the wall case used in this study, (XT)m. Was calculated
using Eq. (6), which is also presented in Fig. 12 for comparison.
One might observe that the (ZT),, that is calculated using Eq.
(6) almost overlaps on the line of the T, predicted by the earth
pressure method using Coulomb’s K, because the fundamental
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theories used to develop these two methods are identical: Both
are based on the static equilibrium at the soil limit state. As re-
ported by Leshchinsky (2009), ZT ., > (XT)max for the earth
pressure method uses Rankine’s K, and (XT)pax > XTax for the
K-stiffness method. Similarly to the K-stiffness method, the FE
method produces (ZT)max > ZThax- In Leshchinsky’s (2009) view,
the FE method also violates the global static equilibrium. How-
ever, as discussed previously in Section 2.4, the computation in
the FE method is governed by static equilibrium, compatibility,
and the material constitutive law. Consequently, the global static
equilibrium must be strictly obeyed in the FE calculation. In au-
thors’ opinion, using Eq. (6) to examine whether a prediction
method satisfies or violates the global static equilibrium is argua-
ble. Equation (6) can be viewed as one type of force-equilibrium
approach, which is simply established on the equilibrium of static
forces acting on a single sliding soil mass. The principal problem
of using the force-equilibrium approach to predict T, is dis-
cussed next.

6. DISCUSSION ON POSSIBLE SOURCES OF
ERROR

In the 46" Karl Terzaghi lecture, Holtz (2010) discussed the
discrepancy between the predicted and measured T, which
might originate from the following:

(a) the selection of the soil shear strength properties to in-

put into the prediction methods (i.€., use of ¢, g Or

(I)residual);

(b) the influence of soil volumetric dilation;

(c) the error and uncertainty in estimating the reinforce-

ment loads;

(e) the influence of facing stiffness.

These reasons have also been discussed by other researchers
(Leshchinsky 2009, 2010; Bathurst et al. 2006). Additionally, the
absence of consideration of the strain compatibility between two
dissimilar materials (i.e., soil and reinforcement) can be another
critical source of error in the force-equilibrium approach. All of
these issues are discussed in detail as follows.

6.1 Selection of the Soil Shear Strength Properties

To select the soil shear strength properties, the peak plane
strain friction angle ¢ps was used in this study to characterize the
backfill shear strength in the test walls because the test wall con-
ditions conformed to the plane strain conditions. If other soil
friction angle values (i.€., P OT {residual IN Which Pps> P> Presiauar)
are used in the calculation, the predicted T, would be higher
than that which is calculated using ¢ leading to further over-
prediction, particularly in the force-equilibrium approach (Fig.
14). Bathurst et al. (2006) addressed a similar trend of T,
which was calculated using three soil friction angle values for the
backfill soil.

6.2 Influence of Soil Volumetric Dilation

The influence of soil volumetric dilation has been evaluated
by Karpurapu and Bathurst (1995) by using FE simulations. They
observed that the FE analyses with a backfill dilation angle y =
0° predicted much greater facing displacements and larger rein-
forcement strains compared to those with y = 15°. In certain

cases, the over-prediction was greater than the measured values
by a factor of two. In addition, by inputting the correct dilation
angle (i.e, y = 15°), the predicted ultimate loading and lateral
facing displacement profile are closer to those observed in the
physical experiment. Figure 15 shows the effect of soil volumet-
ric dilation on the predicted T,,,, using the FE model in this study.
The numerical results in Fig. 15 agree with the finding by
Karpurapu and Bathurst (1995). Overall, the soil dilation can
enhance the system stiffness and, hence, reduce the system de-
formation, resulting in less reinforcement strain and load mobili-
zation. However, the influence of soil dilation is not accounted
for in the force-equilibrium approach, leading to the over-
prediction of T, as demonstrated in this study.

6.3 Error and Uncertainty in the Estimation of the
Reinforcement L oad

Loads in reinforcement layers are inferred from the strain
measurements made using strain gauges or pairs of extensome-
ters attached to the reinforcement layers. Bathurst et al. (2005,
2006) discussed that the error and uncertainly in estimating the
loads in reinforcement layers originate from the strain measure-
ment and reinforcement stiffness interpretation of in-isolation
creep data. Based on the data for an instrumented PP geogrid,
Bathurst et al. (2002) reported that strain gauges accurately esti-
mated the reinforcement strains in a 0.02% ~ 2% range and that
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extensometers are more reliable for reinforcement strains > 2%.
They also calculated that the coefficient of the variation for the
strain gauge readings (COV,) is 13% for a reinforcement strain of
0.02% ~ 2% and the COV,, for the extensometer readings is 9% if
the devices are restricted to strains > 2%. Based on data present-
ed in the investigation by Walters et al. (2002), the upper limit of
the variation coefficient of the reinforcement stiffness value
(COV,;) for the PP geogrid was calculated to vary between 5%
and 13%. Uncertainties in the strain measurements (COV,) and
the stiffness values (COV;) are independent; therefore, the total
uncertainty (COV 7 in the estimate of reinforcement loads can be
calculated as follows:

COV; =,/COV>+COV? (7)

Equation (7) is used to calculate the error bar in the plots for
estimated reinforcement load values presented in this paper.
Consequently, the error bars representing 10% of the uncertain-
ties of the estimated T,,,, were determined to account for the error
of the strain measurements and the reinforcement stiffness inter-
pretation. Additionally, other variations in construction and en-
vironmental degradation, which could be the case for the field
structures, were not considered in this study because the test wall
was carefully constructed in an appropriately controlled envi-
ronment in the RMC laboratory.

6.4 Existence of Apparent Cohesion

Leshchinsky (2009, 2010) used a sand castle as an example
to declare that a trace of the apparent cohesion from the capillary
suction or soil matrix potential in unsaturated field conditions
might dramatically increase the systemic stability and result in
reducing the requirements of T, for equilibrium within the GRS
structures. The effect of apparent cohesion might be critical for
the field structures which might contain a substantial percentage
of fines in the backfill soil. However, the influence that this ef-
fect exerts on the measured T,,,, for the test walls discussed in
this study is insignificant because the backfill used in the test
wall consisted of uniform beach sand with relatively coarse sand
particles (i.e., Dsy= 0.34 mm) and of less than 1% fine soil. The
backfill was compacted using 3% ~ 5% moisture content. The
apparent cohesion in this backfill condition is likely to be mini-
mal. To confirm this, three unconfined compression tests were
conducted to measure the magnitude of the apparent cohesion of
the Fulung sand specimens (Fig. 16). The Fulung sand has a par-
ticle distribution and shear strength properties similar to the
RMC sand used in the test walls (Table 3 and Fig. 17). The
Fulung sand specimens were prepared to the water content and
relative density that approximated the compaction conditions in
the test walls. The rationale lies in the unsaturated soil shear
strength equation proposed by Fredlund et al. (1978):

1=C+(c-Uy)tan ¢’ + (U, —U, ) tan ¢° 8)

where T = unsaturated soil shear strength; ¢’ = effective cohesion
of saturated soil; ¢’ = effective friction angle of saturated soil;
= total stress on the failure plane; U, = pore air pressure; U, =
pore water pressure; d)b: angle indicating the rate of increase in

shear strength relative to the matric suction. Additionally,
(0 — Uy can be viewed as the net normal stress on the failure
plane and (U, — U,) is known as matric suction. Because the satu-
rated sand does not have any shear strength under unconfined
condition (i.e., ¢ = 0 kPa and o — U, = 0 kPa), the soil shear
strength is measured using the unconfined compression test that
can be attributed to the apparent cohesion C, because of the effect
of the soil suction, as shown by

C, = (U, —u,,) tan ¢’ ©9)

The average unconfined compression strength measured
from the Fulung sand specimens under the previously described
test condition is approximately 3 kPa, suggesting that the appar-
ent cohesion of the sand specimen has extremely limited value,
which is approximately c;= 1.5 kPa. This c, value is further in-
putted into the LE program as the backfill cohesion to evaluate
the influence of the apparent cohesion on the predicted T, As
shown in Fig. 18, when ¢, = 1.5 kPa, the ratio of XT,,,x consider-
ing the apparent cohesion to XT., without considering the

Fig. 16 Unconfined compression test to quantify the apparent
cohesion of an unsaturated Fulung sand specimen: (a)
beforetest; (b) failure of soil specimen
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Fig. 17 Comparison of grain size distributions between RMC
and Fulung sand
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Table3 Comparison of material properties between RMC and

Fulung sand
. . Y O Dso
Soil Origin (kKN/m®) | (degree) | (mm) Ce Co |USCS
RMC | Beach sand 16.7 39 034 | 225 1.09 SP
Fulung | Beach sand 15 39 0.28 | 0.95 1.76 SP

apparent cohesion (i.€., ZT a0 / ZTax) ranges between 80% ~
90%, which means a 10% ~ 20% reduction of XT,,,, which oc-
curs as ¢ increases. The ratio of T 620 / Z Tinax reaches zero (no
reinforcement is required) when ¢, = 5.4, 11 and 17 kPa at q =0,
40 and 80 kPa, respectively. Finally, it should be reminded that
the effect of the apparent cohesion due to the soil suction is typi-
cally not considered in the prediction of T,,,, because the design
of the GRS structures should not rely on the soil shear strength,
which might decrease or even disappear as the soil moisture in-
creases.

6.5 Influence of the Facing Stiffness

Bathurst et al. (2006) mentioned that facing stiffness is one
of the principal sources of conservatism in the force-equilibrium
approach to predict T,.. They compared the influence of facing
stiffness on the measured reinforcement strain and commented
that the wall facing is a structural element that acts to reduce the
magnitude of the deformation, resulting in reducing the rein-
forcement strain (or load) of the GRS structures. However, the
influence of the facing stiffness is typically not accounted for in
the current design procedures, which are established based on the
force-equilibrium approach. In this study, the LE analyses were
conducted by inputting an additional cohesion of ¢ = 10 kPa to
the soil elements in the wrapped-around face to simulate the ef-
fect of the facing stiffness. This method of modeling the facing
stiffness is similar to the FE modeling discussed in Section 4.4.
Again, unlike a typical wrapped-face GRS wall, in which each
facing wrap was extended back into the reinforced soil zone,
each facing wrap in the selected test wall was attached to the
reinforcement layer above using a metal bar clamp to form the
wall face. Hence, the use of clamps is likely to provide additional
support to the facing.

The results of the LE analyses that account for the effect of
the facing on the predicted XT,,, are shown in Fig. 12. The LE
results agree with the measured XT,,c and the T, predicted
using the FE method, which demonstrates that the modeling of
the facing in the LE analyses can improve the prediction of the
reinforcement loads. Some discrepancies between predictions
and measurements, which can still be observed in Fig. 12, occur
because the effect of facing cannot be easily and quantitatively
implemented in the force-equilibrium method. More specifically,
the resistance from facing should develop gradually with in-
creasing loadings (i.e., the increasing mobilization of the toe load
or the connection load as the surcharge increases) rather than the
constant value of cohesion assumed in this study. Further studies
are required to more accurately simulate the effects of facing in
the force-equilibrium approach.

6.6 Strain Compatibility

Yang et al. (2010) used stress data from a numerical study
of a centrifuge model slope and two physical full-scale instru-
mented GRS retaining walls to examine the relationship between
mobilized reinforcement load capacity and mobilized soil shear
strength. The results indicate that the mobilization of the rein-
forcement tensile load capacity does not increase linearly with
the mobilized soil shear strength until it reaches soil failure. Ra-
ther, the reinforcement tensile load increases slowly to approxi-
mately 10% of its ultimate tensile strength until the average mo-
bilized soil shear strength along the failure surface reaches ap-
proximately 95% of its peak value. Even after the soil reaches a
post-peak shear strength state, the reinforcement retained an ad-
ditional 30% of its original tensile load capacity.

The results obtained from their study help to explain the ob-
servation that measured reinforcement loads in GRS walls in
operational conditions are considerably lower than the predicted
values using current force-equilibrium-based design methods.
The force-equilibrium approach simply assumes that the tensile
loads developed in reinforcement layers are in local equilibrium
with the active lateral earth pressures generated in GRS struc-
tures. However, this assumption is based purely on force-
equilibrium approach, which disregards the strain compatibility
between two dissimilar materials (e.g., soil and reinforcement).
For example, as the system deformation increases, the force-
equilibrium approach predicts that the mobilization of the rein-
forcement loads decreases with the change of the lateral soil earth
pressure from an at-rest K, to active K, condition. In fact, the soil,
the reinforcement strain, and the reinforcement load are mobi-
lized because of the internal deformation of the GRS structures.
Hence, the mobilization of the reinforcement load should in-
crease as the system deformation increases. Moreover, the mobi-
lized reinforcement tensile load in GRS structures are a function
of the type of elongation and stiffness of the geosynthetic layers
as they interact with and potentially influence and improve the
confining soils. Consequently, design methodologies based on
force-equilibrium cannot be expected to predict reinforcement
loads accurately. The displacement-based analysis and design
methods hold promise as alternative approaches for the selection
of reinforcement materials and for the internal stability analysis
of GRS structures.

7. CONCLUSIONS

In this paper, the accuracy of various design methods to pre-
dict the maximum reinforcement loads T, was evaluated by
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comparing with the measured data from a full-scale and carefully
instrumented GRS structure. Specific critical conclusions and
discussion points are summarized as follows:

The comparison results indicate that the force-equilibrium
approach, including the earth pressure and LE methods,
overly predict reinforcement loads. Among all methods, the
earth pressure method using Rankine’s theory has the most
substantial overestimate of the T,,,, value, which has an av-
erage ratio of 2.57.

The FE method agrees well with the measured data under
working stress conditions; however, numerical illness might
occur earlier than the actual failure of the structures in large
soil deformation conditions.

The K-stiffness method slightly underestimated reinforce-
ment loads under the working stress conditions (at the end of
construction), but substantially underestimates reinforce-
ment loads under the large loading conditions. Among all
methods, the K-stiffness method underestimates the T,
value most substantially with an average ratio of 0.64.

The force-equilibrium approach does not account for the
strain compatibility between two dissimilar materials (e.g.,
soil and reinforcement). The mobilization of the reinforce-
ment strain and load are driven by systemic deformation.
Consequently, the design methodologies based on the force-
equilibrium approach cannot predict reinforcement loads
accurately.

The facing stiffness can reduce the system deformation and,
consequently, reduce the reinforcement loads. This study
demonstrated that the modeling of facing stiffenss in the LE
anlaysis can improve the prediction of T, However, be-
casue the resistance from the facing should develop as the
loading gradually increases, the effect of the facing cannot
be easily and quantitatively implemented in the force-
equilibrium method.

Finally, the prediction methods discussed in this paper are

compared with the T, obtained from one physical wall. The
comparison results (i.e., the ratio of predicted T, to the meas-
ured T, in Table 2) might vary with other wall and site cases.
Despite the possible variations in other cases, the general trend,
as discussed in this paper, remains valid and offers useful and
insightful information for the design of GRS structures.
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NOTATIONS

The following symbols are used in this paper. Basic SI units

are given in parentheses.

c backfill cohesion (N/m?)
Ca apparent cohesion for sand (N/m®)
C. coefficient of curvature (dimensionless)
Cu coefficient of uniformity (dimensionless)
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coefficient of variation of strain measurement

(dimensionless)
coefficient of variation of reinforcement stiffness
(dimensionless)
total coefficient of variation reinforcement load
(dimensionless)
median soil particle diameter (m)
load distribution factor in K-stiffness method
(dimensionless)
secant stiffness in FE model (N/m®)

primary consolidation stiffness in FE model

(N/m?)
unloading/reloading stiffness in FE model (N/mz)
axial stiffness of bar element in FE model

(N/m)
factor of safety (dimensionless)
wall height (m)
reinforcement stiffness at 2% strain (N/m)
normalized lateral earth pressure coefficient

(dimensionless)
active earth pressure coefficient  (dimensionless)
at-rest earth pressure coefficient  (dimensionless)
modulus exponent in FE model (dimensionless)
normal force on failure plane (N)
maximum axial tensile strength in FE model

(N/m)
pullout capacity (N/m)
surcharge (N/m’)
failure ratio in FE model (dimensionless)
shear force along failure plane ™)
reinforcement vertical spacing (m)
mobilized tensile load of reinforcement ~ (N/m)
allowable connection load (N/m)
allowable reinforcement tensile strength  (N/m)

connection load (N/m)
maximum tensile load in a reinforcement layer

(N/m)
maximum of T,,,, among all reinforcement layers
(N/m)
sum of reinforcement loads (N/m)

maximum of sum of reinforcement loads (N/m)
sum of T,,,x from all reinforcement layers (N/m)
> Thmax considering the effect of apparent cohesion
(N/m)
ultimate reinforcement tensile strength
pore air pressure (N/m®)
pore water pressure (N/m®)
weight of soil failure wedge ™)
depth below the top of the structure (m)
soil-facing interface friction angle (degree)

reinforcement strain (dimensionless)

(N/m)

soil shear strength angle relative to matric suction
(degree)
friction angle under plane strain condition (degree)
friction angle under triaxial compression condition
(degree)
residual friction angle (degree)

backfill cohesion factor in K-stiffness method
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(dimensionless)
Dy face batter factor in K-stiffness method
(dimensionless)
(OIS facing stiffness factor in K-stiffness method
(dimensionless)
Dy global reinforcement stiffness factor in K-stiffness
method (dimensionless)
Docar local reinforcement stiffness factor in K-stiffness
method (dimensionless)
y backfill unit weight (N/m’)
0 inclination of failure plane (degree)
G normal stress (N/m®)
Gy overburden pressure (N/m®)
T shear stress/strength (N/m®)
® wall facing batter (degree)
\ dilation angle in FE model (degree)
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