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In the field of soil-structure interaction (SSI), kinematic interaction (KI) can poten-
tially be a source of notable influence on dynamic response. Such influence takes
place through alternation in free field motion (FFM) and results in new foundation
input motions (FIM). In this paper, first, the effect of KI on horizontal input motion
for the case of single rigid strip embedded foundation with incomplete contact
between sidewall and nearby soil under vertical propagation of shear waves is
investigated. Then, it is discussed that how this input-change would be reflected in
peak horizontal input acceleration (PHIA). Results for different embedment depths
and various soil-wall contact lengths are depicted. In this research, numerical analy-
sis was conducted by ABAQUS finite element software. It is shown that the effects of
kinematic interaction are significant for high frequencies of excitation. Besides, it is
illustrated that foundation shape and its contact area to surrounding soil alter the
PHIA usually conservatively with some exceptions in the case of zero contact lengths.

The Relation Between Foundation
Embedment and Peak Horizontal Input

Acceleration: The Case of Strip Foundation
with Partial Contact to Surrounding Medium

Hossein Jahankhah 

1* and Pouran Fallahzadeh 

2

1. Assistant Professor, Geotechnical Engineering Research Center, International Institute of
Earthquake Engineering and Seismology (IIEES), Tehran, Iran,

* Corresponding Author; email: h.jahankhah@iiees.ac.ir
2. PhD Student, International Institute of Earthquake Engineering and Seismology (IIEES),

Tehran, Iran
Received: 29/10/2015
Accepted: 16/12/2015

ABSTRACT

1. Introduction

A realistic evaluation of dynamic response of
structure requires consideration of soil structure
interaction. Inertial and kinematic interactions are
two major issues that should be considered when
base flexibility is introduced to dynamic analysis.
Among these two, KI is the phenomenon that
would alter the FFM to new foundation input
motions. This alternation usually modifies the
frequency content and even may become a source
to generate a set of input motions in new degrees of
freedom [1-2]. A well-known example of the above
phenomenon is the reduction in horizontal amplitude
and inducing rocking input motion to embedded
foundation under vertical propagating shear waves
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[3-4].  According to previous findings, KI would be
affected by different parameters like properties
of soil, shape and embedment depth of foundation,
besides type and angle of inclined waves [5-7].
Thus, because of peculiar importance of this issue
in seismic structural analysis, many researchers
have addressed this subject in recent decades. An
approximate analytical solution was developed by
Novak [8-9] to predict the foundation dynamic
response. Then, the introduced Analytical solution
was compared with finite element and field
experiment result. KI effects on embedded rectan-
gular foundation were formulated and examined
using field data by Hoshiya [10]. Iguchi [11] estimated
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dynamic response of cylindrical foundation due to
variation of foundation embedment depth and
incident wave angle. Dynamic response of circular
foundation excited by non-vertically propagating
SH, SV, P and also Rayleigh waves was reported
by Luco and Mita [12]. Further, Luco [13] presented
the torsional response of a rigid hemispherical
foundation excited by an obliquely incident plane
SH wave. Input motion of rectangular foundation
excited by obliquely propagating shear wave was
investigated by Wong and Luco [14] and revealed
the marked effect of seismic wave incidence angle
on FIM. Moreover, Luco and Wong [15] explored
the input motion of embedded foundation by an
integral equation technique. In the other research,
Mita and Luco [16] presented the response of square
embedded foundation by hybrid method. They
reported that the response of square foundation
can be approximated by that of cylindrical founda-
tion with an equivalent circular base and the same
embedment depth. Besides, Input motion of square
foundation due to vertical shear and compression
waves tabulated parametrically by Mita and Luco
[17]. Veletsos and Prasad [18] reported the effect
of incident incoherent wave field on circular
massless-foundation response. KI is usually quanti-
fied by transfer function (TF), which is the ratio of
FIM components to FFM in frequency domain.
Embedment depth is a crucial parameter to calculate
the mentioned transfer function. Results demon-
strated that the deeper foundation would experience
intensified rocking and diminished horizontal
input motions [1, 9]. Kausel [19] investigated the
response of embedded rectangular foundation,
resting on homogenous soil with damping ratio of
5%, by direct finite element and substructure
method. He compared the results extracted from
these two methods. To compare previously proposed
approximate method with experimental results,
Kurimoto and Iguchi [20-21] conducted extensive
shaking table tests on KI of embedded foundation.
They reported good agreement between two
implemented methods. Givens [22], through reliable
empirical investigation on real databases, has
reported kinematically induced FIMs. The empirical
results were then compared to existing approxima-
tions. The results uncover conservatism aspects
of current practise in low frequencies and under-
estimation for the rest. In the same research,

experimental tests using centrifuge and shaking
table devices were conducted to investigate the
beneficial and detrimental effects of KI. These
researches are utilized as benchmarks for crosscheck
of analytical analysis [23, 24].

2. State of the Problem

As mentioned before, the order of KI effects
depends on different parameters. Although the
importance of foundation characteristics, especially
embedment depth, to determine FIM was discussed
widely, one of notable points, which is contact
length of foundation side-wall to surrounding soil,
has not been considered comprehensively yet.
The other significant point, which has not attracted
enough attentions in spite of its engineering
prominence, is the influence of KI on the PHIA
imposed to foundation. For instance, in common
seismic hazard analysis procedures, estimating PGA
is one of the important issues. The calculated accel-
erations in such procedures, without any change, are
sometimes implemented in design routines. That's
while the seismic peak horizontal acceleration
experienced by any system, even before introducing
mass of super structure to the problem, would differ
from PGA just as a matter of KI effects.

In this paper, first, the effect of KI on input
motion for the case of single strip embedded
foundation with incomplete contact between side-
wall and nearby soil under vertical propagation of
shear waves is investigated. Then, it is discussed
that how this input-change would be reflected in
PHIA experienced at the bottom of foundation.

3. Modelling and Validation

The model details and its parameters are
illustrated in Figure (1a), in which D is embedment
depth, d is contact length and a is half-width of the
foundation.

Numerical analysis is conducted by ABAQUS
finite element software [25] to extract the transfer
function (TF) components of kinematically induced
input motions. This simulation was two-dimensional
and done for strip foundation subjected to vertical
propagating field of shear wave. Figure (1b) depicts
schematically the sample deformed shape at an
arbitrary time and input pulse inserted at the base of
the model. The well-known free field columns at
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Figure 1. Description of the model.

sides of the model are used to simulate 1D propaga-
tion of shear wave field. Such columns are attached
to the main middle part of the model through viscous
elements that along with viscoelastic boundaries at
the base have provided an integrated transmitting
boundary condition in the perimeter.

Validation of the model is an important part of
simulation to examine the accuracy of the results. In
this regard, as a sample, the horizontal impedance
functions along with the kinematically induced
translational FIM for the case of full contact state is
compared to past findings, which are defined as
benchmarks in this field [4, 26]. Figures (2a) and
(2b) represent the horizontal impedance functions
calculated in this research compared with the ones
calculated by Wang [26] using boundary element
method. The vertical axis of the mentioned figures
shows dynamic stiffness and damping respectively.
The horizontal axis shows non-dimensional frequency
of excitation, Vsaa /*0 ω=  where ω is  frequency of
excitation and Vs is shear wave velocity of the
medium. As can be seen in the whole frequency
range, in spite of using different methods, a
reasonable match is achieved for both stiffness
and damping graphs. A further cross check is
conducted for the case of horizontal foundation
input motion in Figure (2c). In this figure, the
resulted kinematically induced horizontal TF in
current study is examined against similar results
reported by Pais [4] using an approximate method.
This figure shows the amplitude ratio of horizontal
foundation input motion to FFM versus a0. This
comparing graph illustrates the same trend and
reveals appropriate simulation. The minor deviation
between results seems to be originated from the
benchmark approximations as was emphasized by

Figure 2. Comparing results from this study to that of Bench-
marks [4, 26].



JSEE / Vol. 17, No. 2, 2015106

Hossein Jahankhah and Pouran Fallahzadeh

the author [4].
Table (1) represents the soil properties and

foundation dimensions of this validation test.
It should be emphasized that, as the results are

depicted in a non-dimensional format, they would
be applicable for every set of soil properties with
υ = 0.3 and different dimensions of foundation for
which non-dimensional parameters lay within the
ranges reported in figures, but not only the ones
illustrated in Table (1).

transform of records from step 4, the frequency
domain representation of KI induced FIMs
from ensemble ground motion is achieved.

6. The frequency domain FIMs of step 5 are
converted to time domain.

7. Peak acceleration of resulted horizontal founda-
tion input motions, from step 6, are scaled by
PGA of respective FFM.
Following steps 1 to 7, the target set of PHIA to

foundation is achieved.

5. Result and Discussion

Analyses were accomplished parametrically and
extracted graphs are reported in two successive
parts. First part covers frequency domain major
aspects of the results, and second part reviews
time domain key characteristics, respectively.

5.1. Frequency Domain Aspects of the Results

Figure (3) shows the translational TF com-
ponents of rigid embedded strip foundation with
various contact lengths to soil against a0. The figure
consists of results belonging to different embedment
ratios, D/a.

Regarding different characteristics of embedment
and contact conditions, the following conclusions
may be drawn:
- For all horizontal TFs, by increasing non-

dimensional frequency, starting from zero, a
decreasing trend from an initial value of unity is
witnessed. After that, a non-complete build-up
with some fluctuations happens that may hardly
cause the ordinate to meet an amount of unity
again. Hence, it can be concluded that the KI
induced horizontal FIM, scale the amplitude of
all components of FFM to a fraction of unity.

- Comparing soil-wall full and partial contact states,
show different trends in low and high non-
dimensional frequencies. For low values of a0,
before a specific threshold, the state of partial
contact reduces amplitudes of horizontal FIM.
That's while beyond that limit, a reverse trend
takes place in such a way that the ordinate again
approaches to unity as the values of a0 grow up.
This tendency intensifies for the state of no
soil-wall contact. The mentioned threshold
diminishes as the contact length descends and
embedment ratio increases.

Table 1. Properties of soil and foundation dimensions.

In the following parts, the results will be
presented for different embedment ratios, D/a .
Here, four values of 0.5, 1, 1.5 and 2 are considered
for this non-dimensional parameter, which would
cover a reasonable range of variations [27]. In
addition, in the concluding notes, four contact
length ratios of soil-side wall, d/D, are reported
that varies between 0, as a symbol of non-contact
condition of side-wall to nearby soil, to 1 that is a
representative of full contact situation. Two values
of 0.25 and 0.5 are also included within the
mentioned range as well. The specific state with
D/a  =  1 and d/D  =  1 was considered for model
validation in Figure (2).

4. Method of Analysis

The following procedure was conducted for
assessment of KI effects on foundation input
motion and PHIA.
1. An instant pulse is implemented at the bottom

of the model. Then, FFM and FIM time histories
of the foundation under mentioned excitation are
extracted from different models, i.e. without and
with inclusion of the foundation.

2. Fourier transfer function of translational FIMs
is divided by similar ordinates from FFMs.
Hence, TFs regarding KI effects are derived.

3. An ensemble of twenty FFM real records is
chosen.

4. The time history of records is converted to
frequency domain.

5. By product of TF from step 2 and each Fourier
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Figure 3. The ordinate ratios of horizontal FIM to FFM in frequency domain arranged by different embedment ratios for various side
wall contact lengths to nearby soil.

Table 2. Descriptions of real selected records.

5.2. Time Domain Characteristics of the Results

The next question is that: "How the above
mentioned TFs would affect FFM time histories
and related PHIAs?". To answer this question, first,

such effects are illustrated on sample records.
Figure (4a) shows the time history of two different
FFM records, the descriptions of which will later be
presented in Table (2). The records entitled R1 and
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R2 possess peak acceleration of about 0.31 g and
0.25 g respectively. The records have different
frequency content as can be followed in Figure (4b).
At the first glance, it can be seen that R1 is much
richer in high frequencies rather than R2. Then,
these two records are used to derive PHIA for
two different foundation-soil contact states. These
states are zero and full contact lengths of side-
walls to surrounding soil, i.e. d/D = 0 and 1. For
both cases, D/a is considered to be about 2. As can
be seen in figure (4c), for the case of zero contact
length, modified R1 record shows notable grow to
the value of 0.42 g in peak acceleration. Opposite
trend is witnessed for the same record for full
contact condition, in Figure (4e), where peak accel-
eration reduces to 0.16 g. That's while for record

Figure 4. Effect of KI on two sample FFM real records, Vs/a=10:(a, b) FFM records and respective Fourier transforms, (c,d)
horizontal FIMs for the case D/a=2, d/D=0 and respective Fourier transforms, (e, f) horizontal FIMs for the case D/a=2,
d/D=1 and respective Fourier transforms.

R2, PHIA diminishes by the same order in both
states of contact length to the value of 0.19 g. This
shows that PHIA is highly dependent to frequency
content of original record. For the above cases,
Figures (4d) and (4f) show how KI would affect
frequency content of FFM records.

To provide more comprehensive engineering
insight to PHIA variation under kinematic interac-
tion, an ensemble of ground motions consists of 20
records, including the previously introduced
records, R1 and R2, is investigated in this research.
The descriptions of mentioned records are listed
in Table (2).

The calculated PHIAs are normalized to PGA
of respective FFM records and plotted against
different ratios of Vs/a . This later parameter is
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considered to variate from 10 to 100. In practice,
rarely one would encounter a case that takes values
less than the above lower bound, i.e. 10, for Vs/a.
But for the upper bound, i.e. 100, larger values may
often take place. Results are depicted in Figure (5)
that consists of a matrix of charts with four rows
and four columns. The variations of foundation
embedment depth and soil-wall length states are
expressed in rows and columns respectively. Each
chart belongs to specific value of d/D and D/a
ratios. In every chart, first, results for 20 records are
presented in grey style together. Then, the graphs of
average (µ), average plus standard deviation
(µ + σ) and average minus standard deviation (µ - σ)
are highlighted over basic ensemble results by
thick black and red curves respectively. Four
values of 0, 0.25, 0.5, and 1 are considered for
contact length ratios. Moreover, four embedment
ratios of 0.5, 1, 1.5, and 2 are considered in present
study.

With respect to the PHIA graphs, in different
conditions of embedment depth and soil-wall
contact length ratios, following points can be

Figure 5. PHIAs normalized to PGAs for selected set of records; Results for individual records in grey style, average results in black
and average plus/minus standard deviation in red.

figured out:
- KI could affect PHIA drastically. The influence

level is generally intensified as D/a grows up.
- For d / D=1, this effect is in the conservative

side, that at most reduces PHIA down to 40% of
the PGA. This maximum drop would take place
for D / a  = 2 and Vs /a about 40.

- Except for d/D = 0, for almost all other values of
d / D, the above conservative trend holds.

- As d /  D diminishes, the above conservative
trend gradually changes in such a way that for
d / D = 0, D / a  = 2, and Vs / a  = 10, PHIA may
reach an amount that is 50% higher than PGA.
In general, having specific value of d / D, higher

embedment ratio takes lower PHIAs. This statement
has an exception for d / D = 0 and D / a  = 2.

The averages of normalized PHIAs are summa-
rized in Figure (6). This figure represents the effect
of different embedment ratios where the normalized
PHIA to PGA is plotted versus Vs /a . Each chart
includes four graphs belonging to different states
of soil-wall contact lengths. It can be seen that for
every embedment ratio, as Vs / a  rises, the results
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for all contact lengths tend to similar values.
Practically, for each specific value of D/a, there

is a threshold in the abscissa, Vs  /  a , after which
PHIAs approaches to same values. The thresholds
for D / a  = 0.5, 1, 1.5, and 2 are about 25, 40, 55,
and 70 respectively.

To achieve a better understanding of these
trends, the charts of Figure (6) are redrawn by
different arrangement of dimensionless parameters
and depicted in Figure (7). Accordingly, the men-
tioned averages of PHIAs are displayed by different
contact soil-wall states. From Figure (7), it can be
found that except for d /  D  =  0, the ordinates of
PHIA show a sequential grow as d / D increases. In
the case of d / D = 0, the above sequence is valid
just for value of Vs / a above 70. Although lower
than that, no regular trend seems to exist.

In order to clarify the dispersion of results for
different values of Vs / a , a well-known statistical
parameter, i.e. covariance, is computed using the
ratio of standard deviation to average values. It
should be mentioned that lower values for covari-
ance may be interpreted as lower record-dependency

Figure 6. Average values of normalized PHIA arranged by different embedment ratios for various side-wall contact lengths to
nearby soil.

of the results. In another word, for lower values of
that statistical parameter, average values of results
can better be representatives of general trends.

Summary of this dispersion investigation is
presented in Figure (8). Regarding the graphs,
usually the more the contact side length to the
soil, the more the dispersion is witnessed. Moreover,
as the embedment ratio increases from 0.5 to 2,
the covariance and hence the record dependency of
the results becomes much more notable. For larger
embedment ratios, maximum dispersion of the
results occurs for larger values of Vs/a.

Besides, similar thresholds as was reported in
Figure (6) can be followed here. In systems with
Vs/a beyond such limits, the result dispersions for
different side-wall contact lengths, approach approxi-
mately to the same values. These milestones for
D / a  = 0.5, 1, 1.5 and 2 may be characterised by the
values of Vs / a about 25, 45, 60 and 90 respectively.
Another interesting feature in Figure (8) is about
local minimum points. Such points are more
distinguishable for larger embedment ratios.
Referring to Figure (5), these lowermost points
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Figure 7. Average values of normalized PHIA arranged by different side wall contact lengths to nearby soil for various embedment
ratios.

Figure 8. Covariance of PHIAs for different embedment ratios and various side contact lengths to nearby soil.
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can be attributed to necking regions of result
ensemble. In those districts, reliability of conclusions
improves and record dependency of results
decreases.

6. Conclusions

A numerical analysis, using finite element
method, is conducted to investigate the effect of
kinematic interaction on peak horizontal input
acceleration, PHIA. The foundation is supposed
as 2D rigid strip inclusion in soil with different
depths of embedment. In addition, the side-walls are
allowed to have incomplete contact to surrounding
medium. At first step, KI effects are presented as
transfer functions in frequency domain for transla-
tional components of input motion. It is concluded
that generally KI scale the components of FFM to a
fraction of unity. For low frequency ranges, as the
contact length decreases, the ordinates of transfer
functions take lower values. However, a reverse
trend is witnessed for high frequency regions. At
the second step, the influence of KI on PHIA is
explored. For that purpose, the calculated TFs in
previous step are applied to a set of 20 selected
records. Then, by inspecting the resulted modified
records, PHIAs are sorted against different values
of Vs / a. It is figured out that PHIAs are notably
affected by KI phenomenon. Such effects are inten-
sified as embedment ratio increases. For the case of
full contact with adjacent medium, the effect is
almost always conservative. However, as contact
length decreases, this conservatism diminishes in
such a way that for no contact condition to side
medium, PHIA may grow up to 1.5 times of PGA.
This point may be important as in current practice
usually embedment of foundation would take
place. Hence, using PGA as design peak ground
acceleration may become, in many cases, very
conservative and also sometimes unconservative.
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