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Abstract— Conflicting assumptions exist between structural
engineers (who assume flexible structures on rigid block
foundations) and geotechnical engineers (who assume flexible
foundations supporting rigid structures). Thus a soil-structure
interaction is a step that removes many of the assumptions and
thus clears reality to a greater extent. However such a model
cannot be analytically analyzed. We need to anatomize and
analogize it.
A conceptual (analogical) 1D model for soil structure interaction
is presented and its results are compared with 3D dynamic soil-
structure finite element analysis of a structural example
The aim is to focus on how to calculate the period of the structure
which is fundamental to estimate effect of earthquake loads on
the structure; and to investigate effect of variation of stiffness on
soil-structure interaction.
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I. INTRODUCTION (HEADING 1)

Several methods are available to analyze structures for
earthquake loading. These methods are mainly time history,
response spectrum and equivalent static approaches. Time
history is the most accurate method. However, such method
requires huge amount of computation as well as a time history
record for the expected earthquake in the site of investigation.
The period of the structure plays a major role in the accuracy of
the other two methods. Thus, an accurate estimate of the period
of the structure is important to provide accurate seismic
analysis.

Seismic codes are based on decomposition of models into
structure and soil [1, 2]. The period of structure is estimated
without reference to soil mass or stiffness. Response spectrum
curves, dependant on the period of the structure, are used to
estimate seismic loads applied on structures. Such practice
proves recently to provide good performance of structures
built on rock or stiff soils while problems of seismic
performance still prevails for weak soils. The role of soil mass
and stiffness are ignored in model calculations and are not
being considered as part of the model. The soil-structure
interaction is emphasized in literature but not yet in
engineering codes [1, 2].
To get a conceptual idea about such effect, it is necessary to
analogize the soil-structure three dimensional (3D) model as a

one-dimensional (1D) model with two degrees of freedom,
one representing the soil and the other representing the
structure. In this case, the two degrees of freedom model
should be analogized as a one degree of freedom with effects
of mass and stiffness distribution being investigated. The
analogous model will be compared with 3D soil-structure
models.

A conceptual presentation of the effect of stiffness
distribution on two degree of freedom systems by conceptual
one dimensional idealization of stiffness properties is presented
in [3]. However, a different conceptual  model that can be used
for both stiffness and mass properties, is presented in this
paper. A finite element handling of a soil-structure model
selected at random is also presented in this paper to emphasize
the main findings of the analogized models.

II. CONCEPTUAL STIFFNESS EFFECT

Recently conflicting assumptions exist between structural
engineers (who generally assume flexible structures on rigid
block foundations) and geotechnical engineers (who generally
assume flexible foundations supporting rigid structures). The
following is a conceptual (analogical) 1D model for soil
structure interaction which will be clarified by comparing its
outcome with another conceptual model and a 3D dynamic
soil-structure finite element analysis of a structural example.
The aim is to focus on how to calculate the period of the
structure and to investigate effect of variation of stiffness on
structure and soil-structure interaction.

If we simplify the important items in the relative
displacement output u* of a one dimensional linear model
shown in Figure (1)  subjected to an earthquake as [4]:

(1)

Figure 1. 1D model



Where M, K and ß are mass, stiffness and acceleration
response spectrum, respectively. Equation (1) can be split into
two important items:

1. The factor M/K: This factor represents the mass M and
the stiffness K of the model. To demonstrate when it
is necessary to perform soil-structure interaction
compared with current practice, let us assume for
simplicity both soil and structure as a one dimensional
model as shown in Figure (2). The model is composed
of two springs in series with Ksoil and Kstr representing
stiffness of soil and structure respectively.

Figure 2. Soil structure model

The combined stiffness K of two springs in series is given
by [5]:

(2)

If Ksoil is much larger than Kstr then the combined
stiffness K is equal to Kstr and separation between soil
and structure is justified. This is the case when a soft
structure is embedded in rock or hard stratum. But
such assumption is not true if a stiff structure is
embedded or placed on a soft soil; the combined
stiffness will be much smaller than Kstr and hence the
analysis of structure by separation of soil and
structure is not justified and a soil-structure
interaction is needed. It is also obvious that the
combined stiffness is smaller than the individual
stiffness of soil or structure. Thus, Equations (1) and
(2) show that increasing the stiffness by embedding
structure into rock with rigid foundations reduces
relative displacement and hence makes structure
more resistant to earthquake motion.

The same one dimensional model can be used to
understand structure behavior. If the structure is
divided into superstructure and substructure where
the substructure represents either the foundation or
any story where superstructure is built on. If we
model the substructure and the superstructure as two
springs in series with Ksub and Ksup representing
stiffness of substructure and superstructure
respectively, then the combined stiffness K for the
structure as two springs in series is given by:

(3)

Here the structure stiffness is smaller than Ksub or
Ksup. Thus, using rigid foundations implies that the
stiffness of the structure equal to the stiffness of the
superstructure. A flexible foundation decreases
stiffness as evidently known and as suggested by
Equation (3). A soft story as a substructure for other
stories means decreasing stiffness while increasing
mass due to the above stories. From Equation (1),
such structure is less resistant to earthquake motion
as compared to pyramid shape structures that are
opposite in a way that the mass decreases with height
and each story is rigid compared to the above one
which yield increased stiffness and smaller mass.
Inverted pyramid structures are similar to soft story in
the part that higher stories have larger masses while
lower stories have smaller stiffness.

2. The acceleration response spectrum factor ß: This
factor is the result of the interaction between the
earthquake and the geological conditions. Such factor
largely dependent on the Eigen-values of the model
(specially the fundamental period in the direction of
the earthquake motion). Since, earthquake waves can
be decomposed by Fourier series into a series of sine
and cosine functions, it is reasonable to assume that
the form of this parameter is similar to that of the
dynamic amplification factor (DAF) for a sine or
cosine function which is given for the case of zero
damping by:

(4)

Where T is the period of the structure and is the
period of the earthquake. However, the structure has a
number of periods equal to the number of the Eigen-
values and the earthquake has also several periods.
From Equation (4), it is apparent that for small

structural periods the ratio approaches zero and the
DAF approaches 1 (hence maximum ground
acceleration affecting the structure equal to the peak
ground acceleration and rigid body motion). When the

ratio  is around one, the DAF is the largest. For
large ratios the value 1 in the denominator becomes
neglected and the DAF is inversely proportional to the
square of the period of the structure. Fortunately, the
response spectrum shape of IBC2006 code [1, 2]
emphasizes such conceptual understanding.



Present practice evaluates the period of the structure
assuming rigid foundations either through modal
analysis or approximate formulas derived from modal
analysis for typical structures and presented in current
codes of practice.

III. CONCEPTUAL STIFFNESS AND MASS EFFECTS

The concept of matrix condensation is a well known
technique for reducing the number of unknowns and hence
increases conceptual understanding. Starting with static
reduction, the equations of equilibrium for free displacements
in partitioned form are [6]:

          (5)

Where the subscript A denotes the displacements that are to be
eliminated, and the subscript B refers to those that will be
attained. With some mathematical manipulation by eliminating
dA, Equation (5) can be reduced into:

         (6)

Where  and

Equation (6) can be solved (instead of Equation (5)) to obtain
the unknown displacements dB.

Note that if FA=0, then FB
*=FB and the static reduction is

exact. For the two spring model connected in series with A
representing the soil and B representing the structure, then we
can re-derive Equation (2) in a different way as follows:

         (7)

         (8)

         (9)

(10)

Turning next to dynamic reduction, the undamped
equations of motion for free displacements are:

(11)

Following the same assumptions as in static reduction,
Equation (11) can be reduced to:

        (12)

Where

Again for the two spring model connected in series, if MAA =
Msoil and MBB = Mstr, can be written as:

(13)

If Ksoil is much larger than Kstr then the combined mass MBB

is equal to Mstr and neglecting the mass of the soil is justified,
this is the case when a soft structure is embedded in rock or
hard stratum. However, such an assumption is not true if a stiff
structure is embedded or placed on a soft soil. In this case, the
combined mass will be larger than Mstr and hence neglecting
the mass of soil is not justified and this further emphasizes the
fact that a soil-structure interaction is needed. It is also obvious
that the combined mass is larger than the individual mass of
soil or structure.

The following simple 3D model demonstrates the
difference between common practice and the results of modal
analysis by finite element formulation versus conceptual
understanding by applying the suggested model.

IV. STRUCTURAL MODEL

A symmetrical reinforced concrete structure representing a
factory building is randomly selected. The factory is a
reinforced concrete structural frame. A soil-structure model
shown in Figure (3) is numerically investigated. In the model
the foundations are composed of a 10 cm reinforced concrete
slab resting on grade and tie beams (B) 0.3 m width by 0.8 m
depth connecting all columns together. Supports at the base
are assigned a 3 translational springs distributed on the whole
grade slab in the three global directions.

A. Model Description

All columns (C) are assumed to have a rectangular cross
section of 300 mm width in the x-direction and 600 mm depth
in the y-direction; solid slabs are modeled as shell elements of
250 mm thickness sitting on continuous drop beams (B) of 300
mm width by 800 mm depth. Beams and columns are modeled
as frame elements. The frame element is a two-node (each
having six degrees of freedom) element using a 3D beam
column formulation which includes the effects of biaxial
bending, torsion, axial deformation and biaxial shear
deformations. Slabs and grade slabs are modeled as shell
elements. The shell element is a four-node formulation that
combines separate membrane and plate-bending behavior. The
membrane behavior uses an isoperimetric formulation that
includes translational in-plane stiffness components and a
rotational stiffness component in the direction normal to the
plane of the element. The plate bending behavior includes two-
way, out-of-plane, plate rotational stiffness components as well
as a translational stiffness component in the direction normal to
the plane of the element. Since the design is not the objective
of the present discussion, uncracked sections are specified. The
construction material is assumed isotropic and linear.



Figure 3.  Schematic diagram for soil-structure modelThe
superimposed dead load is taken as 5 kN/m2. The unit weight
of concrete is taken as 24.5 kN/m3. The elastic modulus and the
Poisson's ratio of concrete are taken as 24 GPa and 0.2,
respectively. The height of the factory is 6 m. The length of the
factory is 20 m (supported by 5 frames at equal spacing of 5 m)
while the width is 8 m. The numerical models are built using
SAP 2000 [7]. Only the full dead load of the factory is
considered to be contributing to the seismic mass. Appropriate
meshing of all shell elements was generated to assure solution
convergence.

B. Analysis Results

The fundamental period of the structure is computed using the
ASCE 7-10 equation T = 0.0466HN

0.9 (HN in meters) [2] and
found to be 0.23 seconds. Such a value is an inaccurate
estimation when compared to the values obtained from the
finite element modal analysis for fundamental period as given
in Tables I and II. The tables show that the fundamental period
ranges from 0.8 to 2.9 seconds in the x-direction and 0.49 to
1.68 seconds in the y-direction. It is clear that the code
expression for the period does not make any distinction
between the values of the period in different x and y directions
of the structure, although the difference in stiffness is so
obvious. The tables also show the period calculated
conceptually from 1-D model using the following equation:

             (14)

Where T is the fundamental period of the structure, M
represents the total mass of the factory calculated from
Equation (13) [257 tonne for Mstr (including mass of slab, floor
finish ceiling, beams and columns) and 87 tonne for Msoil

(including mass of slab resting on grade and tie beams)] and K
represents the combined stiffness calculated from Equation (3).
The calculated stiffness for the story was computed based on
the assumption of rigid diaphragm for the floors and the
foundation (the tie-beams and slab on grade). Thus, the
horizontal story stiffness is given by the following equation:

Kstr=n (12EI/h3) (15)

where n is the number of columns = 10, I is the moment of
inertia in the studied direction (Ix = 0.6(0.3)3/12, Iy =
0.3(0.6)3/12), h is the height of the story = 6 m and E = 24 GPa
as specified. Equation (15) yields (Kx)str = 18 MN/m and (Ky)str

= 72MN/m. In a similar way, the vertical stiffness in the z
direction of the structure (Kz)str is computed and found to be
7200 MN/m. These stiffness parameters are utilized in the soil-

structure model as apparent in the first column in Tables I and
II.
It is obvious from the Tables I and II the closeness between the
modal analysis and the conceptual model. Table I shows
matching while Table II shows closeness between results. The
discrepancy in results in Table II is due to the assumption of
rigid diaphragm in the y-direction where columns have four
times stiffness as compared to x-direction.

TABLE I. FUNDAMENTAL PERIOD IN X-DIRECTION FOR THE SOIL-STRUCTURE

MODEL [MSTR=257T, MSOIL=87T AND (KX)STR=18MN/M

Ksoil/Kstr

(x,y,z)

Kx

Equation
(2)

M
Equation

(13)

Tx

Equation
(14)

Tx

FE Modal
Analysis

1 9 279 1.1 1.1

10 16 257 0.8 0.8

0.1 1.6 345 2.9 2.9

TABLE II. FUNDAMENTAL PERIOD IN Y-DIRECTION FOR THE SOIL-STRUCTURE

MODEL [MSTR=257T, MSOIL=87T AND (KY)STR =72MN/M]

Ksoil/Kstr

(x,y,z)

Ky

Equation
(2)

M
Equation (13)

Ty

Equation
(14)

Ty

FE Modal
Analysis

1 36 279 0.55 0.69

10 66 257 0.40 0.49

0.1 6.6 345 1.44 1.68

From tables 1 and 2 we notice that the period of structure
decreases with increasing Ksoil/Kstr. Looking at the acceleration
response spectrum the common practice assuming large
Ksoil/Kstr  looks conservative because a lower period implies
larger earthquake design forces. However, for the displacement
response spectrum, a lower period implies less displacements
and hence smaller damages particularly to nonstructural
members. This raises serious questions on the suitability of the
acceleration response spectrum in dealing with soft structures
or soft soils which deserves a parallel similar study. Keeping in
mind the observance of poor performance of earthquake
resistant structures on soft soils emphasizes such a point.

V. CONCLUSIONS

Based on the information presented in this paper, the
following conclusions can be drawn:

 Up to date, conflicting assumptions exist between
structural engineers (who assume flexible structures
on rigid block foundations) and geotechnical
engineers (who assume flexible foundations
supporting rigid structures).

 Current seismic codes are based on decomposition of
models into structure and soil. The period of structure
is estimated without reference to soil mass or stiffness.

 After gathering all stiffness and mass contributions for
structure and soil, matrix condensation can be
conceptually applied to condense soil into structure.



The same can be applied for condensing structure by
considering each floor as a substructure for all floors
(superstructure) above it.

 For rigid soil or substructure (including rocks, light
structures in relatively stiff soils and pyramid form
structures), decomposition of structure into
subsystems and working with superstructure alone
through ignoring mass and stiffness of soil or
substructure is justified.

 For flexible soil or substructure (like towers in a wadi
and inverted pyramid form structures), the present
practice provides a poor representation of reality
making problems of handling structures on weak soils,
soft story or inverted pyramid structures by
decomposition into a single substructure a fatal
mistake. The conceptual 1D soil-structure model
derived from sub-structuring (or matrix condensation)
shows that a soft soil or a soft substructure is
responsible for the flexibility of the structure and the
structural rigidity can be achieved only through
accounting for the rigidity of both soil and structure
together.

 For better performance of structures it is obvious that
both (Kx)soil/(Kx)str and (Ky)soil/(Ky)str be large. This
implies good embedment of structure into stiff soil or
rock in both directions to increase slip resistance
(structures should not be built on an edge).

 Also it is necessary for better performance that
(Kz)soil/(Kz)str be large. This is accomplished be
keeping water away from soil (good drainage around
structure) and structure to be built on stiff soil or rock.

 Previous two conclusions are emphasized in sura Al-
tuba [8]:

ِ َوِرْضَواٍن َخْیٌر أَْم َمْن أَسََّس بُْنیَانَھُ َعلَى َشفَا أَفََمْن أَسََّس بُْنیَانَھُ َعلَى تَْقَوى ِمَن  هللاَّ
ُ َال یَْھِدي اْلقَْوَم الظَّالِِمینَ  التوبة)109(ُجُرٍف ھَاٍر فَاْنھَاَر بِِھ فِي نَاِر َجھَنََّم َوهللاَّ
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