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A B S T R A C T

This study presents an evaluation of inelastic displacement ratios for degraded structures considering soil-
structure interaction (SSI). In this regard, a wide variety of effective parameters of hysteresis models and soil-
structure systems are considered. Four different hysteretic models a) bilinear, b) modified Clough, c) stiffness
degrading, and d) strength-stiffness degrading, are assigned to represent force-displacement response of super-
structure. The supporting soil is modeled using the concept of cone models. Inelastic displacement ratios were
computed for 12,000 soil-structure models with periods between 0.1 and 5 s when subjected to 19 strong ground
motions recorded on NEHRP site class D. In addition, a parametric investigation is performed to evaluate the
parameters that could affect nonlinear response of structures with strength-stiffness degrading hysteretic model.
It is observed that generally SSI increases the inelastic displacement ratios with exception of very short period
structures. Also, it is demonstrated that the soil-structure systems with stiffness degrading hysteresis model in
short period range could experience larger inelastic displacement compare to those in non-degraded soil-
structure systems. In particular, the SSI substantially increases inelastic displacement ratios of strength-stiffness
degrading structures.

1. Introduction

The main objective of performance-based seismic design (PBSD) is
to control the maintenance and damage level of buildings when sub-
jected to strong ground motions with different severities. For this pur-
pose, the values of measurable structural response parameters, such as
drift and ductility are limited to acceptable values which are selected
based on intended performance level. As a part of PBSD, estimation of
inelastic displacement plays a key role. Some recommendations for
evaluation and rehabilitation of existing structures, i.e. FEMA 356 [1],
introduced an analysis procedure to compute the target inelastic dis-
placement using equivalent inelastic single-degree-of-freedom (SDOF)
system.

In this method, the target inelastic displacement can be approxi-
mated by modifying the maximum elastic displacement demand. As a
known modification approach, FEMA 356 [1] introduced inelastic dis-
placement ratio for estimating the target displacement. Inelastic dis-
placement ratio is defined as the ratio of the maximum displacement of
an inelastic single degree of freedom (SDOF) system to the maximum
elastic displacement of the SDOF system with the same period and
damping ratio. The relationship between maximum inelastic

displacement and maximum elastic displacement was investigated, for
the first time, by Veletsos and Newmark [2]. They studied SDOF sys-
tems with elasto-plastic behavior and observed that in the low period
region inelastic displacement is much greater than elastic one. How-
ever, in long period region there is no significant difference between the
maximum deformation of inelastic and elastic systems which is known
as equal displacement rule. A study on constant ductility inelastic dis-
placement ratios (Cμ) demonstrated that the earthquake magnitude and
site to source distance have little influence on Cµ [3]. The study was
conducted using 216 earthquake ground motions time history recorded
on firm site condition and statistical analysis of results led to an ex-
pression for Cµ.

Equations that are developed to estimate constant-ductility inelastic
displacement ratios (Cµ), can be used in design process of new struc-
tures. However, the use of these equations in seismic evaluation of
existing structures, may lead to an underestimation of maximum in-
elastic displacement [4]. Thus, Ruiz-García and Miranda [4] developed
an expression to approximate mean constant strength inelastic dis-
placement ratios (CR). They concluded that effects of site condition and
earthquake magnitude are negligible for long period range (Tn> 1.0 s).
Chopra and Chintanapakdee [5] investigated inelastic displacement
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ratios of SDOF systems with bilinear behavior and developed equations
for CR and Cμ. Ruiz-Garcia and Miranda [6] conducted a comprehensive
statistical study on inelastic displacement ratios of structures located on
soft soil site condition and proposed an equation for estimating inelastic
displacement ratios. They evaluated the influences of earthquake
magnitude, site to source distance, post yield stiffness, stiffness and
strength degradation on constant strength inelastic displacement ratios.
Ruiz-Garcia and Miranda [6] concluded that the stiffness and strength
degradation have significant effects on inelastic displacement of struc-
tures built on soft soil. Also, the results showed that the combination of
stiffness and strength degradation can increases inelastic displacement
of structures with periods less than half of the predominant period of
the ground motion.

In all the aforementioned studies the effects of soil-structure inter-
action (SSI) on nonlinear response of SDOF systems were ignored, even
though it is known that SSI affects the linear and nonlinear response of
structures. Based on the studies conducted in early 1970s, SSI effects on
elastic systems could be divided into two parts. First, period of soil-
structure system is greater than the fixed one and second, considering
SSI increases the effective damping ratio of soil-structure system be-
cause of radiation and material damping of soil beneath the structure
[7]. Thus, regulation codes suggest an equivalent fixed base system
with modified fundamental period and damping ratio to include the SSI
effects [8,9].

Avilés and Pérez-Rocha [10] evaluated the effects of soil-structure
interaction on inelastic systems response and proposed an equivalent
fixed base nonlinear system which is defined by effective ductility,
period and damping ratio. The further study is conducted to investigate
the influences of SSI on strength reduction factor and inelastic dis-
placement ratios of elasto-plastic SDOF systems [11]. They used
equivalent fixed-base nonlinear system in order to adjust the equation
that had been proposed by Ordaz and Perez-Rocha [12], to consider the
effects of SSI on strength reduction factor. Response data for 64 ground
motions recorded on different site conditions demonstrated, that the SSI
effects on Cµ for structures built on soft and very soft soil conditions
should be considered, especially in short period region [13]. The results
of this study are used to develop equations for estimation of Cµ re-
garding SSI effects and site conditions. Several other research efforts
have focused on the evaluation of SSI effects on inelastic displacement
ratios [14–16]. However, it should be noted that the results of these
studies were restricted to the structural systems with bilinear hysteretic
behavior.

In order to evaluate the influences of SSI on constant strength in-
elastic displacement ratios (CR) of structures with stiffness degrading,
Aydemir [17] conducted a study and concluded that the mean inelastic
displacement ratios for degrading systems are greater than the corre-
sponding ones of non-degrading systems up to period of nearly 1.0 s. In
this study equivalent nonlinear fixed-base systems with modified
Clough hysteresis model were used and the results led to an equation
for estimating the inelastic displacement ratios of stiffness degrading
soil-structure systems.

Based on new seismic provisions, it is assumed that the structures
behave inelastically during sever earthquakes and will experience large
inelastic deformation without losing strength, considerably [8,18].
However, it is observed that during strong ground motion, strength and
stiffness degradation may occurred in structural components [19].
Deterioration in structural components can significantly increase lateral
displacement and may lead to global collapse of structures. In several
studies the collapse of structures are considered as the association of P-
Delta effects and structural components deterioration [20]. Most of the
previous studies that investigated the effects of strength-stiffness de-
gradation on inelastic displacement demands were limited to fixed-base
structures and the effects of soil-structure interaction were ignored.
Aydemir [17] considered both foundation flexibility and stiffness de-
grading effects on inelastic displacement ratios. In practice most of
structures exhibit stiffness degradation at unloading and reloading

branches, whereas the unloading stiffness in modified Clough hysteresis
model which is used by Aydemir [17], is kept equal to the initial elastic
stiffness.

Recently there has been a renewed interest on the effects of SSI on
inelastic response of structures and several studies demonstrated that
soil beneath the structures could have significant effects on seismic
demands of structures [21–25]. However, the effects of soil-structures
interaction on seismic demands of degraded systems have not yet been
well addressed and it is, thus, necessary to clarify the influences of SSI
on these type of systems. In this study the effects of foundation flex-
ibility on degraded super-structures are investigated. To model de-
graded super-structure, four different hysteresis behaviors were con-
sidered: a) Bilinear, b) modified Clough, c) stiffness degrading and d)
stiffness-strength degrading. A parametric study is performed by using a
simplified soil-structure interaction model with a wide range of effec-
tive parameters. Here, in this paper the results of a comprehensive
statistical study on displacement demand and inelastic displacement
ratios of degraded structural systems by considering soil-structure in-
teraction are presented.

2. Soil-structure model

Seismic responses of structure to strong ground motions are affected
by supporting soil behavior which is called soil-structure interaction
(SSI). In general, these effects could be divided into two parts, which
are known as; inertial – and kinematic effects [26]. In this investigation
a simplified SDOF soil-structure model is applied to consider the inertial
interaction phenomenon on super-structure seismic demands (Fig. 1).
This model is capable enough to simulate the effects of SSI in MDOF
systems. For this purpose, effective mass M* and effective height H* of
equivalent SDOF system could be obtained from fundamental mode
properties of MDOF system as follow [27]:
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where mj is the mass of the jth storey; hi is the height from the base level
to level j; and ϕj1 is the amplitude at jth storey of the first mode.

In practice, various approaches are used to model supporting soil in
SSI problems, such as finite element and finite difference approaches.
However, in this study lumped-parameter model (Cone model) is used,
because of its simplicity and sufficient accuracy [28] (Fig. 2). In cone
model, the soil beneath the structure is modeled as a homogenous half-
space and the foundation is assumed to be rigid with circular shape

Fig. 1. SDOF soil-structure model used in this study.
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