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Abstract

Seismic bearing capacity of strip footings in cohesive soil slopes considering various embedded depths is investigated in
this study. Novel solutions using pseudo-static method and finite element limit analysis (FELA) with upper bound (LB) and
lower bound (LB) theorems are presented. The influences of footing depth, slope angle, slope height, undrained shear strength
and pseudo-static acceleration on bearing capacity and failure mechanisms are examined using dimensionless parameters.
With the comprehensive numerical results, the multivariate adaptive regression splines (MARS) model is then utilized to
simulate the sensitivity of all dimensionless input parameters (i.e., the normalized depth of footing D/B, the normalized slope
height H/B, the normalized distance from top slope to edge of the footing L/B, slope angle f, the strength ratio ¢, /B, and
the pseudo-static acceleration factor, k,). The degree of influence of each design parameter is produced, and an empirical
equation for the dimensionless output parameter (i.e., bearing capacity factor N,) is proposed. The study results are acces-

sible in the design charts, tables, empirical equation for design practitioners.

Keywords Bearing capacity - Footing on slope - Pseudo-static - Seismic - Finite element limit analysis - MARS

Introduction

One of the most commonly used foundations in construct-
ing railway tracks, retaining walls, transmission towers,
and bridge piers is the strip foundation. These buried
structures are typically supported by transferring their
load to soils with enough bearing capacity and accept-
able settling properties. Since the strip footing stability
plays a significant role in practice, several researchers
have considered the stability of strip footings on slopes
by determining solutions from many different techniques
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including semi-empirical methods (e.g., [1-3]), limit
equilibrium techniques (e.g., [4—7]), slip-line solutions
(e.g., [8, 9]), limit analysis (e.g., [10-13]), finite element
methods (e.g., [14—17]), finite element limit analysis [18],
and discontinuity layout optimization (DLO) approaches
[19-21]. However, there are a few works to study the influ-
ence of seismic events on the bearing capacity of footings
on slopes, which should be a concern in earthquake areas
due to the destructive effects of the footing during seismic
situations. One conventional and widely used approach for
determining the stability of embedded structures is the
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pseudo-static approach, where the seismic forces are sim-
ply considered as horizontal and/or vertical seismic coef-
ficients (k; and k,) and functions of gravity acceleration.

The seismic responses of a footing on soil have been one
of important issues in geotechnical engineering [22-24].
Several research have been conducted to calculate the bear-
ing capacity of strip footings on slopes with pseudo-static
seismic forces considerations. The theoretical approaches,
including limit equilibrium methods (e.g., [25-27]), lower
bound solutions (e.g., [28]) and upper bound solutions
(e.g., [29-33]), and the stress characteristic method (e.g.,
[34]) which delivered an effective solution to evaluate the
problems. In comparison to the analytical techniques dis-
cussed previously, a prior assumption regarding the failure
mechanisms is not required, therefore, it can provide excel-
lent predicted performance with a wide range of parameters
considered. Shiau et al. [35] and Raj et al. [36] investigated
the seismic bearing capacity of sloped footings by employ-
ing finite element limit analysis (FELA) which provided the
upper and lower bounds solutions.

By utilizing the lower bound FELA, Kumar and
Chakraborty [37] also computed the bearing capacity factor
N, for a rough strip footing in cohesionless slopes under
seismic scenarios. Subsequently, Chakraborty and Kumar
[38] and Chakraborty and Mahesh [39] have studied the seis-
mic bearing capacity of strip footings on a sloping ground
surface and embankments utilizing the same methodologies.
Using the Discontinuity layout optimization (DLO) tech-
nique, Zhou et al. [21] studied the ultimate seismic bearing
capacity and failure mechanisms for strip footings placed
close to the cohesive-frictional soil slopes. In addition,
Cinicioglu and Erkli [40] investigated the seismic bearing
capacity of strip footings lying on or adjacent to a slope by
employing the finite element program PLAXIS in undrained
conditions. Recently, the FELA technique was employed by
Luo et al. [41], Beygi et al. [42], and Zhang et al. [23] to
solve the seismic bearing capacity of strip footings on cohe-
sive and cohesive-frictional soils, in spite that their solutions

Fig.1 Schematic diagram of
the model

are limited to the cases of footings resting on the surface of
slopes. Due to its popularity, the FELA technique has also
been used to many other geotechnical problems [43-53].

In this paper, rigorous solutions of seismic bearing capac-
ity of strip footing in cohesive soil slope are investigated
by employing the finite element limit analysis (FELA) and
a pseudo-static technique to evaluate the seismic loadings.
The upper bound (UB) and lower bound (LB) outcomes
attained by the FELA are compared with previously pub-
lished results. The influences of the seismic acceleration
coefficient, soil characteristics, and geometrical parameters
on the seismic bearing capacity and the associated failure
mechanisms of this problem are investigated. A comprehen-
sive set of design tables and charts are also provided for the
uses in design practices. The associated sensitivities are fur-
ther assessed using multivariate adaptive regression splines
(MARS) model, which is capable of accurately capturing
the nonlinear relationships between a set of input variables
and output variables in multi-dimensions. The MARS-based
design equations used for forecasting the solutions of the
seismic bearing capacity of strip footings embedded in cohe-
sive slope are finally proposed using the artificial data set
generated from FELA. The MARS-based design equation
of the current study may be used to perform more precise
and reliable evaluations of the seismic bearing capacity of
this problem, while considering the coupled influences of
the seismic acceleration coefficient, soil characteristics, and
geometrical configurations.

Problem Statement and Modelling
Technique

The problem definition of a strip footing on a slope is shown
in Fig. 1. Under plane strain conditions, the slope has an
inclination (f) and a height (H). The footing is assumed to
be rigid material with width (B), depth (D), and the distance
from top slope to edge of the footing (L). Defining the soil to

n = kya, qu

an=knq,
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be a rigid-perfectly plastic Tresca material with a unit weight
(y) and undrained shear strength (c,,), the horizontal seismic
acceleration (k;,) is applied to the footing and the slope under
seismic forces. The vertical seismic acceleration is ignored
in this study.

A typical model of the footing on slope problem is shown
in Fig. 2. The boundary condition is determined using the
standard fixity tool in OptumG?2 [54], in which all bound-
ary conditions are created as follows: both left-hand and
right-hand boundaries are kept stationary in the x direction
and the bottom of the boundary is fixed in both x and y
directions. The movements at other boundaries are set to be
freely moved in both x and y directions. The footing is model
as a rigid elastic material and the footing-soil interface is
considered as a perfectly rough condition. The size of the
domain of this problem is chosen to be sufficiently large so
that the plastic zone is contained within the domain and does
not intersect with the right and bottom boundaries. An auto-
matically adaptive mesh refinement technique in OptumG?2
is used to improve the accuracy of upper and lower bound
solutions [55]. Using this technique, the number of elements
is automatically increased in the zone with high shear power
dissipation that requires sensitivity analyses. The five itera-
tions of the adaptive meshing are used in this study, where
the number of elements is set to be automatically increased
from 5000 to 10,000 elements [56-67].

The seismic bearing capacity of strip footing on a slope
can be represented by dimensionless parameters [68] as
follows:

qu H L D ¢,
N:_: 5_9_9_9_7k )
‘e, f<ﬁ B'B’ B’ yB h> M

where N, is the undrained seismic bearing capacity factor; g,
is the ultimate bearing capacity, H/B is the normalized slope
height; L/B is the normalized distance from top slope to edge
of the footing; D/B is the normalized depth of footing; ¢,/yB
is the strength ratio. k;, is the horizontal seismic acceleration.
The seismic bearing capacity factor can be normalized as

Fig.2 Numerical model,
boundary condition, and failure
mechanism

N_._q,/c, in Eq. (1). Numerical results are averaged values
from UB and LB solutions of OptumG2. The study covers a
range of five dimensionless parameters, which comprise the
value of ¢, /yB varies from 1.5 to 5.0, while H/B varies from
1 to 4, L/B values have the ranges of 0—4, D/B varies from 1
to 2, four g values of 15°, 30°, 45°, and 60° and the horizon-
tal seismic acceleration coefficient &, is taken into account at
three distinct values of 0.1, 0.2, and 0.3, respectively. These
ranges are decided based on the related published literature
in [40-42].

Comparison of Results

The comparisons are for the investigations into the variation
of N, with k;, considering the changing angle slope  with a
set of values of remaining dimensionless parameters of ¢,/
yB, H/B, L/B. Figures 3, 4, 5 and 6 show such comparisons.
A comparison of N, variation is presented in Fig. 3 using the

5.0

Present study, g=15°
Present study, = 30°
Present study, = 40°
Present study, = 60°

a5t

O Louetal. (2019)

Fig.3 Comparison of variation in N, with k, (c¢/yB=5, D/B=0,
H/B=4, and L/B=0)

Potential slip
surface
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Fig.4 Comparison of variation in N, with k, (c¢,/yB=5, D/B=0,
H/B=4,and L/B=1)
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Fig.5 Variation of N, with L/B (¢,/yB=2.5, H/B=4, and D/B=1)
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case of (c,/yB=5, D/B=0, H/B=4, and L/B=0) for the four
various slope angles. Also shown in Fig. 4 is for the case of
L/B=1. All other parameters are the same as in Fig. 3. In
general, the bearing capacity factor N, decreases linearly
with increasing k;,. The numerical comparisons have shown
that the present results are slightly larger than those lower
bound results in Lou et al. [41], despite the fact that they are
in good agreement. Seeing the results of k,=0.3 in Fig. 4,
there is a tendency that all curves merge into one point, i.e.,
one N, value. One possible reason may be due to the fact that
the slopes become unstable as k;, increases, resulting in one
small value of N,. This comparison exercise has provided
good confidence in producing all later parametric results
in the paper.

8.0
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Fig.6 Variation of N, with ¢, /yB (L/B=1, H/B=4, and D/B=0)

Results and Discussion

The relationship between N, and L/B for the various values
of k;, and g is presented in Fig. 5 for the case of (¢, /yB=2.5,
H/B=4 and D/B=1). Numerical results have shown that,
for all values of k;,, the bearing capacity factor N, increases
nonlinearly with the increasing L/B. The larger the pseudo-
static acceleration factor kj,, the less the value of N,.. The
trend is the same for all slope angles /. Nevertheless, the
rate of increase (gradient of line) is different from one to
the other where the larger the slope angle, the greater the
increase of N, as L/B increases.

The variation study of N, with ¢ /yB is presented in Fig. 6
for the case of (I/B=1, H/B=4 and D/B=0). Three values
of k;, and four values of slope angles f are included in the

c,/ 1B

study. For #=15° and 30°, the value of V, is almost constant
as the value of c,/yB increases. However, the relationship
between N, and ¢ /yB becomes nonlinear as f increases (see
for example, f=45° and 60°). In particular, for f=60°, the
increase in N, stops approximately at a value of ¢, /yB=3.5,
after which a slight decrease of N, is attained. It can, there-
fore, be concluded that the effect of ¢, /yB on N, is conspicu-
ous at a higher value of . Numerical results have also shown
that an increase of k;, or  leads to a decrease in N...

The next study is for the relationship between N, and S.
This is shown in Fig. 7 for three k,, values and four different
values of L/B of the case (c,/yB=2.5, H/B=4 and D/B=1).
In general, N, decreases as f increases for all values of L/B.
The rate of decrease (gradient) becomes smaller as L/B
increases, and the relationship between N, and  becomes
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Fig.7 Variation of N, with 8 (¢,/yB=2.5, H/B=4, and D/B=1)

nonlinear. The results have also shown that an increase of
k;, results in a decrease of N, and an increase of L/B leads to
an increase in N, Using the same data in Fig. 7, the figure
presented in Fig. 8 shows the effect of k;, on V... As expected,
the increase of k, is to decrease the bearing capacity factor
N.. The relationship is a linear reduction, and the gradients
of the lines are almost the same for all values of # and L/B.

The final study is for the variations of N, with the nor-
malized footing depth ratio D/B. This is presented in Fig. 9
using the case of (¢, /yB=2.5, L/B=1 and H/B=4). As D/B
increases, so as the N,. The relationship is a nonlinear one.
This trend is similar to a standard bearing capacity problem
of a shallow foundation. In addition, the smaller the slope
angle B, the larger the bearing capacity factor N,. The larger
the k;,, the smaller the bearing capacity factor N..

@ Springer
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All numerical results of the bearing capacity factor N,
corresponded to the investigated dimensionless input param-
eters are presented in Tables 1, 2 and 3. These data will be
used for MARS study in a later section. In regard to the asso-
ciated failure mechanisms, selected studies are presented
in Figs. 10, 11 and 12 for the effects of ¢, /yB, D/B, and k,,
respectively.

The upper bound shear dissipation contour plots are nor-
mally used to represent failure mechanisms of geo-stability
problems. The actual values of the colored contour are not
important for a perfectly plasticity constitutive model, and,
therefore, the contour bars for these plots are not normally
shown in a technical document. Figure 10 shows the effects
of ¢,/yB on the associated failure mechanisms. The selected
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Fig.8 Variation of N, with k, (c,/yB=2.5, H/B=4, and D/B=1)

case is for (f=30°, L/B=2, H/B=4, D/B=1 and k;,=0.1).
Note that, as the value of ¢, /yB increases, the overall area of
the slip zone reduces, and the failure type transforms from a
toe-failure mode to a face-failure mode. The reduction in the
area of failure zone indicates an increase in seismic bearing
capacity as the shear strength ratio ¢,/yB of the soil slope
increases.

The effect of D/B on the associated failure mechanisms is
presented in Fig. 11. The selected case for this study is for
(p=15°c,/yB=2.5, L/B=0, H/B=4 and k,,=0.1). The seis-
mic bearing capacity increases as D/B increases, and there
appears that the local failure mechanism is similar to a single
sided Prandtl type of failures. For studying the effect of
on the associated failure mechanisms, the case of (f=30°,
¢,/yB=2.5,L/B=0, H/B=4 and D/B=1) is chosen. This is
shown in Fig. 12, where a slight decrease in the area of fail-
ure zone is depicted as the value of k, increases. This makes

sense, as the larger seismic forces would enable a search of
the shortest path of the slip line to the slope surface, and,
therefore, it leads to a decrease in the seismic bearing capac-
ity, as well as a reduction in the area of the failure zone.

Sensitivity Study Using MARS Model

Multivariate adaptive regression splines (MARS) model is
a nonlinear and non-parametric regression approach that
can be used to capture nonlinear relationships between the
input variables and the output results using a series of piece-
wise linear segments (splines) with differing gradients. The
MARS technique does not require any specific assumptions
to build functional correlations between the input variables
and the output results. The different splines are connected
using a knot representing by the end of one spline and the
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beginning of another. The fitted basic functions (BFs) have
the flexibility to a studied model where the bends, thresh-
olds, and other derivations from linear functions are allowed.
The basic function can be generally written as in the follow-
ing equation:

x—tifx>1t
BE = max 0,x 1) = { 0  otherwise’ @)
where x is an input variable and ¢ is a threshold value.
MARS model produces BFs by searching in a stepwise
manner, of which the knot locations will be automatically
determined using the adaptive regression algorithm. MARS
model is presented by a two-step procedure. The first (for-

ward) step gives BFs and finds their potential knots to

@ Springer

D/B

optimize the model performance and fitting accuracy. The
second (backward) step uses pruning algorithm based on
the generalized cross validation (GCV) value to delete the
unimportant terms, leading to a final generation of an opti-
mal model. The value of GVC can be determined by Eq. (3),
where N indicates the number of basic functions, k indicates
the penalty factor, RMSE;i indicates the root mean square
error for the training dataset, and R indicates the number of
data points.

GCV = RMSE . &

[1 - (N —kN)/R]

To measure the important of each parameter on the output
results, the value of relative important index (RII) would be
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Table 1 Seismic bearing capacity N, (H/B=1)

B D/B  k, c/B LB B D/B k, cffB LB
0 1 2 4 0 1 2 4
15 0 01 15 3978 4484 4483 4483  30° 0 01 15 3464 4287 4483 4483
25 4022 4502 4500  4.501 25 3535 4350  4.501  4.502
5 4052 4515 4514 4515 5 3585 4380 4515 4514
02 15 3387 3756 3756  3.754 02 15 2990 3756 3757 3755
25 3424 3776 3776  3.770 25 3.049 3775 3776 3774
5 3450 3790 3790  3.787 5 3090 3791 3790  3.789
03 15 2826 3.052  3.052  3.052 03 15 2550  3.053  3.052  3.052
25 2849  3.066 3.065  3.065 25 2592 3.065 3.066  3.065
5 2866  3.075 3.075 3.075 5 2620 3076 3.075  3.075
1 01 15 6.559 6854 7.101  7.381 1 01 15 6.026 6391 6700  7.204
25 6476 6731 6939  7.151 2.5 5978 6303  6.596  7.080
5 6399 6615 6799  6.979 5 5933 6226 6506  6.980
02 15 6.066 6344 6578  6.895 02 15 5532 5868  6.166  6.638
25 6.065 6314 6517 6722 2.5 5535 5863  6.166  6.653
5 6.030 6249 6430  6.591 5 5531 5853 6.147  6.590
03 15 5535 5777 5977 6278 03 15 4993 5314 5587 6013
25 5615 5850 6041 6215 2.5 5079 5411 5701  6.155
5 5617 5827 5998  6.121 5 5110 5448 5743 6.118
2 01 15 7825 8012 8.184 8476 2 01 15 7606  7.825  8.001  8.283
2.5 7458 7.626 7794  8.054 25 7300 7449  7.570  7.847
5 7177 7329 7472 7.701 5 7058  7.142 7233 7515
02 15 7267 7418 7557 7.801 02 15 7087 7265 7406  7.640
2.5 6.997  7.151 7304  7.559 25 6.856 698  7.090  7.350
5 6788 6938  7.076  7.294 5 6.664 6735 6833  7.120
03 15 6.629 6742  6.842  7.009 03 15 6495 6629 6729  6.903
2.5 6459 6593 6727  6.955 25 6331 6434 6527 6758
5 6312 6453 6578  6.779 5 6.184 6240 6349  6.623
45 0 01 15 2947 3903 4479 4484  60° 0 01 15 2437 3545 4290 4485
25 3.048 4049 4500  4.501 25 2563 3708 4430  4.501
5 3116 4136 4516 4516 5 2646 3821 4513 4515
02 15 2576 3474 3755 352 02 15 2152 3141 3756 3756
25 2659 3.627 3776 3774 25 2257 3321 3776 3775
5 2714 3708 3790  3.789 5 2326 3444 3790  3.790
03 15 2233 3.049  3.052  3.052 03 15 1.890 2769  3.052  3.053
25 2298  3.065 3.067  3.066 25 1976 2953  3.064  3.065
5 2340  3.075 3.074  3.074 5 2033 3.068 3.076 3.075
1 01 15 5852 6231 6542 7.060 1 01 15 5758 6151 6459  6.979
2.5 5835 6126 6418  6.933 25 5767 6049 6321  6.841
5 5812 6040 6320 6.831 5 5765 5955 6215 6735
02 15 5395 5703 5995  6.503 02 15 5323 5632 5912 6423
25 5405 5669 5976  6.498 25 5351 5577 5866  6.403
5 5397 5637 5946 6475 5 5365 5532 5825 6375
03 15 4841 5129 5422  5.889 03 15 4771 5044 5325  5.809
25 5405 5202 5508  6.011 2.5 4861 5092 5391 5918
5 4940 5216 5538  6.056 5 4904 5095 5409  5.960
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Table 1 (continued)
B D/B k, c/yB L/B B D/B  k, c/yB L/B
0 1 2 4 0 1 2 4

2 0.1 1.5 7.516 7.748 7.942 8.216 2 0.1 1.5 7.461 7.701 7.906 8.183

2.5 7.238 7.397 7.529 7.760 2.5 7.205 7.363 7.504 7.718

5 7.025 7.112 7.184 7.416 5 7.006 7.095 7.171 7.363

0.2 1.5 7.012 7.202 7.357 7.586 0.2 1.5 6.965 7.163 7.329 7.554

2.5 6.802 6942  7.047  7.264 2.5 6.771 6915  7.031 7.223

5 6.634 6.713 6.773 7.020 5 6.614 6.209 6.759 6.960

0.3 1.5 6.436  6.586 6.690  6.859 0.3 1.5 6397  6.555  6.669  6.833

2.5 6.287 6.402 6.483 6.678 2.5 6.260 6.380 6.465 6.638

5 6.156  6.215 6281  6.522 5 6.142 6209 6.258  6.465

determined by Eq. (4). This equation calculates the different
in GCV values between the models before and after delete
the unimportant terms [69, 70]

Ag(i) @
max {Ag(i), Ag(2), Ag(3), ..., Ag(m)}’

RIIG) =

where Ag is the increase in GCV when ith parameter is
deleted.

To demonstrate the complex relationship between input
variables and output results, MARS proposed the correla-
tion equation by merging all linear basic functions (BFs), as
shown in Eq. (5), where q, is the constant, N is the number
of BFs, g, is the nth BF, a,, is the coefficient of g,,.

N
fO =a,+ Y a,8,(X) ®)
n=1

Compare to another machine learning approach (i.e.,
artificial neural networks (ANN), least-square support vec-
tor regression, extreme learning machine, Gaussian process
regression [71-77]) MARS are considered as an effective
approach [74, 78]. Moreover, MARS model has been suc-
cessfully applied to a number of geotechnical applications
(see, e.g., [79-93]). Further details of MARS model can be
found in Zhang [94].

This aforementioned MARS model was utilized to per-
form sensitivity analyses of each input variables (i.e., L/B,
p, ¢,/vyB, D/B, H/B, and k;) and an empirical prediction of N,
value introduced by considering the coupling effects of input
variables. All FELA numerical results presented in Tables 1,
2 and 3 are used as the artificial training data for MARS
model. In that, the sets of dimensionless variables (i.e., L/B,
B, ¢,/yB, D/B, H/B, and k;,) and the corresponding N, values
are assigned as input data and target value in MARS model.
Totally, 1296 data sets are used for MARS model.

In engineering practice, a careful design requires sensi-
tivity analysis of each input variable [95, 96]. This is best

@ Springer

presented through the relative importance index (RII) for
the design output, i.e., the N, values. As mentioned above,
the value of RII shows the degree of influence, i.e., a RII of
100% indicates that the corresponding input variable has
the most significant influence on the output N... Figure 13
shows the RII of each dimensionless parameter from MARS
analysis. Numerical results have shown that the normalized
embedded depth D/B has the greatest effect on seismic bear-
ing capacity of footings placed on slope with a RII of 100%.
This is followed by k,, H/B, 8, L/B, and c,/yB with RII of
39.38%, 38.83%, 35.16%, 29.15%, and 23.24%, respectively.
These results indicates that, for a general shallow founda-
tion, the width and depth of the foundation is most important
to determine bearing capacity. Although the present study
considers the influence of other parameters, they cannot
replace the most importance of width and depth of the shal-
low foundation. Moreover, this RII study has improved our
understanding on the level of importance of each design
parameter for the problem considered. The confidence level
in practical design can, therefore, be enhanced greatly with
these RII values.

Table 4 presents an empirical prediction equation pro-
vided by MARS model where the 30 BFs are listed. They
can be written as in the following equation:

N, =6.984 +1.301 x BF1 —-2.357 x BF2 —4.130

X BF3 —0.036 x BF4 —0.004 x BF5 + 0.014
BF6 + 0.006 x BF7 —0.007 x BF8 —0.179
BF9 -2.300 x BF10 + 0.016 x BF11 + 0.240
BF12 —0.383 x BF13 —0.158 x BF14 —0.375
BF15 —0.388 x BF16 + 0.278 x BF17 —0.246
BF18 —0.701 x BF19 —0.105 x BF20-0.108
BF21 —0.170 x BF22 + 0.347 x BF23 + 0.037
BF24 —0.081 x BF25 — 0.073 x BF26 + 0.030
BF28 —0.332 x BF29 + 0.321 x BF30.

(6)

X X X X X X X X
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Table 2 Seismic bearing
D/B k B L/B D/B k B L/B
capacity N, (H/B=2) p ho Gl B h /Y
0 1 2 4 0 1 2 4

15° 0 0.1 1.5 3978 4483 4484 4484 30°0 0.1 1.5 3.463 4.287 4.484 4.483

2.5 4022 4500 4.502 4.503 2.5 3535 4.349 4.501 4.502

5 4052 4515 4514 4516 5 3.586 4390 4.515 4.515

02 1.5 3.387 3756 3.756 3.751 02 1.5 2990 3.757 3.756 3.754
25 3425 3.776 3.776 3.774 25 3.049 3.776 3.776 3.774

5 3451 3.791 3.790 3.788 5 3.090 3.791 3.791 3.786
03 1.5 2.825 3.052 3.053 3.052 03 1.5 2550 3.052 3.053 3.052
25 2849 3.065 3.066 3.065 25 2593 3.065 3.065 3.066

5 2.866 3.074 3.075 3.075 5 2.620 3.075 3.075 3.075

1 01 15 6560 6.855 7.103 7.384 1 01 15 5583 6024 6392 7.382
25 6476 6.729 6.940 7.154 25 5736 6.164 6.513 7.152

5 6.401 6.614 6.799 6974 5 5782 6.172 6492 6.976

02 15 6064 6342 6576 6.858 02 1.5 5083 5452 5768 6.857
25 6064 6311 6.517 6.722 25 5321 5.734 6.075 6.722

5 6.029 6246 6.430 6.589 5 5405 5.811 6.136 6.589

03 1.5 5531 5719 5805 5.897 03 1.5 4588 4.869 5.116 5.900
25 5613 5845 6.043 6215 25 4901 5294 5.604 6215

5 5617 5.827 5.995 6.118 5 5027 5423 5.738 6.118

2 01 15 7.642 7.873 8.080 8442 2 01 L5 6733 7.096 7.406 8.411
25 7409 7.615 7.790 8.057 25 6598 6.936 7.219 8.055

5 7161 7.328 7.472 77701 5 6.480 6.778 7.040 7.702

02 1.5 6970 7.138 7.284 7.533 02 15 6.146 6452 6711 7.526
25 6949 7.141 7.302 7.560 25 6144 6459 6.723 7.559

5 6776 6936 7.073 7.296 5 6.107 6.404 6.659 7.342

03 15 6263 6352 6367 6379 03 15 5545 5775 5.965 6326
25 6454 6619 6.724 6.954 25  5.658 5939 6.173 6.952

5 6.348 6.493 6576 6.778 5 5692 5974 6209 6.779
45° 0 0.1 15 2947 3.878 4399 4483 60°0 0.1 15 2437 3291 3.898 4.485
25  6.048 4.050 4.503 4.501 25 2563 3.636 4.266 4.502

5 3.116 4.136 4.515 4.516 5 2.646 3.801 4.475 4514

02 1.5 2576 3.467 3.756 3.756 02 15 2152 2950 3.445 3.754
2.5 2658 3.626 3.776 3.773 2.5 2257 3291 3.776 3.776

5 2714 3.708 3.791 3.788 5 2326 3.442 3.791 3.790

03 1.5 2233 3.051 3.053 3.052 03 1.5 1.890 2.622 3.009 3.046
2.5 2298 3.065 3.065 3.065 25 1977 2.943 3.066 3.066

5 2340 3.075 3.075 3.075 5 2,033 3.069 3.075 3.075

1 01 15 4700 5375 5.892 6.628 1 01 15 3.88 4832 5515 6382
25 4935 5581 6.034 6.703 2.5 4133 5084 5.684 6.458

5 5085 5.678 6.089 6.723 5 4309 5229 5.758 6.482

02 1.5 4290 4.831 5273 5.943 02 1.5 3.577 4324 4.900 5.698
25 4571 5.138 5.574 6235 25  3.846 4.656 5.204 5.976

5 4746 5303 5.727 6.369 5 4033 4.855 5372 6.120

03 15 3.869 4.289 4.650 5.207 03 1.5 3241 3.813 4.280 4.974
25 4189 4.695 5.105 5.722 2.5 3535 4221 4728 5.467

5 4396 4.931 5348 5.963 5 3739 4.472 4.985 5.723
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Table2 (continued) p DBk, c/yB LB p DBk, c//B LB
0 1 2 4 0 1 2 4
2 01 15 6307 6760 7.119 7.672 2 01 15 6016 6557 6958 7.527
2.5 6.185 6.571 6.893 7.412 25 5961 6379 6.703 7.243
5 6.078 6.404 6.698 7.191 5 5.891 6.191 6.487 7.009
02 1.5 5765 6.138 6450 6.927 0.2 1.5 5542 5965 6.288 6.795
25 5715 6.079 6.389 6.887 25 5517 5869 6.185 6.714
5 5.664 6.007 6.306 6.797 5 5.467 5.764 6.080 6.612
03 1.5 5204 5499 5.741 6.098 03 1.5 5.016 5.335 5.592 6.098
2.5 5231 5565 5851 6.292 25  5.029 5343 5639 6.128
5 5.239 5.576 5.869 6.326 5 5.005 5.320 5.632 6.145
Table;’» Seismic bearing B DB k, cfiB LB § DB k, c/B LB
capacity N. (H/B=4)
0 1 2 4 0 1 2 4
15¢ 0 0.1 1.5 3978 4484 4482 4483 30° 0 0.1 1.5 3463 4.285 4.483 4483
2.5 4.021 4.502 4.502 4.501 2.5 3.536 4350 4502 4.501
5 4.053 4516 4.516 4.515 5 3.585 4.390 4516 4515
02 1.5 3.386 3.755 3.755 3.756 02 1.5 2990 3.756 3.756 3.757
2.5 3424 3775 3.775 3.776 2.5 3.049 3.776 3.776 3.776
5 3451 3.791 3.790 3.789 5 3.090 3.790 3.790 3.791
03 1.5 2.825 3.052 3.052 3.053 03 1.5 2.550 3.052 3.052 3.052
2.5 2.849 3.066 3.065 3.065 2.5 2.593 3.065 3.065 3.065
5 2.866 3.074 3.075 3.075 5 2.621 3.075 3.075 3.075
1 0.1 1.5 6.027 6.854 7.101 7.361 1 0.1 15 5.541 5.697 5.876 6.273
2.5 6.476 6.727 6.939 7.151 2.5 5.736 6.164 6.512 7.044
5 6.394 6.616 6.798 6.978 5 5.781 6.169 6.492 6.980
02 1.5 5.199 6.254 6.329 - 02 1.5 4916 4914 4943 5.067
2.5 6.062 6.311 6.520 6.720 2.5 5.319 5.732 6.075 6.499
5 6.030 6.248 6.428 6.589 5 5408 5.810 6.137 6.589
03 1.5 3965 5.112 5.068 - 03 1.5 4269 4.076 3915 -
2.5 5.653 5.851 6.040 6.215 2.5 4903 5.295 5.601 5.868
5 5.616 5.823 5995 6.117 5 5.024 5423 5740 6.119
2 0.1 1.5 7.643 7.863 8.072 7.892 2 0.1 15 6.003 6.214 6.441 6.883
2.5 7404 7.616 7.791 8.059 2.5 6.460 6.783 7.042 7.484
5 7.159 7.328 7.471 7.689 5 6.447 6.765 7.035 7.457
02 1.5 6.726 6.831 6.929 - 02 15 5222 5268 5.342 5.467
2.5 6.950 7.138 7.304 7.557 2.5 5.993 6.250 6.455 6.832
5 6.779 6.937 7.077 17.296 5 6.083 6.393 6.659 7.071
03 1.5 5.539 5511 5492 - 03 15 4410 4.248 4.120 -
2.5 6.416 6.579 6.722 6.810 2.5 5.504 5.677 5.824 6.088
5 6.310 6.452 6.578 6.778 5 5.679 5971 6.209 6.583
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Table 3 (continued) B DB k c/B LB p DB k /B LB

0 1 2 4 0 1 2 4

45° 0 0.1 1.5 2947 3.879 4.080 4476 60° 0 0.1 1.5 2437 3.133 3.223 3.759

2.5 3.047 4.051 4498 4.501 25 2.563 3.637 4233 4501

5 3.116 4.137 4515 4.514 5 2,646 3.799 4474 4514

02 15 2.575 3.469 3.486 3.666 02 15 2.152 27791 2725 2.965

2.5 2.658 3.627 3.777 3.775 2.5 2257 3291 3775 3.775

5 2714 3707 3.791 3.790 5 2326 3.440 3.792 3.790

03 15 2233 3.013 2.875 2.748 03 15 1.890 2412 2.225 2.144

2.5 2298 3.065 3.066 3.066 2.5 1.976 2.943 3.066 3.066

5 2.340 3.075 3.076 3.075 5 2.032 3.068 3.075 3.075

1 0.1 1.5 4400 4.575 4.827 5.448 1 0.1 1.5 3.449 3542 3.839 4.695

2.5 4.889 5.442 5.782 6.377 2.5 3.964 4.587 5.000 5.781

5 5.079 5.660 6.070 6.698 5 4.224 5.052 5.543 6.236

02 15 3987 3.969 4.049 4.387 02 1.5 3.201 3.077 3.174 3.683

2.5 4.542 5.017 5.296 5.801 2.5 3.723 4233 4551 5.197

5 4742 5295 5.714 6.345 5 3981 4.725 5.184 5.867

03 15 3.563 3.359 3.254 3.223 03 15 2943 2623 2511 2.620

2.5 4.182 4.598 4.807 5.200 2.5 3.458 3.873 4.094 4.605

5 4.397 4928 5.342 5.941 5 3712 4378 4.826 5477

2 0.1 1.5 4.798 5.085 5.444 6.169 2 0.1 1.5 3.674 4.011 4518 5.536

2.5 5420 5.822 6.190 6.821 2.5 4.358 4908 5430 6.276

5 5.666 6.093 6442 17.012 5 4744 5351 5.816 6.536

02 1.5 4.227 4325 4.507 4.945 02 15 3302 3.403 3.676 4.351

25 4982 5304 5.613 6.162 2.5 4.034 4452 4.871 5.600

5 5294 5.717 6.063 6.611 5 4446 4977 5.407 6.121

03 15 3.661 3560 3.531 3.562 03 15 2927 2.803 2.840 3.067

2.5 4.549 4784 5.018 5.458 2.5 3.703 3.991 4.301 4.896

5 4.920 5.326 5.657 6.155 5 4.124 4599 5.002 5.674

To validate the accuracy of the proposed MARS-based
design equation, a comparison of N, value between the Eq. (6)
solutions and the actual FELA solutions (average of UB and
LB solutions) are presented in Fig. 14. The comparison
results have shown that both solutions are in a good agree-
ment, where the coefficient of determination of R* is 92.21%.
The comparison shows that the proposed MARS-based can be
well applied with reasonable accuracy in practices.

Conclusions

This study has examined the seismic bearing capacity per-
formance of a strip footing resting on undrained cohesive
slopes using the robust finite element limit analysis with

upper and lower bound theorems. The following conclusions
are drawn based on the study.

1. The extended parametric studies for the individual
dimensionless parameters, i.e., (L/B, §, ¢,/yB, D/B, H/B,
and k;) were performed. The bearing capacity factor N,
increases with a rise of (L/B, D/B, and c,/yB), while it
decreases as the values of (f and k;) decrease. Com-
prehensive results were reported in both graphical and
tabular forms for design practices.

2. Based on MARS model, the results of sensitivity analy-
ses showed that the normalized depth of footing D/B
has the most influential effect on the seismic bearing
capacity factor N, with important index (RII) of 100%
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c/yB=15 c//B=25

c//B=5

Fig. 10 Comparison of failure mechanisms (f=30°, L/B=2, H/B=4, D/B=1, and k;,=0.1)

D/B=1

D/B=2

Fig. 11 Comparison of failure mechanisms for (f=15°, ¢,/yB=2.5, L/B=0, H/B=4, and k;,=0.1)

while ¢ /yB is the least importance parameter with RII of
23.24%. Other investigated parameters are followed by

k;,, H/B, p, and L/B with RII of 39.38%, 38.83%, 35.16%,
and 29.15%, respectively

3. An empirical equation with good accuracy (R>=92.21%)
based on MARS model was proposed to determine the
seismic bearing capacity factor N..
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k,=0.1

k,=0.2

k,=0.3

Fig. 12 Comparison of failure mechanisms for ($=30°, ¢,/yB=2.5, L/B=0, H/B=4, and D/B=1)

100 4 100 |

60 -

RII (%)

404 39.38  38.83

35.16 §
29.15

23.24 |
20 4 -

T

T T
D/B k, H/B p L/B c,/yB

Fig. 13 Relative importance index of each input variable for the
design N, value

This study has paved the road for future geo-stability
research to include sensitivity analysis of multi-variable
problems with the useful relative importance index (RII)
and design equation. This has many practical implications
in the seismic design of soil structures in geotechnical
engineering. However, it still has some limitations and
should be investigated further in the future. For example,
the proposed equation for the seismic bearing capacity

Table 4 Basis functions and mathematical equations in MARS model

BF  Equation BF  Equation

BFl  max(0, D/B—1)

BF2 max(1-D/B,0)

BF3  max(0, k,—0.1)

BF4  max(0, f—15)

BF5 max(0, H/B—2)xBF4
BF6 max(0, 2 — H/B)x BF4
BF7 max(0, L/B—1)x BF4

BF16 max(0, H/B—1)xBF3
BF17 max(0, L/B-2)

BF18 max(0,2—-L/B)

BF19 max(0, L/B) X BF3

BF20 max(0, H/B—-2)xBF17
BF21 max(0, 2—-H/B)xBF17
BF22 max(0, 2.5—-c,/yB)xBF17
BF8 max(0, 1 — L/B)x BF4 BF23 max(0, 2.5—-c,/yB)xBF2
BF9 max(0, H/B-1)xBF1 BF24 max(0, k,—0.1) x BF4
BF10 max(0, 2.5—c,/yB)xBF3 BF25 max(0, L/B)xBF1

BF11 max(0, 1 — D/B) x BF4 BF26 max(0, ¢, /yB—1.5)xBF1
BF12 max(0, H/B—2)xBF2 BF27 max(0, H/B—-1)

BF13 max(0, 2— H/B) X BF2 BF28 max(0, ¢, /yB—2.5)xBF27
BF14 max(0, L/B—1)xBF2 BF29 max(0, 2.5—c,/yB) x BF27
BF15 max(0, 1 —L/B) X BF2 BF30 max(0, 2.5—-c,/yB)

N.=6.984+1.301 x BF1 —2.357xBF2—-4.130 x BF3 - 0.036 x BF4
—0.004 x BF5+0.014 x BF6 4 0.006 x BF7 —0.007 x BF8 —0.179 X
BF9 —-2.300xBF10+0.016 x BF11 +0.240x BF12 - 0.383 x BF13
—0.158 x BF14-0.375x BF15-0.388 X BF16 +0.278 X BF17 - 0.2
46 xBF18—0.701 x BF19—0.105x BF20—-0.108 x BF21 —0.170 x B
F22 +0.347xBF23+0.037 x BF24 - 0.081 x BF25—0.073 x BF26 +
0.030 x BF28 —0.332x BF29+0.321 x BF30

factor N, is appropriate for the ranges of dimensionless
input parameters specified in the paper. The accuracy of
the equation can be guaranteed if the input values are out
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Fig. 14 Comparison of the N, value between the proposed MARS
equation and FELA

of these ranges. Besides, the present solutions cannot be
used for multi-layered soils. Further research work can be
expanded to study the layered effects.
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