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Traditional active earth pressure evaluations considering seepage are typically deterministic, assuming
uniform soil layers. However, soil hydraulic properties exhibit the obvious spatial variability due to
geomorphological processes or poor construction control. To address this, the random limit analysis
method (RLAM) is employed to investigate the influence of spatial variability of saturated hydraulic
conductivity on active earth pressure. To combine random field simulations with the limit analysis-
based evaluation method, this study discretizes the conventional three-dimensional (3D) rotational
failure mechanism. Owing to the energy dissipation principle, the explicit expression of 3D active earth
pressures can be derived. The proposed method's validity is demonstrated through comparisons with
available analytical solutions, deterministic numerical calculations, and random finite difference
method (RFDM). RLAM integrating with Monte Carlo simulations (MCS) in MATLAB, facilitates the
probabilistic analysis of the active earth pressure to be evaluated. The findings indicate that the present
method not only incorporates the spatial variability of hydraulic properties, but also enhances the
computational efficiency of calculating active earth pressures compared to the RFDM. Based on
extensive uncertainty analyses, this study proposes a system reliability evaluation method for semi-
gravity retaining walls, accounting for the spatial variability of saturated hydraulic conductivity. The
results reveal that under different random field design scenarios, all decay curves of system failure
probabilities for a semi-gravity retaining wall intersect within a specific range, referred to herein as the
“turning region”. Furthermore, as the normalized horizontal autocorrelation distance, anisotropic ratio
and coefficient of variation increase, the effective influence zone of the wall design index on system
failure probability gradually expands, offering valuable guidance for the design and construction of
semi-gravity retaining walls.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

provide deterministic predictions of three-dimensional (3D) active
earth pressure (Piaskowski and Kowalewski, 1965; Huder, 1972;

A retaining wall is typically constructed to support embank-
ments or soil slopes, preventing the soil displacement, and po-
tential instability. Determining active earth pressure is crucial for
evaluating the wall's stability against sliding and overturning
(Vahedifard et al., 2015). Over the years, various studies have
primarily focused on enhancing computational models to rapidly
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Soubra et al., 2000; Yang and Li, 2018; Li et al., 2021). In the pre-
sent study, the concept of “equivalent width” for irregular failure
surfaces proposed by Yang and Li (2018) has been adopted. This
definition addresses scenarios where 3D failure mechanism does
not fully cover the entire soil-wall interface, thereby enabling a
more accurate evaluation of 3D active earth pressure. Moreover, in
practical engineering, the backfill behind retaining walls is
affected by various factors, such as rainfall infiltration and mois-
ture evaporation. This causes water to migrate through the soil, a
process called seepage, which shifts the distribution of soil effec-
tive stress and ultimately affects the active earth pressure (Li,
2023).
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Bishop (1959) first introduced a concept to characterize the
stress state above the groundwater table, emphasizing the role of
negative porewater pressure or matric suction in defining the
shear strength of unsaturated soils. Lu and Likos (2004) introduced
the suction stress characteristic curve (SSCC), a constitutive model
that redefines matric suction not as an independent stress variable
but as a hysteretic state variable governed by physicochemical
soil-water interactions. Their theory decouples suction stress from
effective stress, explicitly capturing path-dependent hysteresis
observed in clays, as validated through experimental researches in
Lu and Likos (2006). Lu et al. (2010) formulated an equation linking
effective stress to matric suction within the framework of classical
thermodynamics. This equation depends on two controlling pa-
rameters: the air-entry value and the pore size distribution index.
Recent studies have increasingly used state variables to assess the
impact of suction stress on slope stability and geotechnical
structures (e.g. Vahedifard et al., 2015; Cheng et al., 2022). How-
ever, the abovementioned methods for seepage analysis are
deterministic, treating soil properties as constant within a given
layer and assuming homogeneity (Gui et al., 2000), and the ac-
curacy depends heavily on precise input parameter determination.
However, the aforementioned studies have seldom focused on
probabilistic analysis, with their accuracy heavily relying on the
precise determination of input parameters. In practical applica-
tions, input parameters exhibit uncertainties arising from inherent
soil variability, measurement errors, model uncertainties, and
other factors. To better understand these uncertainties, it is
essential to analyze problems from a stochastic perspective
(Tsompanakis et al., 2009; Li et al., 2021).

Methods such as Monte Carlo simulation (MCS), first-order
reliability method (FORM), or response surface method (RSM)
have accordingly been developed for probabilistic evaluation of
geotechnical problems (Castillo et al., 2004; Zevgolis and
Bourdeau, 2010; Gao et al., 2019). Li et al. (2021) performed a
probabilistic analysis of active earth pressures utilizing the sparse
polynomial chaos expansion (SPCE) and proposed a reliability
evaluation method for retaining walls incorporating multiple
random variables. However, these stochastic methods are often
restricted to homogeneous mediums, failing to account for the
spatial correlation and continuity of soil properties. To overcome
the limitation, the random field theory was widely employed to
model the spatial variability of soil properties (Griffiths and
Fenton, 2004; Liu et al., 2017; Pieczynska-Koztowska and Vessia,
2022; Zhang et al., 2024). Available researches suggest that
random fields provide a more accurate representation of soil be-
haviors compared to using representative values or simple random
variables (Johari et al., 2020; Zhang et al., 2021; Ng et al., 2022; Shi
and Wang, 2023; Chen et al., 2024). Specifically, the combination
of random field simulations with numerical methods, such as the
random finite difference method (RFDM), has become a preferred
approach for addressing spatial variability in soil parameters.
Nevertheless, it encounters challenges in 3D geotechnical cases
due to substantial computational costs. For this, Cheng et al. (2019)
introduced an effective technique known as the random limit
analysis method (RLAM), which combines random field simula-
tions with a kinematic approach to capture the optimal failure
surface of the tunnel face. More recently, Li et al. (2024) extended a
semi-analytical method to assess the probabilistic stability of
slopes with uncertain shear strengths. To the authors' knowledge,
scarce research has yet applied this approach to evaluation of 3D
active earth pressure.

This study mainly aims at quantifying the influence of seepage
that considers 3D spatial variability of hydraulic properties on
active earth pressures. To combine the limit analysis with sto-
chastic method to characterize the spatial variability of hydraulic
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parameters, the conventional 3D failure model is specially dis-
cretized. The proposed method's validity is demonstrated through
comparisons with results from the upper-bound finite element
method and numerical simulations under the same conditions.
Results show that RLAM can effectively account for the spatial
variability of hydraulic properties, requiring a lower computa-
tional cost compared with the RFDM. Additionally, based on
extensive uncertainty computation results, this study improves a
system reliability evaluation method for retaining walls that ac-
counts for the spatial variability of saturated hydraulic conduc-
tivity, providing valuable guidance for the design and construction
of semi-gravity retaining walls.

2. Steady seepage analysis

Negative pore water pressure exists in the unsaturated zone of
the soil, also known as the matric suction, which can increase
effective stress and enhance shear strength. Moreover, matric
suction alters the movement of moisture within the soil, affecting
its permeability and water retention capacity. Extensive experi-
mental data on unsaturated soils reveal a notable nonlinear rela-
tionship between the soil strength and the suction stress
(Vanapalli et al.,, 1996). Bishop (1959) extended the classical
effective stress principle using the concepts of pore-air pressure u,
and negative pore water (u, — Uy), with the expression written as

(1)

where ¢ is equal to the total stress; ¢ is equal to the effective
stress; uy, denotes pore-water pressure; y is a dimensionless co-
efficient, representing soil's saturation degree. According to
Bishop's definition, y = 0 means that the soil is fully dry, while
x = 1 means that the soil is fully saturated.

While Bishop's effective stress theory provides a foundational
framework for unsaturated soils, its direct application to clayey
soils faces challenges due to the significant contribution of van der
Wiaals attraction to suction stress, which is not explicitly captured
by the y parameter. Therefore, Lu and Likos (2004) proposed the
concept of suction stress to explain the changes in effective stress
driven by matric suction:

6 =(c—Ua) + y(Ua — Uy)

6=06—1Us—0° (2)
where ¢° represents suction stress.

Notably, in granular soils where hysteresis arises primarily
from capillary effects, Bishop's theory can approximate hysteretic
behavior if coupled with a hysteretic soil-water retention curve
(SWRC) model. Lu et al. (2010) proposed a closed-form expression
for o°, which is solely dependent on matric suction and derived
within the framework of thermodynamics:

—(ua —uw) (ua—uw <0)
Uy — Uw

-1
{1+a(ua—uw)]"} 0

The inverse of the air-entry value, a and pore size distribution,
n, together describe the soil's water absorption capacity and its
pore structure (Vahedifard et al., 2015). Fig. 1 gives the distribution
of @ and n for diverse soil types. It is evident that the air entry value
is highest for clay, followed by silt, and lowest for sand, while the
pore size distribution shows the opposite trend for these three soil
types. The first item of Eq. (3) describes the suction stress existing
in saturated soils, aligning with the classical effective principle
(6’ = 6 — uy). In contrast, the second item of Eq. (3) applies to
unsaturated soil conditions and addresses the limitations of

(3)

(Ua — uw >0)
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Fig. 1. Range of representative « and n of different soils (Vahedifard et al., 2015).

Bishop's method by incorporating non-zero suction stress in dry
soils. The Gardner's (1958) model describes the soil water reten-
tion curve, revealing the relationship between matric suction and
soil water content. Combined with Darcy's law, the distribution of
matric suction as a function of depth can be derived:

q

Uy —Uw = 7%1n|:<1 )e"waz—F}
S

where g refers to the flow velocity (with g > 0 for evaporation,
q < 0 for infiltration, and q = 0 for hydrostatic condition). ks refers
to the saturated hydraulic conductivity. z refers to the vertical
distance from the waterline to any point. y,, refers to the unit
weight of water.

Note that the value inside the logarithm of Eq. (4) must be
greater than 0. Additionally, this value should be no more than 1.0,
in order to ensure non-negative matric suction. Such constraint is
crucial for accurately determining unsaturated shear strength and
for subsequent calculations that account for the spatial variability
of saturated hydraulic conductivity. Notably, under hydrostatic
conditions (q = 0), matric suction follows a linear distribution
along the vertical direction:

L 4a

ks (4)

(5)

By integrating Eqs. (3) and (4), the expression of suction stress
can be derived as
anl i >e rweZ _ k%}

a n~ (n—1)/n
(ol o)

Suction stress is a product influenced by various factors,
including complex hydraulic characteristics and different flow
boundary conditions. These factors can improve the unsaturated
shear strength. Within the unified effective stress framework, the
modified Mohr-Coulomb (MC) failure criterion is employed to
characterize the soil shear strength:

Ua —Uw = Zyy

s 1

(6)

(7)

7=C+ (6 —Uy)tan ¢’ — s°tan ¢’

where ¢ represents the soil shear strength, and ¢' denotes the
effective internal friction angle.
The parameter capp is defined as an apparent cohesion that is
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governed by ¢° and ¢/, and can be written by

Capp = —O'Stan Q)/ :f(k57q7a7n-,z’ (/),) (8)
where capp can be regarded as a function associated with soil and
hydraulic parameters. Table 1 presents the soil and hydraulic pa-
rameters of four hypothetical soils: clay, silt, loess, and sand, along
with three flow velocities corresponding to high infiltration, no
flow, and high evaporation.

Fig. 2 illustrates the normalized suction stress profiles for four
hypothetical soils under varying flow velocities g and wall heights
H. In this study, the water level is assumed to be a constant at the
base of the retaining wall, ensuring that soils remain unsaturated.
Previous studies have demonstrated that rising water levels can
significantly increase active earth pressure, and matric suction
vanishes when soil masses are absolutely submerged (Yang and
Chen, 2021). However, the present study mainly focuses on
analyzing how spatial variability in saturated hydraulic conduc-
tivity influences 3D active earth pressure, and thus the effect of
water levels is not discussed herein. It should be noted that suction
stress is negative because in soil mechanics, the compressive stress
is defined as the positive. Overall, the higher the retaining wall, the
lower the suction stress corresponding to the normalized vertical
distance, which applies to all hypothetical soils. Different soils
exhibit significant variations in response to flow velocities within a
given location. For clay, suction stress is the lowest under infil-
tration conditions, the higher under no-flow conditions, and the
highest during evaporation. The further the suction stress is from
the water table, the greater its value. Additionally, the effect of
flow velocities on suction stress is much greater than that of
retaining wall height. Silt and loess present similar behavior, with
variations in flow velocities having minimal influence on suction
stress. Moreover, the relationship between suction stress and
normalized vertical distance is no longer monotonic. At a wall
height of 1m, suction stress increases approximately linearly with
normalized vertical distance z/H. As H grows, suction stress
initially increases and then decreases, with this trend being more
pronounced in loess. For sand, the suction stress shows a clear
pattern of initially increasing, then decreasing, and finally
approaching zero. As wall height H = 1 m, the maximum suction
stress occurs at a normalized vertical distance of 0.125. For heights
of 4 m and 7 m, the corresponding distances are 0.2 and 0.8,
respectively. It is worth mentioning that these soil types differ by
an order of magnitude, and their corresponding saturated hy-
draulic conductivities are also distinct. Statistically, this differen-
tiation does not conflict with the random field simulation that
accounts for the spatial variability of soil parameters (Cho, 2012;
Ng et al., 2024).

3. Material and methods
3.1. Discretized failure mechanism of supported soil masses

Previous studies suggest that a vertical slope behind the
retaining wall may be prone to toe failure, with the failure surface
typically extending through the slope toe (Pan et al., 2017; Li,
2023). It is well acknowledged that the upper-bound theorem
requires the failure model to satisfy kinematic permission condi-
tions. Michalowski and Drescher (2009) introduced a 3D rotational
collapse block, aiming at evaluating the stability of slopes. Such
predefined geometric mechanism is quite suitable for character-
izing homogeneous layers. Nevertheless, it becomes less effective
when soil parameters change irregularly with their spatial loca-
tion. The failure mechanism adopted in this study is hence con-
structed by spatially discretizing points according to specific rules,
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Table 1
Typical values of hydraulic parameters and flow velocities for four hypothetical soils.
Soil types n a (kPa™1) ks (m/s) c (kPa) Q) Infiltration velocity (m/s) No flow (m/s) Evaporation velocity (m/s)
Clay 2 0.005 5x 1078 5 20 -3.14 x 1078 0 1.15 x 1078
Silt 3 0.01 1x 1077 3 25 -3.14 x 1078 0 115 x 1078
Loess 4 0.025 1x10°® 1 28 -3.14 x 1078 0 1.15 x 1078
Sand 5 0.1 3x10°° 0 30 -3.14x 108 0 1.15 x 1078
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Fig. 2. Normalized suction stress profiles for different flow velocities and wall heights: (a) Clay, (b) silt, (c) loess, and (d) sand.
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as described in Fig. 3, encompassing both the interior and exterior
of a slope with the inclined angle g. Initially, it is divided into
multiple planes centered around the rotation point O, aligned with
the longitudinal direction of the backfill and confined between the
angles 94 and O¢. A coordinate system X-Y-Z is constructed with its
origin at the slope toe C. To guarantee the generation of discrete
failure mechanism, the first circle is defined on the plane OA, with
evenly distributed points along its diameter, which coincides with
AA'. The hypothetical boundary condition aligns with the work of
Michalowski and Drescher (2009), and the discretization tech-
nique allows to generate a complete failure mechanism, starting
from the initial circle AA’ and progressing to the final circle CC. Two
log-spirals AC and A'C’ define the boundaries of the curved cone,
which can be expressed as

(9)

(10)

Tac(0) =To exp[(6 — Op)tan ¢')
Tac(0) =15 expl — (0 —6p)tan ¢

where rg and rg are the initial distances between the rotation
center O and two initial points, respectively; and 6 is the initial
polar angle between the X-axis and the line OA. As depicted in
Fig. 3, the slope surface, BC, is perpendicular to the horizontal
surface AB. The geometrical relationship of angles 64, 5 and ¢ can
be derived as

cos 6y —L/rg

0 = acrcos
\/(cos 00 — L/19)% + sin®6y

(11)

where L represents the length between A and B, which can be
written as

L /1o = [sin(6p + ) —sin(6c + p)e %)@ ¢ /sin g (12)

As shown in Fig. 4, the crucial step that constructs a discrete
failure mechanism involves generating a new point on the sub-
sequent plane I7j,1 using any neighboring points from the pre-
ceding plane 77 Given the known points P;; and Pi.;j the
coordinates of the new point P; j;1 can be determined by solving
the corresponding equation:

VN = cos(n/2 + ¢)

YO - YP,; 4
0,1 = arctan (m (13)
agjn = L

where 7 is the unit velocity vector of the plane /7j; N is normal
vector of the plane enclosed by points P;j, Pi1j and Pjj;1; 6j1 is
the rotation angle of the subsequent plane I7j,1; YP;j1, ZP;j;1 are
Y-coordinate and Z-coordinate of the point P;j. 1, respectively; YO
and ZO are Y-coordinate and Z-coordinate of the rotation center O,
respectively; a;; represent the angle at which a discrete point P;;
deviates from the circle center C; in the local coordinate system Y-
Gi-Z. Similarly, angles ;. 1, aij+1 and aj;11can be readily defined.
The accuracy of this failure mechanism depends on two dis-
cretization parameters: Ny, which represents the number of
radial circles, and &y, which indicates the angle between adjacent
radial planes. It is worth noting that the location of the subsequent
point P;;,1 on the mid-perpendicular line of the line AB. In Eq. (13),
the first equation ensures compliance with the associated flow
rule during the generation of the mechanism. The second equation
ensures that newly generated points lie in the same plane. The
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=Y
Pi+],j+l
Pij+]

Fig. 4. The principle of generating new points using the spatial discretization
technique.

third equation ensures the uniform distribution of points on the
subsequent plane. Once the two known points on the previous
plane are given, Eq. (13) uniquely determines the new point.

Furthermore, to account for the impact of slope width on soil
stability, a plane strain insert is accordingly introduced into the
discrete failure mechanism, as shown in Fig. 5. This insert is
formed by dividing the two halves of the 3D failure surface. Spatial
discretization is then applied to generate the plane insert region,
with its lower boundary defined by a log spiral at the slope toe. The
insert's boundaries smoothly align with the failure mechanism's
symmetry plane. In this scenario, the width of the insert block can
be determined by

bW =Bw — Bmax (14)
where By and Bpax represents the total width of the backfill and
the maximum width of 3D rotational collapse mechanism. Such
width of the inserted block, b, is a variable to be optimized, which
significantly contributes to the objective function.

3.2. Characterization of saturated hydraulic conductivity using
random fields

Traditional seepage analysis usually assumes hydraulic prop-
erties to be constant, treating soil layer as homogeneous. Gener-
ally, this assumption can satisfy applications of engineering
designers. However, hydraulic properties of soils exhibit notable
spatial variations across different layers due to stratification
(Srivastava et al., 2010; Huo et al., 2023; Ng et al., 2024), with
fluctuations at a finer scale within each individual layer. Conse-
quently, such homogeneous assumption may cause suboptimal
results (Liu et al., 2016). In this context, random field simulation
proves effective for characterizing the soil permeability based on
limited stratigraphic data. The autocorrelation distance, or scale of
fluctuation, plays a crucial role in this process. This correlation
gradually weakens as the distance between the points increases.
Specifically, the hydraulic property is modeled as a spatial random
field following a normal distribution, with consideration for het-
erogeneity by allowing a larger scale of fluctuation in the hori-
zontal direction compared to the vertical direction (Cho, 2012; Li
et al,, 2024). The autocorrelation distance along the horizontal
direction (Iy,ly) is herein define as ¢, and the anisotropy ratio k is
used to describe the anisotropic characteristics of the random
field. Accordingly, the vertical autocorrelation distance [, is equal
to k& (0 < k < 1).If the anisotropy ratio is close to 1, it indicates that
the autocorrelation is relatively uniform in all directions, and the
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Rotation center

Rotation center

Fig. 5. Schematic diagram of discrete failure mechanism with the discrete plane insert.

random field is nearly isotropic. If the anisotropy ratio is much less
than 1, it indicates that the range of correlation in the vertical
direction is significantly smaller than in the horizontal direction,
and the random field exhibits pronounced anisotropy. Further-
more, saturated hydraulic conductivity ks controls steady seepage
field and matric suction, which is pivotal in the shear strength of
unsaturated soils (Ng and Shi, 1998; Santoso et al., 2011;
Masoudian et al., 2019). Variations in ks can lead to changes in
unsaturated shear strength, directly impacting the structural
integrity of retaining walls. Therefore, the 3D Gaussian autocor-
relation function can be expressed as

A
pS:exp{— 2(|Ax|+ﬂ+ﬁ)]

£ 4 ke
where Ay, Ay and A, are referred to spatial coordinate disparities
between any two points.

To optimize the application of stochastic finite difference
models, discretization of the stochastic field is essential. The Kar-
hunen-Loeve (K-L) expansion method, distinguished by its supe-
rior computational efficiency and precision, excels in random field
discretization compared to alternative techniques (Cheng et al.,
2019; Tan et al., 2020). It transforms the stratigraphic co-
ordinates into independent random variables with high accuracy.
To avoid the occurrence of negative values of hydraulic parame-
ters, a lognormal random field for the saturated hydraulic con-
ductivity ks can be derived:

(15)

Ry (x,,2) = exp [ k, + Cin k,N(X,¥,2)] (16)
where (x, ¥, z) denotes the spatial location of any point, N denotes a
standard normal random field. Then, the mean Ajps and the
standard deviation ¢pks of the logarithmic saturated hydraulic
conductivity Inks are obtained by

1
An k, =10y — iglzn k. (17)

Cink, = 1n(1 +cov§s) (18)

where y, , COV refer to the mean value and coefficient of variation
of saturated hydraulic conductivity ks. Fig. 6a depicts a random field
realization Ry for a vertical slope with slope height H = 5m and a
width-to-height ratio B/H = 2. The random fields are created using
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the fast Fourier transform-moving average method, incorporating
the saturated hydraulic conductivity statistics as: u, =5 x 108 m/
s, COV}, = 0.3. At this case, the normalized autocorrection distance
£/H = 0.5, and 2.5 corresponding anisotropy ratio remains constant
k = 0.2. Based on these random field parameters, Fig. 6a describes
the possible spatial distribution of saturated hydraulic conductivity
in a 3D formation. As elaborated in Section 2, the functional rela-
tionship between the apparent cohesion of unsaturated soil and
hydraulic parameters has been derived, thereby enabling the
determination of the potential spatial distribution of apparent
cohesion. It should be noted that, due to the inherent variability of
saturated hydraulic conductivity, the derived apparent cohesion
may assume negative values in certain regions, as illustrated in
Fig. 6b. Since negative cohesion values are not physically plau-
sible, these areas are adjusted to zero to ensure the accuracy.

To intuitively illustrate the impact of spatial variability of hy-
draulic properties on the soil stability, Fig. 7 shows the distribution
of the saturated hydraulic conductivity ks along a potential sliding
surface. The random field realizations of apparent cohesion cor-
responding to the potential failure surfaces are presented under
both scenarios: with and without plane strain insert consideration.
Compared to the uniform increase of apparent cohesion with
height in a homogeneous clay model, the distribution along the
potential sliding surface is irregular and fragmented into discrete
blocks. It should be clarified that although the sliding surface is
kinematically admissible, it is not the optimal one. To address this,
the next section will introduce an optimization program designed
to identify the maximum active earth pressure and the most
dangerous sliding surface.

3.3. Active earth pressure determinations

After defining the geometry feature of the failure surface, the
analytical solution for active earth pressures is derived by
formulating and solving the work rate balance equation as follows:

W, +Wp, = D¢ + D, (19)

As illustrated in Fig. 3, the area enclosed by the blue line is the
sliding block. In Eq. (19), the external work rates, W, and Wp,, are
produced by the soil weight y of the sliding block and the reactive
force of active earth pressure P,, respectively. The dissipated en-
ergy consists of two components, D¢ and Dc,pp, which are caused
by soil’s effective cohesion ¢’ and apparent cohesion c,pp. The total
work rate exerted by a force can be calculated by summing the
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Fig. 6. Generation of spatial random fields: (a) possible spatial distribution of saturated hydraulic conductivity ks, and (b) corresponding spatial distribution of apparent cohesion
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Fig. 7. Random field realizations of apparent cohesion assigned to 3D rotational collapse surface: (a) without plane insert, and (b) with plane insert.

work rates across all computational elements, which are defined
by the discretized points of the failure mechanism. As depicted in
Figs. 4 and 5, three adjacent points on planes 77; and 17,1 form a
triangle, ensuring full coverage of the failure surface without
overlap. Work rate calculations differ for volume forces and sur-
face forces. By integrating these elements, the work rate done by
soil weight is derived by

Wy = wyz (RiJViJCOS 9”‘) (20)
M)

where y refers to unit soil weight, 6;; refers to the polar angle
corresponding to the rotation radius R;j, and V;; refers to the
elementary volume. j denotes the number of planes of discrete
failure mechanism, and i denotes the number of evenly distributed
points on each plane's circle. Similarly, the internal energy dissi-
pation D¢ and Dcapp are expressed as

DC' = w( cos golz (R,JS,J) (21 )
ij
Dcapp = COCappCOS (ﬂlz <RIJSI,]) (22)

ij

where S;; represents the elementary failure surface, and R;; rep-
resents the rotation radius from rotation center to elementary
failure surface.
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The geometry relationships of the velocity vector, surface
element and volume element are illustrated in Fig. 5. The sup-
porting force of a retaining wall equals the resultant of active earth
pressures, but in the opposite direction. Considering the difficulty
in determining the precise distribution of active earth pressure in
3D scenarios, it is common that the action point of the resultant
earth pressure is located at one-third of the wall height from the
base. This simplification is particularly prevalent in earth pressure
calculations (Qin and Chian, 2020). The specific expression of work
rate done by the supporting force is written as

Wp, = — a)o‘cz [Aj cos (ﬂ + Gj)] (23)
j

where o is the unit earth pressure along the wall height, and A; is
the unit area that the jth plane of the discrete failure mechanism
covered on the retaining wall. ¢; is the rotation angle corre-
sponding to the jth plane. More details can refer to as Li (2023)
work. The negative sign herein means the earth pressure does the
negative work. Incorporating Eqgs. (20)-(23) into Eq. (19), and the
resultant active earth pressure is

_W}’_DC _Dcapp

Pa— Wpa/Pa (24)

To facilitate the optimization of retaining wall design, a
dimensionless function is commonly employed to characterize the
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interaction between soils and structures, written as the following
form:

2P,
}’HZBe

Ka= (25)

where K; refers to active earth pressure coefficient, and B is the
equivalent width. As observed in Fig. 5, the sliding block does not
span the whole interface, implying that parts of the wall are not
subjective to earth pressures. Thus, the equivalent width is
determined by the width of a rectangle whose area matches the
area of the wall back affected by the sliding block. According to
such description, the equivalent width can be calculated by

A

Be:H/sinﬂ

(26)

where A is the area covered by the sliding block, which can be
found in Yang and Li (2018).

As elaborated earlier, the kinematic limit analysis approach
provides a closed solution for active earth pressures. Therefore, the
optimal solution is identified as the maximum value among all
possible outcomes that most closely approximates the actual so-
lution. To identify this, a maximization scheme, namely sequential
quadratic programming (SQP) in MATLAB is employed. Further-
more, the objective function is constrained by three independent
variables: 64, 6¢c and ro/ro. Initially, an exhaustive method-based
algorithm identifies a feasible starting point based on these con-
straints. Sequential quadratic programming then refines this to
deliver a globally optimal solution. Thus, evaluating active earth
pressures can be mapped as a mathematical optimization problem
with the analytical form written as

Ka=max : f(64,0c,1y/10|C, ¢, 7,8,H,Bw / H,q. ks, a,n)

It considers soil properties (c, ¢/, y), geometry parameters (5, H,
Bw/H), and hydraulic properties (g, ks, a, n). The objective function
should be solved under the following constraints:

(27)

0<0x<0p<Oc<nm
O0<ry/ro<1
0<bW<BW

(28)

Additionally, Fig. 8 presents a flowchart that details the random
field implementation and active earth pressure derivation. In the
first stage, a representative soil type and its model size are
selected, and the region is discretized into 0.5 m cubes. Random
field simulations are then employed to generate the spatial dis-
tribution of apparent cohesion relevant to saturated hydraulic
conductivity. In the second stage, active earth pressures are
derived through establishing a work rate balance equation that
incorporates the spatial variability of apparent cohesion along the
failure surfaces. Finally, a nonlinear optimization technique is
applied to calculate 3D active earth pressures.

4. Validation of RLAM

4.1. Compared to the finite element-based upper-bound limit
analysis

The analytical solution in the present study involves a kine-
matic framework for evaluating 3D active earth pressure. There-
fore, to validate the proposed approach, it is essential to
comparatively illustrate results of several representative cases in
conjunction with existing research. Antao et al. (2016) employed
limit analysis to carry out numerical simulations, leveraging highly
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refined finite element meshes to model the complex 3D interac-
tion between soil and retaining walls. That is a specific deter-
ministic scenario considered in this study, specifically under the
condition of g = 90°, ¢ = 0. Note that in this section, the wall back
is assumed to be perfectly smooth, meaning the external friction
angle is set to 0. Table 2 compares the active earth pressure co-
efficients from Antao et al. (2016) with those obtained in this
study. The relative error is under 5 %, demonstrating that the
present method accurately evaluates active earth pressures.
Additionally, this study integrates the spatial variability of
permeability in seepage into the kinematic framework, thereby
advancing the existing analytical methods.

4.2. Deterministic numerical validation

A deterministic numerical model of 3D retaining wall is simu-
lated by FLAC3D software, as illustrated in Fig. 9, aiming at per-
forming a numerical validation. Due to the symmetry of the
subject under study, it is sufficient to model only one half of the
object. To mitigate boundary effects, a surrounding rock layer is
added around the soil-wall system, smoothly connected to it.
Normal constraints are applied around the entire model with
model bottom fully fixed. Both the width and height of the wall are
taken as 5m. To simulate the interaction between soil masses and
walls, interface elements are herein employed. The normal stiff-
ness is Ky 14 x 10° Pa/m, while the shear stiffness is
Ks = 1.4 x 10° Pa/m. Here, only the scenario where the back of the
retaining wall is smooth is considered. The soil parameters behind
the wall are taken as: unit soil weight y = 20 kN/m?, elastic module
E = 27 MPa, Poisson's ratio » = 0.35, modeled by the MC failure
criterion. The material parameters for adjacent rock layers or
structures can be found in Li (2023). A calculation step of 10~/ m/
step is applied to the wall, moving it away from soil masses while
recording the normal stress on the interface until it decreases to a
stable value. At that case, the soil experiences an active failure, and
the resultant normal stress on the interface represents the active
earth pressure.

Currently, simulating unsaturated soil behavior with FLAC3D is
not common. To address this, a FISH program was developed to
calculate apparent cohesion of unsaturated soils based on the
unsaturated strength criterion derived in Section 2. The combined
cohesion, including both apparent and effective cohesion, is then
assigned to the soil behind the wall. Four hypothetical soils,
including clay, silt, loess, and sand, are herein included, specific
soil and hydraulic parameters summarized in Table 1. The influ-
ence of different ratios of width to height on active earth pressure
is also discussed. Note that when B/H approaches the infinite, the
analytical solution derived by the proposed method is equivalently
plane-strain solution. Meanwhile, both completely dray and high
infiltration cases are presented as illustrative cases. The water level
locates at the slope toe with zg = 0. Table 3 compares the kinematic
approach with numerical calculations, presenting the resultant
active earth pressure per unit width. The results show strong
agreement with those obtained from the finite difference method
(FDM), indicating that the present method is effective for calcu-
lating active earth pressure involving in seepage questions. Addi-
tionally, an increase in the B/H leads to a higher active earth
pressure, suggesting that neglecting the 3D effect would result in a
more conservative solution. The plastic shear strain zone from the
finite difference model closely matches the kinematic failure sur-
face, as described in Fig. 10, confirming the validity of the proposed
method.
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Fig. 8. Derivation process for the active earth pressure considering the spatial variability of permeability.

Table 2
Comparison between the present study and Antao et al. (2016).

B/H o (°) Ky Relative error
Antao et al. (2016) This study
2 15 0.56 0.549 1.9%
2 20 0.456 0.449 14%
2 25 0.372 0.364 21%
2 30 0.301 0.293 2.6%
2 35 0.241 0.229 49 %
2 40 0.188 0.181 36%
5 15 0.575 0.573 03 %
5 20 0476 0474 05%
5 25 0.391 0.387 09 %
5 30 0.32 0.319 0.4 %
5 35 0.258 0.247 4.1%
5 40 0.205 0.201 1.7%
o (2D) 15 0.588 0.588 0.0 %
o (2D) 20 0.49 0.489 0.2 %
o (2D) 25 0.405 0.404 02%
o (2D) 30 0.332 0.332 0.1%
o (2D) 35 0.269 0.259 38%
o (2D) 40 0.215 0.216 05%

Note: 2D refers to the case where the model can be regarded as a two-dimensional
(2D) plane strain mechanism as the B/H approaches infinity.

4.3. Compared to the random finite difference method

The RFDM is frequently used to address the geotechnical
problems by performing an integration of random fields and the
FDM. According to Jamshidi Chenari and Alaie (2015), this
approach effectively captures the inherent randomness in soil
properties, enabling more accurate modeling of soil behaviors.
Therefore, the verification was herein carried out by utilizing
RFDM. In probability analysis, an appropriate number of MCS is
crucial for obtaining converged results. If the number of runs is
insufficient, low-probability events may be missed, while an
excessively large number of runs can lead to unacceptable
computational inefficiency. Thus, optimizing the number of sim-
ulations is essential to balance accuracy and efficiency (Zhang
et al., 2022).
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Fig. 9. Numerical modeling and meshing of 3D retaining walls.

The size and boundary conditions of the numerical model, with
a width-to-height ratio of 2.0, are detailed in Section 4.2. The 3D
center point coordinates and boundaries for implementing the
saturated hydraulic conductivity random field are derived from
the established numerical model. Statistical analyses are per-
formed based on 1000 realizations with ks 5 x 1077 m/s,
COVy, =03,y =1,=15mand [, = 1.5 m. Fig. 11 presents the effect
of number of random field realizations on the mean and standard
deviation of active earth pressure behind a vertical retaining wall.
After around 400 simulations, the mean and standard deviation of
active earth pressure stabilize for both RLAM and RFDM. The mean
values from RLAM and RFDM differed by less than 10 %, with RLAM
exhibiting greater stability and lower variability. RLAM's primary
advantage lies in its computational efficiency, delivering results in
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Table 3
Comparison between the kinematic approach and numerical calculations.
Soil type B/H No seepage High infiltration
This study FLAC3D Relative error This study FLAC3D Relative error
Clay 2 72.56 72.70 0.19 % 47.41 49.969 512 %
5 82.08 81.24 1.03 % 59.67 57.98 291 %
 (2D) 87.86 86.53 1.54 % 67.25 67.82 0.84 %
Silt 2 69.94 70.19 036 % 19.19 19.89 3.52%
5 77.59 76.88 0.92 % 31.41 30.74 218 %
 (2D) 82.32 81.65 0.82 % 39.06 39.93 2.18 %
Loess 2 73.83 72.51 1.82% 13.60 14.08 341 %
5 80.13 79.46 0.84 % 24.83 2417 2.73%
 (2D) 84.06 83.48 0.69 % 31.83 32.49 2.03 %
Sand 2 73.83 71.34 349 % 68.08 68.35 0.40 %
5 79.52 80.02 0.62 % 73.95 74.73 1.04 %
o(2D) 83.10 82.16 114 % 77.56 76.88 0.88 %
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Fig. 11. Influence of RLAM on active earth pressure: (a) The convergence trend of active earth pressure with Monto Carlo simulations, and (b) distribution of active earth pressure.

duration of 12 s compared to 5 min for RFDM. Additionally, RFDM's
cost scales steeply with grid size, limiting its use in large or
complex simulations. In contrast, RLAM is more efficient and
scalable, yielding substantial savings in time and computational
resources.

5. Probabilistic analysis

Active earth pressures are highly dependent on equivalent
shear strength of unsaturated soils when it involves seepage
analysis. Besides, hydraulic properties of soils exhibit notable

spatial variations across different layers due to stratification.
Therefore, understanding such uncertainty is of much significance
to obtain a more accurate solution. A probabilistic analysis is
accordingly conducted to assess the influence of parameters
associated with the spatial variability on active earth pressures.
Unless otherwise specified, the parameters discussed in this sec-
tion are assumed to maintain their basic values. Section 3.3 es-
tablishes an equation for active earth pressures related to soil
geometry features, soil parameters, and hydraulic properties.
Specially, basic values and ranges of relevant parameters are pro-
vided in Table 4. Note that the order of values for ¢, ¢’ and ks in
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Table 4
Basic values and ranges of relevant parameters.
Category Parameter Symbol Basic value Range
Parameters of geometry Inclined angle B(°) 90 N/A
Wall height H (m) 5 N/A
Width-to-height ratio B/H 2 2,3,5,10
Hydraulic and soil properties Pore size parameter n 2 2,3,4,5
Inverse of the air-entry pressure a (kPa™1) 0.005 0.005, 0.01, 0.025, 0.1
Saturated hydraulic conductivity ks (m/s) 5x 1078 5%x107%1x107,1x10°%3 x 10°°
Effective cohesion ¢ (kPa) 5 53,1,0
Effective internal frictional angle @' (°) 20 20, 25, 28, 30
Soil weight 7y (kN/m3) 20 N/A
Parameters related to spatial variability Normalized horizontal autocorrelation distance E[H 0.5 0.25,05,1,2,4
Anisotropic ratio k 0.2 0.1,0.2,0.5,0.8, 1.0
Coefficient of variation for kg Ccovy, 03 0.1, 0.25, 0.4, 0.55, 0.7

Table 4 aligns with the characteristics of four typical soils,
respectively. The normalized horizontal autocorrelation distance
&[/H, anisotropy ratio k and coefficient of variation COV_ are
defined over a specific range.

5.1. Influence of random field parameters

This section aims at investigating the response of four types of
unsaturated soils to random field parameters that account for the
spatial variability of the saturated hydraulic conductivity. Gener-
ally, the autocorrelation distance describes the correlation be-
tween random values within a specific range. A larger
autocorrelation distance implies smoother variations and greater
similarity among adjacent values, while a smaller distance in-
dicates abrupt changes and more pronounced differences. Under-
standing such autocorrelation distance under different coefficient
of variation is essential for grasping the spatial variability of soil
properties and its impact on the permeability-related engineering
design. The basic values of soil properties for the sensitive analysis
can be found in Table 4. As recommended in Section 4.3, approx-
imately 400 simulations can yield a relatively stable active earth
pressure. Additionally, to balance computation time and accuracy,
the parameters used for the discrete failure mechanism are set to
Num = 200, and 8§y = 0.8°, which can sufficiently obtain a reason-
able result. Figs. 12 and 13 present the mean and COV of active
earth pressure versus normalized horizontal autocorrelation dis-
tance £/H and anisotropy ratio k. It is readily found that the spatial
variability of soil parameters has a significant impact on mean
active earth pressures. Under deterministic conditions, the active
earth pressures for the four types of unsaturated soils are
47.41 kPa, 19.19 kPa, 13.60 kPa, 68.08 kPa, respectively. Corre-
sponding deviations from the deterministic analysis are 6.9 %,
171 %, 18.3 % and 5.2 %, respectively. The findings suggest that
studies neglecting the spatial variability of saturated hydraulic
conductivity (Vahedifard et al., 2015; Li, 2023) may yield inaccu-
rate estimates of active earth pressures. An increase in £/H exerts
minimal influence on the mean active earth pressure. However,
the variability of active earth pressure is significantly enhanced,
and the magnitude of the covariance increase tends to diminish.
These observations align with findings reported in several studies
(Cho, 2012; Li et al., 2024). Moreover, such effect is most pro-
nounced for silt, followed by clay, while the effect on loess and
sand can be negligible.

Fig. 14 illustrates the influence of COV) of saturated hydraulic
conductivity ks on evaluating the active earth pressure. Different
soil types exhibit varying responses to COV, . Specifically, the
mean values for clay and silt significantly increase with the in-
crease in COV),_. Quantitatively, the active earth pressure generated
by clay increases by 48.6 % within the range of COV, followed by
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silt at 13.2 %, loess at just 1.5 %, while sand shows almost no
change. Moreover, the increase in COV)_ inevitably results in
greater variability in active earth pressure, a finding that applies to
all selected soil types. Among these, silt is the most sensitive to
changes in COV,_, followed by clay, with loess and sandy soil being
less affected. However, the magnitude of this increase gradually
diminishes. For silt, when COV}_ increases from 0.25 to 0.4, the
COV, of active earth pressure rises by 26.7 %, while an increase of
COV, from 0.55 to 0.7 results in only a 9.5 % increase.

5.2. Influence of width-height ratio

To further investigate the impact of geometry size on active
earth pressures, four realizations of random fields for clay are
generated with B/H = 2, 3, 5 and 10. As expected, the increase of
ratio B/H impairs the stability of soils. Nevertheless, the growth
rate of active earth pressure gradually diminishes as B/H increases.
Quantitatively, the mean active earth pressure rises by 12.4 % with
B/H ranging from 2 to 3, while this increase drops to 5.5 % as B/H
shifts from 5 to 10. When B/H takes a rather large value, 3D effects
of soil masses become negligible. This conclusion has also been
confirmed in past studies (Antao et al., 2016; Yang and Chen, 2021;
Li, 2023). Specifically, under deterministic conditions, the active
earth pressures for different B/H were calculated as 47.41, 54.28,
59.67, and 63.69. As illustrated in Figs. 15 and 16, variations in the
normalized horizontal autocorrelation distance and anisotropy
ratio have minimal impact on mean active earth pressures across
different ratios. However, the mean values differ noticeably from
those obtained under deterministic conditions. The deviations
between the present study and deterministic analysis are 6.93 %,
5.01 %, 3.64 %, and 2.40 %, respectively. Furthermore, increasing B/
H encourages reducing the variability of active earth pressure. For
instance, for a case of ¢/H = 0.5, k = 0.5 and COV,_ = 0.3, the COV of
active earth pressure reduces by 25.8 %, 43.9 %, and 63.5 %,
respectively, as B/H increases from 2 to 3, 5, and 10. It indicates that
neglecting 3D effects may yield a relatively more conservative
solution, though it underestimates fluctuations in active earth
pressures.

Fig. 17 illustrates the response of active earth pressure statistics
to variations in COVy_under different B/H values. As depicted in
Fig. 17a, the four lines appear nearly parallel. The larger COV),
can result in a greater mean of active earth pressure. Quantita-
tively, the mean earth pressure increases by 13.2 %, 10.3 %, 9.9 %,
and 9.0 % with COV,,_ ranging from 0.1 to 0.7, corresponding to B/H
values of 2, 3, 5, and 10, respectively. Furthermore, for different
COVs of saturated hydraulic conductivity ks, it is also found that
the COV of active earth pressures gradually increases as B/H de-
creases, which is similar to the results generated by the normal-
ized horizontal autocorrelation distance and anisotropy ratio.
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Fig. 17. The response of active earth pressure to width-to-height B/H under different coefficients of variation COV}_: (a) Mean, and (b) coefficient of variation COV.

3961



H. Chen, Q. Jiang, D. Zhang et al.

6. Reliability-based evaluation for semi-gravity retaining
walls

6.1. System failure probability function

The reliability evaluation of retaining wall structures has
garnered significant attention. However, current research mainly
concentrates on probabilistic analysis involving one or several
random variables, remaining confined to a purely mathematical
evaluation. These studies usually neglect the impact of spatial
variability in hydraulic properties on the reliability evaluation of
retaining walls. This section proposes a reliability evaluation
method based on extensive uncertainty analyses. A semi-gravity
retaining wall is schematically depicted in Fig. 18, with the width
of two sides a and b. The backfill is horizontal and level with the
retaining wall, with a height of H, and the adhesion between the
wall and the foundation is cy. It is worth mentioning unit width of
a wall is taken into consideration in subsequent discussion.

It is well known that the reliability evaluation of wall structures
focuses on ensuring stability and safety by addressing potential
failure modes: overturning and sliding resistance (Fenton et al.,
2005; Gao et al, 2019; Li et al.,, 2021). The safety factor against
overturning instability (FS7) is defined as the ratio of the resisting
moment to the induced moment:

_ WiMomyy, + WrMomyy, 4 PayMomay

FS] PahMomah

(29)

where Wy and W, are two components of wall weight, with hor-
izontal moment arms: Momiy, and Mom;y, respectively. Pap and Pay
are horizontal and vertical components of the active earth pres-
sure, with moment arms: Mom,, and Momy,,, respectively. Ac-
cording to the geometrical and mechanical relationship, the
following expressions can be derived:

1 2,2 1 2
W1 = srwanal, Momyy, = 3b +3Hcot f — za,Momyy = zH

1 2 1 1
W, = iywa"bH, Momyy, = §b + §H cot g, Momy, = §H

Pay = P; sin(é + g — 90°), Mom,y = b +%H cot g

Py, = Pa cos( + 5 — 90°), Momy), = H

3

(30)

The probability of overturning failure of retaining walls

considering spatial variability of saturated hydraulic conductivity,
Pfy, can be obtained by

Mechanical parameters :
Wy, W, Pa Soil properties::

c, P, 0
Hydraulic properties: | H
P, @ ks

Geometry properties:
a, b Hp

i<—’>l Foundtiontcs.

Fig. 18. Longitudinal schematic diagram of a semi-gravity retaining wall.
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1 N
Ppy =N ;Ms]) (31)

where N denotes the number of MCS required for random field

realizations, and I denotes the indicator function, which is defined

as: I(FS1) = 1 for FS1 < 0 and I(FS1) = O for FS; > 0. The safety factor

against the sliding failure of retaining walls (FS>) is expressed as
bCz

a;

Similarly, the probability of sliding failure, Pf,, is written as

1 N
Pp, =N ; I(FS,) (33)

By combining the sliding and overturning failure modes of the
retaining wall, the system failure probability can be defined as

Pf:Pﬂ +Pf2 _Pf12 (34)

where Py, represents the probability of simultaneous overturning
and sliding of the retaining wall:

N
Pria =y > HES)IES, ) (35)
i=1

6.2. Illustrative example

As elaborated in Section 5.1, autocorrelation distances and COV
of saturated hydraulic conductivity exert significant impacts on
fluctuations of 3D active earth pressure. Furthermore, it was found
that the response of active earth pressure generated by silt to
random field parameters is the most sensitive among all types of
unsaturated soils. Therefore, this section performs a reliability-
based evaluation for a semi-gravity wall resisting silty backfills,
with the normalized bottom width of walls as the design index.
Other input parameters that do not be emphasized take values
from Tables 4 and 5.

Fig. 19 illustrates the responses of system failure probabilities
of the semi-gravity retaining wall to the normalized bottom width
of walls b/H under three random field parameters: normalized
horizontal autocorrelation distance &/H, anisotropy ratio k and COV
of ks. As expected, a larger design index, b/H, contributes to a
smaller failure probability, P. This scenario is always right across
all designed cases. As £/H increases, the effective range of variation
in system failure probabilities gradually widens. Moreover, it is
observed that as b/H increases, Pr gradually decreases. The curve
exhibits an initial slow decline, followed by a steep descent,
gradually leveling off, and ultimately approaching zero. Note that

Table 5
Mean values of input parameters used for the illustrative example.

Input variables Parameter Basic value
Inclined angle B() 90

Wall height H (m) 5

Top width of the wall a (m) 0.4
Bottom width of the wall b (m) 0.8

Unit weight of the wall ywanl (KN/m?) 24

Adhesion between the wall and foundation ¢ (kPa) 50
External frictional angle 5(°) 0
Unit weight of the soil 7 (kN/m?) 20
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Fig. 19. Influence of random field parameters of saturated hydraulic conductivity on system failure probabilities: (a) Normalized autocorrelation distance &/H, (b) anisotropy ratio

k; and (c) coefficient of variation COVj.

all decreasing curves from Fig. 19a intersect each other within the
approximate range from 0.161 to 0.2. Such range is herein defined
as the “turning region”, as described by the cyan area. It suggests
that when ¢/H is smaller than the “turning region”, Py decreases
with an increase in £/H. While it exceeds the “turning region”, Py
increases with an increase in &/H. This pattern also applies to the
relationship between Py and k. Additional, Fig. 19c presents the
effect of the COV of saturated hydraulic conductivity ks on Pr. With
the increase of COV,, the effective variation range of Py gradually
widens. The decay pattern of curves is similar to that in Fig. 19a and
b, and for different values of COV, all decay curves intersect
approximately within the range of 0.140-0157. Small adjustments
in b/H within this range may yield substantial improvements in
reliability, potentially reducing construction costs. assuming the
design index b/H for COV} = 0.25 increases from 0.12 to 0.14 as
illustrated in Fig. 19¢, Prdecreases by 2 %. In contrast, an increase in
b/H from 0.14 to 0.16 leads to a 42.3 % reduction in the system
failure probability.

The simplicity of 2D reliability evaluation for retaining walls
has made it widely popular. However, soil failures often present 3D
characterizations in nature. Recent studies have researched the
influence of random variables on retaining wall reliability, but the
influence of the spatial variability of soil parameters, especially for
saturated hydraulic conductivity, remains unaddressed. To further
understand the influence of 3D effects on the system failure
probability of retaining walls, Fig. 20 exhibits the curves of system
failure probabilities versus reliability design index b/H under
different width-to-height ratios. It can be observed from Fig. 20, a
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Fig. 20. System failure probabilities for different width-to-height ratios.

larger value of b/H is required to maintain the target reliability at a
larger width-to-height ratio B/H. It implies that considering 3D
effects may result in an economic saving in terms of the con-
struction of retaining walls. Quantitatively, assuming a system
failure probability of 0.2, the required design index b/H for the
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retaining wall are 0.279, 0.296, 0.303, and 0.307, respectively.
Compared to the conservative design based on plane strain cases,
b/H reduced by 3.58 % when B/H = 3, while b/H reduced by 9.1 %
when B/H = 2. It can contribute significantly to achieving an
optimal balance between construction cost and performance.

7. Conclusions

The proposed method, by adopting an idealized, non-
predefined failure mechanism, can provide a preliminary analyt-
ical solution for 3D active earth pressure in complex, nonlinear
geological environments. Specifically, the present study discretizes
the conventional 3D rotational failure mechanism. An explicit
expression of 3D active earth pressures is accordingly derived
owing to the energy dissipation principle. Comparisons with the
available theoretical method and finite difference method are
performed to demonstrate the validation of the present method.
The main conclusions can be drawn as follows:

(1) After around 400 simulations, the mean and standard de-
viation of active earth pressure stabilize for both RLAM and
RFDM. The comparison results show high efficiency and
accuracy of the proposed method, offering substantial time
and computational savings. While the horizontal autocor-
relation distance and anisotropic ratio of ks have little effect
on the mean active earth pressure, they significantly in-
crease fluctuations of active earth pressures. This effect is
the most obvious for silt, followed by clay, with minimal
impact on loess and sand. Moreover, higher COV consis-
tently heightens variability in all soil types.

(2) A reliability-based evaluation method that incorporates the
spatial variability of hydraulic properties is developed for
semi-gravity retaining walls. As b/H increases, the system
failure probability gradually decreases, with curves initially
declining slowly, then steepening, and eventually flattening
out, approaching zero. Neglecting 3D effects may yield a
relatively more conservative solution, though it un-
derestimates fluctuations in active earth pressures. A larger
value of b/H is required to maintain the target reliability at a
larger width-to-height ratio B/H, suggesting that consid-
ering 3D effects may reduce construction costs for retaining
walls.

(3) Under different random field design cases, the decay curves
of system failure probabilities for a semi-gravity retaining
wall always intersect in the “turning region”. When b/H is
smaller than the region, Py gradually decreases with the in-
crease of ¢/H, k and COV,_. While b/H is larger than this re-
gion, Pr gradually increases with the increase of ¢/H, k and
CoVy..

Future research will focus on extending the current analytical
model to enable its application in the reliability assessment of
multilayer soils. Each soil layer will be characterized by its own set
of random field parameters to capture the unique hydraulic and
mechanical properties inherent in different strata. This extension
is expected to enhance the accuracy and applicability of probabi-
listic analyses in complex, stratified soil environments.
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