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a b s t r a c t

Little research can be found in relation to the stability of anisotropic and heterogenous soils in three
dimensions. In this paper, we propose a study on the three-dimensional (3D) undrained slopes in
anisotropic and heterogenous clay using advanced upper and lower bounds finite element limit analysis
(FELA). The obtained stability solutions are normalized, and presented by a stability number that is a
function of three geometrical ratios and two material ratios, i.e. depth ratio, length ratio, slope angle,
shear strength gradient ratio and anisotropic strength ratio. Numerical results are compared with
experimental data in the literature, and charts are presented to cover a wide range of design parameters.
Using the multivariate adaptive regression splines (MARS) analysis, the respective influence and sensi-
tivity of each design parameter on the stability number and the failure mechanism are investigated. An
empirical equation is also developed to effectively estimate the stability number.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
1. Introduction

Assessing the stability of slopes is commonly required in con-
struction projects. The slope stability research has drawn great
attention since 1930s (Taylor, 1937, 1948; Bishop, 1955;
Morgenstern and Price, 1965; Janbu, 1973; Leshchinsky and Baker,
1986; Leshchinsky and Huang, 1992; Chang, 2002; Shiau et al.,
2008a, b, 2011; Li et al., 2009; Xie et al., 2011; Zhang et al., 2012;
Ukritchon and Keawsawasvong, 2018; Renani and Martin, 2020;
Yang et al., 2020). In general, the stability of a slope is largely
influenced by the geometry of the slope and the physical properties
of soils. The assessment of slope stability is normally expressed by a
stability number using slope stability charts (Taylor, 1937). The
research into slope stability has been further extended to three
dimensions (Shiau and Watson, 2008; Li et al., 2009, 2014b; Lu,
2015; Qian et al., 2015; Ma et al., 2021; Yang and Chen, 2021;
Zhang and Yang, 2021). Several researchers, such as Baligh and
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Azzouz (1975), Azzouz and Baligh (1978), and Gens et al. (1988),
have pointed out that two-dimensional (2D) slope analysis which
neglects the three-dimensional (3D) effects may lead to an under-
estimate of the factor of safety.

In the past few decades, the computational methods for the
stability analysis of 3D slopes have been developed, including the
limit equilibrium method (LEM), finite element method (FEM), and
finite element limit analysis (FELA) method. Although LEM is the
most commonly-used one (Morgenstern and Price, 1965; Li et al.,
2014b; Schlotfeldt et al., 2018; Siacara et al., 2020; Ardestani
et al., 2021), it requires an initial assumption of the slip surface
(Kainthola et al., 2013; Azarafza et al., 2021). The FEM outperforms
LEM in predicting 3D slope stability without the need of assuming
the potential slip surface (Griffiths and Lane, 1999; Griffiths and
Marquez, 2007; Guo et al., 2011; Chai et al., 2013; Yang et al.,
2015; Raghuvanshi, 2019; Ghadrdan et al., 2021). Nevertheless,
due to the excessive requirement of computational time, it has not
been widely used to produce 3D slope stability charts. The recently
developed FELA, such as lower bound (LB) and upper bound (UB)
limit analysis using nonlinear programming and finite elements
have become popular in studying 3D slope owing to its computa-
tional efficiency (Loukidis et al., 2003; Kumar and Samui, 2006; Li
et al., 2009, 2014a; Kardani et al., 2021).
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Fig. 1. 3D slope geometry.
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Apart from the 3D analysis, many studies have discovered that
the anisotropic behavior of natural clays can affect the stability
performance of soil structures (e.g. Casagrande and Carillo, 1944;
Lo, 1965; Ladd, 1991; Ladd and DeGroot, 2003; Ukritchon and
Keawsawasvong, 2019a, b, 2020a, b; Keawsawasvong and
Ukritchon, 2021, 2022). Recently, Krabbenhoft et al. (2019) pro-
posed an anisotropic undrained shear (AUS)model that can be used
to study the behavior of anisotropic clays by adopting the gener-
alized Tresca (GT) failure criterion (Krabbenhoft and Lyamin, 2015).
The AUS model has recently been implemented in the 3D FELA
software, OptumG3 (OptumCE, 2020), and it has been successfully
applied to solving many geotechnical stability problems
(Keawsawasvong et al., 2021, 2022a; Nguyen et al., 2021; Yodsomjai
et al., 2021a; Jearsiripongkul et al., 2022; Lai et al., 2022a, b;
Sirimontree et al., 2022). Note that FELA has been used by several
researchers in the past (e.g. Shiau et al., 2004, 2006, 2011;
Ukritchon and Keawsawasvong, 2017, 2019c, d; Keawsawasvong
and Ukritchon, 2019a, b, 2020; Ukritchon et al., 2019, 2020; Shiau
and Al-Asadi, 2020a, b, 2021a, b, 2022; Yodsomjai et al., 2021b;
Keawsawasvong and Shiau, 2022; Shiau et al., 2022). Nevertheless,
it has not been rigorously assessed using the new techniquewith LB
and UB solutions considering both anisotropic and heterogenous
effects.

Following the work of Keawsawasvong et al. (2022a), this paper
aims to present novel stability solutions of 3D undrained slopes in
anisotropic and heterogenous clay using rigorous LB and UB FELA
and AUS failure criterion. The 3D stability solutions of averaged LB
and UB are formulated by a dimensionless stability number that is a
function of five dimensionless input parameters: depth ratio,
length ratio, slope angle, shear strength gradient ratio, and aniso-
tropic strength ratio. The associated failure mechanism of each
parametric effect is also investigated so that the fundamental in-
fluence of all dimensionless input parameters can be demonstrated.
Due to the complexity of the problem with five dimensionless pa-
rameters, it is important to determine the sensitivity of each
parameter as well as the associated effects on the 3D stability
number. In this study, all numerical results are used as training data
in themultivariate adaptive regression splines (MARS)model, and a
simple empirical equation is established for the 3D undrained slope
considering anisotropy and heterogeneity. To the authors’ best
knowledge, this is the first time to present rigorous LB and UB
stability solutions of 3D undrained slopes in anisotropic and
heterogenous clay. This is also the first time to applyMARSmodel (a
curve-based machine learning method) to analyzing the output
numerical results. This study would be of great interest to
practitioners.

2. Problem statement and numerical modeling

Fig. 1 shows the geometry of a 3D slope that is defined by slope
angle (b), slope height (H), model depth (d), and model length (L). A
potential failure mechanism (the hatch area) of the 3D slope is also
shown in this figure. The soil mass of the 3D slope is assumed to be
perfectly plastic, and the failure criterion of soil is based on the AUS
failure criterion proposed by Krabbenhoft et al. (2019).

Anisotropy refers to the material property that is dependent on
the loading direction. In AUS model, three input strength parame-
ters are used to describe the behavior of clay, including the un-
drained shear strength obtained from triaxial compression test
(suc), triaxial extension test (sue), and direct simple shear test (sus).
Three strength parameters are further normalized into the
following dimensionless anisotropic parameters: re ¼ sue/suc and
rs¼ sus/suc. Fig. 2 presents the problem statement of anisotropic and
heterogenous clays. Note that in this paper using AUS, soil strengths
obtained from different loading tests are considered. Nevertheless,
they are not used along the potential slip surface, which cannot
reflect real soil anisotropy. Ideally, anisotropy should refer to
different behaviors for different directions of the material. The soil
may not respond in the same way to a compression loading as it
does to an extension loading.

According to Krabbenhoft et al. (2019), the value of rs can be
determined from re using the harmonic mean as

rs ¼ 2re
1þ re

(1)

Therefore, the anisotropic behavior of clay can be studied using
the parameter re. Note that the value of re varies from 0.5 to 1,
whilst re ¼ 1 indicates an isotropic state of Tresca failure criterion
(Fig. 3).

Coupledwith the anisotropy, the heterogeneous behavior of clay
is investigated using three anisotropic undrained shear strength
parameters that increase with depth by

sueðzÞ ¼ sue0 þ rerz (2)

susðzÞ ¼ sus0 þ rsrz (3)

sucðzÞ ¼ suc0 þ rz (4)

where sue0, sus0 and suc0 are the anisotropic undrained shear
strengths at the ground level; z denotes the depth from the ground
surface; and r is the linear gradient (in kPa/m) (Fig. 2).

The stability solutions of 3D slopes in anisotropic and heterog-
enous clays are expressed using the dimensionless approach as
stated in Butterfield (2009), which is a function of five dimen-
sionless parameters as

Nr ¼ gHF
suc0

¼ f
�
b;

L
H
;
d
H
; re; lcp ¼ rHF

suc0

�
(5)

whereNr is the 3D slope stability number, b is the slope angle, L/H is
the length factor, d/H is the depth factor, lcp ¼ rHF=suc0 is the
normalized shear strength gradient, and F is the factor of safety. The
proposed parametric study is for: (1) b ¼ 15�, 30�, 45�, 60�; (2) L/
H ¼ 1, 2, 3, 5; (3) d/H ¼ 1, 2, 3, 5; (4) re ¼ 0.5, 0.6, 0.7, 0.8, 0.9, 1; and
(5) lcp ¼ 0, 0.2, 0.4, 0.6, 0.8, 1, 2.

The FELA software OptumG3 (OptumCE, 2020) is used to pro-
duce stability solutions. To enhance the numerical confidence, both
LB and UB solutions are presented. For improving the computa-
tional efficiency, the automatically adaptive mesh refinement
technique in OptumG3 is adopted (Ciria et al., 2008). Five iterations
of the adaptive meshing are used, where the number of elements is
set to be increased from 5000 to 10,000 (Keawsawasvong and Lai,
2021; Keawsawasvong, 2021), with more elements being used
near high plastic zones.



Fig. 2. Soil anisotropy (left) and increasing strength with depth (right).

Fig. 3. GT yield surface in the AUS.

Fig. 4. Comparison of failure mechanisms in different models: (a) 2D_PS, (b) 3D_PS, (c)
3D.
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From the modeling aspect, it is vital to note that either an arti-
ficial “forced” boundary or a local 3D loading is needed to simulate
a 3D slope study. This is because the proposed 3D geometry itself is
a plane strain problem under gravity. To further explain this, Fig. 4
presents a comparison study of associated failure mechanisms
under three scenarios. Note that the colored contours are repre-
sentative of non-zero power dissipation, indicating the potential
failure mechanism. The absolute values are neither real nor
important in such a perfectly plastic soil model.

Fig. 4a depicts the case of a standard 2D slope under plane strain
conditions (2D_PS), whilst Fig. 4b has a 3D slope geometry without
the “forced” boundary (called 3D plane strain or 3D_PS). In Fig. 4a,
all boundaries of the 2D_PS model are fixed in the x- and y-di-
rections except for the face and the ground surface sides, which are
free to move. For the 3D_PS in Fig. 4b, the boundary conditions are
specified as follows: the bottom, front and back sides are fixed in
the x-, y- and z-directions; the face and the ground sides are free.
Note that both the left- and right-hand sides are fixed in the x-di-
rection only, representing the symmetrical boundary conditions.

Fig. 4c is considered an “actual” 3D slope under soil gravity. The
boundary conditions are the same as those in 3D_PS except for the
left-hand side now being fixed in the x-, y- and z-directions. The
right-hand side boundary remains as “fix x”, giving a symmetrical
condition for the slope, and therefore a 3D response is yielded.

Fig. 5 shows the relationship between stability number Nr and
shear strength gradient ratio lcp for a 3D slope analysis considering
the effect of L/H (Figs. 1 and 4c). Numerical results have shown that
an increase of L/H results in a decrease in the stability number.
Indeed, when L/H is large, such as L/H ¼ 15, the stability numbers
should be close to those of either 3D_PS or 2D_PS. As expected, the
stability numbers of 3D_PS and 2D_PS are nearly identical. The
study has greatly enhanced the confidence in modeling and has
concluded the use of the model in Fig. 4c for all later analyses of the
3D slopes in anisotropic and heterogenous clays.

3. MARS model

Owing to the complexity in considering the effects of five
dimensionless parameters on the stability of the 3D anisotropic and
heterogeneous slope, it is important to investigate the sensitivity of
each parameter to the stability. An empirical equation considering
all dimensionless design parameters is essential in assisting slope
designs. Hence, the MARS model is adopted in this research.

The MARS analysis is a nonlinear regression method that can be
used in data analysis of various geotechnical problems. Recently, Lai



Fig. 5. Relationship between Nr and lcp for 2D and 3D slope analyses.

Fig. 6. The concept of MARS model.
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et al. (2021) applied the MARS model to correlating the nonlinear
relationship between a set of five dimensionless input variables and
their respective output variables. The work was for studying the
sensitivity of design parameters of two adjacent caissons. Zhang
et al. (2019a) also used the MARS model to propose an empirical
equation to predict the lateral displacement envelope for braced
excavation in clays. Five input design parameters were considered
in their study. MARS model has also been successfully applied to
the induced uplift displacement of tunnels under earthquake
loading (Zheng et al., 2019), as well as the embankment stability
problem (Zhou et al., 2021). MARS model has also been applied to
solving many other geotechnical problems (Zhang and Goh, 2013;
Zhang, 2019; Hasanpour et al., 2020; Wang et al., 2020a; Qureshi
et al., 2021; Lai et al., 2022c; Yodsomjai et al., 2022).

In comparison to other machine learning approaches, i.e. arti-
ficial neural network (Armaghani et al., 2019; Zhang et al., 2019b;
Miah, 2021; Keawsawasvong et al., 2022b; Khajehzadeh et al.,
2022a, b), extreme learning machine (Jamei et al., 2021; Bardhan
et al., 2022), support vector regression (Alkroosh et al., 2015;
Zhang et al., 2020, 2022), stochastic gradient boosting trees (Raja
and Shukla, 2021), and XGBoost (Wang et al., 2020b; Zhang et al.,
2021), MARS model is well known for its effectiveness (Wu and
Fan, 2019; Raja and Shukla, 2021). MARS is also highly adaptive
since it does not need any assumptions about the underlying
functional relationships between input and output parameters
(Zhang et al., 2020). Using a series of piecewise linear functions
(splines) with different gradients to demonstrate nonlinear re-
lationships between input parameters and output results, MARS is
well suited for high-dimensional problems (i.e. five inputs in this
study). It can be viewed as a generalization of stepwise linear
regression, as shown in Fig. 6. The chosen split point (or the knot) is
used to connect different splines. Better flexibility is provided in
capturing the nonlinear regression process using the “knots”. The
fitted basic functions (BFs) presented for the splines are optimized
in the adaptive regression algorithm that is presented as follows:

BF ¼ maxð0; x� tÞ ¼
�
x� t ðif x > tÞ
0 ðotherwiseÞ (6)

where x is an input variable and t is a threshold value.
To illustrate the relationship between input and output pa-

rameters, an empirical equation is determined by combining all
linear BFs as
f ðxÞ ¼ a0 þ
XN
n¼1

angnðxÞ (7)

where a0 is the constant,N is the number of BFs, gn is the nth BF, and
an is the coefficient of gn.

In summary, MARS model is built by a two-step procedure. The
first (or called “forward”) step is to provide BFs as well as to find
their potential knots to optimize themodel performance and fitting
accuracy. It often creates an over-fitted model using all input pa-
rameters. The second (or “backward”) step uses a pruning algo-
rithm based on the generalized cross validation (GCV) value to
remove the least effective terms to obtain the optimal model. The
GCV value can be determined by

GCV ¼ RMSE

½1� ðN � hNÞ=R�2
(8)

where RMSE is the rootmean square error for the training dataset, h
is the penalty factor, and R is the number of data points.

The increase in GCV values between the pruned model and the
over-fitted model is considered as an important measure of the
removed variable (Steinberg et al., 1999; Gan et al., 2014). The score
of the ith parameter is represented by the relative importance in-
dex (RII) and determined by

RIIðiÞ ¼ DgðiÞ
maxfDgðiÞ;Dgð2Þ;Dgð3Þ;.:;DgðnÞg (9)

where Dg is the increase in GCV when the ith parameter is deleted.
The higher the GCV rises, the more significant the deleted param-
eter is.
4. Validation, results and discussion

To verify the present FELA solutions, Fig. 7 presents the stability
number Nr between the present study and Li et al. (2010) for the
isotropic slope (re¼ 1, b¼ 15�, d/H¼ 1, L/H¼ 1, 2, 3, 5). Note that the
FELA solution is presented using the average of LB and UB solutions.
Numerical results have shown that Nr increases linearly with the
increase in lcp, and our averaged LB and UB results are close to their
LB ones. This observation applies to all values of L/H. It can therefore
be concluded that the numerical confidence has been greatly
improved using the latest AUS model in OptumG3. Following this
validation, the 3D effects of the five dimensionless input parame-
ters (b, d/H, L/H, lcp, re) on the stability numbers of anisotropic and
heterogeneous slopes are investigated (Figs. 8e17).



Fig. 7. Relationship between stability number Nr and strength gradient ratio lcp under different values of L/H.

Fig. 8. Relationship between stability number Nr and various slope angles (b ¼ 15� , 30� , 45� , 60�) and soil anisotropy ratios (re ¼ 0.5, 0.6, 0.7, 0.8, 0.9, 1) at increasing strength
gradient ratio (lcp ¼ 0, 0.6, 1, 2).

J. Shiau et al. / Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 1052e10641056



Fig. 9. Comparison of failure mechanisms under different values of b.

Fig. 10. Effect of soil strength gradient ratio lcp on the stability number Nr for various values of L/H and d/H.
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Fig. 11. Comparison of failure mechanisms under different values of lcp.

Fig. 12. Relationship between Nr and re (b ¼ 60� , lcp ¼ 1, d/H ¼ 1, 2, 3, 5).
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Fig. 13. Comparison of failure mechanisms under different values of re.
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Fig. 8 shows the relationship between stability number Nr and
various slope angles (b ¼ 15�, 30�, 45�, 60�) and soil anisotropy
ratios (re ¼ 0.5, 0.6, 0,7, 0.8, 0.9, 1) at increasing strength gradient
ratio (lcp ¼ 0, 0.6, 1, 2). The chosen geometric parameters for the
study are L/H ¼ 3 and d/H ¼ 3. Results show that an increase of the
Fig. 14. Relationship between Nr and d/H
slope angle b yields to a nonlinear decrease of the stability number
Nr for all investigated values of lcp. It is not surprised to see that an
increase of slope angle results in a less stable slope. Four selected
failure mechanisms (b ¼ 15�, 30�, 45�, 60�) are presented in Fig. 9.
They are for re ¼ 0.8, lcp ¼ 1, L/H¼ 5 and d/H¼ 3. As the slope angle
(b ¼ 30� , L/H ¼ 5, lcp ¼ 0, 0.6, 1, 2).



Fig. 15. Comparison of failure mechanisms under different values of d/H.
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increases from 15� to 60�, the overall volume of the failure zone
becomes smaller, and the type of failure changes from a base-
failure mode to a toe-failure or a face-failure mode.

The effect of soil strength gradient ratio lcp on the stability
number Nr for various L/H values is shown in Fig. 10. The selected
Fig. 16. Relationship between Nr and L/H
presentation is for b ¼ 45�, re ¼ 0.5, and d/H ¼ 1, 2, 3, 5. A linear
increasing relationship between stability number Nr and soil
strength gradient ratio lcp is obtained for all cases (d/H¼ 1, 2, 3, 5, L/
H ¼ 1, 2, 3, 5). Fig. 11 shows a comparison of the failure mechanism
of the four different strength gradient ratios (lcp¼ 0, 0.6,1, 2). These
(b ¼ 30� , d/H ¼ 2, lcp ¼ 0, 0.6, 1, 2).



Fig. 17. Comparison of failure mechanisms under different values of L/H.

Fig. 18. Sensitive analysis of five parameters.

Table 1
BFs and the empirical equations for Nr.

BF Equation BF Equation

BF1 max [0, (b e 30)] BF15 max [0, (0.8 e re)] � BF3
BF2 max [0, (30 e b)] BF16 max [0, (b e 30)] � BF15
BF3 max [0, (lcp e 0)] BF17 max [0, (30 e b)] � BF15
BF4 max [0, (L/H e 2)] BF18 max [0, (3 e L/H)] � BF3
BF5 max [0, (2 e L/H)] BF19 max [0, (b e 45)] � BF18
BF6 max [0, (re e 0.7)] BF20 max [0, (45 e b)] � BF18
BF7 max [0, (0.7 e re)] BF21 max [0, (re e 0.5)] � BF11
BF8 max [0, (lcp e 0.6)] � BF2 BF22 max [0, (2 e d/H)] � BF11
BF9 max [0, (0.6 e lcp)] � BF2 BF23 max [0, (L/H e 2)] � BF1
BF10 max [0, (L/H e 2)] � BF2 BF24 max [0, (2 e L/H)] � BF1
BF11 max [0, (2 e L/H)] � BF2 BF25 max [0, (lcp e 0.6)] � BF12
BF12 max [0, (2 e d/H)] � BF2 BF26 max [0, (0.6 e lcp)] � BF12
BF13 max [0, (lcp e 0)] � BF1 BF27 max [0, (b e 15)] � BF6
BF14 max [0, (re e 0.8)] � BF3

Note: The empirical equation for Nr: Nr¼ 6.79127e0.0536684BF1þ 0.292989BF2þ
5.32605BF3 � 0.316594BF4 þ 2.18929BF5 þ 6.5277BF6 � 6.61517BF7 þ
0.244203BF8� 0.324137BF9� 0.024708BF10 þ 0.0839839BF11 þ 0.188355BF12 �
0.0793451BF13 þ 3.38076BF14 � 4.80313BF15 þ 0.0958865BF16 �
0.298921BF17 þ 0.196017BF18 þ 0.0119605BF19 þ 0.0388073BF20 þ
0.372231BF21 � 0.0970221BF22 þ 0.00465014BF23 � 0.0309415BF24 �
0.0455977BF25 þ 0.108208BF26 � 0.083836BF27.
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plots are based on the selected case of b¼ 45�, re ¼ 0.5, d/H¼ 2 and
L/H¼ 1. Interestingly, it was found that the overall failure zone does
not differ much in size and pattern for all values of lcp. This can be
understood through the theoretical background of the strength
reduction method, in which the soil strength is reduced uniformly
during the computational process for a final outcome of the factor
of safety. Therefore, the failure mechanism does not change with
varied values of lcp.

Similarly, a slight convex relationship between stability number
Nr and anisotropic ratio re is shown in Fig. 12. In general, Nr in-
creases with increasing value of re for all values of L/H and d/H.
Similarly, minor differences in failure mechanism are observed
with the different re ratios in Fig. 13. Similar observation was also
reported by Keawsawasvong and Ukritchon (2022). It is therefore
concluded that the effect of re on the overall failure mechanism is
insignificant.
The relationships between stability number Nr and depth ratio of
d/H for various soil strength gradient ratios (lcp ¼ 0, 0.6, 1, 2) and
anisotropic ratios (re ¼ 0.5, 0.6, 0.7, 0.8, 0.9, 1) are shown in Fig. 14.
The study is for the case of b ¼ 30� and L/H ¼ 5. It is to be noted that
the stability number Nr decreases with increasing values of depth
ratio (d/H). Depending on the value of d/H and lcp, Nr becomes
constant, and it is no longer dependent on the depth ratio (d/H). This
can be self-explained by inspecting the failure mechanism plots in
Fig. 15. There is no change of the failure zone for cases with d/H > 2.

Fig. 16 presents the effect of L/H on the stability number Nr. Four
various strength gradient ratios (lcp ¼ 0, 0.6, 1, 2) and five aniso-
tropic ratios (re ¼ 0.5, 0.6, 0.7, 0.8, 0.9, 1) are reported and the
chosen case is for b ¼ 30� and d/H ¼ 2. Numerical results have
shown a nonlinear relationship between Nr and L/H. An increase of
L/H results in a nonlinear decrease of Nr. Depending on the value of



Fig. 19. Comparison of Nr between the proposed equation and FELA results.
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lcp and re, Nr tends to approach a constant value, indicating that the
solution is close to a plane strain one. The larger the L/H, the smaller
the stability number Nr, and the closer the results of Nr to a plane
strain one. This has also been discussed in Figs. 4 and 5. The failure
mechanisms of four different values of L/H are shown in Fig. 17,
where less boundary effect is depicted in the case of L/H ¼ 5.
5. Sensitive analysis and empirical equation by MARS model

In this study, all 2688 stability numbers (Tables A1-A4 in Ap-
pendix), corresponding to the input values of dimensionless pa-
rameters (i.e. b, d/H, L/H, lcp, re), are used as the training data for the
sensitivity analysis in MARS model. The outcome of the sensitivity
study is presented in Fig. 18, where the relative importance index
(RII) is shown for each dimensionless input parameter. The
respective RII values for b, lcp, L/H, re and d/H are 100%, 94.75%,
50.22%, 42.04% and 14.75%, respectively. RII of 100% means that the
slope angle b is the most sensitive parameter that could affect the
design outcome. lcp, with a RII of 94.75%, would also indicate that
the strength gradient ratio has a significant role in slope stability
performance. L/H and re are considered asmoderate, though cannot
be ignored in practice, whilst d/H is of less significance.

Table 1 shows a comprehensive output of the 27 BFs considering
the effects of all five investigated parameters. The nonlinear rela-
tionship between the five input parameters and output stability
numbers is also presented in Table 1. To verify the accuracy of the
proposed empirical equation, a comparison between the stability
numbers calculated from the proposed equation and those from the
actual FELA results is shown in Fig. 19. Good agreement is displayed
with the coefficient of determination R2 ¼ 0.9966. It can therefore
be concluded that the proposed equation based on theMARSmodel
can be an effective and efficient tool in practice.
6. Conclusions

This paper has investigated the undrained stability of 3D slopes
in anisotropic and heterogenous clay using advanced LB and UB
FELA. A set of five dimensionless parameters including slope angle
b, depth ratio (d/H), length ratio (L/H), shear strength gradient ratio
(lcp), and anisotropic strength ratio (re) is considered in the analysis
to examine their influences on the stability numbers Nr and the
associated failure mechanisms. The sensitivity of each parameter is
also analyzed using an MARS model, where both the RII and the
empirical equation are determined. The following conclusions can
be drawn:
(1) The increases in b, L/H and d/H result in a nonlinear decrease
of the stability number Nr, whilst the increases in lcp and re
produce an increase in Nr.

(2) The resulting failure mechanisms are largely affected by the
changes in b and L/H, rather than by the other three pa-
rameters: lcp, re and d/H.

(3) Based on the MARS analysis, the slope angle b is the most
important parameter that affects the stability performance.
This is followed by lcp, L/H, re and d/H with respective RII of
94.75%, 50.22%, 42.04% and 14.75%.

(4) A highly accurate empirical equation is developed based on
the MARS analysis, and it is well recognized as an effective
and efficient tool in practice.

The numerical model is found to be well suited to solving the
proposed problem owing to its numerical efficiency. It is recom-
mended that the current work can be extended to 3D random field
analysis in the future considering the spatially variable soils as well
as for cohesive-frictional soils.

The LB and UB FELA are used to analyze the factor of safety for
3D slope in anisotropic and heterogenous clay. Although this is the
first time that the influences of the 3D geometries of slope and
anisotropic behaviors of clay are carefully investigated, it is limited
by certain assumptions and should be investigated further as
follows:

(1) All of the proposed design charts are restricted with the
assumption of undrained soil conditions, which cannot be
used in drained soil conditions.

(2) All of proposed design charts and equation built by MARS
model for the factor of safety for 3D slope in anisotropic and
heterogenous clay correspond to the ranges of investigated
input parameters. The output prediction may be inaccurate if
the input values are out of these ranges.
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