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Abstract

In this study, the seismic stability of the slope containing a two-pile foundation (SCTPF) under seismic loads is evaluated
by the finite element limit analysis (FELA) method. The seismic loading is modeled as a statically applied inertial force, the
magnitude of which is a product of a seismic coefficient and the weight of the potential sliding mass within the framework of
the pseudo-static method. The feasibility of FELA in the analysis is validated by comparing the predicted safety factors, yield
acceleration coefficients, and potential failure surfaces with those in published studies. On this basis, some non-dimensional
multipliers are presented to investigate the variations of seismic safety factors with different factors and simplify the calculation
of seismic safety factors. Numerous values of the multipliers under different conditions have been given in this study and the
tendency of these multipliers with different factors has been explored by fitting curves or distribution regions. Furthermore,
four detailed design tables for seismic safety factors and six representative slope failure modes are presented, with the mecha-
nisms and conditions of these failure modes and the transitions among them elaborated.

Keywords Slope seismic stability - Laterally loaded pile - Finite element limit analysis - Two-pile foundation - Factor of

safety

Introduction

The pile foundation is the most commonly used foundation for
various structures (e.g., road and railway bridges, high-rise
buildings, transmission towers, and wind turbine towers) in
mountainous areas (Ng and Zhang 2001; Peng et al. 2019), as
depicted in Fig. 1a (Peng et al. 2022a). In particular, the two-
pile foundation (Fig. 1b), a special pile foundation, is fre-
quently employed to address the considerable internal force
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and deformation of piles in these regions such as the central
and western mountainous areas in China (Peng et al. 2020).
The two-pile foundation would inevitably sustain the lateral
loads atop the pile due to the earthquake, vehicle braking,
and strong wind (Liang et al. 2012; Zhang et al. 2020, 2021),
in addition to axial loads (Dai et al. 2012). The slope sta-
bility would degenerate owing to the indirect lateral loads
(Ng et al. 2001) transferred from the superstructure (inc.
the earthquake-induced inertial force) as well as the direct
seismic loads (Joorabchi et al. 2014; Li et al. 2016).

Much more effort has been devoted to the pile behaviors
in mountainous areas (Muthukkumaran 2014; Nimityongskul
et al. 2018) rather than the effect of piles on surrounding
strata, e.g., the slope stability containing laterally loaded
piles (Nakasima et al. 1985; Uto et al. 1987). Former studies
have mainly focused on the effect of slope on the pile bearing
capacity (Peng et al. 2021) and pile deformation characteris-
tics (Jiang et al. 2020). However, numerical observations dem-
onstrated that the slope stability will decrease significantly or
even to an unsafe level when the pile foundation in the slope
is laterally loaded (Ng et al. 2001). Therefore, the change of
slope stability should be equally focused on when designing
a pile foundation in mountainous areas. The wedge failure
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Fig. 1 Pile foundations in mountainous areas: a road bridge in engineering practice (Peng et al. 2022a); b two-pile foundations in bridge engineering

in front of laterally loaded piles in sloping ground has been
observed by laboratory experiments (Muthukkumaran 2014)
and full-scale tests (Nimityongskul et al. 2018). Inspired by
these studies, the asymmetric failure mode has been presented
to characterize the wedge failure of soil in front of laterally
loaded piles in sloping ground (Peng et al. 2021). Another
extreme case of seismic load, however, has not been referred
to in the aforementioned studies. To meet the requirement for
seismic stability of slopes containing bridge pile foundations
(JTG 3363-2019, 2020) , the effects of seismic loads and later-
ally loaded single piles on the seismic stability of these slopes
have been investigated by the finite element limit analysis
method within the framework of the pseudo-static method
(Peng et al. 2022b).

As mentioned above, however, the two-pile foundation
is frequently used by bridge engineering in mountainous
areas and the seismic stability of the slope containing a two-
pile foundation (SCTPF) has been rarely mentioned. It can
be accepted that the tie beam would significantly affect the
internal force and deformation of piles, as well as the lat-
eral loads transferred from the bridge superstructure to the
slope (Peng et al. 2020). It can be inferred that there would
be obvious distinctions between the seismic stabilities of
the slopes containing a two-pile foundation and a laterally
loaded single pile. To the authors’ knowledge, the structure
of the two-pile foundation is similar to that of special anti-
slide piles, i.e., portal piles (Zhao et al. 2017) and h-type
piles (Xiao et al. 2017; Liu et al. 2018). Hence, there are
certain similarities between the seismic stabilities of SCTPF
and those reinforced with portal piles or h-type piles.

Recently, the finite element limit analysis (FELA) method
(Sloan 2013) has been developed to evaluate the stability
of slopes reinforced with anti-slide piles by imposing the
finite element method (Liyanapathirana and Poulos 2010)
and the limit theorem of plasticity (Gao et al. 2014). In
the FELA method (Kumar and Chakraborty 2013), only
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the ultimate failure mechanism and corresponding factor
of safety would be demonstrated, and the absolute inter-
nal force and deformation during the intermediate process
would not be obtained. It differs from other conventional
methods, e.g., the limit equilibrium method (Poulos 1995;
Hassiotis et al. 1997), limit analysis method (Ausilio et al.
2001; Nian et al. 2008; Li et al. 2012), and finite differ-
ence method (Ni et al. 2018). As to cases of seismic loading
(Lin and Wang 2006; Yan et al. 2020; Huang et al. 2020),
the pseudo-static method is widely accepted because of the
definite physical significance and simple parameter deter-
mination in comparison to Newmark’s method and ground
response analysis method. Within the framework of the
pseudo-static method, the seismic load has been idealized as
a seismic acceleration (Loukidis et al. 2003), mainly in the
form of the horizontal seismic coefficient in the calculation.
On this basis, the slope seismic stability and yield accelera-
tion coefficient have been frequently evaluated by the limit
analysis method (Nian et al. 2016) and limit equilibrium
method (Joorabchi et al. 2014; Li et al. 2016; Wang et al.
2020). It is also acceptable to adopt the FELA method in
the slope seismic stability analysis within the framework of
the pseudo-static method. However, the seismic stability of
the portal and h-type pile-reinforced slope has been seldom
reported, not to mention that of SCTPF.

This study is presented to evaluate the seismic stability
of SCTPF by FELA, and the seismic loading has been mod-
eled as a statically applied inertial force, the magnitude of
which is a product of a seismic coefficient and the weight
of the potential sliding mass. First, the FELA method is
successively validated by the cases of a slope containing
a laterally loaded single pile (Ng et al. 2001), portal pile-
reinforced slope under static conditions (Zhao et al. 2017),
and common pile-reinforced slope under seismic conditions
(Ausilio et al. 2001; Nian et al. 2016; Li et al. 2016). Subse-
quently, the effects of various factors (inc. horizontal seismic
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coefficient, lateral load atop the pile, slope angle, and shear
strength) on the seismic safety factors of SCTPF are further
investigated by means of some non-dimensional multipli-
ers. Furthermore, the reasons for the variations of seismic
stabilities of SCTPF and the effects of various factors on
the failure modes are elaborated. Finally, four design tables
for seismic factors of safety are presented to evaluate the
seismic stability of SCTPF, and six typical failure modes
are concluded.

Problem definition

Figure 2 demonstrates a slope (slope angle 8 and slope
height H) containing a two-pile foundation (pile length L,
pile diameter D, and length of tie beam w) under seismic
loads. The effect of groundwater is ignored because the
groundwater level is well below the pile tip. The slope
consists of c-¢ soil (unit weight y), whose shear strength
is characterized by the cohesion ¢ and internal friction
angle ¢. To generalize the results in this study, two nor-
malized parameters are defined as follows: normalized
lateral load atop the pile, No=0/Q, (Q, denotes the ulti-
mate shear resistance of pile, given by Q, = O.SfCO'SD2 (BS
8110 1985), thereinto, f, symbolizes the concrete compressive
strength); normalized cohesion, N,=c/yD. Besides, the
seismic load is simulated by a horizontal seismic accel-
eration, characterized by horizontal seismic coefficient kj,
within the framework of the pseudo-static method.

FELA modeling

The FELA method is the combination of finite element dis-
cretization and limit theorem of plasticity, and it has been
extensively adopted in slope stability analysis because of its
accuracy and efficiency, such as the released FELA program

slope crest
i lateral load H
H
. .
¢
z““‘&;@
slope toe Y c_,\°Q 9 two-pile
d foundation o
= |=D seismic loads /&y
A ” o
] ' y
A A A A A

Fig.2 Problem definition

Optum G2 (Optum Computational Engineering 2017). The
method only gives the ultimate failure mechanism and cor-
responding factor of safety, omitting absolute internal force
and deformation during the intermediate process. Employing
the FELA method, the upper and lower bound solutions of
the slope safety factor can be obtained without presuming
the slope failure mechanism.

For this problem, the factor of safety (FoS) of the SCTPF
under seismic loads can be given as Eq. (1).

FoS:f(kh,NQ,H,(p,NC,H, w,d) (D

The horizontal seismic coefficients are considered as
k,=0,0.1, 0.2, and 0.3 (Cinicioglu and Erkli 2018). The nor-
malized lateral loads atop the pile foundation are considered
as NQ=O, 0.03, 0.06, 0.09, and 0.12 (Ng and Zhang 2001;
Ng et al. 2001). The slope angles frequently encountered
in bridge engineering in mountainous areas are considered
as #=20°, 30°, 40°, and 50° (Peng et al. 2020, 2022b). The
internal friction angles are selected as ¢ =15°, 20°, 25°, 30°,
and 35°, and the normalized cohesions are selected as 0.25,
0.5, 0.75, and 1, covering most engineering cases. Since
the two-pile foundation is generally located in a high slope,
whose slope height is greater than 20 m, the slope height
H=15D and pile diameter D=2 m are considered. The
length of the tie beam adopted in this study is four times the
pile diameter, which is usually observed in engineering prac-
tice (Peng et al. 2020). In addition, the two-pile foundation
is generally constructed at the middle of the slope, similar
to the laterally loaded single pile in mountainous areas (Ng
et al. 2001; Peng et al. 2022b). Besides these major factors,
other secondary factors are set frequently encountered values
in engineering practice and the same as those given in Ng
et al. (2001), including Young’s modulus, Poisson’s ratios,
and unit weight. Hence, the FoS of SCTPF under seismic
loads can be simplified as Eq. (2).

FoS=f (k;,Ng. 0,9, N,) ()

To model the SCTPF under seismic loads, the standard
boundary condition is adopted (Peng et al. 2022b), and the
soil and pile are simulated by the Mohr—Coulomb mate-
rial and linear elastic material, respectively. To avoid the
boundary effect, the size of the calculation domain was
large enough to include all the plastic zones at failure. In
this modeling, the length and height of the overall domain
are about 40D and 30D, respectively (Fig. 3). The adap-
tive remeshing technique is adopted in the setting. On
this basis, after trials of total elements for a compromise
between reducing the error and promoting calculation
efficiency, five thousand elements and three iterations of
adaptive mesh refinements were adopted throughout the
numerical simulations. The delicate setting of the meshing
scheme and adaptive mesh refinements can in turn narrow
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Fig.3 Numerical modeling of SCTPF under seismic loads

the bounds of the exact collapse load with an error of less
than 3%. The worst-case error Err can be defined based on
the upper (UB) and lower bound (LB) solution for the pile
bearing capacity, Err= +100% X 2(UB—LB) / (UB+ LB).

Comparisons with previous studies

There is no proper example case that can be exactly adopted
for direct validation of the application of the FELA method
in the analysis of the seismic stability of SCTPF. Conse-
quently, only a stepwise validation can be accomplished
by three types of degenerated cases: (i) static loading case
with a laterally loaded single pile (Ng et al. 2001); (ii) static
loading case with portal piles (or h-type piles) (Zhao et al.
2017); and (iii) seismic loading cases with and without anti-
slide piles (Ausilio et al. 2001; Nian et al. 2016; Li et al.
2016). Undoubtedly, shear strength parameters were varied
in these three recorded cases. The Mohr—Coulomb model,
frequently used in the analysis of slope stability problems,
is also adopted in this study because of its simplicity for
practical use.

Static conditions

Casel The laterally loaded single pile (pile length L=30 m,
embedment depth L., =22.5 m) is constructed at the mid-
dle of the slope (#=32° and H=15 m) composed of com-
pletely decomposed granite, and the physical and mechani-
cal parameters of the soil and pile are listed in Table 1. The
length and diameter of the pile are 30 m and 2 m, respec-
tively, and the lateral loads atop the pile are considered as
NQ=0, 0.03, 0.06, 0.09, 0.12, and 0.36 (the normalized
design lateral load in engineering practice is No=0.12). The
factors of safety of this slope under different lateral loads
evaluated from different methods are compared in Fig. 4. It
should be supplemented that the slope for the case Ny =0.36
is unstable and the corresponding safety factor was not given

@ Springer

Table 1 Physical and mechanical parameters of the soil and pile

Object Physical and mechanical parameters

Young’s  Poisson’s  Unit Internal Cohesion
modulus  ratio weight friction (kPa)
(MPa) (kN/m>) angle
(degree)
Soil 50 0.3 18 35 10
Pile 26,000 0.2 24 - -

by Ng et al. (2001), hence, it has been considered as a value
less than 1.0. It can be seen that the factors of safety from
FELA coincide well with those given in Ng et al. (2001),
indicating that the FELA method can well evaluate the sta-
bility of the slope containing a laterally loaded single pile.
It can be also observed that the slope stability for the case
with piles would be greater than that without piles before
the lateral load is applied on the pile head because the pile
foundation would provide resistance to some extent. Besides,
the safety factors would decrease from 2.07 to 1.86, 1.36,
1.22, and 0.76 while NQ increases from O to 0.03, 0.06, 0.12,
and 0.36, respectively.

Casell The Shibagou landslide (about #=20°) mainly con-
sists of silty clay, the mechanical parameters of which are
not given in the literature (Zhao et al. 2017) and can be
empirically given based on the code (GB/T 2021) and hand-
books (Editorial Board of Geological Engineering Hand-
book 2018) about soil classification: ¢ =18°, c=20 kPa, and
the unit weight of soil y =20 kN/m?. To resist the landslide,
three kinds of anti-slide piles are suggested to improve slope
stability, and their geometry and mechanical parameters can
be found in Zhao et al. (2017). The safety factors of different
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Fig.4 Safety factors of the slope containing a laterally loaded single pile
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anti-slide pile-reinforced slopes are evaluated by different
methods and compared in Table 2. As listed in Table 2,
the safety factors of the slope evaluated by FELA are 1.24
(portal piles), 1.22 (h-type piles), and 1.11 (common piles),
respectively, consistent with those in Zhao et al. (2017). It
seems that the FELA can well predict the stability of slopes
reinforced with different anti-slide piles, including the portal
piles and h-type piles.

Seismic conditions

Case lll The typical example slope (#=30° and H=13.7 m)
consists of homogeneous materials (¢ =10° and c=23.94 kPa),
and the soil type is not given in Hassiotis et al. (1997). The
static factor of safety for this slope evaluated by FELA is 1.11,
which is in good agreement with those of 1.108, 1.11, and
1.134 estimated by the limit analysis method, LAM (Ausilio
et al. 2001; Nian et al. 2016) and finite element method, FEM
(Nian et al. 2016). As to the seismic factors of safety under
seismic conditions (k, =0.05, 0.1, 0.2, and 0.3), the predictions
from different methods are presented in Table 3.

Since the factors of safety in Table 3 are on the unsafe side,
the anti-slide piles are placed in the slope, and the distance
between the pile and slope toe is d=12.2 m. To investigate
the effect of anti-slide piles on the safety factor, a yield accel-
eration coefficient k, is proposed to define the acceleration
coefficient when the factor of safety equals 1.0 (Joorabchi
et al. 2014; Li et al. 2016). Besides the case (¢ =10° and
¢=23.94 kPa), other two sets of shear strength parameters
(p=15° and ¢=23.94 kPa; ¢ =15° and ¢ =18 kPa) are used
for the extended discussion of the yield acceleration coef-
ficient. The yield acceleration coefficients of these cases
from different methods such as the limit equilibrium method
(LEM), LAM, and FELA are compared in Table 4.

Tables 3 and \4 indicate that the predictions (factors of
safety and yield acceleration coefficients) in this study coin-
cide well with those from published studies. Furthermore,
Fig. 5 reveals that the potential failure surfaces under dif-
ferent seismic conditions (k, =0.049, without piles; k, =0.1,
without piles; k, =0.2, with piles) given by FELA are well
consistent with those estimated by Li et al. (2016) and Nian
et al. (2016), still only dealing with the case with ¢ =10° and
¢=23.94 kPa. To sum up, these aforementioned comparisons

Table 2 Comparisons between safety factors of pile-reinforced slopes

Table 3 Comparisons of safety factors

Horizontal Factors of safety (FoS)
seismic -
coefficient k, LAM FEM (Nian  FELA
. 3 et al. 2016)

Ausilio Nian et al.

etal. (2001) (2016)
0 1.108 1.11 1.134 1.11
0.05 - 1.00 1.017 0.997
0.1 - 0.91 0.918 0.907
0.2 - 0.75 0.761 0.756
0.3 - 0.64 0.643 0.639

indicate that the FELA can be employed to evaluate seismic
factors of safety, yield acceleration coefficients, and potential
failure surfaces of slopes reinforced with piles.

Results and discussions

The effects of various factors on the seismic stability of
SCTPF would be investigated in terms of the following
aspects, including the horizontal seismic coefficient k;, nor-
malized lateral load atop the pile N, slope angle 6, internal
friction angle ¢, and normalized cohesion N,. Utilizing the
FELA method, four detailed design tables for the seismic
safety factors of SCTPF are presented in Tables 5, 6, 7, and
8. Furthermore, some non-dimensional multipliers are pro-
posed for general application, including the multiplier of
seismic coefficient &, the multiplier of lateral load §Q, the
multiplier of slope angle &, the multiplier of internal fric-
tion angle fq,, and the multiplier of cohesion &, which are
defined as Egs. (3) to (7).

_ FoS(k,)

K= FoSt, = 0) @)
 FoS(Ng)

0 Fos(Ng = 0) @

Table 4 Comparisons between yield acceleration coefficients from
different methods

@ (degree) c (kPa) Yield acceleration coefficient ky

LEM LAM FELA
Pile types Factor of safety - - (Liet al.
Joorabchi  Li et al. (2016) 2010)
Zhao et al. (2017) FELA etal. (2014)
Portal piles 1.22 1.24 10 2394 0.23 0.25 0.25 0.29
h-type piles 1.21 1.22 15 2394 0.34 0.35 0.35 0.38
Common piles 1.09 1.11 15 18 0.28 0.27 0.27 0.30
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Fig.5 Potential failure surfaces
under different seismic condi-

tions
_ FoS(0)

= Fos(6 = 207) ®)
_ FoS(p)

= FoS(g = 15°) ©
_ FoS(N,)

<~ FoS(N, = 0.25) @)

These non-dimensional multipliers are presented to reveal
the variations of seismic safety factors of SCTPF and sim-
plify the prediction of the seismic safety factors. For exam-
ple, the seismic safety factor, FoS(ky), is the product of the
static safety factor, FoS(k, =0), and the corresponding mul-
tiplier of the seismic coefficient, &,. These multipliers have
been seldom mentioned but are believed to be useful for the
preliminary design of engineering practice.

Horizontal seismic coefficient

Figure 6 illustrates the variations of the multiplier of seismic
coefficient, &, with &, under different slope angles and lat-
eral loads, and four groups of representative shear strength
parameters (¢ =20°, N.=0.25; ¢ =25°, N,=0.5; ¢ =30°,
N,=0.75; ¢ =35°, N,=1) are taken into consideration. As
anticipated, the multiplier of the seismic coefficient non-
linearly decreases with &, and so does the seismic safety
factor of SCTPF. Furthermore, the variations of & with k,
can be fitted by quadratic functions, & =1- B, 1-kh+Bk,2-kh2
(Fig. 6). In addition, the multiplier of the seismic coeffi-
cient is positively correlated with 6 and N, revealing that
the effect of seismic loads on the slope seismic stability
would be weakened with the increase of 6 and N, It can
be observed that the multiplier of the seismic coefficient,
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k,=0.049 ky=0.1  ky=0.2
without pile without pile reinforced with piles

LEM (Li et al. 20]6)\j K B
SO/ O T

LAM (Nian et al. 2016)
FEM (Nian et al. 2016)

which mainly depends on k;, 6, and NQ, 18 not sensitive to
shear strength, hence the FELA results and corresponding
fitting curves (Fig. 6) can be generalized to cases of other
shear strengths.

Figure 7 demonstrates the plastic multipliers of an exam-
ple SCTPF (6=30° and No= 0.06) under different horizon-
tal seismic coefficients (k;, =0, 0.1, 0.2, and 0.3). The shear
strength parameters of ¢ =25° and N,=0.5 are selected as
the representative shear strength parameters considering that
the multiplier of the seismic coefficient is not sensitive to
shear strength. The different magnitudes of plastic multiplier
are characterized by different colors, and the variation of
the color from blue to red indicates the increase of plastic
multiplier. It should be pointed out that the specific color
does not represent an absolute value of plastic multiplier.
However, the relative magnitudes of plastic multipliers can
be reflected by the color contrast, and the potential failure
surface can be outlined. A clear potential failure surface
from the slope crest to the slope toe can be observed while
ky, > 0.1, but it would not occur at k, =0. Besides, the tension
failure behind the pile foundation, resulting from the differ-
ence between the deformations of the pile and slope, would
be more obvious and move closer to the slope crest with the
increase of the horizontal seismic coefficient.

Lateral load

Figure 8 draws the variations of the multiplier of lateral load,
éQ, with NQ under different horizontal seismic coefficients
and slope angles, and four groups of representative shear
strength parameters (¢ =20°, N.=0.25; ¢ =25°, N.=0.5;
@=30° N.=0.75; ¢ =35° N_=1) are taken into considera-
tion. As expected, the multiplier of lateral load nonlinearly
decreases with NQ, and so does the seismic safety factor
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'(I';lllz go)Factors of safety K No @ N, No o N,
025 05 0.75 1 025 05 0.75 1

0 0.03 15 097 1.11 1.25 1.39  0.06 15 079 092 1.04  1.17
20 1.26 1.40 1.54 1.69 20 1.02 1.15 1.28 1.41

25 1.57 172 187 2.02 25 1.28 1.41 1.53 1.66

30 1.90 205 221 2.37 30 1.55 1.68 1.81 1.94

35 228 243 259 275 35 1.85 198  2.11 2.24

0.09 15 065 076 08 097 0.12 15 055 064 072 0381

20 085 096 1.06 1.17 20 072 081 089 098

25 1.06 1.16 1.27 1.37 25 090 099 1.07 1.16

30 1.28 1.39 1.49 1.60 30 1.10 1.18 1.27 1.35

35 1.54 1.64 175 1.85 35 1.31 1.39 1.48 1.56

0.1 0.03 15 076 087 097 1.08  0.06 15 065 075 086 0.96
20 1.00 1.11 1.21 1.32 20 0.85 095 1.06 1.16

25 1.24 1.35 1.47 1.58 25 1.06 1.16 1.27 1.37

30 1.50 1.62 1.73 1.85 30 1.29 1.40 1.50  1.61

35 1.80 192 204 216 35 1.54 1.64 1.75 1.85

0.09 15 056 065 074 083 012 15 049 057 064 072

20 073 082 091 1.00 20 065 072 080 0.87

25 092 1.01 1.09 1.18 25 081 088 096 1.03

30 1.11 1.20 1.29 1.38 30 099 1.06 1.13 1.20

35 1.33 1.42 1.51 1.60 35 1.18 1.25 1.33 1.40

02 0.03 15 063 071 080 0.88 0.06 15 055 063 072 0.80
20 082 091 099 1.08 20 072 081 089 098

25 1.02 1.11 1.20 1.29 25 0.90 0.99 1.08 1.17

30 1.24 1.33 1.42 1.51 30 1.10 1.19 1.27 1.36

35 1.48 1.57 1.67 1.76 35 1.31 1.40 1.49 1.58

0.09 15 050 057 065 072 0.12 15 045 051 0.58  0.64

20 065 072 080 0.87 20 058 065 071 078

25 081 0.88  0.96 1.03 25 073 080 086 093

30 098 .06 1.13 1.21 30 0.89 095 1.02 108

35 1.17 1.25 1.32 1.40 35 1.07 1.13 1.20 1.26

03 003 15 052 059 067 074 0.06 15 048 055 061 0.68
20 0.69 0.76 0.84 0.91 20 0.63 0.70 0.77 0.84

25 0.86 0.93 1.01 1.08 25 0.79 0.86 0.93 1.00

30 1.05 1.12 1.20 1.27 30 0.95 1.03 1.10 1.18

35 1.25 1.33 1.41 1.49 35 1.14 1.22 1.29 1.37

0.09 15 0.44 0.50 0.57 0.63 0.12 15 0.40 0.46 0.52 0.58

20 0.57 0.64 0.70 0.77 20 0.53 0.59 0.64 0.70

25 072 079 085 092 25 066 072 078 0.84

30 087 094 1.00 1.07 30 080 086 093 0.99

35 1.05 1.12 1.18 1.25 35 0.96 1.02 1.08 1.14

of SCTPF. Furthermore, the variations of éQ with NQ can
be fitted by quadratic functions, {5 =1—Bg "Ng +BQ,2~NQ2
(Fig. 8). In addition, the multiplier of lateral load is posi-
tively correlated with k,, and negatively correlated with 6,
indicating that the effect of N, on the slope seismic stability
would be weakened with k;, but enhanced with 6. Further-
more, the effect of lateral loads on the seismic slope stabil-
ity cannot be neglected even in the cases k, =0.3, revealing

that the lateral load should be considered in the design of
bridge pile foundation engineering. It can be observed that
the multiplier of lateral load, which mainly depends on N,
ky,, and 6, is hardly ever affected by the shear strength, hence
the FELA results and corresponding fitting curves (Fig. 8)
can be generalized to cases of other shear strengths.

Figure 9 gives the plastic multipliers of an example
SCTPF (6=40°, k,=0.2, ¢ =25°, and N,=0.5) under
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'(I';lllg go)Factors of safety K No @ N, No o N,
025 05 0.75 1 025 05 0.75 1

0 0.03 15 075 0.87 1.00 .12 0.06 15 0.6l 0.71 082 092
20 097 .10 1.22 1.35 20 079 090 1.00  1.11

25 1.21 134 146 159 25 098 1.09 1.19 1.30

30 1.46 1.59 172 1.85 30 1.19 1.30 1.40 1.51

35 1.75 1.88 2.0l 2.14 35 1.43 1.53 1.64 1.74

0.09 15 051 060 068 077 0.12 15 044 051 058  0.65

20 066 075 083 092 20 058 065 071 0.78

25  0.83 091 1.00 1.08 25 072 079 085 092

30 1.00  1.09 1.17 1.26 30 0.88 095 1.01 1.08

35 1.20 1.29 1.37 1.46 35 1.05 1.12 1.18 1.25

0.1 0.03 15 063 073 082 092 0.06 15 053 062 071 0.80
20 081 091 .02 1.12 20 069 078 087 0.96

25 1.01 1.12 122 133 25  0.86 095 1.04 1.13

30 1.23 1.34 1.44 1.55 30 1.04 1.13 1.22 1.31

35 1.47 1.58 1.69 1.80 35 1.25 1.34 1.43 1.52

0.09 15 046 053 061 068 012 15 040 046 053 059

20 060 067 075 0.82 20 053 059 065 071

25 075 082 090 097 25 066 072 079 0385

30 091 098 1.06 1.13 30 081 087 093 099

35 1.08 1.16 1.23 1.31 35 096  1.02 1.09 1.15

02 0.03 15 054 062 070 078 0.06 15 047 055 062 0.70
20 070 078 087 095 20 0.6l 069 076 0.84

25 087 096 1.04 1.13 25 076 084 091 099

30 1.05 1.14 1.23 1.32 30 0.93 1.01 1.08 1.16

35 1.25 1.35 1.44 1.54 35 1.10 1.18 1.26 1.34

0.09 15 042 048 055 061 0.12 15 037 043 048 054

20 054 061 0.67 0.74 20 049 055 060  0.66

25 0.68 0.74 0.81 0.87 25 0.61 0.67 0.72 0.78

30 082 089 095 1.02 30 075 080 086 0091

35 098 1.05 .12 1.19 35 0.89 095 1.00  1.06

03 003 15 047 054 060 0.67 0.06 15 042 048 055 061
20 0.61 0.68 0.75 0.82 20 0.55 0.62 0.68 0.75

25 0.76 0.83 0.91 0.98 25 0.68 0.75 0.81 0.88

30 0.92 1.00 1.07 1.15 30 0.83 0.90 0.96 1.03

35 1.09 1.17 1.25 1.33 35 0.99 1.06 1.13 1.20

0.09 15 0.38 0.44 0.50 0.56 0.12 15 0.35 0.40 0.45 0.50

20 0.50 0.56 0.61 0.67 20 0.45 0.50 0.56 0.61

25 062 068 074 0.80 25 057 062 068 073

30 075 081 087 093 30 069 074 080 035

35 0.90 0.96 1.02 1.08 35 0.83 0.88 0.94 0.99

different lateral loads (NQ: 0, 0.03, 0.06, 0.09, and 0.12).
Some differences can be observed between the failure
modes of SCTPF (NQ=0.03, 0.06, 0.09, and 0.12) and
portal pile-reinforced slopes (Ng=0); for the former, the
slope failure mainly results from the tension failure behind
the pile foundation (Fig. 9b to d), whereas a clear potential
failure surface from the slope crest to the slope toe occurs
in the latter (Fig. 9a). To sum up, the effect of lateral load

@ Springer

on the seismic stability and failure mode of SCTPF cannot
be ignored in engineering practice.

Slope angle
Figure 10 illustrates the variations of the multiplier of slope

angle, &,, with @ under different horizontal seismic coef-
ficients and lateral loads, and four groups of representative



Bulletin of Engineering Geology and the Environment (2023) 82:33

Page90of19 33

'(I'glllt;:1 go)Factors of safety K No @ N, No o N,
025 05 0.75 1 025 05 0.75 1

0 0.03 15 064 075 086 097 0.06 15 052 0.6l 0.70  0.79
20 083 094 105 1.16 20 067 076 086 095

25 1.03 1.14 126 137 25  0.83 092 .02 1.11

30 1.24 1.36 1.47 1.59 30 1.01 1.10 1.20 1.29

35 1.45 1.58 1.71 1.84 35 1.21 130  1.40 1.49

0.09 15 043 051 058 066 0.12 15 038 044 050 0.56

20 057 064 072 079 20 049 055 061 0.67

25 071 078 085 092 25 062 068 073 0.79

30 0.86 093 1.00 1.07 30 075 081 087 093

35 1.03 .10 1.17 1.24 35 090 0.96 1.01 1.07

0.1 0.03 15 055 064 074 083 0.06 15 046 054 062 0.70
20 071 081 090 1.00 20 060 068 076 0.84

25 0.89 098 1.08 1.17 25 075 083 091 099

30 1.08 1.18 1.27 1.37 30 091 099 1.07 1.15

35 1.23 1.35 1.46 1.58 35 1.09 1.17 1.25 1.33

0.09 15 040 047 053 060 012 15 035 041 046 052

20 052 058 065 071 20 046 051 057 062

25 065 071 078 0.84 25 058 063 069 074

30 080 086 093 0.99 30 071 076 081 0.86

35 095 1.01 1.08 1.14 35 085 090 096 1.01

02 0.03 15 048 056 064 072 0.06 15 042 049 055 0.62
20 063 071 079 0.87 20 055 062 068 075

25 078 086 095 1.03 25 068 075 082 0.89

30 092 1.01 1.10 1.19 30 082 089 096 1.03

35 1.06 1.17 1.27 1.38 35 0.99 1.06 1.13 1.20

0.09 15 037 043 049 055 0.12 15 033 038 043 048

20 048 054 060 0.66 20 044 049 053 058

25 060 066 072 078 25 055 060 064 0.69

30 073 079 085 0091 30 067 072 076  0.81

35 088 094 1.00 1.06 35 080 085 090 095

03 003 15 043 050 056 0.63 0.06 15 038 044 050 0.56
20 056 063 069 076 20 050 056 062  0.68

25 0.69 0.76 0.84 0.91 25 0.62 0.68 0.75 0.81

30 0.80 0.89 0.97 1.06 30 0.75 0.81 0.88 0.94

35 0.92 1.02 1.13 1.23 35 0.89 0.96 1.02 1.09

0.09 15 0.34 0.39 0.45 0.50 0.12 15 0.31 0.36 0.40 0.45

20 0.45 0.50 0.56 0.61 20 0.41 0.46 0.50 0.55

25 056 061 067 072 25 052 056 061 065

30 068 073 079 084 30 062 067 072 077

35 0.81 0.87 0.92 0.98 35 0.75 0.80 0.84 0.89

shear strength parameters (¢ =20°, N,=0.25; ¢ =25°,
N,=0.5; ¢p=30°, N,=0.75; ¢ =35°, N.=1) are taken into
consideration. It can be seen that the multiplier of slope
angle linearly decreases with 6, and so does the seismic
safety factor of SCTPF. Furthermore, the variations of &,
with @ can be fitted by linear functions, §y= By -0+ By,

(Fig. 10). The fitted coefficients By (the slope of the fitted
curve) under different horizontal seismic coefficients are
equal and vary slightly with N, while the fitted coefficients
By, (intercept of the fitted curve) increase with &y, and also
vary slightly with N,. In addition, keeping all other factors
the same, the multiplier of slope angle seems to have little
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'(I';llk; go)Factors of safety K No @ N, No o N,
025 05 0.75 1 025 05 0.75 1

0 0.03 15 054 064 075 085 0.06 15 042 050 059 0.67
20 069 080 0.90 1.01 20 054 062 071 0.79

25 086 097 1.07 1.18 25 067 075 084 092

30 1.04 1.15 1.25 1.36 30 082 090 098 1.06

35 1.23 1.34 1.45 1.56 35 098 1.06 1.14 1.22

0.09 15 035 041 048 054 0.12 15 030 035 040 045

20 045 051 0.58  0.64 20 040 045 049 054

25 057 063 069 075 25 050 054 059 0.63

30 069 075 081 0.87 30 061 065 070 0.74

35 082 088 094 1.00 35 073 077 082 0386

0.1 0.03 15 047 056 064 073  0.06 15 038 045 053 0.60
20 061 070 079 0.88 20 049 056 064 0.71

25 075 084 094 1.03 25 062 069 076  0.83

30 0091 1.00 1.10 1.19 30 075 082 089 096

35 1.08 1.17 1.27 1.36 35 089 096 1.04 1.11

0.09 15 033 039 044 050 012 15 029 033 038 042

20 042 048 053 059 20 038 042 047 051

25 053 058 064  0.69 25 047 051 056  0.60

30 065 070 076 0.81 30 058 062 066 0.70

35 077 082 083 093 35 070 074 078 0.82

02 0.03 15 042 049 057 0.64 0.06 15 035 041 048 054
20 054 062 069 077 20 046 052 059 065

25 067 075 083 0091 25 056 063 069 076

30 081 089 097 1.05 30 069 075 082 0.88

35 097 1.05 1.13 1.21 35 082 088 095 1.01

0.09 15 031 036 041 046 0.12 15 028 032 036 040

20 040 045 050 055 20 036 040 044 048

25 050 055 060 @ 0.65 25 045 049 053 057

30 0.6l 0.66 070 0.75 30 055 059 063 067

35 0.72 0.77 0.82 0.87 35 0.66 0.70 0.74 0.78

03 003 15 037 044 050 057 0.06 15 032 038 043 049
20 0.48 0.55 0.61 0.68 20 0.42 0.48 0.53 0.59

25 0.60 0.67 0.74 0.81 25 0.52 0.58 0.63 0.69

30 0.73 0.80 0.87 0.94 30 0.63 0.69 0.75 0.81

35 0.87 0.94 1.01 1.08 35 0.76 0.82 0.88 0.94

0.09 15 0.29 0.34 0.38 0.43 0.12 15 0.26 0.30 0.34 0.38

20 0.38 0.43 0.47 0.52 20 0.34 0.38 0.41 0.45

25 047 052 056 0.6l 25 043 047 050 054

30 057 062 066 0.71 30 052 056 060 0.64

35 0.68 0.73 0.77 0.82 35 0.63 0.67 0.70 0.74

change with shear strengths. To sum up, the lateral load and
shear strength have less influence on the multiplier of slope
angle, in comparison to the slope angle and horizontal seis-
mic coefficient.

Figure 11 demonstrates the plastic multipliers of an exam-
ple SCTPF (N,=0.06, k;, =0.2, 9 =25°, and N,=0.5) under
different slope angles (8=20°, 30°, 40°, and 50°). Some

@ Springer

distinct differences can be observed between the failure
modes of steep slopes (0=40° and §=50°) and gentle slopes
(0=20° and #=30°); for the former, the slope failure mainly
results from the tension failure behind the pile foundation
(Fig. 11c and d), but a clear potential failure surface from
the slope crest to the slope toe occurs in the latter (Fig. 11a
and b).
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Fig.6 Variations of &, under different slope angles

Internal friction angle and cohesion

Figure 12 depicts the variations of the multiplier of internal
friction angle, £, with ¢ under different cohesions and slope

(@)

k=0

Fig.7 Failure modes of slopes for 6=30°, Ny=0.06, 9=25°, and N.=0.5
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angles, and all groups of horizontal seismic coefficients and
lateral loads are taken into consideration. The multiplier
of internal friction angle linearly increases with ¢, and so
does the seismic safety factor of SCTPF. Furthermore, the
variations of £, with ¢ can be fitted by linear functions,
$o=B, (9 —15%)+1 (Fig. 12), and the fitting coefficients
B, decrease with N, and vary slightly with 6. In addition,
if other factors are kept the same, the multiplier of internal
friction angle is insensitive to k, and Ng. To sum up, the
effect of internal friction angle on the slope seismic stabil-
ity would be independent of horizontal seismic coefficient,
lateral load, and slope angle.

Figure 13 draws the variations of the multiplier of cohe-
sion, &, with N, under different internal friction angles and
slope angles, and all groups of horizontal seismic coeffi-
cients and lateral loads are taken into consideration. The
multiplier of cohesion increases with ¢, and so does the
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Fig. 9 Failure modes of slopes
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Fig. 11 Failure modes of slopes
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Fig. 12 Variations of &, under different cohesions

seismic safety factor of SCTPF. However, the multiplier of
cohesion under different horizontal seismic coefficients and
lateral loads is more discretely distributed than the multiplier
of internal friction angle, and its variation with N, cannot
be well fitted by linear functions. The plotted area can be
divided into clockwise rotating regions with ¢ as per the
internal friction angle, and the clear region boundaries indi-
cate that the multiplier of cohesion mainly depends on ¢ for
most cases. However, there are some overlapped areas for
the cases of §=40° because the effects of internal friction
angle, horizontal seismic coefficient, and lateral load are
almost equal for the cases of =40°. The reason for the four
groups of unexpectedly distributed points marked in Fig. 13c
is the failure modes of the cases (Ny=0.03) are different
from those of the cases (NQ=0.O6, 0.09, and 0.12) when
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other factors are kept the same; a wedge failure would occur
in the front of the pile foundation for the cases of NQ =0.03,
while the shear failure and tension failure are observed in the
cases of NQ=0.06, 0.09, and 0.12 as illustrated in Figs. 14
and 15.

Figure 16 demonstrates the plastic multipliers of an
example SCTPF (§=40°, NQ =0.06, k,=0.2) under differ-
ent shear strengths (¢ =20°, N.=0.25; ¢ =25°, N.=0.5;
@=30°, N.=0.75; and ¢ =35°, N.=1). The failure modes of
low shear strength case (¢ =20°, N,=0.25) are distinctively
different from those of high shear strength cases (¢ =25°,
N,=0.5; ¢=30°, N,=0.75; and ¢ =35°, N,=1). The failure
mode would change from shallow sliding to shear sliding with
increasing shear strength, and the transitional sliding mode
would occur in the case of ¢ =20° and N.=0.25.
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Fig. 15 Failure modes of slopes
for 0=40°, k,=0.2, p=35°,
and N,=0.75

(a) Ny=0.03

(¢) Np=0.09

Design tables and failure modes

Tables 5, 6, 7, and 8 list the predictions of static and seis-
mic safety factors of SCTPF by FELA, and the failure
modes can be approximately classified into six representa-
tive types according to these analyses:

(a) Shallow sliding (Fig. 17a). It is frequently observed
in the steep slope with low shear strength. The shear
strength is too low to sustain the slope stability, and the
potential failure surface would occur above the pile head.

(b) Shear sliding (Fig. 17b). It is the most frequently
encountered failure mode and has been referred to in
the studies of the laterally loaded single pile in moun-
tainous areas (Ng et al. 2001). Compared to the shal-

Fig. 16 Failure modes of slopes
for 6=40°, NQ =0.06, and
k,=0.2

(a) 9=20°, N.=0.25,

(¢) 9=30", N.~0.75
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(b) N,=0.06

(d) Np=0.12

low sliding, the potential failure surface behind the pile
foundation in this case would move down from the pile
head to the upper section of the pile.

(c) Transitional sliding (Fig. 17c). It is a transitional state
between shallow sliding and shear sliding. The shear
strength in this failure mode is greater than that in shal-
low sliding and less than that in shear sliding.

(d) Wedge failure (Fig. 17d). It is a special case of shear
sliding, and a wedge failure region can be observed in
front of pile foundations in the cases of N=0.03.

(e) Deep shear sliding (Fig. 18). It is frequently encoun-
tered in the cases of low horizontal seismic coefficient
and low lateral load. While the shear strength increases,
the failure surface of the shear sliding behind the pile
foundation would move down from the upper section

(b) p=25", N.<0.5

(d) 9=35°,N=1 _
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Fig. 17 Representative failure modes of SCTPF under seismic loads

of the pile to the pile tip (from the failure surface in
Fig. 17b to that in Fig. 18a or b). The failure surface
would be affected near the tip of the two-pile founda-
tion and can be further divided into two subcategories
I and II; the failure surface penetrates the pile above the
pile tips, the failure surface between the piles will con-
cave downward; however, the failure surface between
the piles will concave upward when the failure surface
further moves beneath the piles.

1 t
(b) shear sliding slope cres

lid o
S
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(d) wedge failure slope crest
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(f) Tension failure (Fig. 19). It usually appears in cases

of great horizontal seismic coefficient and lateral load.
The reason is that the slope is relatively stable only
leaving the separation of the pile foundation from the
rear soil, and the failure mode is significantly differ-
ent from that of the anti-slide pile-reinforced slope.
According to the soil deformation behind the pile, the
failure mode can be further divided into two subcatego-
ries [ and II: the tensioned crack occurs just adjoining

1 t 1 t
(@) deep shear sliding I 5 ope eres (b) deep shear sliding I slope cres
) / o ) / b
%\KQQ %\)‘&‘be
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Fig. 18 Representative failure modes of SCTPF under seismic loads
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Fig. 19 Representative failure modes of SCTPF under seismic loads

the pile and the upper slip surface penetrates the slope
with lower shear strength, horizontal seismic coeffi-
cient, and lateral load in the subcategory I; the ten-
sioned crack will move away from the pile towards the
slope crest, and it prevents the upper slip surface from
penetrating the slope with increasing shear strength,
horizontal seismic coefficient, and lateral load in sub-
category II.

Conclusions

This study concentrates on the effects of various factors (k,,
NQ, 0, ¢, and N,) on the seismic safety factor of SCTPF by
FELA and presents some non-dimensional multipliers for gen-
eral application. In addition, four detailed design tables and six
representative failure modes have been summarized. Based
on these analyses, several conclusions are drawn as follows:

(i) The factors of safety of some slopes evaluated by
FELA are in good agreement with those obtained
from the limit equilibrium method, limit analysis
method, and finite difference method, and the FELA
method is proved to well evaluate the seismic stabil-
ity of SCTPF.

(ii)) Some non-dimensional multipliers are presented to
investigate the variations of seismic safety factors
with different factors and simplify the calculation
of seismic safety factors. For example, the seismic
safety factor under seismic loads, FoS(k), is the
product of the safety factor, FoS(k,=0), and the cor-
responding multiplier of the seismic coefficient, &,.
On this basis, numerous values of the multipliers
under different conditions have been given in this
study and the tendency of these multipliers with dif-
ferent factors (kj, NQ, 6, ¢, and N,) has been explored
by fitting curves or distribution regions. The multi-
plier of horizontal seismic coefficient, the multiplier

@ Springer

of lateral load, and the multiplier of slope angle are
not sensitive to shear strength.

(iii) Many design tables for the safety factors of SCTPF
under seismic loads are listed based on the predic-
tions from FELA, covering most engineering cases.
The tables are helpful to the preliminary design of
similar projects and handy to engineers because the
seismic safety factor of slopes can be directly looked
up with precise values or approximately obtained by
linear or nonlinear interpolation.

(iv) The failure modes of SCTPF can be approximately
classified into six representative failure modes: (a)
shallow sliding; (b) shear sliding; (c) transitional
sliding; (d) wedge failure; (e) deep shear sliding; and
(f) tension failure. Furthermore, the mechanisms and
conditions of these failure modes and the transitions
among them are elaborated.
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