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a b s t r a c t

This manuscript investigates the constant damage inelastic displacement ratios for the near-fault pulse-
like ground motions. The inelastic displacement ratios are computed for three hysteretic models and 81
near-fault pulse-like ground motions. The effects of near-fault pulse-like ground motions, period normal-
ization, earthquake magnitude, rupture distance, peak ground velocity (PGV), maximum incremental
velocity (MIV), structural degrading behavior and ultimate ductility factor lu are evaluated and discussed
statistically. The results indicate that the near-fault pulse-like ground motions can significantly increase
the displacement demand of structures with medium period. The period normalization can clearly reduce
the dispersion of inelastic displacement ratio. The effect of MIV on inelastic displacement ratios is more
obvious than PGV. The near-fault pulse-like ground motions are more dangerous for structures with
strength degrading behavior than ordinary ground motions. A predictive model is proposed for the appli-
cation of constant damage inelastic displacement ratios for near-fault pulse-like ground motions.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the near-fault conditions, due to the effects of forward rup-
ture directivity, most of the seismic energy in ground motion is
concentrated in a single pulse of motion at the beginning of the
record [1]. These ground motions, referred as ‘‘near-fault pulse-like
ground motions’’, may result in high seismic demands for build-
ings. Many investigations have studied the effects of the near-fault
pulse-like ground motions on the various structures [2–14]. The re-
sults in these investigations demonstrated that the near-fault
pulse-like ground motions can induce more severe damage of
structures than the non-pulse-like ground motions (referred as
‘‘ordinary ground motions’’ here). It is necessary to consider the ef-
fects of near-fault pulse-like ground motions in the seismic design
and performance evaluation of structures.

In the performance-based seismic design, inelastic displace-
ment ratio is a particularly appealing approach to evaluate the
maximum inelastic displacement of structures [15,16]. Many
investigations have been conducted to study the characteristics
of the inelastic displacement ratios [17–28]. In these investiga-
tions, the inelastic displacement ratios are computed for the
structures with constant strength [17–24] or constant ductility
[25–27]. Recently, the constant damage inelastic displacement

ratio is proposed for the seismic design of structures with con-
stant damage performance [28]. The inelastic displacement ratios
are calculated for the structures with constant modified Park–
Ang damage index value. It is well known that the damage of
structure depends both on the inelastic displacement demand
and hysteretic energy dissipation [29]. Park–Ang damage index
and its modified versions are good measures to quantify the
structural damage and have been used extensively in the com-
munity of earthquake engineering, because they account for the
contribution of inelastic displacement demand and hysteretic en-
ergy dissipation to the damage of structure. In comparison with
constant ductility inelastic displacement ratio, the constant dam-
age inelastic displacement ratio, which is computed for the struc-
ture with constant modified Park–Ang damage index, can contain
the more accurate damage of structure in the performance-based
seismic design. It should be noted that no near-fault pulse-like
ground motion is selected in Ref. [28].

Several studies have investigated the effects of near-fault pulse-
like ground motions on the constant strength inelastic displace-
ment ratio or the constant ductility inelastic displacement ratio
[30–36]. The results in these studies indicated that near-fault
pulse-like ground motions may induce greater inelastic displace-
ment ratios of structures than the ordinary ground motions. How-
ever, to the author’s best knowledge, no existing literatures
investigated the effects of near-fault pulse-like ground motions
on the constant damage inelastic displacement ratio, as defined
in Ref. [28]. It is significant to study the constant damage inelastic
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displacement ratios of structures under the near-fault pulse-like
ground motions, which is useful for incorporating the effects of
near-fault pulse-like ground motion in the application of constant
damage inelastic displacement ratios.

This manuscript studies the constant damage inelastic displace-
ment ratios with 81 near-fault pulse-like ground motions and
three hysteretic models. The constant damage inelastic displace-
ment ratios are computed with and without period normalization.
The influences of near-fault pulse-like ground motions, period nor-
malization, earthquake magnitude, rupture distance, peak ground
velocity (PGV), maximum incremental velocity (MIV), structural
degrading behavior and ultimate ductility factor lu are evaluated
and discussed statistically. The predictive model is proposed for
the constant damage inelastic displacement ratios with normalized
periods of structures.

2. Inelastic displacement ratios

Inelastic displacement ratio is defined as the ratio of maximum
inelastic displacement xm of an equivalent SDOF model of the
structure to the maximum elastic displacement xe of correspond-
ing elastic structure, having the same period of vibration, when
subjected to the same ground motion. Mathematically it can be
expressed as:

CDI ¼
xm

xe
ð1Þ

where CDI is the constant damage inelastic displacement ratio, xm is
computed for structures whose yield strength varies in order to sat-
isfy the criterion of a constant damage index.

The modified Park–Ang damage index [37] is selected to esti-
mate the damage performance of structures. It is defined as:

DI ¼ xm � xy

xu � xy
þ b

EH

xuFy
¼ lm � 1

lu � 1
þ b

EH

Fyluxy
ð2Þ

where xm is the maximum displacement of structure under ground
motion, and lm is the corresponding ductility demand; xu is the
ultimate deformation capacity of structure under monotonic load-
ing, lu is the corresponding ultimate ductility capacity of structure
under monotonic loading; EH is the hysteretic energy dissipation of
structure under ground motion; Fy is the yield strength, and xy is the
yield displacement; b is a positive dimensionless parameter to scale
the effect of hysteretic energy dissipation on the final damage of
structure. Referring to the investigations [28,38–41], b = 0.15 is
used in this manuscript.

Three different hysteretic models are used in this paper, (i) Elas-
tic-Perfectly-Plastic (EPP) model, representing the non-degrading
systems; (ii) Modified Clough (MC) model, simulating the flexural
behavior that exhibit stiffness degradation at reloading; and (iii)
Stiffness Strength Degradation (SSD) model based on the three
parameter model [37,42], representing global behavior of systems
exhibiting stiffness degradation and strength deterioration during
reloading branches.

In this investigation, constant damage inelastic displacement
ratios are computed for inelastic single-degree-of-freedom (SDOF)
systems with viscous damping ratio f = 5%. Four damage indices
DI = 0.1, 0.25, 0.4 and 0.8 are selected to consider the different
damage performances. Five ultimate ductility factors lu = 6, 8,
10, 12 and 14 are used to include structures with different ultimate
ductility capacity. For each ground motion and each damage index,
the inelastic displacement ratios are computed for a set of 50 peri-
ods or normalized periods between 0.1 and 5.0 with an interval of
0.1. The constant damage inelastic displacement ratio is calculated
by gradually reducing the applied strength of SDOF system from
the corresponding elastic strength demand until the specified DI

is achieved within a tolerance (1% is used in this manuscript).
The details about the calculation steps of constant damage inelastic
displacement ratio can be found in Ref. [28].

3. Ground motions

In Ref. [43], Baker proposed a quantitative classification proce-
dure of pulse-like ground motions, and 91 ground motions with
large-velocity pulses in the fault-normal component of records
were selected from the approximately 3500 ground motions in
the Next Generation Attenuation (NGA) project ground motion li-
brary. It is well known that, for the near-fault pulse-like ground
motions, the pulse-like signals of fault-normal component are gen-
erally more pronounced than fault-parallel component [1,44].
Therefore, 81 fault-normal ground motions are selected from Ref.
[43] by excluding the ground motions whose Joyner–Boore rupture
distance [45] beyond 30 km. It should be noted that the epicentral
distance is used to estimate the Joyner–Boore rupture distance,
when the Joyner–Boore rupture distance of a given ground motion
is unavailable.

4. Statistical analyses

4.1. Mean inelastic displacement ratios

A total of 81,000 constant damage inelastic displacement ratios
CDI of EPP system are computed as part of this investigation, for 81
near-fault pulse-like ground motions, 50 periods of vibration, 4
damage indices, and 5 ultimate ductility factors. Mean CDI are then
calculated by averaging results for each period, each damage index
DI, and each ultimate ductility factor lu. It should be noted that, in
order to compare with the results in Ref. [28], the periods of struc-
tures are not normalized by the pulse period Tp of ground motion
or the predominant period Tg of ground motion, and the effects of
these parameters will be discussed in Section 4.3.

Fig. 1 shows the mean CDI of EPP system with lu = 10. In the
short period region (for the period being smaller than 0.5 s in this
manuscript), mean CDI change significantly with the variation of
the period of vibration and decrease sharply when the period of
vibration increases. The well-known equal displacement rule is
not applicable in this period region, because the mean CDI are
clearly larger than 1.0. In the long period region (for the period
being greater than 3.5 s in this manuscript), mean CDI are approx-
imately period independent and vary around 1.0, indicating that
the equal displacement rule is reasonable for structures with long
periods of vibration, even when these structures are subjected to
the near-fault pulse-like ground motions. In the above two period
regions, the characteristics of the mean CDI for the near-fault

Fig. 1. Mean inelastic displacement ratios CDI of EPP system with lu = 10 for 81
near-fault ground motions.
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