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Abstract
This paper presents a comprehensive numerical study on kinematic response of
vertical and batter pile groups in soft soil, where soil non-linearity, batter angle,
pile spacing and excitation frequency are related to pile-cap displacements, rota-
tions, maximum pile moments, shear forces and axial forces. The finite element
model is constructed in OpenSees MP, and parallel computing is utilized for a
better (faster) performance. Results reveal that soil non-linearity has a profound
impact on the kinematic interaction. Increasing batter angle decreases horizon-
tal displacements but increases rotations. Batter pile groups yield lower spectral
accelerations compared to vertical pile groups. For high 𝑃𝐺𝐴, the spectral accel-
erations of the pile-cap may be lower compared to the spectral acceleration of
the seismic input motion. Estimation using non-linear interaction factors con-
servatively estimates pile-cap displacements and rotations, while roughly cap-
tures the effects with respect to batter angle and frequency content within the
specified framework.
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1 INTRODUCTION

Until the early 1990s, batter piles were commonly used in seismic design of bridges and other large structures. In the fol-
lowing years however, batter piles became generally discouraged due to several earthquakeswhere batter piles experienced
severe damage. As of today, numerous governing codes, including Eurocode 8,[1] recommend that batter piles are avoided
in seismic design of deep foundations. The advancement in computational methods during the last two decades has facil-
itated numerous numerical studies that spurred on a more positive outlook on the use of batter piles in seismic design.
Sadek and Isam[2] showed that batter micro-piles lead to a decrease in both shear force and bending moment induced by
seismic loading. Gerolymos and Giannakou[3] concluded that batter piles with hinged pile-to-cap connections performed
better than vertical piles when supporting tall, slender structures. Giannakou et al.[4] concluded along the same lines,
emphasizing that vertical piles attracted larger axial forces when supporting tall structures. Medina et al.[5] explored how
batter pile groups influence the overall response of slender and non-slender structures using a substructure approach. It
was shown that batter piles reduce pile-cap displacements and base shear forces for non-slender structures. Carbonari
et al.[6] investigated the seismic response of bridge piers on batter pile groups using a direct approach in the frequency
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F IGURE 1 Schematic sketch of the investigated pile–soil system

domain. It was demonstrated that batter piles reduce pile-cap displacements but increase rotations. A few experimen-
tal studies revealed similar advantages. Escoffier[7] performed an experimental study elucidating frequency-dependent
behaviour of a two-by-one pile group. It was shown that batter piles reduce pile-cap displacements. Subramanian et al.[8]
found that the lateral displacement and bending strain at resonance region decrease with increasing batter angle for a
two-by-one pile group subjected to lateral loads. Bharathi et al.[9] found that peak displacements of batter pile groups
were significantly reduced compared to vertical pile groups.
Extensive studies have been performed on kinematic interaction of vertical piles using linear models,[10–22] but sub-

stantially less attention has been paid to batter piles. Medina et al.[23] presented a comprehensive linear method based
on a BEM-FEM coupled formulation for estimating kinematic interaction of batter pile groups. Dezi et al.[24] presented
a numerical model for dynamic analysis of batter pile groups in layered soil. Carbonari et al.[25] presented an analytical,
closed-form solution for dynamic stiffness and kinematic response of single batter piles. Indeed, a few authors have carried
out non-linear studies using vertical and batter piles,[26–30] but kinematic interaction of batter pile groups in non-linear
soil has yet to be investigated.
Kinematic interaction is most prominent in soft soils, and several researchers[4,12,22] have elucidated the importance of

soil profile on kinematic interaction of pile groups. This paper focuses, therefore, on the kinematic response of vertical
and batter pile groups in soft clay using a simplified, yet realistic clay profile. Further details regarding the soil are given in
Section 2.2. The investigated system is the two-by-one pile group depicted in Figure 1, which is representative of a bridge
abutment or pier foundation. The total profile height𝐻 is 24 m, the pile length 𝑙𝑝 is 18 m and the pile diameter 𝑑𝑝 is 1 m.
This study considers three different pile-to-pile spacings 𝑆0 equal to 2𝑑𝑝, 6𝑑𝑝 and 10𝑑𝑝 together with three different batter
angles 𝛽 equal to 0◦, 7.5◦ and 15◦, all of which are considered to be within realistic range of values.
Vertically propagating seismic S-waves cause horizontal displacement of the free-field soil. Rigid structures such as

pile foundations tend to resist the free-field motion, generating modified displacements and rotations of the pile-cap. The
relationship between the free-field and pile-cap motion is often expressed through horizontal and rotational kinematic
interaction factors,

𝐼𝑥 =
𝑈𝑝(𝜔)

𝑈𝑓(𝜔)
, 𝐼𝑟 =

𝜙𝑝(𝜔) 𝑑𝑝

𝑈𝑓(𝜔)
(1)

where 𝑈𝑝 is the horizontal pile-cap displacement amplitude, 𝑈𝑓 is the horizontal free-field displacement amplitude, 𝜙𝑝
is the pile-cap rotation and 𝜔 is the angular frequency. Note that the literature occasionally presents 𝐼𝑟 as a function of
𝑆0 instead of 𝑑𝑝. The nomenclature in this paper is motivated by the desire to clearly express how rotation varies with
pile spacing. In the rather convenient realm of linearity, the kinematic interaction factors may readily be applied in the
substructure method by multiplying the free-field motion in the frequency domain with the corresponding interaction
factor. Since this procedure implies superposition, interaction factors lack the practical applicability in non-linear anal-
ysis in the most rigorous sense. Nevertheless, non-linear interaction factors provide useful information about kinematic
response of pile groups. First, frequency-dependent modification of the free-field motion is readily depicted. Second, lin-
ear and non-linear interaction factors are directly comparable, providing insight into differences in kinematic pile–soil
interaction between linear and non-linear models. Perhaps somewhat obvious, it is worth mentioning that interaction
factors presented in the frequency domain equivalently provide information about differences in pile-cap accelerations.
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F IGURE 2 Three-dimensional finite element model

The main objective of this paper is to provide further insight into how non-linearity, batter angle, pile spacing and
excitation frequency affect pile-cap displacements, rotations, maximum pile moments, shear forces and axial forces. First,
the finite elementmodel and the adopted soilmodel are outlined.Next, the results fromharmonic basemotion analyses are
presented and discussed. We further extend the analyses to time domain and discuss the findings in relation to previously
discussed frequency-dependent behaviour. Finally, we demonstrate how non-linear interaction factors may be applied to
estimate pile-cap response based on a single free-field analysis.

2 FINITE ELEMENTMODEL

2.1 Elements, boundaries and solution schemes

The finite element model is constructed in OpenSees MP[31] together with the pre- and post-processing tool STKO.[32]
Parallel computing is utilized for better (faster) performance. The ground is modelled as a half-space with symmetric y-
plane. The soil is divided in eight layers, where each layer has a height ℎ𝑙𝑎𝑦 = 3m. Themesh is illustrated in Figure 2. The
piles are modelled using Euler–Bernoulli beam elements and the soil is modelled using eight-noded hexahedral elements
with a single integration point to prevent locking behaviour. The pile–soil interface has been considered to be an important
aspect for both static and dynamic impedance of pile groups. However, recent studies[33–35] have shown that separation
effects are of less significance when plasticity is considered. Also, this study only assesses the kinematic response. The
interface between beams and solids is therefore modelled using rigid-link constraints (full bonding), connecting each
beam node to the corresponding soil nodes such that the pile section in the given beam node acts like a rigid disk. The
constraints are enforced using penalty functions[36,37] and the penalty values are obtained by approximating the order of
the largest entry of the stiffness matrix.
Issues related to spurious damping are avoided by choosing a sufficiently refined element mesh. The maximum ele-

ment size in each layer is determined from the shortest occurring wavelength. Shear and pressure wave velocities are
determined using initial strain properties. In order to correctly represent a wave, it is necessary to use at least eight nodes
per wavelength.[38] Thus, minimumof seven elements per wavelength has been used in the direction of wave propagation.
The outer, vertical boundaries perpendicular to the loading direction are represented using tied-node conditions as

first suggested by Zienkiewicz et al.[39] The side boundaries are restrained from movement perpendicular to boundary
plane. The bottom nodes, representing bedrock, are restrained in the vertical direction. The base motion is applied using
prescribed displacements. Although the analyses are performed for rigid bedrock, the conclusions will be less dependent
on this condition because the pile-cap displacements are compared with free-field soil displacements.
The system is solved using the TRBDF2 integrator[40] and Krylov–Newton implicit scheme.[41] In order to increase the

probabilty of convergence and also to speed up the analysis, adaptive time steps are applied. The initial and maximum
time step is 0.0025 s. If convergence is not achieved, the time step is reduced by a factor of 2. If convergence is achieved
before a desired number of iterations, the time step is increased by a factor of 1.5. Since we are using penalty values as
constraints, convergence is achieved when the 𝑙2-norm of displacements is less than 1E−08 m. The chosen convergence
criteria is somewhat strict due to the small displacement following from high frequency loading.
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F IGURE 3 Pressure Independent Multi-Yield (PIMY) material model

2.2 Material model

The adopted material model (PIMY) is an elastic–plastic, soil model suited for clay.[42] Plasticity is only considered for the
deviatoric stress–strain response using an associative flow rule. The input parameters are the small-strain shear modulus
𝐺𝑚𝑎𝑥, small-strain bulk modulus 𝐵𝑚𝑎𝑥, cohesion 𝑐, maximum shear strain 𝛾𝑚𝑎𝑥, friction angle 𝜙, reference confining
pressure 𝑝′𝑟 and a material parameter 𝑑 controlling pressure dependence. According to Mesri,[43] the undrained shear
strength of clay may be expressed as

𝜏𝑓 = 𝑠𝑢 = 0.22 𝜎
′
𝑐 = 0.22 (𝛾𝑠 − 𝛾𝑤)ℎ (2)

where 𝜎′𝑐 is the vertical pre-consolidation pressure, ℎ is the soil depth and 𝛾𝑠 and 𝛾𝑤 are the specific weights of soil and
water, respectively. According to Andersen,[44] small-strain shear modulus may be estimated as

𝐺𝑚𝑎𝑥 = 𝐺𝑟 = 1000 𝑠𝑢 (3)

for a clay with plasticity index about 25%. The small-strain bulkmodulus follows from linear elastic laws for homogeneous
materials, that is

𝐵𝑚𝑎𝑥 = 𝐵𝑟 =
2𝐺𝑚𝑎𝑥(1 + 𝜇)

3(1 − 2𝜇)
(4)

Here, 𝜇 is the Poisson’s ratio set equal to 0.49. The backbone curve is determined as

𝜏 =
𝐺𝑚𝑎𝑥 𝛾

1 +
𝛾

𝛾𝑟

(5)

where

𝛾𝑟 =
𝜏𝑓 𝛾𝑚𝑎𝑥

𝐺𝑚𝑎𝑥 𝛾𝑚𝑎𝑥 − 𝜏𝑓
(6)

Here, 𝛾𝑚𝑎𝑥 is the peak shear strain set equal to 0.1.
The shear stress-shear strain relations for each layer are shown in Figure 3A and the shear modulus reduction curves

are shown in Figure 3B.
Maximum shear strength is shown in Figure 1. The average shear wave velocity of the profile is approximately

𝑉𝑠,𝐻 =
𝐻

∑𝑛𝑙𝑎𝑦
𝑖=1

ℎ𝑙𝑎𝑦

𝑉𝑠,𝑙𝑎𝑦

= 91.8
m

s
(7)

Here, 𝑛𝑙𝑎𝑦 is the total number of soil layers, ℎ𝑙𝑎𝑦 is the layer height and 𝑉𝑠,𝑙𝑎𝑦 is the shear wave velocity of the layer.
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F IGURE 4 Validation of FE-model in terms of (A) static stiffness for a single pile, (B) horizontal kinematic interaction 𝐼𝑥 and (C)
rotational kinematic interaction 𝐼𝑟 . Kinematic interaction factors in (A) and (B) are computed for a two-by one pile group (𝑆0 = 6𝑑 and
𝛽 = 0𝑜) and plotted against frequency 𝑓 and dimensionless angular frequency 𝑎0

F IGURE 5 Convergence of linear and non-linear models. Kinematic interaction factors are computed for a two-by one pile group
(𝑆0 = 6𝑑 and 𝛽 = 0𝑜) and plotted against frequency 𝑓 and dimensionless angular frequency 𝑎0

The piles are modelled using a linear material model with 𝐸𝑝 = 35 GPa representative of reinforced concrete. Viscous
damping with damping ratio equal to 0.02 is added to the model.

2.3 Model verification

First, the model is compared against the solution for static stiffness of a single pile as proposed by Gazetas.[45] The
closed-form expression is strictly valid for a perfect Gibson soil, but is used here only as an approximation in order
to verify the FE model. The comparison is shown in Figure 4A, and the results are in reasonable agreement. The
final element mesh (≈ 27, 900 elements) and boundary conditions are verified by comparing the applied FE model
against a model with larger width and finer mesh (≈ 42, 200 elements). Interaction factors 𝐼𝑥 and 𝐼𝑟 are computed using
the two models, and the results are shown in Figures 4B and 4C. The results match fairly well. Two additional non-
linear analysis are performed, where (1) the base motion amplitude is low (𝑈𝑏 = 0.001𝑑𝑝) and (2) the shear strength
is set to an excessively high value. The results are shown in Figure 5. Note that we are imposing displacements at
the base, which means that increasing frequency implies quadratically increasing base motion acceleration. For low
base motion amplitude, it observed that the results converge in the low-frequency range. However, high shear strength
yields linear response for the entire frequency range. Hence, it is concluded that the FE model is adequate for the task
at hand.
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F IGURE 6 Absolute horizontal kinematic interaction factor 𝐼𝑥 plotted against frequency 𝑓 and dimensionless angular frequency 𝑎0 for
different pile-to-pile spacing 𝑆0, batter angles 𝛽 and base motion amplitudes 𝑈𝑏

3 RESULTS – HARMONIC RESPONSE

3.1 General

The results are presented in terms of horizontal and rotational interaction factors (Figures 6 and 7), normalized horizontal
pile-cap displacements (Figure 8), normalized pile-cap rotations (Figure 9), normalized maximum moments (Figure 10),
normalized maximum shear forces (Figure 11) and normalized maximum axial forces (Figure 12). The results are plotted
against both frequency and dimensionless angular frequency, and normalization is achieved by dividing the results with
the peak value in each figure.Maximummoments and forces are given independent of depth. Each plot shows three batter
angle configurations (𝛽 = 0◦, 7.5◦ and 15◦) for a specific combination of pile-to-pile spacing (𝑆0 = 2𝑑𝑝, 6𝑑𝑝 and 10𝑑𝑝) and
base motion amplitude (𝑈𝐵 = 0.01𝑑𝑝, 0.03𝑑𝑝 and 0.05𝑑𝑝). Each combination is analysed for 11 different harmonic base
motion histories with frequencies between 0.5 and 10 Hz. The figures are organized such that base motion amplitude is
constant column-wise and pile spacing is constant row-wise. The plots are a result of 297 non-linear and 99 linear time-
history analysis in three-dimensional space. The linear analyses are performed using small-strain properties of the soil
model and 5% damping. The results are plotted as functions of both frequency and dimensionless angular frequency

𝑎0 =
𝜔𝑑𝑝

𝑉𝑠,𝐻
(8)
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F IGURE 7 Absolute rotational kinematic interaction factor 𝐼𝑟 plotted against frequency 𝑓 and dimensionless angular frequency 𝑎0 for
different pile-to-pile spacing 𝑆0, batter angles 𝛽 and base motion amplitudes 𝑈𝑏

Note that we are using the approximated small-strain shear wave velocity of the soil profile to normalize the angular
frequency. Otherwise, 𝑎0 would generally not be constant in space and time, nor would it be linear with respect to angular
frequency, and therefore meaningless as a plotting variable. The single-valued conversion from time to frequency domain
is achieved by averaging the horizontal and rotational amplitudes during steady state response. The time domain analysis
is therefore performed over a sufficiently long period in order to achieve satisfactory results.

3.2 Kinematic interaction factor

Figure 6 shows that soil non-linearity has a substantial impact on the estimated horizontal kinematic interaction. While
linear models de-amplify the horizontal ground motion for almost all configurations and frequencies, non-linear models
show fairly large amplification for a wide range of frequencies. Generally, both 𝐼𝑥 and 𝐼𝑟 increase slightly with basemotion
amplitude, and the difference between 0.1𝑑 and 0.3𝑑 is more prominent compared to the difference between 0.03𝑑 and
0.05𝑑. In fact, the difference between 0.03𝑑 and 0.05𝑑 is rather negligible in most cases. This is an inherent part of the
non-linear material behaviour shown in Figure 3. It also observed that basemotion amplitude is most significant for small
pile spacing. The largest differences between the different batter angles are observed in the low-to-mid frequency range for
most configurations. As frequency increases, the difference decreases and 𝐼𝑥 generally decreases. In the high-frequency
range, 𝐼𝑥 is practically unaffected by batter angle.
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F IGURE 8 Horizontal displacement amplitude normalized by the peak value and plotted against frequency 𝑓 and dimensionless
angular frequency 𝑎0 for different pile-to-pile spacing 𝑆0, batter angles 𝛽 and base motion amplitudes 𝑈𝑏

Eigenfrequencies of the linear soil profile may be estimated using Equation (7), that is

𝑓𝐻,1 =
𝑉𝑠,𝐻

4H
= 0.96s, 𝑓𝐻,2 =

3𝑉𝑠,𝐻

4H
= 2.87s, 𝑓𝐻,2 =

5𝑉𝑠,𝐻

4H
= 4.78s… (9)

Figure 6 clearly shows that horizontal interaction using linear models is most prominent near these frequencies, starting
from the second eigenfrequency. For the first soil mode in the linear case, the soil response has small variations close
to the surface, and the pile conforms relatively well to the soil displacements. At higher frequencies with smaller wave-
lengths, the pile is unable to follow the soil displacements, which leads to small 𝐼𝑥-values. In non-linear soil, the dramatic
reduction of the soil stiffness close to the surface results in the pile’s stiffness dominating the soil response leading to
pile displacements larger than in the free field. Figure 7 shows that non-linearity significantly increases 𝐼𝑟 for all con-
figurations. Non-linear models show a clear tendency with respect to frequency, where rotation peaks at the mid-range
frequencies and decays to diminishingly small values as frequency increases. Linear models, however, do not show a clear
trend, but rather a steady fluctuation at relativity small values compared to the non-linear model. Linear and non-linear
models seemingly tend towards convergence at higher frequencies. 𝐼𝑟 increases with batter angle for all configurations,
especially for non-linear models. Similar results were obtained in previous studies[4,23] [46,47] using linear models. There
may evidently exist cut-off frequencies where increasing batter angle in fact decreases rotation, but this behaviour occurs
in the high-frequency range where rotation is generally small. 𝐼𝑟 decreases significantly as pile spacing increases for all
batter angles and base motion amplitudes. Similar results were obtained by Medina et al.[23] The results also show that as
pile spacing increases, batter angle becomes a more governing factor.
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F IGURE 9 Rotation amplitude normalized by the peak value and plotted against frequency 𝑓 and dimensionless angular frequency 𝑎0
for different pile-to-pile spacing 𝑆0, batter angles 𝛽 and base motion amplitudes 𝑈𝑏

F IGURE 10 Maximummoment independent of depth normalized by the peak value and plotted against frequency 𝑓 and dimensionless
angular frequency 𝑎0 for different pile-to-pile spacing 𝑆0, batter angles 𝛽 and base motion amplitudes 𝑈𝑏
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F IGURE 11 Maximum shear force independent of depth normalized by the peak value and plotted against frequency 𝑓 and
dimensionless angular frequency 𝑎0 for different pile-to-pile spacing 𝑆0, batter angles 𝛽 and base motion amplitudes 𝑈𝑏

3.3 Displacement and rotation amplitudes

It is important to note that the differences between linear and non-linear models shown in Figures 6 and 7 only reflect dif-
ferences regarding pile–soil interaction, not differences between displacements and rotation values. In other words, these
results should not be interpreted as if non-linear models produce larger pile-cap displacements and rotations. On the
contrary, Figures 8 and 9 show that soil non-linearity in most cases substantially reduces displacements and rotations. As
expected, Figure 8 shows that displacements peak at the first eigenfrequencies in case of linear soil. The non-linearmodels,
however, do not exhibit this behaviour. Except for a small peak at the fundamental frequency in combination with small
base motion amplitudes, displacements generally decrease as frequency increases. The peak is explained by the fact that
small base motion amplitude in combination with low excitation frequency results in a more linear behaviour of the soil.
Consistent with the findings regarding horizontal interaction in Figure 6, non-linearity not only reduces displacements,
but also yields less frequency-dependent behaviour. Moving past themid-to-high frequency range, non-linearmodels pro-
duce diminishingly small pile-cap displacements. Figure 9 reveals similar results for rotations. Aswas shown for rotational
interaction in Figure 7, rotations decrease with increasing pile spacing for both the linear and non-linear models.

3.4 Moments and forces

Figure 10 shows the maximum moment in a pile independent of depth normalized by the maximum moment occurring
for all the cases considered (therefore, there is only one case in the figures that reaches 1.0). Results presented in Figures 8
and 9 clearly show that non-linearity reduces displacement and rotations, and it may readily be shown that same applies
to moment and forces. Therefore, moments and forces will only be presented for the non-linear case. By doing so, one
may observe trends with respect to base motion amplitude, batter angle and pile spacing rather clearly within the realm
of non-linearity. Generally, Figure 10 shows that moments peak at the fundamental frequency and decay as frequency
increases. Moments increase with batter angle, but only at or near the fundamental frequency. The difference is most
prominent for small pile spacing and large shaking. Except for small differences at the fundamental frequency, moments
are practically independent of batter angle for large pile spacing. It is also observed that moments tend towards small
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F IGURE 1 2 Maximum axial force independent of depth normalized by the peak value and plotted against frequency 𝑓 and
dimensionless angular frequency 𝑎0 for different pile-to-pile spacing 𝑆0, batter angles 𝛽 and base motion amplitudes 𝑈𝑏

values in the mid-to-high frequency range for all configurations. Moments also generally increase with increasing pile
spacing and shaking.
Figure 11 shows the maximum shear force in the same manner as moments. As in the case for moments, shear

forces peak at the fundamental frequency, increase with pile spacing and base motion amplitude and decay as frequency
increases. Shear forces also slightly increase with batter angle, but the differences are smaller compared to moments. For
practical purposes, shear forces can be considered independent of batter angle.
Figures 12 shows the maximum occurring axial force in the same manner as moments and shear forces. Axial forces

peak at the fundamental frequency, increase with base motion amplitude and decay as frequency increases. Contrary
to moments and shear forces, axial forces decrease with increasing pile spacing. It is interesting that as pile spacing
increases, the two configurations with 𝛽 = 0◦ and 𝛽 = 7.5◦ converge, while the difference compared to the configura-
tion with 𝛽 = 15◦ increases. This might suggest a cut-off combination of batter angle and pile spacing, where axial forces
begin to increase.

3.5 Other practical observations

A common characteristic in the kinematic response of the two-by-one pile groups depicted in Figures 6–12, is that batter
angle becomes less important as frequency increases beyond a certain value. This behaviour is attributed to the short-
wavelength excitation causing reversing soil displacements over the pile length. Figure 13 shows deformation patterns at
maximum pile-cap displacement for pile groups with 𝑆0 = 2𝑑𝑝 subjected to harmonic excitations at 3 and 8 ,Hz, respec-
tively. These frequencies are chosen to represent the mid-to-low frequency range where large differences in kinematic
interaction between batter and vertical piles begin to occur, and a high frequency range, where batter and vertical piles
begin to converge. In the mid-to-low frequency range, the soil displacements are relativity uniform over the pile length,
causing a large portion of piles tomove somewhat uniformly in one direction. The vertical pile groups then display a rather
cantilever-like deformation pattern as is shown in Figure 13A. When the pile-cap moves to the right, it rotates clockwise.
The maximum displacement and rotation are in phase, and the axial pair of forces is working in the opposite direction
of rotation. The batter pile group on the other hand shows a completely different deformation pattern for the same base
excitation as clearly illustrated in Figure 13C. When the pile-cap moves to the right, it rotates counter clockwise. It can be
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F IGURE 13 Comparison of deformed shape for various batter angles and excitation frequencies. 𝑆0 = 2𝑑 and 𝑈𝑏 = 0.03𝑑

shown that the maximum displacement and rotation are in fact out of phase, and that the axial pair of forces is working
in the direction of rotation. This observation is consistent with the findings of Giannakou et al.,[4] who also reported out-
of-phase displacement and rotations for batter pile groups. This indicates that increased pile-cap rotation of batter piles
groups is not solely caused by increased axial force magnitude, but also by the direction in which they act. This observa-
tion is supported by the results presented in Figures 7B and 12B, which show large differences in rotation between the
different batter angles at the mid-to low frequency range, but relatively small differences in axial force.
Contrary to low-frequency excitation, high frequencies cause soil displacements that reverse multiple times over the

pile length, which in turn produce smaller net displacement and rotation, and thus alsomore similar behaviour for vertical
and batter pile groups. This deformation pattern is depicted in Figure 13D–F, which further illustrates why (1) 𝐼𝑥 and 𝐼𝑟
tend to insignificant values as frequency increases, and (2) that shear forces are relatively larger in the high frequency
range compared to moments and axial forces as can be seen in Figures 10–12.
Another common characteristic is that moments and forces imposed by kinematic interaction of pile groups are not

grossly increased by batter angle, while pile-cap displacements are significantly reduced with increasing batter angle,
especially for smaller pile spacing. Since inertial forces from the superstructure are governed by themagnitude of pile-cap
displacements and rotations, there is reason to suspect that batter piles may be beneficial to the overall response.

4 RESULTS – TRANSIENT RESPONSE

The results presented in the previous sections are frequency-dependent values obtained from non-linear analyses with
imposed harmonic base motions. In this section, we explore how the frequency-dependent findings may relate to the
system response when subjected to real earthquake time histories. In order to investigate this, four different pile groups
using the largest and smallest values of 𝑆0 and 𝛽 are subjected to the horizontal component of the 1979 Imperial Valley-06
earthquake (𝑀 = 6.4, 𝑃𝐺𝐴 = 0.15 g, dominant period 𝑇𝑝 ≈ 0.1 − 1.0 s). The results are presented as normalized horizon-
tal and angular acceleration of the pile-cap in both time and frequency domain, in addition to normalizedmoments, shear
forces and axial forces in the piles.
Figure 14A–D shows the horizontal and angular acceleration of the pile-cap for a group with 𝑆0 = 2𝑑𝑝. The results

reveal that increasing batter angle decreases horizontal acceleration but increases angular acceleration. Further, the largest
differences of displacements are observed in the low-to-mid frequency range, while the largest differences in angular
accelerations are observed in the mid-range frequencies. These observations are in line with the frequency-dependent
interaction factors presented in Figures 6 and 7. Figure 14E–H show the same results, but for a group with 𝑆0 = 10𝑑𝑝. As
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F IGURE 14 Soil profile subjected to earthquake motion. Comparison of batter angle

F IGURE 15 Soil profile subjected to earthquake motion. Comparison of linear against non-linear model

for close pile spacing, increasing batter angle decreases horizontal displacements and increases rotations. However, two
distinctions are observed; (1) there is less difference in horizontal acceleration between the two batter angles and (2) the
difference in angular rotation is substantially increased. These observations are also in line with the frequency-dependent
interaction factors presented in Figures 6 and 7.
Figure 15 compares the linear model against the non-linear model. The linear model yields large peaks near the esti-

mated eigenfrequencies of the soil profile and generally produces larger displacements and rotations, as was also demon-
strated in Figures 8 and 9.
Figures 16 and 17 show the horizontal and angular acceleration of the pile-cap subjected to scaled values of the 1979

Imperial Valley-06 earthquake. It is observed that the relative behaviour of vertical and batter pile groups is not heavily
influenced by the input motion PGA once the system is in the non-linear domain.
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F IGURE 16 Horizontal acceleration of the pile-cap. Comparing response for different input motion 𝑃𝐺𝐴. 𝑆0 = 2𝑑𝑝

F IGURE 17 Angular acceleration of the pile-cap. Comparing response for different input motion 𝑃𝐺𝐴. 𝑆0 = 2𝑑𝑝

Figure 18 shows the response spectrum of scaled the input motions and the resulting horizontal pile-cap motion for
vertical and batter pile group with 𝑆0 = 2𝑑𝑝. The figures on the left hand side show the normalized response spectra for
each case. The figures on the right hand side show the response spectrum of the horizontal pile-cap motion divided by
the spectrum of the input motion, which is here referred to as response spectrum ratio. For low 𝑃𝐺𝐴, the system behaves
practically linearly and the spectral accelerations are greatly amplified for both pile groups. The peak is observed near the
estimated fundamental period of the soil profile. As𝑃𝐺𝐴 increases, the pile-cap amplification diminishes. For low periods,
the spectral accelerations are in fact reduced, particularly for batter pile groups. As was also observed in Figure 16, the
relative behaviour of vertical and batter pile groups is not dependent on input motion 𝑃𝐺𝐴 when the pile–spoil system is
responding well in the non-linear range. Batter pile groups generally yield lower spectral accelerations, and the difference
between vertical and batter pile groups seems to be almost independent of period.
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F IGURE 18 Response spectrum with 5% damping. Comparing input motion and pile-cap response for different input motion 𝑃𝐺𝐴

F IGURE 19 Normalized maximum forces

Figure 19 shows the maximum moment, shear force and axial force in a pile independent of depth normalized by the
peak value computed in all four configurations. First, we observe that both moment and shear force increase with both
pile spacing and batter angle. Second, the axial force increases with batter angle, but substantially decreases with pile
spacing. Both observation are in line with the frequency-dependent results shown in Figures 10–12.
The above results indicate that the frequency-dependent results presented in Section 3 may indeed provide insight into

how deep foundations respond to seismic loading and could be used to guide arrangements of the piles.
If soil–structure interaction effects are to be considered, an important part of the analysis is the assessment of founda-

tion input motion (FIM), usually given as kinematic pile-cap response in one node. In practice, there is often a need to
experiment with different batter angles and pile spacings in order to achieve satisfactory results for both foundation and
superstructure. Utilizing kinematic interaction factors is quite efficient. This method implies a single computation of the
free-field where the pile-cap response may readily be obtained for various pile spacings and batter angles. The superpo-
sition principle strictly restricts the method to linear soil. However, the results obtained in Section 4 together with the
fact that kinematic interaction factors tend to be less dependent of base motion amplitude (𝑃𝐺𝐴) well in the non-linear
range, seems at least to provide some optimism with respect to applying the kinematic interaction factors in a traditional
sense as a means for estimating the pile-cap response. An attempt is made in the following to examine how non-linear
kinematic interactions can provide an estimate of the pile-cap response using both vertical and batter piles.
Figure 20 shows the estimated horizontal and angular acceleration of the pile-cap using non-linear interaction factors

compared against the FE-solution. The results are normalized by the peak value in each plot. The plots on the left-hand side



16 CEMALOVIC et al.

F IGURE 20 Soil profile subjected to earthquake motion. Comparison of estimated solution against FEM-model. 𝑆0 = 2𝑑𝑝

show response in time domain, while the plots on right-hand side show the response in frequency domain. Figure 20A,B
shows that the horizontal acceleration is generally somewhat overestimated for vertical piles, but that the trends with
respect to frequency are captured fairly well. Figure 20C,D indicates similar results for batter piles. Figure 20E,F shows
that angular acceleration of the pile-cap for vertical piles is overestimated to a greater degree compared to horizontal
acceleration. Figure 20G,H shows similar results for batter piles. Figure 21 compares the estimated horizontal and angular
acceleration for vertical and batter pile groups. The result shows that batter piles yield lower horizontal accelerations and
higher angular accelerations.
These results demonstrate that although the method overestimates the response, it is evidently able to roughly capture

the effects with respect to batter angle and frequency. Perhapsmost importantly, themethod is able to produce a rotational
time-history, which is not explicitly available from free-field site response analyses. Since base motion amplitude (𝑃𝐺𝐴)
does not affect the kinematic interaction factors, the utilized interaction factors were taken from Figures 6B and 7B for
these analyses. Note that the kinematic interaction factors presented in Figures 6 and 7 are given in absolute form, and are
therefore lacking information about phase differences between free-field and pile-cap response. However, the interaction
factors applied in the estimation are in fact complex numbers containing information about the phase. The blown-up
time-histories in Figure 20 show that phase shifts are roughly captured for the most important frequencies.
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F IGURE 2 1 Soil profile subjected to earthquake motion. Comparison of batter angle using estimated solution. 𝑆0 = 2𝑑𝑝

These results strengthen the earlier observation that the non-linear kinematic interaction factors can be suitable in a
preliminary design stage or as a means of investigating the effects of batter angle and pile spacing rather than producing
accurate results.

5 CONCLUSIONS

1. Soil non-linearity has a profound impact on the horizontal kinematic interaction, where non-linear models may
amplify the ground motion for a wide range of configurations and frequencies. Soil non-linearity significantly
increases rotational kinematic interaction for all considered configurations. However, non-linearity in most cases
substantially reduces displacements and rotations amplitudes.

2. Soil non-linearity produces less frequency-dependent results.
3. Increasing batter angle decreases horizontal displacements and increases pile-cap rotations. The largest differences

in kinematic interaction between the different batter angles is observed in the low-to-mid frequency range for most
configurations. Moments, shear forces and normal forces generally increase with batter angle.

4. Increasing pile spacing decreases pile-cap rotation, while batter angle simultaneously becomes a more governing
factor. Moments and shear forces increase with increasing pile spacing, while axial forces simultaneously decrease.

5. Increasing base motion amplitude does not significantly affect the kinematic interaction factors, but generally
increases displacements, rotations, moments, shear forces and axial forces.

6. Pile-cap displacements, rotations, pile moments, shear forces and axial forces generally decrease with increasing fre-
quency, primarily driven by the short-wavelength excitation causing reversing soil displacements over the pile length.
Batter angle becomes less important as frequency increases.

7. Different deformation patterns occur for vertical and batter pile groups. Pile-cap displacements and rotations are
in phase for vertical pile groups and out of phase for batter pile groups, which indicates that the increased pile-cap
rotation of batter pile groups is not solely caused by increased axial forcemagnitude, but also by the direction in which
they act.

8. For input motions with high 𝑃𝐺𝐴, the spectral accelerations of the pile-cap may be lower compared to the spectral
acceleration of the input motion.

9. Batter pile groups generally yield lower spectral accelerations, and the difference between vertical and batter pile
groups seems to be almost independent of period.

10. Estimation using non-linear kinematic interaction factors conservatively estimates the pile-cap displacements and
rotations, while roughly captures the effects with respect to batter angle and frequency content.
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