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This study presents the procedure and results of the finite element (FE) analyses of a series of centrifuge
tests on geosynthetic-reinforced soil (GRS) two-tier wall models with various offset distances. The objec-
tives of this study were to evaluate the applicability of FE for analyzing GRS two-tier walls with various
offset distances and to investigate the performance and behavior of GRS two-tier walls in various stress
states. The FE simulations were first verified according to the centrifuge test results by comparing the
locations of failure surfaces. The FE results were then used to investigate the effective overburden pres-
sure, mobilization and distribution of reinforcement tensile loads, and horizontal deformation at the wall
faces. The interaction between two tiers was investigated based on the FE results, which were also used
to examine the modeling assumption of reinforcement tensile loads in limit equilibrium (LE) analysis and
to evaluate the design methods in current design guidelines. This study demonstrated favorable agree-
ment between FE and the centrifuge model in locating the failure surface. The FE results indicated that
as the offset distance increased, the reinforcement tensile load and wall deformation decreased in both
the upper and lower tiers, suggesting the attenuation of interaction between the two tiers. The maximum
tensile loads of all reinforcement layers at the wall failure predicted using FE analysis and LE method
assuming uniform distribution of reinforced tensile loads were comparable. Compared with the FE
results, the Federal Highway Administration (FHWA) design guidelines are conservative in determining
the effect of overburden pressure, required tensile strength, location of maximum tension line (for
designing the reinforcement length), and the critical offset distance. Furthermore, the FHWA design
guidelines do not account for the influence of the lower tier on the upper tier that was observed in this
study.
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1. Introduction

Geosynthetic-reinforced soil (GRS) walls in a tiered configura-
tion are acceptable alternatives to conventional retaining wall
systems because of several benefits such as cost, stability and
construction constraints, and aesthetics. In addition, drainage
swales or ditches can be installed along the toe of each tier to
minimize the surficial flow induced erosion and water infiltration
induced instability. The current practice in Taiwan is to apply
multitier GRS walls with wrap-around facing, each tier typically
being 5 m high, to restore slope and roadway failures induced by
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heavy rainfall during typhoon seasons. A tiered wall is a transitional
structure between a single wall and slope (Fig. 1) that can reduce
construction costs and increase system stability compared with a
single wall. Because of its configuration, the tiers interact and
mutually affect each other. The upper and lower tiers interact
through the equivalent surcharge from the upper tier acting on
the lower tier, and the vertical and lateral deformation of the lower
tier influencing the behavior of the upper tier. Consequently, this
interaction can cause additional wall deformation and reinforce-
ment loads in both the upper and lower tiers, compared with a wall
of the same height as each tier.

Current design methods [10,5,25] for analyzing GRS multitier
walls are based on the lateral earth pressure method, an extension
of the design method for analyzing single-tier reinforced walls. The
design approaches in these guidelines are considered empirical
and are geometrically derived based on the relative distance or
offset distance, D, between upper and lower tiers. Some studies
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Nomenclature

Basic SI units are given in parentheses
c cohesion (kPa)

Cadjusted  adjusted cohesion (kPa)

Cinput input cohesion (kPa)

D offset distance (m)

D¢ critical offset distance (m)

Drimax distribution function (dimensionless)

EA reinforcement stiffness (kKN/m)

Ed secant modulus (kPa)

E;‘g; tangent modulus for primary oedometer loading (kPa)

EY unloading-reloading modulus (kPa)

FS factor of safety (dimensionless)

H height of two-tiered wall (m)

H, height of upper tier (m)

H, height of lower tier (m)

K, active earth pressure coefficient (dimensionless)

kK, normalized lateral earth pressure coefficient (dimen-
sionless)

L, reinforcement overlap length (m)

Ly reinforcement length of upper tier (m)

L, reinforcement length of lower tier (m)

m modulus exponent (dimensionless)

max(Tmex) maximum reinforcement tensile load (kN/m)

Ng g-level of centrifuge model (dimensionless)

N¢ failure g-level of centrifuge model (dimensionless)

N, input reinforcement tensile strength (kN/m)

q equivalent uniform load from the upper tier (kN/m?)

Ry failure ratio (dimensionless)

Sy vertical spacing between layers of reinforcement (m)

Tinax maximum reinforcement load in each layer (kN/m)

Ture confined ultimate tensile strength (kN/m)

X distance from the wall face (m)

y/H normalized elevation (dimensionless)

z depth below the surcharge load (m)

Zi depth to the ith layer of reinforcement (m)

Y unit weight of backfill soil (kN/m?)

OH horizontal deformation of wall face (m)

OH,max maximum horizontal deformation of wall face (m)

0 failure plane angle (°)

o5 additional vertical stress at the wall face on the ith layer
of reinforcement caused by upper tier (kN/m?)

gy effective overburden pressures (kN/m?)

o, overburden pressure at depth z (kN/m?)

Vur Poisson’s ratio for unloading-reloading (dimensionless)

¢ peak friction angle (°)

Padjustea  adjusted peak friction angle (°)

bmpur  input peak friction angle (°)

Pps plane strain peak friction angle (°)

Pex triaxial compression test friction angle (°)
angle of dilatancy (°)

Adgy additional vertical stress caused by upper tier (kN/m?)

AGy; additional vertical stresses from the upper tier acting on
the ith layer of reinforcement at the maximum tension
line (kN/m?)

Aoy additional vertical stresses from the upper tier acting on
the jth layer of reinforcement at the maximum tension
line (kN/m?)

XMy total multiplier defined in PLAXIS (dimensionless)

XTnax  Summation of maximum reinforcement force for all

layers (KN/m)

have questioned using this empirical approach [17]. Moreover, the
compound wall designs suggested in the design guidelines are
complex and require numerous calculation procedures to deter-
mine the maximum tension line and additional vertical stress for
internal stability analyses. These guidelines do not fully address
the interactive mechanism between two tiers and are based only
on the additional vertical stresses from the overlying wall tiers act-
ing on the lower tiers. They do not account for the influence of the
lower tier on the upper tier.

An alternative to the lateral earth approach is to use the limit
equilibrium (LE) method, which is useful for predicting the failure
surface location and for assessing the system stability regarding
the factor of safety (FS). However, the limitations of LE in analyzing
the reinforced structures require assuming the reinforcement
tensile load and its inability to predict deformation [18,9].
Although the LE method is applicable to analyzing multitier walls

Right of way (ROW) and construction cost decrease

System stability increase
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Fig. 1. GRS structures with various configurations.

by comparing its results with those of finite element (FE) analysis
[18] and centrifuge tests [24], the modeling assumptions of rein-
forcement tensile loads require further verification by using the
results of measuring physical walls or those of optimally calibrated
FE analyses. The FE method has been widely used for modeling
reinforced soil structures [35,12,13,15,19,22]. The FE method offers
comprehensive information concerning stress, strain, force, and
displacement at any location of interest (e.g., at the nodal and
Gaussian points). However, the FE method requires comprehensive
material characterization and model validation using the measured
data from physical walls to produce convincing results. Thus, the
FE method combined with experimental test results should be
used to investigate the behavior and performance of multitier
GRS walls.

Behavior and performance studies of multitier walls are scant,
among which multitier walls have been investigated by case stud-
ies and field monitoring [20,33,32], full-scale wall tests [37,38],
reduced-scale and centrifuge wall tests [36,14], LE analysis
[24,17,26,34], and FE analysis [21,36,33,39,38]. Mohamed et al.
[24] conducted a thorough review of current design methods and
previous studies on multitier walls. Although these studies have
addressed crucial issues, most of them have focused on multitier
walls with one or two offset distances and lack a comprehensive
and consistent comparison of multitier walls with various offset
distances. Few studies have quantitatively elaborated on the inter-
active mechanism discussed at the beginning of this section.

This study conducted a series of FE analyses of twelve GRS
two-tier walls with various offset distances and calibrated each
FE model according to centrifuge wall models. The objectives of
this study were fourfold: (1) to evaluate the FE applicability for
analyzing GRS two-tier walls with various offset distances; (2) to
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examine the modeling assumption of reinforcement tensile loads
in LE analysis and the design methods in current design guidelines;
(3) to investigate the performance and behavior of GRS two-tier
walls in various stress states; and (4) to investigate the interactive
mechanism between two tiers. Based on the FE results, the influ-
ence of offset distances on effective overburden pressure, rein-
forcement tensile loads, wall deformation, and relevant design
implications for multitier GRS walls are discussed.

2. Centrifuge tests and limit equilibrium analyses
2.1. Centrifuge tests

Centrifuge modeling has been used for a variety of applications
pertaining to geotechnical engineering. Zornberg et al. [41] dis-
cussed despite centrifuge modeling has limitations such as the
non-uniformity acceleration field, replication of field construction
processes and stress paths, boundary effects, and scale effects,
the centrifuge provides a useful tool for geotechnical modeling in
which prototype structures can be studied as scaled-down models
while preserving the stress states required to develop the appro-
priate soil properties. In this study, a series of centrifuge modeling
tests was originally conducted at the National Central University
(NCU), Taiwan, to investigate performance and failure mechanisms
in two-tier GRS walls. Twelve of these centrifuge model tests were
selected for analysis. The details of centrifuge testing program have
been reported by Hung [14]. A brief discussion on the wall model
and test procedure is given in this section.

For all centrifuge models, the wall heights of the upper and
lower tiers were H;=H,;=160mm, and additional layer of
20 mm of soil was deposited on the top of the upper tier to cover
the topmost reinforcement layer. Therefore, the wall models have
an equivalent height of 340 mm and were built on a foundation
layer 150 mm thick. The corresponding wall heights of prototypes
are approximately of 6.5-5.5m at measured failure g-level of
16-19g. Fig. 2 shows a configuration and schematic profile view
of the model wall. Each model was built using the same number

of reinforcement layers: 9 for the upper tier and 8 for the lower
with 20 mm vertical spacing. Except for the topmost reinforce-
ment, each reinforcement layer were folded back at the face of
the wall models, forming a wrap-around facing and a secondary
(overlapping) layer (L, = 40% of reinforcement length for each tier).

Table 1 summarizes the geometrical configuration, reinforce-
ment length and test results (i.e., failure g-level, Ny) for the two-tier
GRS wall models with offset distance D ranging from 0 mm to
270 mm. The wall models were grouped into three test series (S,
C and I):

(1) Single (S) series: two wall models were single wall designs
with D<(H;+H)20 and L,=L,=0.7(H;+H,) (ie,
D <16 mm and L; = L, = 224 mm).

(2) Compound (C) series: eight wall models were compound
wall designs with (H;+ H,)/20 <D < tan(90° — ¢)H, and
Li=1,=0.6 (H;+H,;) (i.e, 16mm<D<194mm and
Ly =L,=192 mm). Notably, the selected L, is longer than
the minimum reinforcement length (i.e., L; = 0.7H;) for com-
pound wall design recommended in FHWA design guidelines
to prevent the instability of the upper tier during testing.

(3) Independent (I) series: two wall models were independent
wall designs with D>tan(90° — ¢)H,, L,=0.7H; and
L,=0.7H; (i.e.,, D>194 mm and L, =L, = 112 mm).

In the first stage, the model wall was supported by a wooden
formwork and spun to 40g to compress any voids between the
backfill soil and the reinforcement layers through increasing self-
weight until the measured settlement at the top of the wall was
stable. The centrifuge was then decelerated to a complete stop.
In the second stage, the wooden formwork was removed and the
models were loaded by gradually increasing their self-weight (by
increasing the centrifuge acceleration) in increments of 2g. The
weight was maintained for 30 s at each level of acceleration until
the model failed. A CCD camera was installed at side of the centri-
fuge container to record the wall deformation and determine the
wall failure.

—— 20mm, .

0Omm

- Reinforcement .

l 820 mm

. 150mm

Fig. 2. Configuration and schematic profile view of a centrifuge two-tiered GRS wall model (D is the offset distance; L, and L, are the reinforcement length of the upper and

lower tiers; L, is the overlap length of reinforcement).
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Table 1
Geometrical configurations and test results of two-tiered GRS wall models.
Test no. Wall parameters Reinforcement length Results
D 0 Ly L Ny max(Timay) (KN/m) 2 Tiax (KN/m)
(mm) (deg.) (mm) (mm) (g) LE FE LE FE
S-series
1 0 59.0 224 224 16 0.115 0.118 1.96 1.88
2 10 57.8 224 224 18 0.123 0.124 2.09 1.82
C-series
3 20 56.4 192 192 16 0.105 0.110 1.79 1.51
4 30 55.1 192 192 18 0.112 0.114 1.90 1.62
5 40 53.6 192 192 16 0.092 0.094 1.56 1.40
6 50 52.1 192 192 18 0.098 0.099 1.67 1.35
7 60 50.5 192 192 18 0.092 0.094 1.56 143
8 70 48.9 192 192 19 0.092 0.094 1.56 1.46
9 80 47.2 192 192 18 0.077 0.077 1.31 1.18
10 90 45.5 192 192 18 0.069 0.069 1.17 1.01
I-series
11 260 59.0 112 112 18/17¢ 0.076/0.063 0.075/0.06* 0.68/0.50" 0.46/0.32°
12 270 59.0 112 112 18/18* 0.076/0.066 0.072/0.06° 0.68/0.53° 0.48/0.32°

Note: D = Offset distance; 0 = Failure plane angle in FHWA design guidelines; L, = Reinforcement length of upper tier; L, = Reinforcement length of lower tier; Ny = Failure g-
level of centrifuge model; max(Tmqx) = Maximum reinforcement tensile force; T,y = Sum of maximum reinforcement force for all layers.
@ Results for upper/lower tier.
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Wall face —

Embedded length (L or L)
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Fig. 3. Breakage pattern in reinforcement material after wall failure in Test C5 (numbers indicate reinforcement level from base to top of wall model).

Fig. 3 shows a broken reinforcement carefully retrieved from of wall model. The nearly horizontal breakage pattern in the rein-
the dismantled wall models after tests completed in Test C5. The forcement validates the plane strain condition in the centrifuge
numbers in Fig. 3 indicate reinforcement level from base to top tests. The reinforcement layers 2-8 show two rupture lines at
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Table 2

Properties of the Fulung sand.
Property Value
Specific gravity, G 2.66
Effective size, D1o (mm) 0.17
Average size, Dso (mm) 0.28
Coefficient of curvature, C. 1.05
Coefficient of uniformity, C, 1.78
Maximum dry unit weight, g ma (KN/m?) 15.9
Minimum dry unit weight, ymin (KN/m?) 13.3
Unit weight, y (kN/m?) 15.0
Triaxial compression friction angle, ¢« (°) 39.5
Plane strain friction angle, ¢, (°) 42.3

opposite sides of wall face (the blue® double lines in Fig. 3) indicate
the failure surface cutting through both the primary reinforcement
and the overlapping length. The location of the critical failure surface
was determined based on the observed tears (ruptures) in each layer
of the reinforcement.

2.2. Material properties

The soil used in the centrifuge test was clean and uniform
Fulung beach sand, classified as poorly graded sand (SP) in the Uni-
fied Soil Classification System. Table 2 summarizes the properties
of the Fulung sand used as the backfill and foundation material.
The backfill unit weight of sand and the friction angle obtained
in a series of triaxial compression tests at the target relative den-
sity D, =70% were y=15kN/m® and ¢ =39.5°, respectively. To
characterize the shear strength of the test sand under the plane
strain condition in the centrifuge model, the plane strain peak fric-
tion angle (¢ps=42.3°) was estimated using the correlation
between the triaxial compression friction angle and the plane
strain friction angle [16]:

¢ps:1~5¢tx_17 (1)

The geotextile used in the centrifuge study was nonwoven poly-
ester, rayon fabric. A series of unconfined wide-width tensile tests
[3] and zero-span tests with clamps 6 mm apart [28] were per-
formed to evaluate the strength properties of the geotextile mate-
rial. The strain ratio of both tensile tests is controlled at 10%/min.
The average tensile strength T, for the geotextile were 0.05 kN/
m from wide-width tests and 0.12 kN/m from zero-span test.

2.3. Limit equilibrium analyses

In this study, limit equilibrium analyses were performed to pre-
dict the locations of failure surfaces and to assess the maximum
mobilized tensile forces of reinforcement in two-tier GRS wall
models. The failure surfaces and maximum mobilized tensile
forces identified by the LE analyses are compared with those iden-
tified by centrifuge tests and finite element simulations as dis-
cussed further below. The LE calculations were performed using
Spencer’s method [31] to search for noncircular failure surfaces
as coded in the Slide v.6.0 program [29]. The shear strength of
the test sand in the centrifuge model was characterized by the
plane strain friction angle (¢ps=42.3°). The geotextile was mod-
eled as a reinforcement element by inputting a tensile strength
value and a coverage ratio of 100%. Centrifugal force was simulated
by increasing the unit weight of backfill Ny times corresponding the
target g-level at failure.

3 For interpretation of color in Figs. 3 and 7, the reader is referred to the web
version of this article.

The limit equilibrium analyses assumed a uniform distribution
of reinforcement tensile forces with depth, horizontal orientation
of reinforcement forces, and considered overlapping geotextile
length as an additional reinforcement layer that increased stability
in the wall. The input tensile strength of reinforcement was varied
iteratively while holding all other soil variables constant until
computed factor of safety (FS) of wall system equal to 1.0. The cal-
culated values are summarized in Table 1. This estimate accounted
for the maximum mobilized tensile force (or confined ultimate
tensile strength T, of reinforcement) which was expected to equal
the average in-soil reinforcement tension at the moment of failure.
Additional details for the search for the noncircular critical surface
and validation of modeling assumptions of reinforcement load in
the LE analysis are provided by Mohamed et al. [24].

3. Finite element analyses

A commercial FE program, PLAXIS v. 8.2 [27], was used for the
FE analyses on the centrifuge models in this study. The FE simula-
tions were first verified according to the centrifuge test results by
comparing the failure surface locations. The FE results were then
used to investigate the performance and behavior of two-tier walls
with various offset distances and to examine the modeling
assumption of reinforcement tensile loads in LE analysis and the
design methods in the current design guidelines. The details of
FE modeling are presented in subsequent sections.

3.1. Finite element model and calculation procedure

Fig. 4 shows the photo and FE mesh for centrifuge Model C5
under initial conditions. A 15-node triangular element with 12
stress points under plane strain conditions was designated for
the soil element. The mesh coarseness was set as “fine,” which
generated approximately 1226 triangular elements for a given
geometry. Reinforcement was simulated using a 5-node geogrid
element with five stress points. Both primary and overlapping rein-
forcement layers were considered in the FE model as indicated in
Fig. 4. Standard boundaries were imposed to simulate confinement
at the edges of the aluminum centrifuge box. Layer-by-layer stage
construction and the centrifuge test procedure described in Sec-
tion 2.1 were simulated numerically.

The centrifugal forces within test models were simulated by
increasing the soil unit weight N, times on each soil element. At
each loading stage, the simulation increased the centrifugal load
by 2g until the measured failure g-level was reached. The tolerated
error value of 1% was set as the global convergence criteria (i.e.,
unbalanced force divided by current external force). As suggested
in the PLAXIS manual, the tolerated error value was increased to
3%, which was associated with the arc-length function at the final
loading stage to avoid the numerical convergence problem at the
verge of structure failure.

After the simulated g-level reached the measured failure
g-level, a phi/c reduction function was activated to determine the
wall system safety factor. In the phi/c reduction analysis,
the strength parameters tan¢ and c of the soil are successively
adjusted until the GRS wall approaches the verge of failure. The
FS is computed as follows:

ES = ZMsf _ tan ¢input _ Cinpur (2)
tan gogjusted  Cadjusted

where XMy is the total multiplier defined in PLAXIS [27]. The value
of =My is equivalent to the value of FS; @inpuc and Cinpyr are the ori-
ginal input soil strength properties (i.e., plane strain soil shear
strength in this study), and ¢qgjustea aNd Cagjustea are the adjusted soil
strength properties calculated during the phi/c reduction analysis.
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Fig. 4. Configuration of model in Test C5: (a) centrifuge at initial condition; (b) finite element setup and initial mesh.

3.2. Backfill soil modeling

Backfill Fulung sand was modeled as a stress-dependent, hyper-
bolic elasto-plastic material using the Hardening Soil model [30].
Table 3 lists the soil properties of Fulung sand calibrated using tri-
axial compression tests. The backfill dilation angle (/) was esti-
mated based on the empirical relationship y = ¢ — 30° proposed
by Bolton [6]. A low cohesion value (¢ =2 kPa) was introduced in
the soil model to prevent premature soil yielding in a local low-
confining pressure zone. Fig. 5 shows the measured and predicted
results of the stress-strain-volumetric response of Fulung sand for
D, =70% under triaxial compression tests. Fig. 5 shows that the
Hardening Soil model accurately captures the stress-strain rela-
tions until the peak shear strength of the soil is reached, but is
incapable of modeling the strain-softening behavior in the post-
peak region.

To account for plane strain conditions in the centrifuge tests,
the soil properties under plane strain conditions were used for FE

Table 3
Backfill soil properties used in finite element model.

simulations in this study. Because of lacking test data of Fulung
sand under plane strain conditions, the plane strain soil properties
were deduced from the soil properties calibrated from triaxial
compression tests. The plane strain peak friction angle
(¢ps = 42.3°) was estimated using Eq. (1). Regarding the soil modu-
lus, Marachi et al. [23] reported that for the same minor principal
stress value, the initial plane-strain response was stiffer than the
response for the same material under triaxial test conditions.
Hatami and Bathurst [12] inspected the data from triaxial com-
pression and plane strain tests and reported that the elastic mod-
ulus ratio of Royal Military College sand from the plane strain
test results to triaxial compression test results is approximately
2.25. In the current study, the plane strain secant modulus was
estimated using the EX obtained from the triaxial test times the
ratio of the peak shear strength under plane strain conditions to
that under triaxial compression conditions (i.e., tan¢ps/tan¢x).
This approach simply assumes the failure strains in triaxial tests
and the plane strain are similar. Consequently, the secant modulus

Property

Boundary conditions

Axisymmetric (triaxial) Plane strain®

Stiffness properties (Hardening Soil model)

EX, secant modulus (kPa)
Eref

oed’
E, unloading-reloading modulus (kPa)
m, modulus exponent
Ry, failure ratio
Vur, Poisson’s ratio for unloading-reloading

tangent modulus for primary oedometer loading (kPa)

Strength properties

¢, peak friction angle (°)
¢, cohesion (kPa)

Y, angle of dilatancy (°)

Bulk unit weight of backfill
y, unit weight (kN/m?)

48,000 52,800°
47,000 47,000
144,000 ¢ 158,400
0.5 0.5

0.9 0.9

0.2 0.2

395 42.3°

2 2

10 12

- 15

¢ Plane strain values were used in FE model for sand backfill.

b Estimated by ¢ps = 1.5¢ — 17 suggested by Lade and Lee [16].
¢ Assumed to be tan ¢,/ tan ¢, x Egeof.

4 Assumed to be 3 EXJ as the default value in PLAXIS.
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Fig. 5. Comparison of predicted and measured stress-strain-volumetric response of Fulung sand under triaxial compression tests and plane strain conditions: (a) stress—

strain; (b) volumetric strain-axial strain.

increased by a factor of 1.1 to simulate the plane strain condition,
as indicated in Table 3. Fig. 5 shows the predicted results of the
stress—strain-volumetric response of Fulung sand for D,=70%
under plane strain conditions.

3.3. Reinforcement modeling

The nonwoven geotextile reinforcement was modeled as a
linear elastic-perfect plastic material with an axial stiffness, but
without bending stiffness. In addition, the geogrid element can
sustain tensile force, but not compression. As the nonwoven
geotextile tensile behavior was found to be affected by soil con-
finement and geotextile impregnation by soil particles [7]. There-
fore, when simulating reinforcement behavior within centrifuge
models, the confined load-strain response should be used to model
the nonwoven geotextile. However, experimentally quantifying in-
soil tensile properties (i.e., tensile strength and stiffness) of the low
strength nonwoven geotextile is difficult. Moreover, the in-soil

tensile properties for each centrifuge test are likely subjected to
change because of various magnitudes of soil confinement acting
on reinforcement induced by different g-levels and offset distances
of wall models. The likely range for in-soil tensile property value of
the nonwoven geotextile can be defined using the wide-width test
(for reinforcement under no or low confinement) and the zero-
span tensile test (for reinforcement under high confinement)
[8,42]).

Similar to the approach adopted in LE analysis, the input tensile
strength of reinforcement, N,, was systematically varied until the
FS = 1.0 £ 1% calculated by phi/c reduction. Table 1 presents a sum-
mary of the final input values of reinforcement tensile strength.
This approach warranted the limit state condition in the FE analy-
sis to subsequently identify a relevant failure mode. For simplicity,
the reinforcement stiffness was input as EA =0.66 kN/m (Fig. 6),
corresponding to the secant stiffness at 50% ultimate tensile
strength of reinforcement by using the load-strain response
obtained from the zero-span tensile test. A sensitivity study of FE
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Fig. 6. Predicted and measured load-strain responses of nonwoven geotextile.

models with and without soil-reinforcement interface elements
was conducted to evaluate the effect of considering pullout failure
mechanism on the predicted results. An 80% of soil peak shear
strength, a typical value for soil-geotextile interaction, was
assumed for the interface shear strength in this sensitivity study.
The numerical results indicated that the effect of considering pull-
out failure mechanism on the FE results (the Tp,q distribution with
depth and location of failure surface) is insignificant. Finally, the
soil-reinforcement interface was modeled as fully bounded in this
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Fig. 7. Predicted and measured locations of failure surfaces from centrifuge tests: (a) Test S1; (b) Test C4; (c) Test C6; (d) Test 111.

study. This approach was also supported by visual inspection after
the centrifuge models collapsed. As shown in Fig. 3, the primary
failure mode of the centrifuge models resulted from reinforcement
breakage rather than pullout.

4. Model verification
4.1. Comparison of failure surface location

The FE model was verified by comparing the measured loca-
tions of failure surfaces obtained from centrifuge tests with the
predicted results from the FE analyses. Fig. 7 shows the comparison
results of Tests S1, C4, C6, and I11. The failure surface of the centri-
fuge wall model (black triangles in Fig. 7) was identified by tears
(ruptures) in each reinforcement layer (Fig. 3). The failure surface
in the FE analysis (color contour in Fig. 7) was determined by the
contour of the most intense incremental shear strain. As can be
seen in Fig. 7, the FE and centrifuge models show good agreement
in the failure surface location, demonstrating the capability of FE
modeling to predict the observed failure patterns for two-tier walls
with various offset distances.

Fig. 8 shows the mobilized tensile load distribution along the
reinforcement layers in Test C4 by increasing the g-level. The fail-
ure surface location obtained from the centrifuge test and LE agree
with the locus of the maximum reinforcement tensile load at each
reinforcement layer obtained by FE. This agreement is consistent
with the field observations of a full-scale, instrumented, and rein-
forced soil slope in Zornberg [40] and the FE analysis of two centri-
fuge reinforced soil slopes in Yang et al. [35], showing that the
maximum strain in each reinforcement layer corresponds to the
trace of potential failure surface in the slope.
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The failure surfaces predicted by FE analysis in most centrifuge
models (Fig. 7) passed through the lower tier at the second rein-
forcement layer rather than at the wall toe. This observation is con-
sistent with the centrifuge test results (e.g., no evidence of
breakages in the retrieved reinforcement at the lowermost layer)
in previous studies by Zornberg et al. [41] and Yang et al. [35].
Allen et al. [2] addressed the similar attenuating effects of stiff
competent foundations on reinforcement loads at the wall base.
The boundary constraint from the dense and shallow foundation
in centrifuge models likely prevented failure surfaces from passing
through the wall toe. This firm foundation constrained soil move-
ment and reinforcement deformation at the wall base. Therefore,
strains that develop in the bottommost reinforcement layer are
too low to cause failure, as shown in Fig. 8, in which the tensile
loads that developed at the first reinforcement layer are nearly
negligible at all g-levels.

This section also presents the results of examining the failure
surface locations predicted by LE analyses and maximum rein-
forcement tension lines, an indicator of failure surface, as sug-
gested by FHWA design guidelines. The failure surface in LE
analysis (solid line in Fig. 7) was defined by searching for the non-
circular critical failure surface. Because the failure surface in the LE
analysis passed through the wall toe, the predicted failure surface
at the lower tier slightly differs from those identified in FE analyses
and centrifuge tests, but agrees at the upper tier. Fig. 7 also shows
maximum tension lines (dash line) suggested by FHWA design
guidelines. The comparison results showed that the predicted
maximum tension lines agree satisfactorily with experimental fail-
ure surfaces in single and independent wall models. However, the
maximum tension lines depict the failure surfaces at a long dis-
tance from the wall face in compound wall models, particularly
for the upper part of the upper tier. Therefore, using maximum
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tension lines recommended by FHWA design guidelines in com-
pound wall designs results in overestimating the required rein-
forcement lengths against pullout.

4.2. Comparison of mobilized maximum tensile load

Although the predicted values of the maximum tensile loads
from all layers, max(Ty,qx), calculated in the FE analyses (Table 1)
indirectly verify the FE model, they possess a rational physical
meaning. The calculated max(Tp,q) values were bounded between
the unconfined T, values obtained by the wide-width and zero-
span tests. This numerical result was supported by other studies
[8,42]) which have demonstrated that the likely range for the
in-soil tensile strength value of the nonwoven geotextile can be
defined using wide-width and zero-span tensile tests. Table 1
shows that the calculated max(T,,qc) values decreased with an
increased offset distance, suggesting that an increased offset dis-
tance decreases the influence of the equivalent surcharge from
the upper tier on reinforcements in the lower tier, which subse-
quently decreases the max(T;.). The highest max(T;,.) value
was acquired from single walls because of their small offset
distances, which induced a high overburden pressure on the rein-
forcement. Independent walls had the lowest confined max(Tyqx)
values because the large offset distance decreased the overburden
pressure from the upper tier acting on reinforcements in the lower
tier.

5. Results and discussion

The results of FE analysis on the centrifuge models were used to
investigate the mobilization and distribution of reinforcement ten-
sile loads, effective overburden pressure, and the deformation of
wall faces of two-tier walls with various offset distances. The FE
results were also used to examine the modeling assumption of
reinforcement tensile loads in LE analysis and the design methods

in the current design guidelines. The resulting insights into GRS
multitier wall design are discussed.

5.1. Effective overburden pressure

The effective overburden pressure ¢, on the lower tier wall was
evaluated by comparing the FE results with those calculated using
the FHWA design guideline approach ([5,10]), and the modified
Gray'’s elastic solution [34]. The ¢, is defined as:

0, =A0,+ 0, 3)

where ¢, is the effective overburden pressure acting on the
reinforcement, Ag, is the additional vertical stress from the upper
tier acting on a reinforcement layer in the lower tier, and o, is the
overburden pressure from the top of the lower tier. Estimating
the effective overburden pressure accurately is critical because
the g, value is directly applied to evaluate the reinforcement tensile
load and pullout resistance in the internal stability analyses against
reinforcement breakage and pullout.

In the FHWA approach, the additional vertical stress Ao, (due
to the influence of the equivalent surcharge from the upper tier)
relies on D and H;. Three cases are suggested in the FHWA design
guidelines to calculate Ag,. In Case I, the case with a small offset
distance, D < tan(45° — ¢/2)H,, the additional vertical stress is cal-
culated as the equivalent uniform surcharge from the upper tier
(i.e., Ag,=7H;). In Case Ill, the case with a large offset distance,
D > tan(90° — ¢)H,, two tiers are not considered superimposed
(i.e., Ag,=0) when assuming that no interaction exists between
the two tiers and they are designed as two independent walls.
For the case with an intermediate offset distance between these
limits, tan(45° — ¢/2)H, < D < tan(90° — ¢)H,, denoted as Case Il
in the FHWA design guidelines, the additional vertical stress can
be evaluated using the following equations and illustrated in Fig. 9.

YH1 — o

AT =, "z an (45— ¢)2)

X+ oy (4)

| D
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X A,
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7
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Fig. 9. Illustration of additional vertical stress calculated in the Case Il in the FHWA design guidelines (modified from [10,5]).
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Fig. 10. Illustration of additional vertical stress calculated by the modified Gray’s elastic solution for a flexible multi-tiered wall: (a) x < D; (b) x > D (modified from [34].

yH1[z1x — D(z1 — 7;)]

Ay = (2, - zj) tan (45° — ¢/2) — D(z1 - z) ”
o = Z :Zzll (YH1) ©
zy =Dtan(¢) 7
Z; =Dtan <45° + g) ®)

where Ac,; and Ag,; are the additional vertical stresses from the
upper tier acting on the ith and jth reinforcement layers at the max-
imum tension line, oyis the additional vertical stress from the upper
tier acting on the ith reinforcement layer at the wall face, z; and z;
are the depths of the ith and jth reinforcement layers, z; and z,
are the depths of the upper and lower stress boundaries at the wall
face, and x is the distance behind the lower tier wall face. The FHWA
design guidelines empirically assume Aag, = 0 for the area to the left
of the upper stress boundary and Aa, = yH; for the area to the right
of the lower stress boundary. Inside the two stress boundaries, Ac;

and Ao, are interpolated linearly in the horizontal direction
between oy and yH; for the ith layer and between 0 and yH; for
the jth layer, respectively.

Based on Gray’s elastic method [11], Wright [34] proposed a
modified elastic solution for estimating Ac, of a “flexible” multi-
tier wall due to the effect of overlying wall tiers. The Ag, on a rein-
forcement layer at a given location (x, z) is defined by the following

equations:
o) o]

where q is the equivalent uniform surcharge from the upper tier, x is
the horizontal distance from the wall face, D is the offset distance, z
is the depth below the top of the lower wall, and S, 8, R, and R; are
indicated in Fig. 10 and formulated as follows:

pman (52) 10

B =tan! (Di—x) forx <D

A()',,:g
T

(11a)
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Fig. 11. Calculated o, distribution along reinforcement layers using FE, modified Gray’s elastic solution, and FHWA approach: (a) Test C6; (b) Test C9.

_ 1 (_%

f. =T+ tan (D—x) forx > D (11b)
Ri=\/22+(D+x)° (12)
Ri=1\/22+ (D —x)* (13)

Fig. 11 shows the comparison results of the g, distribution along
the first (bottom), third, fifth, and seventh reinforcement layers in
the lower tier wall calculated using the FE method, the modified
Gray’s solution, and the FHWA approach. The results in Fig. 11 show
that the modified Gray’s method agrees satisfactorily with the FE
results for estimating the o, distribution along the reinforcement
layers. The FHWA approach predicts substantially high vertical
stresses compared with those predicted using the FE and the mod-
ified Gray’s methods, resulting in an overestimate of the tensile load
and pullout resistance of reinforcement for internal stability analy-
ses. The modified Gray’s method is an alternative method that pro-
duces preferable results for calculating Ag,

5.2. Reinforcement tensile load

Fig. 12 shows the development and distribution of the maxi-
mum tensile loads with depth for various g-levels obtained by FE
analysis in Tests S1, C4, C6, and I11. The results in Fig. 12 indicate
that maximum tensile loads linearly increase in depth for various
loading increments. The reinforcement reaches its ultimate tensile
strength, as shown in a uniform distribution, at the lower part of the
wall at wall failure. The reinforcement strain data from instru-
mented full-scale walls support these numerical results. Stuedlein
et al. [32] reported that the measured reinforcement loads
increased in depth below the top of a 46-m high, four-tier MSE wall.
Yoo and Jung [37] investigated the long-term performance and

behavior of 5.6 m high, two-tier GRS walls. The measured strains
onvarious reinforcement layers presented in Fig. 15 in Yoo and Jung
[37] infer increased tensile force with depth. The linear load distri-
butions with depth observed for the numerical results under work-
ing stress conditions in this study and in two wall cases previously
discussed differ from the trapezoidal distribution obtained for sev-
eral well instrumented, full-scale, single GRS walls [1,2,4].

For internal stability against reinforcement breakage, an accu-
rate evaluation of reinforcement loads is critical. This study used
the reinforcement tensile load information obtained from FE anal-
yses to examine the modeling assumption of reinforcement tensile
loads in LE analysis and the design methods in the current design
guidelines, discussed as follows. In the LE analysis, because of the
problem of statically indeterminate when incorporating reinforce-
ments into analysis, the magnitude and distribution of T;,,4 input
into the LE model were a required assumption. Fig. 13 illustrates
three Tp,q distribution functions (uniform, linear, and trapezoidal)
typically assumed in LE analysis. As shown in Fig. 13, the distribu-
tion function Drnay is defined as the ratio of the maximum mobi-
lized load in each reinforcement layer, Tpq, to the maximum
loads of all reinforcement layers, maxX(Tmax). The Drmex Vvalue
reflects the normalized value of T,,. as a function of the normal-
ized elevation of Y = y/H. Detailed discussions of three tensile load
distribution are referred to Leshchinsky et al. [18] and Mohamed
et al. [24]. In the current study, the three T, distribution func-
tions were applied in LE analyses to calculate the Ty, value for
each reinforcement layer in a limit state (FS = 1.0).

In the FHWA design guidelines, the reinforcement tensile load
at the maximum tension line can be estimated as follows:

kr

Tmux = (E)Kao-vsv (14)

where T,y is the maximum reinforcement load of each reinforce-
ment layer, k,/K, is the normalized lateral earth pressure coefficient
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(for GRS walls, the k,/K, = 1.0 and remains constant throughout the
wall depth), K, is the active earth pressure coefficient, o, is the
effective overburden pressure at the maximum tension line, calcu-
lated using Eqgs. (3)-(8), and S, is the vertical spacing between rein-
forcement layers.

Fig. 14 shows the comparison results of the T, distributions
with depth at wall failure obtained from FE, LE, and FHWA design
guidelines. The magnitude and distribution of T4 calculated by
assuming uniform distribution in the LE method is more consistent
with the FE results compared with those calculated by assuming
linear and trapezoidal distributions. The comparison results sug-
gest that the uniform distribution of T, can adequately capture
the Tqx value and its distribution with depth at wall failure; con-
sequently, the uniform distribution of T4 is adopted in LE analy-
ses. Fig. 14 also indicates that regardless of using ¢« or ¢, the
method suggested in the FHWA design guidelines cannot ade-
quately describe the Tp,qy distribution at wall failure, resulting in
an underestimate of the T,,q value in the upper part of the upper
tier and a significant overestimate of the T, value in the lower
tier.

Fig. 15 shows a comparison of the max(Tp,q), the maximum
tensile loads of all reinforcement layers, predicted by various
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methods. The max(T.) value is typically adopted to determine
the required long-term strength of reinforcement in the design.
Fig. 15 demonstrates that the max(T;,qx) results obtained from FE
are in satisfactory agreement with the results obtained from the
LE method using the uniform distribution of Ty,q. Table 1 also pro-
vides the max(T,,qx) values predicted by FE and LE using the uni-
form distribution of Tj,.. Table 1 also indicates that only small
differences between the sum values of T, for all reinforcement
layers (i.e., X(T;nqx)) are obtained from FE and LE with uniform dis-
tribution, implying that the system requires an equal total amount
of resistance from reinforcements to maintain system equilibrium.
As shown in Fig. 15, the LE method with linear and trapezoidal dis-
tributions and FHWA design guidelines overly predict the
max(T,,q) values. The loads predicted by FHWA were the most
conservative, averaging 3-5 times greater than FE estimated val-
ues. Yoo and Kim [38] also reported the conservative calculation
of reinforced tensile loads by using FHWA. Overall, it can be con-
cluded that using the LE max (Tj.) value with uniform distribu-
tion of T,,,4x produces a simple and cost-effective design.

5.3. Horizontal wall deformation

Fig. 16 shows the development and patterns of horizontal wall
deformation, Jy, in Tests S2, C6, and I11. Fig. 16 indicates that a
cantilever-type deformation pattern prevails in the facing defor-
mation profiles and the wall deformation increases proportionally
with increased g-level. Maximum horizontal wall deformations,
du,max, Were observed at the top of the upper tier. Except for the
independent wall, a significant translational movement occurred
at the wall base of the upper tier, approximately over 70% of the
maximum deformation at the top, primarily because of lateral
movements of the lower tier.

Yoo and Kim [38] also reported the cantilever-type wall move-
ment pattern in both the upper and lower tiers of the full-scale
wall under surcharge conditions. Stuedlein et al. [33] and Yoo
and Jung [37] observed other deformation patterns such as the
concave type with maximum deformations occurring near the base
or at the mid-height of the two-tier walls. Differences in deforma-
tion patterns at the wall face are likely influenced by surcharge,
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Fig. 17. Effect of offset distance on horizontal wall deformation at wall failure.
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foundation, face types, and differential settlement conditions
within the reinforced soil zone.

Fig. 17 illustrates the effect of the offset distance on horizontal
wall deformation compared at the moment of wall failure. An
increase in the offset distance reduces horizontal wall deformation
in both the upper and lower tiers. The horizontal wall deformation
in a single wall is higher than that in compound and independent
walls. When the offset equals or exceeds 260 mm (independent
walls), the decrease in horizontal wall deformation becomes negli-
gible. The translational movement occurring at the wall base of the
upper tier also decreases with a reduced offset distance and
reduces to zero at independent walls. These results suggest that
the interaction between the two tiers attenuates when they sepa-
rate farther apart.

5.4. Effect of the offset distance on two-tier interaction

The two tiers interact through the equivalent surcharge from
the upper tier acting on the lower tier and the deformation of
the lower tier influencing the behavior of the upper tier.
Consequently, the two tiers mutually affect each other and cause
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additional wall deformation and reinforcement load in both the
upper and lower tiers when compared with a wall of the same
height as each tier. This is demonstrated using the FE results
obtained in the current study.

Fig. 18 shows the effect of the offset distance on the max(Tax)
and Jymax in both the upper and lower tiers at wall failure. The
results in Fig. 18a show decreased max(Tq) values in both the
upper and lower tiers with an increased offset distance, reaching
a constant value beyond the critical offset distance D.. The
decreasing trend of the max(T,,qx) values in the lower tier suggests
that as the offset distance increases, the influence of the equivalent
surcharge from the upper tier on reinforcements in the lower tier
decreases. The highest max(T.) value was acquired from single
walls because of their small offset distances, which induced high
overburden pressure on the reinforcement. Independent walls
had the lowest max(T;,,qx) values because the large offset distance
decreased the overburden pressure from the upper tier acting on
reinforcements in the lower tier. The max(T,,qy) values in the upper
tiers also show the same decreasing trend, caused by reduced wall
deformation at the lower tier with an increased offset distance. The
ratio of max(T,,ex) When two tiers have full interaction(i.e., a single
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Table 4
Comparison of critical offset distances determined by various methods.
Current design approach and previous researches Critical offset distance, D, Method
FHWA [10,5] tan(90° — ¢)H, (=1.21H, with ¢ = 39.5°) Empirical
NCMA [25] L, for internal analysis, L, + X for external analysis® Empirical
Leshchinsky and Han [17] 0.80H, Limit equilibrium
Yoo et al. [36] 0.80H, Finite element
Mohamed et al. [24] 0.70H, Limit equilibrium
This study 0.73H, Finite element (by max(T,ax))
0.82H, Finite element (by Jy)

@ X5 =(H, + D/500)tana, where « is the inclination angle of the Coulomb failure surface, for tiered walls with vertical tiers and horizontal offset distances.

wall) to that when no interaction occurs between two tiers (i.e.,
independent wall) is approximately 1.7 and 2 in the upper and
lower tiers, respectively.

Fig. 18b shows a similar trend in the results of dy 4y in both the
upper and lower tiers. The results in Fig. 18b show that the 6y max
value decreases as the offset distance increases and reaches a con-
stant value beyond the critical offset distance D,. This observation
supports the previous statement that the interaction between the
two tiers reduces as the offset distance increases. The ratio of Jy -
max 1N the single wall to that in the independent wall is approxi-
mately 3.5 and 4.5 in the upper and lower tiers, respectively. The
FE findings are consistent with previous studies [37,38]. They
observed that the interaction between two tiers substantially
increased the wall movements and the reinforcement strains in
both the upper and lower tiers. The FHWA design guidelines do
not fully consider this mutual interaction between two tiers. The
FHWA design guidelines considers only the upper tier influence
on the lower tier regarding the equivalent surcharge acting on
the lower tier, but do not address the lower tier influence on the
upper tier regarding the lower tier deformation amplifying the
deformation and the subsequent mobilization of reinforcement
loads at the upper tier because they suggest designing the upper
tier as a single wall.

5.5. Critical offset distance

The critical offset distance D, shown in Fig. 18 is the offset dis-
tance beyond which two tiers act independently. In Fig. 18,
D =0.73H, was identified when the decreased max(Ty,qx) value
with increased D reached a constant value (the intersection of
two trend lines in Fig. 18a), and D, = 0.82H; was identified when
the decreased 5y value with increased D reached a constant value.
Yoo et al. [36] also assessed the internal stability of two-tier GRS
walls using reduced-scale physical models and FE simulations.
The critical offset distance was D =0.8H, using FE simulation
when the increase in the factor of safety (FS) with the increase in
D reached a constant value. Leshchinsky and Han [17] analyzed
multitier walls numerically by comparing the results obtained
from FE and LE analyses. The D, = 0.8H, was determined using
LE analysis when decreased required tensile strength of the rein-
forcement with increased D reached a constant value.

Table 4 lists the critical offset distance, D, values obtained
from FE using max(Tpq), and éy results in this study, reported by
design guidelines and previous studies. The results in Table 4 indi-
cate that the D,, value obtained in this study and previous studies
is only slightly different. In general, the D,, ranges from 0.7-0.8H,,
which is substantially lower than the values recommended in
FHWA and NCMA design guidelines. The D value recommended
by the FHWA is approximately 1.5 times greater than those deter-
mined using FE in this study, and reported by previous studies
[17,36]. Consequently, using the D, value provided in the current
design guidelines would likely result in a conservative design.

6. Conclusion

This study presents the procedure and results of FE analyses of a
series centrifuge tests on two-tier GRS wall models with various
offset distances. The FE results were used to investigate the mobi-
lization and distribution of reinforcement tensile loads, effective
overburden pressure, and the horizontal wall deformation of
two-tier walls with various offset distances. Based on the details
of the FE findings on the interaction between two tiers and design
implications for multitier GRS walls, the conclusions of this study
are summarized as follows:

o Excellent agreement was obtained among the centrifuge mod-
els, FE, and LE with a noncircular failure surface in locating fail-
ure surface. The maximum tension lines in FHWA design
guidelines depict failure surfaces at a long distance from the
wall face, particularly for the upper part of the upper tier,
resulting in an overestimation of the required reinforcement
lengths and, consequently, a conservative design against
pullout.

e The FE results demonstrated that the modified Gray’s elastic
solution is more realistic in calculating the effective overburden
pressure on the lower tier with increased offset distance, com-
pared with the FHWA design guideline approach.

e The FE findings showed a nearly uniform distribution of maxi-
mum reinforcement tensile loads with depth at wall failure,
confirming the assumed uniform distribution of reinforced ten-
sile loads used in the LE analysis as reasonable.

e The calculated max(T,q) values obtained from FE analyses
agreed with the results obtained from the LE method with uni-
form distribution. However, over predictions of max(T ) val-
ues were obtained using FHWA and the LE method with linear
and trapezoidal distributions.

e An increased offset distance decreases the max(T;qx) and oy val-
ues predicted by FE in both the upper and lower ties, demon-
strating that the two tiers mutually affect each other and can
cause additional wall deformation and reinforcement strain in
both the upper and lower tiers. However, the FHWA design
guidelines only considers the influence of the upper tier as the
equivalent surcharge on the lower tier but do not address the
influence of the lower tier on the upper tier.

e The critical offset distances D, =0.73H, by max(Tn.) and
D¢ = 0.8 H, by 6y identified in this study agree with the D, val-
ues reported in previous studies, and are considerably lower
than the values recommended in FHWA and NCMA design
guidelines.

Finally, this study addressed only the results of FE analyses for
centrifuge modeling of two-tier GRS walls with various offset dis-
tances. Issues related to field conditions, such as extra deformation
and reinforcement loads induced by compaction, soft foundation,
and GRS walls with more than two tiers, require further
investigation.
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