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ABSTRACT

Inclined piles have been widely applied to resist excessive lateral loading in engineering practice.
Although some unsatisfactory observations were found in past earthquake events, supportive
evidence was also observed in recent years. This paper aims to clarify the performance of inclined
piles against liquefaction-induced lateral spreading via the finite element approach. A sloping
ground under seismic base excitation is adopted to induce the lateral spreading. A parametric
analysis is carried out to study the performance of a 2x1 pile group consisting of vertical and
inclined piles. By changing the raked angles of the piles, both symmetric and asymmetric inclined
pile groups are considered while vertical pile groups are investigated as reference. The numerical
results indicate that inclined piles with appropriate inclinations have better performance than
vertical piles when considering the response of the soil-pile-cap system.

1 INTRODUCTION

In previous large-scale earthquakes, lateral spreading was identified as one of the main causes of damage to
pile foundations under bridges and offshore constructions (e.g. Seed et al. 1991; Finn & Fujita 2002). The
use of inclined piles was considered as a countermeasure to resist significant horizontal loadings. However,
unacceptable performance observed in previous earthquakes (e.g. Seed et al. 1991; Haskell et al. 2013)
resulted in the discouragement of the use of inclined piles. Drawbacks of inclined piles, such as residual
bending moment, reduction in flexural capacity, large kinematic force and undesirable cap rotation, have
been frequently mentioned in engineering practice (Gerolymos et al. 2008).

The benefits of inclined piles were recognised in some recent laboratory studies. Seismic experiments of
inclined piles in sand performed by Escoffier et al. (2008), Li et al. (2016a; 2016b), and McManus et al.
(2005) provided supportive evidence for inclined piles regarding the enhanced lateral stiffness of the pile
foundation and the strengthening of the soil profile. In terms of the numerical investigations of pile
foundations against lateral spreading, the Beam-on-Nonlinear Winkler-Foundation approach has been widely



adopted, such as by Khosravifar et al. (2014), Shafieezadeh et al. (2012), and Wang & Orense (2014). The
three dimensional (3D) finite element method has also been applied extensively, such as by Cheng & Jeremi¢
(2009), Cubrinovski et al. (2008), and McGann et al. (2011). When it comes to inclined piles, most of the
numerical studies investigating their dynamic responses were conducted without the consideration of lateral
spreading. For instance, Gerolymos et al. (2008), Giannakou et al. (2010), and Sadek & Isam (2006)
performed seismic analysis on pile groups with inclined piles in elastic soil deposits numerically. Rajeswari
& Sarkar (2019) and Wang & Orense (2019) studied the performance of inclined piles in liquefiable soils
through a parametric analysis without being subjected to lateral spreading. Nevertheless, the performance of
inclined piles against lateral spreading is still not well established.

To clarify the seismic performance of inclined piles against liquefaction-induced lateral spreading, a
parametric study has been carried out through the OpenSees platform (Mazzoni et al. 2007). A sloping
ground is adopted to induce lateral spreading while the level ground is studied as reference. Factors
considered in this research include the pile inclination, ground slope, and occurrence of soil liquefaction.

2 PARAMETRIC ANALYSIS DESCRIPTION

The problem under consideration is a 2 x 1 pile group (Fig. 1a), similar to that employed by Li et al. (2016a;
2016b). The piles have a diameter of D = 0.72 m and a section stiffness of EI = 505 MN-m?. The pile spacing
is fixed as 4D = 2.88 m. The pile heads are connected by the cap, which is 1.0 m above the soil surface, with
a lumped mass of 100 ton. The fully-saturated soil deposit contains two soil layers: 12.0 m thick dense sand
sublayer (relative density Dr = 80%) and medium-dense sand upper-layer (Dr = 55%). The 1995 Kobe
earthquake motion (Fig. 1c) is scaled to different amplitudes (amaxbase = 0.1g or 0.3g) and used as base
excitation towards the x-axis. By applying different inclinations of the left and right piles (i.e. o and ar
ranging from 0°, 5°, 10°, 15°, 20°, and 25°), three pile group configurations are investigated, including “IV”
(inclined left pile + vertical right pile), “VI” (vertical left pile + inclined right pile), and “II”” (two
symmetrically inclined piles). For example, Figure 1a shows a pile group configuration VI with aL = or =
15°, and the corresponding 3D numerical model in OpenSees is demonstrated in Figure 1b. Additionally, the
configuration with two vertical piles (“VV”, i.e. aL = ar = 0°) is also analysed for comparison purposes. In
addition to the level ground case, sloping ground (i.e. surface slope = 2° or 4°) is considered to induce
lateral spreading towards the x-axis. Due to symmetry along the y-axis, only half of the model is simulated,
and laminar boundaries are adopted. Besides, a free drainage boundary is applied at the ground surface. The
modelling details regarding the boundary conditions, soil constitutive model (Pressure-Dependent Multi-
Yield surface material for Nevada sand), pile modelling, soil-pile interface, and validation process can be
found in the work of Wang & Orense (2019).
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Figure 1: Problem definition (all dimensions in metre): (a) geometry for pile configuration 17 with a. = ar =
15°; (b) numerical model layout; and (c) normalised Kobe earthquake acceleration time history
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3 RESULT ANALYSIS

A parametric analysis is conducted to investigate the responses of soil, cap, and piles. To reflect the
performance of inclined piles and evaluate quantitatively the influence of pile inclinations on the system
response, a performance index P (in percentage) is adopted, based on Li et al. (2016a; 2016b):
Q1—Qv

= ——X 0,
P == X 100% €
where Qv and Q, are the calculated quantities for pile groups with vertical (i.e. a. = ar = 0°) and inclined
piles (i.e. aL # 0° or ar # 0°), respectively. Therefore, a positive or negative index indicates the increase or
decrease, respectively, of the investigated system response due to pile inclination.

3.1 Soil response

The soil responses considered in the interpretation include the excess pore water pressure ratio (ru) and the
lateral deflection (Useil) at different depths. Note that the pore pressure is derived from the free field and the
soil center under the cap node (i.e. point A to B in Fig. 1b).

The distributions of the maximum ry in the free field and in cases with vertical piles are presented in Figures
2a and 2b, respectively. The ground slope and amplitude of the input motion are shown in the legends (e.g.
“4S-0.3g” means f# = 4° and amaxbase = 0.39). The depth indicated in the figures is measured from the ground
surface. It can be seen from Figure 2a that soils above 6 m depth liquefy in cases with @max base = 0.39,
although a slight reduction can be seen for steeper slopes. With amaxbase = 0.1g, however, the soil deposit does
not liquefy. Therefore, cases with amaxbase = 0.19 are classified as “non-liquefied” cases, while the rests are
“liquefied” cases. As presented in Figure 2b, the presence of vertical piles in liquefied cases reduce the
maximum ry significantly, which can be attributed to the strengthening effects of pile groups on the soil.

The distributions of the maximum r, from cases with pile configuration Il in the level ground scenario are
demonstrated in Figures 2c-2d. The increasing inclination of the pile reduces the maximum ry in the upper
part of the medium-dense soil layer, which may be due to the increased lateral stiffness of the inclined piles.
Note that this reinforcement effect of inclined piles on liquefiable soil deposits was also observed in the
shaking table experiments performed by McManus et al. (2005). However, the pile inclination promotes the
development of maximum ry at deeper depths in the liquefied cases (Fig. 2d). The stiffening effect of the
piles is weakened as inclined piles are further away from the observation points (i.e. A-B at the soil centre).

The maximum soil deflections in cases of the free ground and pile configuration V'V are shown in Figure 3.
Varying magnitudes of lateral deflection have been induced due to soil liquefaction. In Figure 3a, sharply
increasing deflections can be observed at 8 m depth which is the interface of the two soil layers. With the
presence of piles, the deflections near the interface, shown in Figure 3b, change gently with the depth. To
investigate the influence of pile inclination, the performance index for soil deflection, Pus.i, is evaluated
based on Equation 1 and illustrated in Figure 4. The pile inclination o represents av, ar, and a. = or for pile
configurations IV, VI and |1, respectively. Most indices are negative and decrease with the pile inclination,
i.e. that the presence of the inclined piles reduces the soil deflection, with larger pile inclinations enhancing
such beneficial effect. The indices in Figures 4b-4c are generally lower than those in Figure 4a, which
indicates that inclined piles in sloping grounds have more pronounced beneficial effects than in the level
ground. The beneficial effects of the configuration VI (Pusoil is down to -50%) are more pronounced than
those of the configuration IV (Pusoil is down to -37%) but less pronounced than those of the configuration |1
(Pusoil iIs down to -60%). The soil deflection is mitigated by the inclined piles due to the larger lateral
stiffness. Moreover, pile groups with one pile inclining in the upslope direction are more beneficial to the
ground in terms of the soil response. Besides, indices for the liquefied cases are generally lower than in non-
liquefied cases, showing that inclined piles have more pronounced beneficial effects when the soil liquefies.
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Figure 2: Distributions of the maximum ry in soil
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Figure 4: Performance index for the maximum soil deflection

3.2 Cap response

The lateral displacement (Ucap) and rotation (6, the rotation of the cap node is along the y-axis) of the cap are
investigated here. The corresponding performance indices (i.e. Pucap, and Py) are presented in Figures 5-6.

The negative Pucap Shows beneficial effects on the cap which is also observed in other numerical studies (e.g.
Giannakou et al. 2010; Li et al. 2016a, 2016b; Sadek & Isam, 2004). Inclined piles are more beneficial in the
sloping ground than in the level ground, as the indices shown in Figures 5b-5c are lower than those in Figure
5a. Besides, the configurations Il and VI show more beneficial effects than the configuration IV.
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Figure 5. Performance index for the maximum lateral deflection of cap
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Figure 6. Performance index for the maximum rotation of cap

As shown in Figure 6, the cap rotation in the level ground (Fig. 6a) decreases for small pile inclinations (a <
10°). For example, indices for cases with a = 5° are down to -83%, while those for cases with a = 25° are up
to 256%. It is noted that the use of inclined piles often induces considerable cap rotation, as indicated by
Giannakou et al. (2010) and Li et al. (2016a). For the liquefied sloping ground cases, indices are negative,
indicating a beneficial effect. The configurations IV and V1 induce lower Py than the configuration Il, with
the exception of cases with a < 10° in liquefied sloping ground. This result indicates that a combination of
vertical and inclined piles is generally better than the symmetrically-inclined pile groups in terms of the cap
rotation.

3.3 Pile response

The pile response investigated in this study includes the maximum bending moment M and shear force Fs in
the piles. The corresponding performance indices (i.e. Pm and Prs) are also investigated.

3.3.1 Maximum bending moment

Figure 7 presents the maximum bending moment profiles experienced by the inclined right pile of
configuration VI. The maximum bending moment increases significantly with the slope inclination. The peak
values generally occur at the pile heads, except for cases with a large ground slope (i.e. Figs 7e-7f) in which
the locations of the peak values are closer to the interface of the two soil layers (i.e. 8 m depth). The increase
in pile inclination generally reduces the bending moment at the pile heads and around the layer interface. The
decreased bending moment at the pile head is in accordance with those reported in the literature (e.g.
Gerolymos et al. 2008; Giannakou et al. 2010; Li et al. 2016a, 2016b; Sadek & Isam, 2004). Giannakou et al.
(2010) explained that the prevalence of inertial loading results in such smaller bending moment.
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Figure 8 shows the corresponding performance indices for the maximum bending moment Pw. In the non-
liquefied level ground cases, only configuration Il induces lower maximum bending moment. In other cases,
however, both configurations VI and Il are beneficial. The increase in pile inclination generally induces more
pronounced effects in non-liquefied cases but have minor impacts in liquefied cases. Based on the
investigation of Giannakou et al. (2010), the liquefied soil will result in a large pile-soil stiffness ratio, and
thus the additional stiffness provided by the inclined piles has only minor influence on the system response.

3.3.2 Maximum shear force

Figure 9 demonstrates the maximum shear force profiles for the left pile of configuration Il. It is observed
that the shear force profiles are amplified significantly with the increase in ground slope. Locations of the
peak maximum shear force are generally in the lower part of the medium-dense soil layer. The pile
inclination tends to enlarge the maximum shear force at the pile head and lower locations (e.g. at4 - 8 m
depth) in the liquefied cases (i.e. Figs 9d-9f) but tends to decrease those in the non-liquefied cases (i.e. Figs
9a-9c). It is worth noting that due to the adoption of a frictional interface between the pile tips and adjacent
soil, the pile tips show non-zero shear forces although they have free ends.

The corresponding performance indices for the maximum shear force Ps are demonstrated in Figure 10. In
non-liquefied cases, the pile configurations VI and 11 are beneficial in reducing the maximum shear force. In
the liquefied level ground, the presence of the inclined piles increases the maximum shear force by 34% at
most. With the increase in the slope inclination, however, this detrimental effect becomes less pronounced
and even turns to be beneficial overall, with the exception of the configuration IV. Therefore, in terms of the
maximum shear force, the pile inclination in configurations VI and Il has a beneficial effect in the sloping
ground and non-liquefied level ground cases.
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Figure 7. Distribution of the maximum bending moment developed in the right pile for configuration VI
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Figure 8. Performance index for the maximum bending moment
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Figure 9. Distribution of the maximum shear force developed in the left pile for configuration 11
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Figure 10. Performance index for the maximum shear force

4 CONCLUSIONS

This paper investigated the seismic performance of inclined piles when subjected to liquefaction-induced
lateral spreading through a parametric FEM analysis. The primary outcomes are as follows:

e Inthe sloping ground scenario, better performance can be found with the use of pile group configurations
“II” (two symmetric inclined piles) and “VI” (the combination of vertical and inclined piles with the
inclined pile downslope).

¢ Inthe non-liquefied ground case, the use of inclined piles with appropriate configurations (i.e. VI and I1)
can be beneficial for most of the soil-pile system responses, except for the cap rotation. However,
inclined piles with small inclinations (i.e. < 10°) can also be beneficial for the cap rotation.

o With the presence of large lateral spreading (liquefied sloping ground), inclined piles are found to be
beneficial in reducing the response of soil-pile system regarding the lateral deflection of soil and cap, cap
rotation, shear force and bending moment of the pile.

Within the scope and conditions investigated in this paper, inclined piles, when used at appropriate
configurations, could produce better performance for the soil-pile system when subjected to liquefaction-
induced lateral spreading.
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