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PERFORMANCE OF GEOSYNTHETIC-REINFORCED
SOIL WALLS AT FAILURE

Wen-Yi Hung!, Kuo-Hsin Yang?, Thanh Son Nguyen?, and Truong-Nhat-Phuong Pham *

ABSTRACT

A series of centrifuge tests was conducted to investigate the performance of geosynthetic-reinforced soil (GRS) walls under
failure conditions and evaluate the applicability of limit equilibrium (LE) analysis for the internal stability design of GRS walls.
The test variables were reinforcement material and wall height. The failure process, failure mode, and wall facing displacement
were observed and discussed. The test results revealed that the wall deformed gradually as the applied g-level increased. At pre-
failure stage, excessive settlement occurred close to the wall crest, and a distinct subsidence developed at the top of the wall at the
end of the reinforced zone. At the moment of failure, wall deformation suddenly increased, and the wall collapsed instantly. The
location of the critical failure surface of the GRS wall was affected by the reinforcement inclusion. The upper limit of the critical
failure surfaces of all tests was bounded by Rankine’s theory. Back-calculation from the centrifuge test results revealed that all the
wall models with different reinforcement and wall geometric parameters yielded a single equivalent earth pressure coefficient Kr,
and the Kr value was comparable to theoretical active earth pressure coefficients. The failure g-level and location of the critical
failure surface predicted by LE analyses were in good agreement with the observed ones from centrifuge tests, validating the
applicability of LE analysis as a basis for the internal design of GRS walls. On the basis of the established relationship between the
factor of safety and wall facing displacement, the inherent factors of safety ranged from FSs = 1.5 to 2.5 for the wall deformation
under serviceability conditions, as suggested in several design guidelines. The maximum horizontal facing displacement reached
8% ~ 12% of the wall height at incipient wall failure. Compared with the wall deformation data in the literature, the global
reinforcement stiffness was observed to have a significant influence on the maximum horizontal facing displacement of GRS walls

at failure.
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1. INTRODUCTION

Geosynthetic-reinforced soil (GRS) structures have been
widely applied in various construction projects, including founda-
tions, highway embankments, bridge abutments, and slope stabili-
zation. GRS structures have also been used as a mitigation meas-
ure against natural disasters such as floods, earthquakes, tsunamis,
fault movements, rockfalls, debris flows, and avalanches (Brandl
2011; Fowze et al. 2012; Kuwano et al. 2012; Lambert and Bour-
rier 2013; Koseki and Shibuya 2014). The factors that foster the
acceptance of GRS structures include aesthetics, reliability, low
cost, simple and fast construction, seismic performance, and the
ability to withstand large deformations. In practical design, the
GRS structure is analyzed for internal, external, global, and seis-
mic stability and deformation. In addition, the factors of safety
(FS) against all failure modes are specified in design guidelines
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(Elias et al. 2001; Berg et al. 2009; NCMA 2010; AASHTO
2012). GRS structures are commonly categorized into reinforced
soil walls (i.e., GRS walls) and reinforced soil slopes (RSSs),
differentiated by a facing inclination of 70°. This study focused
on the internal stability of GRS walls.

For the internal stability design of GRS structures, design
guidelines (Elias et al. 2001; Berg et al. 2009; AASHTO 2012)
limit the use of limit equilibrium (LE) analysis for RSSs and the
lateral earth pressure method for GRS walls. However, this limi-
tation is somewhat arbitrary, and there is no theoretical reason why
LE analysis cannot be extended to design GRS walls. In fact, the
limitation of face inclinations should only be applied to the lateral
earth pressure method but not to LE analysis because the lateral
earth pressure method is theoretically based and is thus limited to
retaining structures with small facing inclinations. The LE method
is a popular and preferable approach for slope stability analyses of
earth structures and natural slopes in practice due to its simple and
well-established design procedures. Because the global slope sta-
bility of GRS walls still has to be evaluated using LE analysis, it
would be more convenient and straightforward for engineers to
conduct the internal stability design of GRS walls using LE anal-
ysis as well. A LE-based unified limit state design framework for
GRS walls and slopes was proposed by Leshchinsky et al. (2014,
2017) and Xie et al. (2016). However, to date, limited studies have
compared LE prediction with the physical test results of GRS walls
(Probaha and Goodings 1996; Mane and Viswanadham 2010;
Yang et al. 2013; Leshchinsky et al. 2014). The applicability and
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suitability of LE analysis as a basis for the design of GRS walls
require further validation.

For the deformation of GRS walls, design guidelines (Elias et
al. 2001; WSDOT 2005; Berg et al. 2009; NCMA 2010; AASHTO
2012) provide anticipated values or specified tolerances for the
maximum horizontal facing displacement of GRS walls. These
recommended wall facing displacement values are empirically de-
rived based on reinforcement type (i.e., extensible or inextensible),
reinforcement length, wall height, facing system, and surcharge.
Bathurst et al. (2010) conducted a thorough review of current rec-
ommendations for the maximum horizontal facing displacement
of GRS walls in numerous design guidelines and compared the
recommended values with a database of reported deformations
from high quality instrumented and monitored full-scale walls.
They concluded that in most cases, FHWA and AASHTO recom-
mendations provide reasonable upper limits for end-of-construc-
tion (EOC) movements for walls constructed on firm foundations.
In practical design, no standard method exists for predicting facing
deformations. Wall deformation is simply assumed to be within
allowable limits, provided that the design meets the required FSs
for GRS walls. Therefore, knowledge of the inherent FS of a GRS
wall in correspondence to the recommended wall facing displace-
ment values is valuable. In addition, the recommended wall facing
displacement values in design guidelines are mostly applied for the
wall deformation at EOC or under serviceability conditions. Little
attention has been paid to wall deformation at failure (or just prior
to failure), which provides a critical information for detecting in-
cipient wall failure, and allows actions of early warning and re-
sponse to be implemented before the final collapse of the wall.

The behavior of GRS walls has been evaluated extensively
through monitored field tests and full-scale tests (Allen and
Bathurst 2002, 2013, 2014a, 2014b, 2015; Bathurst et al. 2005,
2006, 2008, 2009a, 2009b; Kazimierowicz-Frankowska 2005;
Yang et al. 2009, 2010, 2012; Miyata et al. 2015; Baral et al. 2016;
Salem et al. 2018), centrifuge model tests (Goodings and
Santamarina 1989; Porbaha and Goodings 1996; Springman et al.
1997; Chen et al. 2007, Mane and Viswanadham 2010;
Balakrishnan and Viswanadham 2016; Costa et al. 2016; Ling et
al. 2016), and numerical analyses (Ho and Rowe 1998; Rowe and
Ho 1998; Ling et al. 2000; Rowe and Skinner 2001; Ling and
Leshchinsky 2003; Hatami and Bathurst 2005, 2006; Guler et al.
2007; Huang et al. 2009, 2010; Damians et al. 2013, 2015;
Mirmoradi and Ehrlich 2015; Sukmak et al. 2016; Yu et al. 20164,
2016b, 2017; Salem et al. 2018). These studies have mainly: (1)
investigated the effects of backfill materials, reinforcement ar-
rangements, facing systems, foundation conditions, and compac-
tion effects on the performance of GRS walls; (2) evaluated the
mobilized reinforcement loads and distribution within GRS walls
and compared them with various design methods for predicting re-
inforcement tensile loads. Due to the limitations of full-scale tests
and numerical analysis, the majority of the aforementioned studies
have focused on the performance of GRS walls under working
stress (operational) conditions. Although these past studies pro-
vided useful information for the development of working stress
design methods, studies on the GRS walls at failure, which pro-
vides valuable information to understand the failure mechanism,
ultimate load carrying capacity, and pre-failure deformation char-
acteristics of GRS walls, have not been fully investigated. Only a
few studies have reported the failure mechanism of GRS walls by
using centrifuge tests (Goodings and Santamarina 1989; Porbaha

and Goodings 1996; Chen et al. 2007; Mane and Viswanadham
2010; Balakrishnan and Viswanadham 2016; Costa et al. 2016)
and full-scale tests loaded with a substantial amount of surcharge
(Bathurst et al. 2009b).

The preceding discussion motivated the authors to conduct a
series of centrifuge model tests to study the performance of GRS
walls under failure conditions and to evaluate the applicability of
LE analysis for the internal stability design of GRS walls. The ob-
jectives of this study are to: (1) investigate the failure process and
mechanism of GRS walls; (2) validate LE analysis as a basis for
the internal stability design of GRS walls by comparing it with
centrifuge test results; and (3) assess the facing displacement of
GRS walls at failure. By combining the results of the centrifuge
test and LE analysis, this study aims to establish the relationships
between the FS and maximum horizontal facing displacement of
GRS walls. The established relationships can then be used to iden-
tify the inherent FS of a GRS wall corresponding to the wall facing
displacement values at EOC under serviceability conditions, as
recommended in various design guidelines, and to determine wall
deformation values at failure (FS = 1). This paper first introduces
the centrifuge model tests conducted in this study. The soil and
reinforcement materials, model preparation, and test procedure are
discussed. The test results involving the failure process, failure
mechanism, and deformation characteristics of GRS walls and the
prediction of the failure conditions of GRS walls through LE anal-
ysis are then presented and discussed.

2. CENTRIFUGE TESTS

2.1 Centrifuge Model and Program

The centrifuge tests in this study were undertaken in the Cen-
trifuge Modeling Laboratory of the Physical Modeling and Exper-
imental Center at National Central University, Taiwan. A total of
10 centrifuge model tests with different reinforcement materials
and wall heights, denoted as Tests 1 to 10, were conducted. Table
1 summarizes the centrifuge test program in the present study. Fig-
ure 1 shows schematic profile views of the GRS wall model. All
models were constructed on a 150-mm firm foundation. The total
height of the wall models varied from 224 to 320 mm, which in-
cluded an additional layer (equal to reinforcement spacing S,) of
soil placed on the top of the wall to cover the topmost reinforce-
ment layer. According to the centrifuge scaling law, the total wall
heights were equivalent to H = 8 ~ 24 m in the prototype.

Regarding reinforcement layout, the reinforcement layer had
a length L equal to 0.7 times of the wall height (i.e., L/H = 0.7).
Each reinforcement layer was folded back at the wall face and ex-
tended inward, forming a wrap-around facing and a secondary
(overlapping) layer with length L, equal to 40% of the primary re-
inforcement length. The number of reinforcement layers was n =
16 for all wall models; thus, the reinforcement spacing of the wall
models ranged from S, = 10 to 20 mm (equivalent to 0.4 ~ 1.4 m
in the prototype). To reduce particle size effects, Jewell (1993)
suggested that the test specimen must be at least six times larger
than the maximum particle size or 15 times larger than the average
particle size of the soil. As listed in Table 1, the ratio of reinforce-
ment spacing to mean particle size was kept sufficiently large
(Sw/dso > 50 for all wall models) to avoid the influence of particle
size effects on the failure mechanism (i.e., shear band formation)
and test results.
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Table 1 Geometrical configurations and test results of GRS wall models

Test No. Geotextile type Tur H L n ny S, S\/dso Test results LE prediction
(Nm) | (mm) | (mm) (mm) N@ [00) | N [6¢)
1 M1 0.10 256 168 16 21 16 57.1 26 61 24 60
2 M2 0.24 320 210 16 21 20 714 34 59 38 60
3 M2 0.24 288 190 16 21 18 64.3 45 58 46 59
4 M2 0.24 256 168 16 21 16 57.1 56 61 57 60
4a M2 0.24 256 168 16 21 16 57.1 54 62 57 60
5 M2 0.24 224 147 16 21 14 50.0 64 63 75 61
6 M3 0.37 320 210 16 21 20 71.4 58 62 58 61
7 M3 0.37 288 190 16 21 18 64.3 72 65 71 62
8 M3 0.37 256 168 16 21 16 57.1 90 63 88 62
9 M4 0.40 320 210 16 21 20 71.4 65 57 62 59
10 M4 0.40 250 140 16 20 15 53.6 95 56 92 56
] B Table 2 Properties of soil used in the study
Si Soil properties Symbol Value
A Y RO BT Basic soil parameters
F [ s e Unified Soil Classification System USCS SP
N T AR Specific gravity G, 2.66
P LSS LR a Effective size (mm) dio 0.17
[—— < Sand backfill £ Mean particle size (mm) dso 0.28
R AT g Coefficient of curvature C. 1.05
ST AR AR A N R K Coefficient of uniformity C, 1.78
Foundation PR T S Minimum dry unit weight (kN/m®) Ydmin 13.30
Maximum dry unit weight (kN/m?®) Ydmax 15.90
sty Unit weight of soil (kN/m?) y 15.02
L . s e Relative density (%) D, 70
v Strength properties
Triaxial compression friction angle (°) Qi 39.5
| 220 mm | Plane strain peak friction angle (°) Dps 42.3°
I | * Estimated based on the triaxial compression friction angle
Fig.1 Schematic profile view of centrifuge GRS wall model Ops = 1.5 ¢ — 17 (1)

2.2 Material Properties

The backfill of the wall models was uniform Fulung beach
sand, which was classified as poorly graded sand (SP) according to
the Unified Soil Classification System (USCS). The same soil was
used for the retained fill and foundation. Figure 2 shows the soil
grain size distribution curve. Table 2 summarizes the physical and
mechanical properties of the soil. The test sand had a mean particle
size dso= 0.28 mm, coefficient of curvature C. = 1.05, uniformity
coefficient C,= 1.78, minimum dry unit weight ya, min = 13.3 kN/m?,
and maximum dry unit weight Y4, max = 15.9 kN/m® determined ac-
cording to ASTM standards. The backfill of the wall models was
prepared at a target relative density D, = 70% by carefully
pluviating sand from a hopper to achieve a state of uniform density.
The corresponding soil unit weight was y = 15.02 kN/m? at D, =
70%. The soil shear strength properties obtained from a series of
consolidated-drained triaxial compression tests were ¢ = 0 kN/m?
and ¢n=39.5°. The measured stress—strain-volumetric strain curves
of the sand can be found in the study by Mohamed et al. (2014).

The importance of using plane strain strength to simulate the
plane strain response of GRS walls was demonstrated by Hatami
and Bathurst (2005, 2006) and Huang et al. (2009). In the present
study, to characterize the shear strength of the sand under the plane
strain conditions in the centrifuge model, the plane strain peak fric-
tion angle (¢ps) was estimated using the correlation equation pro-
posed by Lade and Lee (1976):

where ¢ps and ¢« are the friction angles under plane strain and tri-
axial compression conditions, respectively. Based on Eq. (1), the
estimated plane strain friction angle was ¢ps = 42.3°, which was
used for subsequent analyses in this study.

Four nonwoven geotextiles made of wood pulp, rayon, poly-
ester and rayon, and polypropylene, denoted as M1, M2, M3, and
M4, respectively, were used as reinforcement materials in the tests.
Table 3 summarizes the properties of the four geotextile materials.
A series of wide width tensile tests (ASTM D4595) was performed
to evaluate the tensile strength properties of the geotextile materi-
als. The ultimate tensile strengths of M1, M2, M3, and M4 ob-
tained from the wide-width tests were T = 0.06, 0.11, 0.17, and
0.25 kN/m at the ultimate strains of 8.5%, 29.7%, 10.9%, and
19.7%, respectively. These geotextile materials — having rela-
tively low tensile strength — were selected with the intention of
achieving wall failure in the centrifuge tests.

As a nonwoven geotextile is buried in soil, its tensile strength
may be affected by soil confinement, which increases the confin-
ing pressure and restrains the lateral deformation (necking) of the
geotextile. As a result, unconfined wide-width tensile tests may
not accurately represent in-soil tensile strength values (Ling et al.
1992; Boyle et al. 1996). Studies have observed that the likely
range for the in-soil tensile strength value of nonwoven geotextile
is bound between the T.. values obtained from wide-width and
zero-span tensile tests (Christopher er al. 1986; Porbaha and
Goodings
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Table 3 Properties of four geotextile materials used in this study

Geotextile type Material Th(lgllﬁll; 58 Zero-span Elsttlmate strengthwﬁge({(ig?g Strip test Tensile stiffness, J,* (kN/m)
Ml Wood pulp 0.07 0.10 0.06 0.71
M2 Rayon 0.13 0.24 0.11 0.37
M3 Polyester, Rayon 0.15 0.37 0.17 1.56
M4 Polypropylene 0.13 0.40 0.25 1.27

* calculated based on the wide-width strip test

1996a; Zornberg et al. 1998a; 1998b; Mohammed et al. 2013).
Zornberg et al. (1998b) compared the breakage patterns in geotex-
tile specimens tested using zero-span, wide-width, and centrifuge
model tests. Test results revealed that the breakage pattern (a dis-
tinct rupture tear and no lateral necking) in the geotextile layer re-
trieved from the centrifuge slope model after the test resembled
that of the geotextile tested using the zero-span test.

According to the proceeding discussion, zero-span tensile
tests with clamps 6 mm apart were also performed in this study to
properly characterize the reinforcement tensile behavior under the
centrifuge test conditions (Christopher et al. 1986; Porbaha and
Goodings 1996a; Zornberg et al. 1998a; 1998b). The ultimate ten-
sile strengths of M1, M2, M3, and M4 obtained from the zero-span
tests were T =0.10, 0.24, 0.37, and 0.40 kN/m, respectively. The
Tur values of the test geotextiles obtained from the zero-span test
are approximately twice of those obtained from the wide-width
tests (Table 3). The zero-span tensile strength values were used for
subsequent analyses in this study and were verified by comparing
them with the developed tensile force 7. values at failure back-
calculated from LE analysis.

2.3 Model Preparation and Test Procedure

The wall models were constructed in a rigid aluminum con-
tainer with the internal dimensions of 820 mm x 450 mm in the
plan and a height of 580 mm. A transparent Plexiglas window was
installed on one of the side walls of the container to enable in-flight
observation of the wall model during test. To ensure that the wall
model was tested under plane strain conditions, before construct-
ing the wall model, thin plastic sheets with lubricant were applied
at the internal faces of the container before constructing the wall
model to minimize the boundary effects due to side friction be-
tween the soil and side walls.

At the beginning of model construction, a 150-mm-thick
foundation was placed and compacted to achieve a dense state and
prevent the occurrence of bearing capacity failure. After the foun-
dation was placed, a temporary wooden formwork was assembled
to provide lateral support for the wall model during construction.
Thereafter, the wall model was constructed successively by in-
stalling a reinforcement layer, placing a soil layer with controlled
density (D-=70%), and folding the geotextile back into the soil to
provide a flexible wrapped facing. These processes were repeated
until the wall model reached the desired height. The overlapping
length of the topmost reinforcement was extended to the same dis-
tance of the primary reinforcement layer, and a layer of overbur-
den soil (equal to S.) was finally deposited on top of the wall to
prevent the local pullout failure at this reinforcement layer.

The centrifuge testing procedure was divided into two stages.
In the first stage, the wall model with the supporting wooden form-
work was flew to a certain g-level until the measured settlement at
the top of the wall was stable (to compress any voids through in-
creasing self-weight) and then decelerated to a complete stop. In

the second stage, the wooden formwork was removed and the
models were loaded by gradually increasing the centrifuge accel-
eration in increments of 5g until failure of the wall model occurred.
Each step of acceleration was maintained for 30s to ensure that the
applied centrifugal force was completely transferred to the wall
model at each step. During the centrifuge test, two couple-charged
device (CCD) cameras, focusing on the side and the top of the
model, were used to continuously monitor wall deformation and
the development of cracks on top of the wall. The failure g-levels
Nyof each test were recorded.

After wall failure was reached, the centrifuge was decelerated
to a complete stop and each reinforcement sheet in the model was
retrieved and pieced together to identify the breakage positions of
the reinforcement. The location of the critical failure surface of the
wall model was determined based on the observed tears (ruptures)
in each reinforcement layer. Figure 3 shows typical photos of re-
inforcement layers retrieved from the dismantled wall models after
completion of the test. Clear breaks observed from the retrieved
reinforcement layers (as shown in Figs. 3(b) and 3(c)) indicated
that the wall model failed internally when the reinforcements
achieved their ultimate strength capacity. In addition, the nearly
horizontal breakage pattern (perpendicular to the wall facing) in
the reinforcement validated the plane strain condition in the cen-
trifuge tests. A curved shape of the reinforcement tears would have
been observed if significant boundary effects had occurred due to
side friction.

2.4 Test Reproducibility

The reproducibility and consistency of the tests were verified
by examining test results obtained under the same conditions. Fig-
ure 4 and Table 1 present a comparison of the test results of Tests
4 and 4a at wall failure. The white dashed lines in the inserted
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photo in Fig. 4 indicate the original wall profile. The measured
failure g-levels for Tests 4 and 4a (Ny= 56 and 54, respectively)
were fairly close (Table 1). The failure occurred entirely within the
reinforced zone in both tests. The developed failure surfaces of
two tests matched well, and the final deposit profiles of failed soil
mass were similar (Fig. 4). The comparison results demonstrate
that the techniques of model preparation and test procedure
adopted in this study can produce repeatable test results.

3. Wall Failure Mechanism

3.1 Failure Process

Figure 5 depicts a typical example of the failure process and
development of failure surfaces of the GRS wall model observed
from the centrifuge test. As the g-level increased, the wall gradu-
ally deformed. The wall facing displaced outward, and several set-
tlement-induced transverse cracks, perpendicular to the direction
of the facing displacement, developed at the top of the wall (Fig.
5(b)). When the g-level increased close to Ny (i.e., at pre-failure
stage), excessive settlement occurred, and a distinct subsidence de-
veloped at the top of the wall at the end of the reinforced zone (Fig.
5(c)). At the moment of failure, wall deformation suddenly in-
creased, and the wall collapsed instantly.

The wall finally failed in two soil masses, which occurred al-
most simultaneously: the overturning of the first failure soil mass,
followed by the sliding down of the second one (Fig. 5(c)). The
two failure soil masses formed two (primary and conjugative) fail-
ure surfaces. The primary failure surface developed along an in-
clined plane, whereas the conjugative failure surface extended
near vertically along the end of the overlapping length to the top
of the wall. By observing the retrieved reinforcement layers, for
the geotextile layers located toward the base of the wall (Fig. 3(b)),
the failure surface intersected both the primary reinforcement layer
and the overlapping length, indicating both primary and overlap-
ping layers contributed to the system stability. For the geotextile
layers located above the middle of the wall (Fig. 3(b)), the geotex-
tile layer cut by the primary failure surface always displayed a
clear tear, whereas the one intersected by the conjugative failure
surface could show either a tear (Fig. 3(c)) or severe straining
(without breakage). Figure 5(d) illustrates the final profile after the
wall collapsed. The distance affected by the deposited failure soil
mass was approximately 0.6 ~ 0.8 H away from the toe of the wall.

The failure process observed from the centrifuge tests in this
study agree with the field observations obtained by Tatsuoka et al.
(2000). They reported that the failure mode of flexible GRS walls
(i.e., without concrete facing) typically involved an excessive de-
formation and a development of a crack at the top of the wall,
which in turn may trigger active wall failure.

3.2 Measured Failure g-Level and Failure Surface

Table 1 lists the measured failure g-level for all tests. The
failure g-level Nywas defined at the moment when the rate of dis-
placement at the crest of the wall suddenly increased. The deter-
mined failure moment matched well with the visual observation of
the initiation of failure from the video taken by CCD cameras. Fig-
ure 6 shows the influence of reinforcement and wall geometric pa-
rameters on the measured failure g-level. An approximately linear
relationship was observed between Tur and Ny at a given wall
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height. The fitting line for each wall height passed through the
origin of the figure. The linear relationships between 7w and Nrfor
various wall heights clearly indicated that an increase in failure g-
level corresponded to an increase in reinforcement tensile strength.

The effect of the wall height 4 on Ny was evaluated by com-
paring the slopes of the fitting lines. As expected, the slope of the
fitting line increased as H decreased, implying the shorter wall
model with the same reinforcement material failed at higher accel-
erations. Overall, the centrifuge test results suggest the reinforce-
ment tensile strength and wall height have significant effects on
the stability of GRS walls.

Figure 7 compiles the observed locations of the critical failure
surfaces for all tests (only the primary failure surface is consid-
ered). Table 1 lists the inclination angle of the critical failure sur-
faces, ranging from 6 = 56° to 65°, for all wall models. The loca-
tion of the critical failure surface of the wall models appeared to
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be affected by the reinforcement inclusion. For instance, the fail-
ure surface of Tests 9 and 10 reinforced by geotextile M4, which
has the highest tensile strength, had a low inclination angle. The
upper limit of the critical failure surfaces of all tests was bounded
by Rankine’s theory (i.e., tan (45° + ¢/2)), resulting in the area of
the active zone limited by the failure surface being close to or
larger than that calculated by Rankine’s theory.

Figure 7 also shows that the critical failure surfaces of all wall
models passed through the wall face at the second reinforcement
layer rather than through the toe of the wall at the first reinforce-
ment layer. The observation of the retrieved reinforcement layers
after the test demonstrated that the first (bottommost) reinforce-
ment layers exhibited no evidence of tears and severe straining
(Fig. 3(a)). This is likely because the boundary constraint from the
dense foundation in the centrifuge models constrained soil move-
ment as well as reinforcement deformation at the base of the wall
model. As a result, the failure surfaces were prevented from pass-
ing through the wall toe. These results are consistent with the find-
ings of studies on reinforced slopes by Zornberg et al. (1998a,
1998b). In addition, Allen et al. (2003) addressed similar attenuat-
ing effects of stiff competent foundations on reinforcement loads
at the base of walls.

3.3 Equivalent Earth Pressure Coefficient

The influence of reinforcement and wall geometric parame-
ters on the test results were combined and normalized into an
equivalent earth pressure coefficient. Regarding the internal fail-
ure of GRS walls, at the moment of failure, the soil along the po-
tential failure surface reached active failure, and all the reinforce-
ment layers achieved the ultimate load as inferred from the centri-
fuge test results. The equilibrium relationships between horizontal
soil stresses and reinforcement forces at failure can be further char-
acterized by an equivalent earth pressure coefficient, Kz, defined
as:

2n, T,

Ko B>=[—j

YH?

1
L— 2)
Ny

where y = unit weight of soil, # = wall height, n, = number of
broken reinforcement layers counting for both primary and over-
lap layers (listed in Table 1), Tur = reinforcement ultimate tensile
strength from zero-span test, and Ny= failure g-level. The Kr coef-
ficient was first proposed by Zornberg et al. (1998b) for reinforced
slopes. Based on the centrifuge test results for reinforced slopes,
Zornberg et al. (1998b) found that the Kr value is only dependent
on the backfill friction angle ¢ and facing inclination [ but inde-
pendent of reinforcement type and layout.

Figure 8 shows the normalized centrifuge test results and the
comparison of the Kr value back-calculated from the centrifuge
tests with the theoretical active earth pressure coefficient values.
Because all the wall models had the same backfill (¢,s =42.3°) and
facing inclination (f = 90°), a unique linear relationship was es-
tablished between the normalized reinforcement tension summa-
tion and Nr. The K7 value (= 0.180) was calculated from the slope
of the linear fitting line. The Kr value was slightly lower than the
value obtained from Rankine’s active earth pressure coefficient Ka
(= 0.196). This discrepancy between Kr and K. is likely because
the soil-facing interface interaction in the wall models is not con-
sidered in the calculation of Rankine’s K,. Coulomb’s K, is further
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considered to account for the effect of soil-facing interface inter-
action. The comparison results in Fig. 8 indicate that the Kr value
is consistent with the Coulomb’s K, value when tand/tan¢ = 0.6
(where § is the soil-geotextile interface friction angle). Overall, the
unique linear relationship established from the centrifuge test re-
sults confirms that the influence of the reinforcement and wall ge-
ometric parameters on the stability of GRS walls can be combined
and normalized into a single Kr coefficient, and that the Kr value
is comparable to the theoretical active earth pressure coefficients.

gafety Factor
0.0

B

‘ 1.5

. Pullout
Tensile

4. Limit Equilibrium Analyses

4.1 LE Model

In this section, LE analyses were performed to evaluate the
applicability of LE analysis for GRS walls. Figure 9 presents the
LE model and the search results for the critical failure surface and
the corresponding FS value. In LE analyses, Spencer’s method
(Spencer 1967) — as coded in the slope stability program Slide
v.7.0 (Slide 2017) — was adopted. Spencer’s method is a rigorous
slice method that satisfies all equilibrium conditions (i.e., vertical
force, horizontal force, and moment equilibrium) in each analyzed
slope slice. Circular and noncircular failure surfaces were consid-
ered in this study. The noncircular failure surface comprised sev-
eral piecewise linear segments. The search of critical failure sur-
face was specified to initiate from the toe and exit at the top of the
wall. The centrifugal force was simulated by increasing the unit
weight of backfill until FS = 1 was obtained.

The shear strength of the sand in the centrifuge model was
characterized by the plane strain friction angle. The geotextile was
modeled as a reinforcement element by inputting a tensile force
value. Figure 10 illustrates the input tensile force distribution
along the primary reinforcement layer. The bilinear tensile force
distribution along the reinforcement length was input based on its
ability to provide rupture and pullout resistance. The rupture re-
sistance was specified by inputting the 7w value from the zero-
span test. As the geotextile was wrapped around at the wall facing,
the same 7. value was assumed for the reinforcement tensile force
at the wrapped facing by selecting the reinforcement anchorage
function in the Slide program. The pullout resistance was calcu-
lated using the pullout equation:

P.=R.L,(c,+otand) 3)

Rupture resistance part

Pullout resistance part

Fig. 9 LE model and LE results of the critical failure surface and the corresponding FS
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where P, = pullout resistance; R. = coverage ratio (= 2, consid-
ering both top and bottom surfaces of reinforcement according
to the suggestions by AASHTO 2012 and Elias el al. 2001); L. =
horizontal distance to the free end of reinforcement; c. and 6 =
interface cohesion and friction angle, respectively; and ¢ = ef-
fective overburden pressure on the reinforcement layer. The &
value was calculated using the interface efficiency factor
tand/tand = 0.6 (consistent with value used for calculating Cou-
lomb’s K, in the previous section). As shown in Fig. 10, the
pullout resistance of the reinforcement increased linearly from
zero at the free end of the reinforcement to a value equal to the
input T value. The overlap layers were modeled as additional
secondary reinforcement layers to account for the contribution of
the geotextile overlaps to system stability. For simplicity, the
tensile force was assumed to be uniformly distributed along the
reinforcement length.

Modeling reinforcement tensile force distribution with
depth requires certain assumptions, because the calculation prob-
lem is statically indeterminate when incorporating reinforce-
ments into LE analysis. In this study, the rupture resistance part
of the reinforcement tensile force was assumed to be uniformly
distributed with depth (Fig. 9). The assumption of uniform ten-
sile force distribution with depth is supported by the observations
from experimental tests on GRS structures. Based on the meas-
ured reinforcement tensile strains from several well-instru-
mented full scale GRS walls, Allen and Bathurst (2002) and Al-
len et al. (2003) confirmed that the distribution of T versus
normalized elevation of the wall is close to a uniform shape, es-
pecially at the middle part of the wall. Besides, based on the ob-
servation from centrifuge tests, Zornberg et al. (1998a) found
that all reinforcement layers broke approximately at the same
time at the moment of failure, suggesting the reinforcement ten-
sile force with depth was uniformly mobilized and reached their
ultimate tensile strength at the moment of failure. In addition,
Zornberg et al. (1998b) and Mohamed et al. (2013) performed
parametric studies to evaluate the influence of the reinforcement
tensile force distribution with depth (e.g., uniform, triangular,
and trapezoidal distributions) for reinforced slopes and multi-
tiered GRS walls, respectively. Both studies found the use of uni-
form distribution with depth yielded accurate LE results for pre-
dicting the failure g-levels and locations of critical failure sur-
faces. Finally, reduction factors such as creep, installation dam-
age and degradation were not applied to the input reinforcement
tensile force (i.e., all reduction factors were 1.0). This is because
unlike the field wall conditions, the wall models were carefully
constructed to ensure that no installation damage occurred, and
the duration of centrifuge tests was also kept sufficiently short to
avoid long-term behavior such as creep or degradation.
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4.2 Predicted Failure g-Level and Critical Failure
Surface

The failure g-level and location of critical failure surface pre-
dicted by LE analyses were compared with the observed ones from
the centrifuge tests. The accuracy of predicting failure g-level and
identifying the critical failure surface are vital to the internal sta-
bility design of GRS walls against reinforcement breakage and
pullout. Figure 11 shows the variation of FS with g-level for wall
models with various geotextiles (Tests 1, 4, 8, and 9) calculated
from LE analyses. In general, the FS values exhibited a nonlinear
decreasing trend as the applied centrifugal accelerations increased.
The predicted Ny value was then determined at the g-level corre-
sponding to FS = 1, as indicated in Fig. 11 and in Table 1.

Figure 12 shows the comparison of the predicted and meas-
ured Ny for all centrifuge tests. Overall, the measured and predicted
failure g-levels are in good agreement. The data points in Fig. 12
lie along the 1:1 line except for Test 5, which is slightly above the
equality line. The overestimate of the Ny value in Test 5 is likely
because the actual in-soil tensile strength of the geotextile is less
than the input zero-span 7w value. The in-soil tensile strength of
the geotextile is evaluated and discussed in the next section.
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Fig. 13 Comparison of predicted and measured locations of critical failure surfaces

Figure 13 compares the locations of critical failure surfaces
obtained from centrifuge tests and those predicted by LE analyses.
The comparison results showed the critical failure surfaces pre-
dicted by LE analyses (both circular and noncircular) and those
observed from the centrifuge tests were in good agreement for wall
models with various reinforcement materials. Notably, the LE re-
sults indicated the critical failure surfaces of all the wall models
only passed through the rupture resistance part rather than the
pullout resistance part (as shown in Fig. 10), which was supported
by centrifuged test result that no evidence of pullout was observed
during and after the test. The centrifuge and LE results indicated
the reinforcement length with L/H = 0.7 is sufficient to prevent
reinforcement pullout failure.

The Rankine’s failure surfaces suggested in design guidelines
are also plotted in Fig. 13 for comparison. The observed locations
of critical failure surfaces were reasonably predicted by Rankine’s
theory for the wall models with geotextiles M1 ~ M3 (Figs. 13(a)
to 13(c)): the predicted and observed failure surfaces only differed
slightly above the middle of the wall. However, an evident devia-
tion in the Rankine’s and observed failure surfaces was found for
the wall models with geotextile M4, which has the highest tensile

strength among four tested geotextiles (Fig. 13(d)). Overall, the
LE analysis was more accurate in predicting the failure surface lo-
cations than Rankine’s theory because the effect of reinforcement
inclusion was considered in the LE calculation but not in Ran-
kine’s theory. The good match of the failure g-level and location
of critical failure surface demonstrated that the LE method is com-
petent at accurately predicting the failure conditions of GRS walls
and validates the applicability and suitability of LE analysis for the
internal stability design of GRS walls.

4.3 Evaluation of In-Soil Geotextile Tensile Strength

As mentioned previously, due to the influence of soil confine-
ment, the ultimate tensile strength of geotextile in the centrifuge
tests may differ from that measured from the unconfined wide-
width tensile test and be close to that measured from the zero-span
test. In this section, the use of the zero-span 7. to represent the in-
soil tensile strength in the centrifuge tests was verified through
comparison with the developed reinforcement tensile force 74
value at wall failure. The 7u value at failure was back-calculated
from LE analysis by adjusting the input tensile force value in LE
analysis until FS = 1.0 was reached for each wall model.



Figure 14 shows the comparison of the 7» values at failure
back-calculated by LE analyses and the 7w values obtained from
zero-span tensile tests. In Fig. 14, consistent 7, values were ob-
tained for the wall models with the same reinforcement material,
indicating the same type of the reinforcement developed a compa-
rable amount of tensile forces, limited by its ultimate strength ca-
pacity, at wall failure. The back-calculated 7, values at failure
were generally close to the zero-span 7w values. Notably, the Tu
value (= 0.21 kN/m) of Test 5 was slightly less than the zero-span
Tunvalue (= 0.24 kN/m) but still considerably larger than that ob-
tained from the wide-width test (7.:= 0.11 kN/m). This discrep-
ancy indicated the actual in-soil tensile strength (or developed ten-
sile force at failure) was less than the zero-span Twx value, which
may due to the less effect of soil confinement on the geotextile
layers in Test 5 because the wall model in Test 5 was the shortest
among all the tests. Overall, the comparison results are consistent
with the findings of relevant studies (Christopher et al. 1986;
Porbaha and Goodings 1996a; Zornberg et al. 1998a; 1998b; Mo-
hammed ef al. 2013). The satisfactory comparison results justify
the use of the zero-span 7.« value in LE analyses for predicting the
performance of GRS wall models at failure (i.e., failure g-level and
location of critical failure surface), providing adequate soil con-
finement is applied on geotextiles.
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Fig. 14 Comparison of the developed reinforcement tensile force
values at failure back-calculated by LE analyses with the
ultimate tensile strength values measured from zero-
span tests

5. Wall Deformation

5.1 Facing Displacement

The wall facing displacement is discussed in this section with
special interests to investigate: (1) the inherent FS of a GRS wall
corresponding to the wall facing displacement values under ser-
viceability conditions as recommended in design guidelines; and
(2) wall deformation at failure (or just prior to failure) as a crucial
and detectable precursor of wall failure. Figure 15 shows the de-
velopment of the total displacement at the wall crest with g-level
for the wall models with various geotextiles. For comparison, the
total displacement at the wall crest in Fig. 15 was normalized by
wall height (i.e., A/H). The test results revealed that the wall de-
formed progressively as the applied g-level increased. The total
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displacement and g-level exhibited a linear relationship before
wall failure. At the moment of failure, wall deformation suddenly
increased and the collapse of the wall occurred instantly. Because
the sudden increase of deformation rate and collapse of the wall
happened almost simultaneously, wall failure was classified as the
catastrophic failure type.

A noticeable feature of the displacement data is that the total
displacement curves of the wall models appear to follow the same
trend at a small applied g-level (i.e., under working stress condi-
tions) and start to diverge at a large g-level. This is because the
reinforcement requires sufficient deformation to mobilize its ten-
sile force to effectively influence the performance of the wall
model. Therefore, under the small g-level, wall deformation
mainly depends on the deformation characteristics of the soil.
Zornberg et al. (1998a) reported a similar observation that defor-
mations in the centrifuge reinforced slopes were not sensitive to
reinforcement characteristics and layout but rather depended
mainly on the properties of the backfill soil.

Figure 16 shows the normalized horizontal facing displace-
ment A, profile at wall failure, which was determined at the mo-
ment prior to the sudden increase of the displacement rate. The
wall model at failure exhibited a cantilever type of horizontal fac-
ing displacement profile, having a maximum displacement at the
wall crest and decreased with the depth to zero displacement at the
toe. The reinforcement material was found to influence the A.
value at failure. The A: values at failure of the wall models rein-
forced by geotextiles with high tensile strength were less than
those by geotextiles with low tensile strength because the strong
and stiff reinforcement detained more horizontal displacement
than the weak and ductile one.

Figure 17 shows the relationships between the normalized
maximum horizontal facing displacements and FS for various wall
models, established by combining Figs. 11 and 15. The maximum
horizontal facing displacement Ax, max Was defined as the maximum
value along the A., profile, which occurred at the wall crest as
shown in Fig. 16. The factors of safety for various wall models
were initially FSs = 2.5 ~ 3.0, and then nonlinearly decreased with
Axmax. As indicated in Fig 17, the inherent factors of safety range
from FSs = 1.5 ~ 2.5 for the GRS walls with L/H = 0.7 at EOC or
under serviceability conditions corresponded to the anticipated
values or specified tolerances of Avmaxrecommended in several
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design guidelines (Elias ef al. 2001; WSDOT 2005; Berg et al.
2009; NCMA 2010; AASHTO 2012). Notably, the presented FS
values, calculated by LE analyses indicating the ratio of the avail-
able soil shear strength to the mobilized shear stress required for
equilibrium, was different with the definition of FS against rein-
forcement breakage or pullout as specified in the design guidelines
for the internal stability design of GRS walls. The Aymax values
reached 8% ~ 12% of H at incipient wall failure (FS = 1.0), which
was, on average, approximately 4 ~ 5 times of the Axmax values
under the serviceability conditions recommended in design guide-
lines. The large wall displacement values measured at wall failure
were due to the relatively weak and ductile geotextile materials
used in the wall models compared with the ones used in real con-
struction. The influence of geotextile materials on the wall facing
displacement at failure is evaluated in next section.

5.2 Influence of Global Reinforcement Stiffness

Reinforcement parameters are expected to affect wall defor-
mation. In this section, the influence of geotextile layout and stiff-
ness in terms of global reinforcement stiffness Sgiosa On the wall
facing displacement at failure is evaluated. The Sgisarinvolves the
effects of number of reinforcement layers and stiffness, computed
as:

1 &
Sopg =— T 4
global H E i ( )

where J; = secant tensile stiffness of the i reinforcement layer; n
= number of reinforcement layers; and H = wall height. Sgiosa Was
first proposed by Allen et al. (2003) in the K-stiffness method to
predict the mobilized reinforcement tensile force of GRS walls un-
der working stress conditions. The Sgisa Was also used by Bathurst
et al. (2010) to evaluate the influence of reinforcement parameters
on wall facing displacement at EOC and under a 30 kPa surcharge.
The trend of decreasing displacement with increasing Sgiosar Value
was reported by Bathurst ef al. (2010). In addition, they found the
influence of compaction intensity was negligible after the walls
were uniformly surcharged to 30 kPa pressure.

Figure 18 illustrates the influence of reinforcement global
stiffness on the normalized maximum horizontal facing displace-
ment at incipient wall failure. The horizontal deformation at failure
of two other series of centrifuge model tests on GRS walls by
Balakrishnan and Viswanadham (2016) and Chen et al. (2007) was
also included for comparison. The backfill type and reinforcement
layout and properties are summarized in Fig. 18. Because the se-
lected two sets of centrifuge model tests in literature only reported
the reinforcement tensile properties from wide-width tensile tests,
all the Sgisar values in Fig 18 were consistently calculated by Eq.
4 using the secant tensile stiffness at failure strain J, obtained from
wide-width tensile tests. In addition to Sgisa, studies have demon-
strated that the reinforcement length can influence the wall hori-
zontal deformation (Mitchell and Christopher 1990; Chew et al.
1991; Rowe and Ho 1998; Bilgin and Kim 2010). The three sets
of wall models shown in Fig. 18 were carefully selected to have
L/H values close to 0.7. The influence of reinforcement length on
the wall horizontal deformation is expected to be inconsequential
according to Rowe and Ho (1998), who found that the wall hori-
zontal deformation did not vary considerably for L/H > 0.45.

Figure 18 shows that the Sgwsa had a significant influence on
the maximum horizontal facing displacement of GRS walls at fail-
ure. The Axmax/H values at failure ranged from 8% ~ 15% approxi-
mately at Seosar < 100 kN/m?, meaning that a large horizontal facing
deformation could occur at wall failure for GRS walls with flexibly
reinforcing systems. The Axmax/H value of data SW1 obtained from
Balakrishnan and Viswanadham (2016) is larger than those ob-
tained in this study. This is likely because the soil deformability
became actively influential (as indicated in Fig. 18, two sets of cen-
trifuge tests have different backfill types) for flexibly reinforced
GRS walls which have relatively less reinforcing effect. The
Axmax/H values at failure decreased as the Sgoba increased and ap-
peared to converge to a single value (= 3.5%) when the Sgiosar Was
approximately larger than 1000 kN/m?, indicating that a small hor-
izontal facing deformation could be expected at wall failure for
GRS walls with stiffly reinforcing systems. Compared with the rec-
ommended wall facing displacement values in design guidelines (as
indicated in Fig. 18), the difference between the Asma/H values
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under working stress and failure conditions was profound at small
Seionar but became minor at large Sgiosar. These comparison results in-
dicate that when the wall status changed from working stress to
failure conditions, for the flexibly reinforced GRS walls, the devel-
opment of a noticeable wall deformation allowed actions of early
warning and response to be implemented before the final collapse
of the wall, whereas for the stiffly reinforced GRS walls, the wall
could fail without showing evident symptoms of deformation.

6. CONCLUSIONS

A series of centrifuge tests was performed on the GRS walls
with various reinforcement materials and wall heights to investi-
gate the performance of GRS walls under failure conditions and to
validate the applicability of LE analysis for the internal stability
design of GRS walls. The failure process, failure mode (i.e., failure
g-level and location of the failure surface), wall facing displace-
ment, and LE results were discussed. The conclusions drawn from
this study are summarized as follows:

1. As the g-level increased, the wall facing gradually displaced
outward, and several settlement-induced transverse cracks
developed at the top of the wall. At pre-failure stage, exces-
sive settlement occurred, and a distinct subsidence developed
at the top of the wall at the end of the reinforced zone. At the
moment of failure, wall deformation suddenly increased, and
the collapse of the wall occurred instantly.

2. The centrifuge test results suggested the reinforcement tensile
strength and wall height have significant effects on the stabil-
ity (failure g-level) of GRS walls. The location of the critical
failure surface of the GRS wall was affected by the reinforce-
ment inclusion. The upper limit of the critical failure surfaces
of all tests was bounded by Rankine’s theory.

3. By back-calculating from the centrifuge test results, the influ-
ence of the reinforcement and wall geometric parameters on
the stability of GRS walls could be combined and normalized
into a single equivalent earth pressure coefficient Kr, and the
Kr value was comparable to the theoretical active earth pres-
sure coefficients.

4. The failure g-level and location of critical failure surface pre-
dicted by LE analyses were in good agreement with the ob-
served ones from the centrifuge tests, demonstrating the ap-
plicability and suitability of LE analysis as a basis for the in-
ternal stability design of GRS walls.

5. Due to the influence of soil confinement, the developed ten-
sile force Tu values at wall failure back-calculated from LE
analysis were generally close to the ultimate tensile strength
Turvalues obtained from the zero-span tests, and considerably
larger than those obtained from the wide-width test. The con-
sistent 7. values were obtained for wall models with the same
type of the reinforcement, indicating the same type of the re-
inforcement developed a comparable amount of tensile forces
at wall failure, which was limited by its ultimate strength ca-
pacity.

6. The total displacement and g-level exhibited a linear relation-
ship before wall failure. The rate of displacement at the wall
crest suddenly increased at the moment of failure. The wall
model at failure exhibited a cantilever type of horizontal fac-
ing displacement profile. The reinforcement material affected
the horizontal facing displacement value at failure: the strong
and stiff reinforcement detained more horizontal displace-
ment than the weak and ductile one.

7. The inherent factor of safety ranged from FS = 1.5 to 2.5 for
wall deformation under serviceability conditions, as sug-
gested in design guidelines. The maximum wall horizontal
facing displacement Aymax values reached 8% ~ 12% of the
wall height at incipient wall failure (FS =1.0), which was, on
average, approximately 4 ~ 5 times of the Axmax values under
serviceability conditions.

8. Compared with the wall deformation data in the literature, it
was clearly observed that the global reinforcement stiffness
Sqiopa had a significant influence on the maximum horizontal
facing displacement of GRS walls at failure. The Axmax/H val-
ues at wall failure ranged from 8% to 15% for GRS walls with
flexibly reinforcing system (approximately at Sgosar < 100
kN/m? ) and decreased close to 3.5% for GRS walls with
stiffly reinforcing system (at Sgiorar = 1000 KN/m?).
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The findings and discussions in this study are based on the
centrifuge test results of geotextile-reinforced soil walls with
wrapped facings on firm foundations. The presented results may
be relatively conservative for GRS walls with other facing types
(i.e., modular block or concrete panel facings) because, compared
with other facing types, wrapped facing is less effective at improv-
ing system stability and detaining the facing displacement. In ad-
dition, the horizontal wall displacement depends on the wall ge-
ometry, ground water level, backfill soil properties, and founda-
tion soil conditions, reinforcement properties, and reinforcement
layout (Iength or spacing). Therefore, the established relationships
between the FS and maximum horizontal facing displacement of
GRS walls are only applicable to the conditions similar to the test
conditions in this study. Further study can be conducted to inves-
tigate the influence of the aforementioned factors on the wall dis-
placement.

FUNDING

The authors acknowledge the financial support of the Minis-
try of Science and Technology of Taiwan under grant number
MOST107- 2628-E-002-003-MY3. The third and fourth authors
also acknowledge the financial support for their Ph.D. studies pro-
vided by the Ministry of Education of Taiwan.

DATA AVAILABILITY

The data presented in this study are available from the corre-
sponding author on reasonable request.

NOTATION

Basic SI units are given in parentheses
Ca interface cohesion (°)
C.  coefficient of curvature
C.  coefficient of uniformity
dio  effective grain size (mm)
dso  mean particle diameter (m)
D, relative density (%)
FS  factor of safety
G; soil particle specific gravity
H wall height (m)
Ju secant tensile stiffness at failure strain (N/m)
K.  active earth pressure coefficient
Kr  equivalent earth pressure coefficient
L primary reinforcement length (m)
Lo overlapping length (m)
n number of reinforcement layers
nb number of broken reinforcement layers
Ny failure g-level
Sgiovar global reinforcement stiffness (N/m?)
Sy reinforcement vertical spacing (m)
T:  developed reinforcement tensile force at failure (N/m)
Tu:  ultimate tensile strength of reinforcement (N/m)
x/H  normalized distance from the facing

z/H  normalized elevation
x,z  coordinates (m)
B facing inclination (°)
A total displacement at wall crest (m)
A:  horizontal facing displacement (m)
maximum horizontal facing displacement (m)
o interface friction angle (°)
Y unit weight of the backfill (N/m?)
0 failure plane angle (°)
[0} friction angle (°)
¢ps  plane strain peak friction angle (°)
¢~  triaxial compression peak friction angle (°)

c effective overburden pressure (N/m?)
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