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+is paper investigates the effect of earthquake ground motion duration on the seismic response of a low-rise reinforced concrete
shear wall building. Two sets of spectrally equivalent ground motion sets were determined to isolate the effect of duration from
other earthquake record characteristics. A numerical model that accounts for P-delta effects and degradation of strength and
stiffness of the structural elements was used. Detailed nonlinear dynamic analysis for both the design and collapse levels of shaking
was performed, considering the spectral acceleration at the fundamental period of vibration with intensity measure and material
strains as engineering demand parameters. +e results showed that at the design level of shaking, slightly larger interstory drifts
were obtained under the short-duration events. However, the maximum values for interstory drifts were small, and minor damage
is expected in the structure. When both seismic record sets were incrementally scaled until collapse, a slight increase in the
material strains was found under the short-duration seismic events. Overall, it is indicated that ground motion duration does not
influence the seismic response of low-rise buildings with low deformation capacity.

1. Introduction

In recent years, there has been a resurgence interest in
studying the effect of ground motion duration on the seismic
performance and collapse assessment of structures. +is
topic’s interest has been primarily due to the field observation
after large-magnitude long-duration earthquakes such as the
2010 Maule, Chile (Mw8.8), and the 2011 Tohoku, Japan
(Mw9.0), megathrust earthquakes, which caused significant
structural damage to critical infrastructures like bridges and
buildings [1–4]. Moreover, such events and others from
subduction regions have made available new long-duration
strong motion records allowing a better study of the effects of
earthquake duration on structural performance. For instance,
the lack of available long-duration ground motion records in
the past required the generation of artificial records to address
this topic adequately [5–7]. +e previous events have shown
that ground motion duration should be duly considered in
structural design. However, the effect of ground motion
duration is not yet explicitly considered as a parameter in

current seismic design codes [8–10] and performance as-
sessment throughout the world [11, 12].

A vast number of research studies on the effects of
ground motion duration on structural performance have
been reported in the literature in the past decades, often with
inconclusive results due to the parameters used. On the one
hand, investigations using cumulative response measures,
such as the number of inelastic cycles or energy dissipation,
showed a good correlation between duration and damage
[13–16]. On the other hand, research studies using only peak
response measures, such as peak deformation or peak
interstory drift, did not show a significant influence of
duration on structural response [15, 17, 18]. However, the
inadequacy of structural models in capturing the effect of
energy capacity degradation, cyclic and in-cycle strength
degradation, and scarcity of long-duration ground motion
records made it difficult to address duration effects in
previous research adequately [19]. Likewise, the problem of
isolating duration from other key explanatory variables of
the ground motion, such as frequency content, spectral
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amplitude, and spectral shape, added another challenge
since the spectral content of the earthquake record can be
modified [20]. In this regard, using spectrally equivalent
ground motion pairs for isolating the effect of duration has
made available a more robust way of analyzing ground
motions for nonlinear dynamic analyses since the spectral
content is almost not altered [21, 22].

More recent investigations employing numerical models
that captured structural components’ degradation have shown
that long-duration ground motions can induce higher defor-
mations and affect the structural collapse capacity [22–25].
Chandramohan et al. [22] presented results showing that long-
duration records induce higher deformations for large shaking
intensities. By analyzing 2D models of a modern 5-story steel
special moment frame and a single reinforced concrete (RC)
bridge pier, they concluded that the median collapse capacity of
the structural systems could experience a reduction of 29% and
17%, respectively, when the structures are subjected to long-
duration motions. Raghunandan and Liel [23] studied the
influence of duration on the collapse capacity of eight non-
ductile RC frames and nine modern ductile RC frames, using
2D nonlinear models. +e authors concluded that earthquake
duration plays a significant role in the collapse resistance of the
structural systems. +ey reported reductions in the collapse
resistance ranging from 26% to 56% due to duration effects,
impacting the buildings’ vulnerability. Barbosa et al. [24]
quantified the influence of duration on the damage (i.e., not
only at collapse stage) of 3-, 9-, and 20-story steel buildings
designed according to pre-Northridge codes. Spectrally
equivalent records from subduction and crustal earthquakes
were used as input in the 2D nonlinear models. It was con-
cluded that the increase in energy dissipation demands in the
structures subjected to long-duration motions significantly
increased the expected levels of structural damage at the higher
intensities of shaking. Belejo et al. [26] studied the seismic
behavior of a substandard plan-asymmetric RC framed
building through 3D nonlinear modeling and found that
groundmotion duration influence is evident only for intensities
leading to the collapse of the structure. +is result agrees with
the conclusions reported by Raghunandan and Liel [23] since
structural systems with low ductile capacity are not influenced
by earthquake duration due to the inability to reach large
deformations and dissipate energy before failure. Bravo-Haro
and Elghazouli [25] analyzed 50 steel moment frames through
detailed nonlinear dynamic analysis using a suite of 77 spec-
trally equivalent pairs of short and long earthquake records.
Similar to previous studies, they reported that the effects of
duration are significant for structures showing high rate of
cyclic degradation levels. Reductions of about 20% on the
collapse capacity were observed due to duration, reaching up to
a 40% reduction in buildingswith a high cyclic degradation rate.
Samanta and Pandey [27] studied the effect of duration on a 15-
story RC building, and they found that earthquake duration can
become a determining factor in the levels of maximum peak
story drift ratio under low hazard levels. Bhanu et al. [19] found
a reduction in ductile RC framed structures’ dynamic defor-
mation capacity under the increased cyclic demands imposed
by long-duration ground motions. Vega and Montejo [28]
found that long-duration records impose larger inelastic

demands and that the effect of duration is more detrimental in
relatively rigid structures and poorly detailed flexible structures.
Liapopoulou et al. [29] investigated the effect of duration on a
series of ductile SDOF models and reported up to 60% re-
duction in the collapse capacity due to duration effects in the
case of flexible bilinear systems under low levels of P-Δ effect.

On the other hand, the structural response to long-du-
ration events is directly related to ductility, a property necessary
to study under earthquake-induced deformations on buildings.
Nonetheless, traditional analysis methods do not consider the
effects of earthquake duration and the use of deteriorating
structural models that directly affect the structure’s demand
[19, 30]. +erefore, the assessment of the effects of earthquake
groundmotion duration on these structures is not feasible. As a
matter of fact, current seismic design practice for reinforced
concrete structures in Chile is based on the conventional code-
prescribed force method. However, after the recent occurrence
of significant seismic events, such as the 2010 Maule earth-
quake, changes to the regulation were introduced afterwards to
improve the structural response of walls by ensuring the
ductility of these and including recommendations for esti-
mating structural deformations. It is well known that Chile is
located in one of the most seismically active regions of the
world, where the geological conditions (from a tectonic point
of view) near the Chilean coast mostly consist of interplate
areas where subduction events occur frequently and are
generally of large magnitude and also of long duration [31].
+is last feature has not been considered in the seismic-re-
sistant design despite the local conditions; therefore, it is
necessary to promote research works that include duration
effects on structural behavior.

In this paper, the effect of ground motion duration on the
seismic performance of RC building structures is investigated. A
sample four-story RC shear wall building is used as a case study.
+is building represents a typical low-rise residential building
located in Central Chile designed according to current Chilean
seismic provisions. A 3D nonlinear finite element model of the
sample structure is developed in SeismoStruct [32], which allows
incorporating the in-cycle and cyclic deterioration of stiffness
and strength as well as the fiber modeling approach with
material inelasticity for structuralmembers. A set of 20 spectrally
equivalent pairs of long and short earthquake records is used to
evaluate the effects of ground motion duration on the structural
response. Particular attention is given to effects of duration on
material strains and interstory drift ratios. +e results in this
investigation indicate that ground motion duration does not
play a key role in the damage state of the low-rise building.

2. Sample Building and Model Description

2.1. General Description. +e sample structure corresponds
to an existing low-rise RC shear wall building of which
structural configuration is typical of residential housing built
in Chile. +e prototype building is a 4-story structure with a
story height of 2.44m.+e building’s lateral load and gravity-
resisting systems comprise interior and outer RC shear walls
in both longitudinal and transverse directions and 12 cm RC
slabs at each floor. +e typical floor plan and elevations are
illustrated in Figure 1.+e compressive strength of concrete is
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Figure 1: Continued.
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assumed to be 20MPa, and the tensile strength of rein-
forcement is 420MPa. +e floor area is about 120m2 per
story, and the dead and live loads were calculated approxi-
mately as 27.9 kN/m2 and 6.7 kN/m2, respectively. +e
building was analyzed as per current Chilean seismic pro-
visions [9] and the ACI318-14 [33] requirements. +e
building is assumed to be located in seismic zone 3 on soil
class D, according to the Chilean seismic code NCh433 [9]
classification. +e seismic force reduction factor (R) pre-
scribed for this system is 4.

2.2. Modeling Approach. Linear and nonlinear numerical
models were considered in this study. Given that the building
already exists onsite, the structural element’s design was not
carried out since dimensions of the elements and the rein-
forcement layout for each of the elements were available.

Instead, a design check was performed, confirming that their
behavior was flexural dominated.+e structural drawings were
therefore used for modeling the building. +e 3D linear elastic
model used for this study was first generated using the software
package ETABS [34] to determine the structure’s main dy-
namic properties using the response spectrum analysis as per
current Chilean seismic regulations [9]. As a result, the cracked
fundamental periods of vibrations obtained for the structure
were 0.095 and 0.088 seconds in the x- and y-directions, re-
spectively, for the second and third main vibration modes (the
modes that accumulate 90% of the mass participation).

Despite the software’s capabilities for the linear static
analysis, it is not possible to conduct robust nonlinear dy-
namic analyses. +is aspect is relevant for this study as its
purpose is to evaluate the effects of ground duration on the
seismic behavior of the structure. +erefore, numerical
models that accurately characterize structural performance at
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Figure 1: Sample residential housing: (a) typical floor plan of the building and (b) elevations of outer longitudinal and inner transverse shear
walls.
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large nonlinear demands should be duly used. To this end,
structural models that can capture the in-cycle and cyclic
degradation of strength and stiffness of elements are needed
[35], since it is the main factor affected by the duration of
earthquake records.+erefore, the SeismoStruct software [32]
was used to develop a continuous 3D nonlinear numerical
model of the building. +is software allows to perform,
among several other options, nonlinear dynamic analysis by
using accelerograms so that the corresponding loads are
applied to the structure. A rigid diaphragm is assumed for
each floor. Soil-structure interaction was not considered in
this study. +e 3D view, floor plan, and elevation of the
numerical model of the structure are illustrated in Figure 2.

2.3.Material andElementModels. As previously mentioned,
the nonlinear finite element model for the building was
developed in SeismoStruct [32]. To this end, the rein-
forcement details specified in the structural drawings were
included in the model. +e shear walls were modeled using
fiber elements with force-based (FB) formulation [36–38]
and using a distributed inelasticity approach along the el-
ement length. Gauss–Lobatto numerical integration quad-
rature rule is used for the FB elements. +e fiber-based
element model used for the shear walls is presented in
Figure 3. A linear elastic hinge at midheight of the walls at
each story was provided to capture the elastic shear de-
formations. It is worth mentioning that the shear hinges’
stiffness was equal to the cracked shear area of the walls
multiplied by the shear modulus and divided by the story
height. A factor of 0.1 was applied to the wall gross area to
account for the loss of the area due to cracking [39].

+e concrete material was defined using the uniaxial
constant confinement model that follows the constitutive re-
lationship proposed by Mander et al. [40] and the cyclic re-
sponse theory proposed by Martinez-Rueda and Elnashai [41].
+e confinement effects provided by the lateral transverse
reinforcement were modeled with a confinement factor, de-
fined as the ratio between the confined and unconfined
compressive strengths of concrete. In SeismoStruct [32], the
confinement factor is calculated using the confinement model
proposed byMander et al. [40]. Table 1 presents the fivemodel-
calibrating parameters defined to fully describe the mechanical
features of the concrete. Regarding the reinforcing steel, it was
modeled using a uniaxial steel model based on the stress-strain
relationship proposed by Menegotto and Pinto [42], coupled
with the isotropic hardening rules developed by Filippou et al.
[43]. Nine model-calibrating parameters fully describe the
mechanical characteristics of the reinforcing steel, which are
presented in Table 2. +ese material models were generated
using data calibrated in the laboratory and captured the effect
of cycles on sections of reinforced concrete with transverse
reinforcement and reinforcement steel elements. +e reason
thesemodels were used is related to the fact that they are widely
accepted by the research community in structural engineering
and that they are also well adapted to the events recorded over
the past several years in terms of structural performance. +e
hysteresis rules used for each material model are shown in
Figure 4.

3. Ground Motion Sets

Two paired sets of spectrally equivalent long- and short-
duration records were selected to investigate the effect of
ground motion duration on the sample building model.
Large-magnitude earthquakes occurred in subduction zones
were chosen for the long-duration set and obtained from the
1985 Valparaiso and 2010 Maule, Chile [44], and the 2003
Hokkaido and 2011 Tohoku, Japan [45], earthquakes.
Similarly, ground motions from shallow crustal events were
chosen from the PEER NGA-West [46] database. Although
there is still no consensus in the earthquake engineering
community on a standard ground motion duration defi-
nition, in this study, the 5% to 95% significant duration
(Ds5−95%

) metric was used. +is duration metric is defined as
the time required to develop the Arias intensity [47] in the
range between 5 and 95% of the total energy of the record
[48], as presented in equation (1). Here, a(t) corresponds to
the ground motion acceleration record, T is the total du-
ration of the recording, tR is the desired time over which
percentage of the total energy is reached (e.g., 90%), t is the
time integration parameter, and R is the calculated fraction
of the Arias intensity index:

IA(R%) � 100
tR

0
(a(t))

2dt 
T

0
(a(t))

2dt. (1)

+e criterion used to categorize a ground motion as a
long or short duration was based on the threshold proposed
by Chandramohan et al. [22] upon which a significant
duration, Ds5−95%

, is higher than 25 s for long duration and
lower than 25 s for a short duration. +e selected long-
duration ground motions are summarized in Table 3. For
brevity, only the component with higher PGA is listed in the
table.

To isolate the effect of duration from other ground
motion characteristics such as intensity and spectral shape,
the methodology proposed by Al Atik and Abrahamson [49]
was used to match each ground motion set spectrally. +is
methodology allows us to obtain spectral equivalence be-
tween the long- and short-duration records without having
to correct their baseline, which is advantageous since this
method ensures the stability and convergence in the cal-
culations. Table 4 summarizes the selected short-duration
events and records. +ese short-duration records were
obtained exclusively from worldwide shallow crustal
earthquakes. Figures 5(a) and 5(b) depict the geometric
mean and standard deviation spectra for the long- and short-
duration records. Moreover, Figure 5(c) compares both
geometric mean spectrums, indicating a good agreement
between both ground motion sets.

4. Nonlinear Time-History Analysis

A dynamic time-history analysis was performed in this
study. Accordingly, the two sets of groundmotions were first
scaled to match the NCh 433 design response spectrum for
seismic zone 3 and soil class D [9] and then uniformly
applied at the base of the building model. +e resulting
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maximum interstory drifts for the sample building are
shown in Figure 6 and were obtained by gathering the
available information on the nodes of the structure asso-
ciated with the center of gravity of the four floors. +e
NCh433 [9] uses interstory drifts as a damage control pa-
rameter and limits the building to a maximum interstory
drift of 0.002 of the story height for linear elastic analysis. For
the immediate occupancy (IO) evaluation used in the per-
formance-based procedure indicated in the ASCE/SEI 41-17
[11], the maximum interstory drift is limited to 0.004. As

seen in Figure 6, none of the sets surpasses these limits,
which might be attributed to the great lateral stiffness of the
sample building due to the significant presence of shear
walls. When comparing the values obtained for both ground
motion sets, there is a slight increase in the interstory drifts
for the short-duration ground motion set compared to those
for long-duration earthquakes. However, it should be
mentioned that the values obtained in both cases are not
significantly far from each other, with an increase of 20.05%
for short-duration events. It is, therefore, not possible to
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Figure 2: Low-rise RC building model for numerical analysis: (a) 3D view, (b) typical floor layout, and (c) elevation A1-5.

Figure 3: Discretized FB element model for RC shear walls.

6 Advances in Civil Engineering



conclude that the short-duration events generate a signifi-
cant increase in drifts compared to the long-duration events;
thus, an incremental dynamic analysis (IDA) was then
performed to have a deeper understanding of this
phenomenon.

As stated previously, to better estimate the influence of
ground motion duration, a series of IDAs were performed
to the sample structure, obtaining results for each
structural element. IDA is a parametric dynamic analysis
technique used in earthquake engineering to conduct a
comprehensive assessment of the seismic performance of
structures under seismic loads [50]. +e procedure in-
volves multiple nonlinear dynamic analysis of a structural
model under scaled ground motions until collapse, thus
producing curves of engineering demand parameter
(EDP) as a damage measure (DM) versus an intensity
measure (IM). +e ground motions are characterized by
the IMs, which should be related to the structural response
of interest to reduce the number of time-history analyses
[51]. Among the existing IMs, the peak ground acceler-
ation (PGA), peak ground velocity (PGV), spectral ac-
celeration, and Arias intensity are the most widely used.
+e DM can be any structural parameter related to per-
formance limit states of the structure corresponding to
several damage levels. Typical options are the global and
local maximum interstory drift, global and local maxi-
mum ductility, and material strain limit, among others. In
this study, the spectral acceleration at the fundamental
period of vibration of the structure with 5% damping Sa
(T0, 5%) while different EDPs was analyzed. Finally, the
selected EDPs were the concrete and steel rebar strains for
the IDA. It is worth to mention that the collapse stage was
defined as the instant at which the main structural walls of
the structure failed.

Given that the results for the maximum interstory drift
obtained from the nonlinear time-history analysis at the
design level of shaking as per Chilean seismic regulations [9]
were rather low and not conclusive, the results of the IDA are

presented in Figures 7 and 8 for the outer wall of the
structure, identified as “A 1–4” according to the floor plan
shown in Figure 2. Figure 7 shows slightly higher steel rebar
peak strains for the short-duration ground motions com-
pared to the long-duration set. In particular, there is an
increase of 8% in the peak strain of the steel rebar for short-
duration events. However, when observing the yield point
for the reinforcement steel, 8 cases exceed this point for
long-duration events, while 7 cases exceed this point for
short-duration events.

Similarly, when considering concrete strains as EDP, the
results showed a slight tendency to obtain higher defor-
mations under the short-duration ground motion set. For
example, Figure 8 shows 2 cases in which the cracking of
concrete occurs at a deformation value exceeding the de-
termined value of 2 per thousand. Meanwhile, for the long-
duration events, there is only one case for which this limit is
exceeded, as can be seen in Figure 8. +e obtained peaks of
concrete strain show an increase of 17% for the short-du-
ration suite compared to the long-duration suite for a PGA
of 3.8 (g).

Overall, it is generally possible to observe a slight
increase in the demand on the structure under the short-
duration ground motion set. In this regard, for this case
study and to a slightly greater extent, the demand on the
structure in terms of the chosen EDPs was higher under
the short-duration earthquakes records than the long-
duration earthquakes records although minimal damage
is expected under both sets of records. +is phenomenon
should be highlighted since the previous results
[22–24, 30] have shown that there are higher levels of
deformations, therefore more damage induced by long-
duration seismic records. However, the unalike results
obtained in this research are mainly attributed to the low
level of deformation exhibited by the sample structure,
which can be supported by the obtained interstory drift
values. It should be noted that the structure under
consideration was a rather rigid building, with a large

Table 1: Data required to generate the concrete stress-strain curve.

Value Description
fc 25MPa Mean compressive strength
Ec 23,500MPa Modulus of elasticity
ft 2.5MPa Maximum tension strength
εc −0.0022 Strain at peak strength in compression
εt −0.0020 Strain at peak strength in tension

Table 2: Data required to generate the stress-strain curve of reinforcing steel.

Value Description
Es 25MPa Modulus of elasticity
fy 2×105MPa Yield strength
μ 0.005 Strain hardening parameter
R0 20 Transition curve initial shape parameter
A1 18.50 Transition curve shape calibrating coefficient
A2 0.15 Transition curve shape calibrating coefficient
A3 0.00 Isotropic hardening calibrating coefficient
A4 1.00 Isotropic hardening calibrating coefficient
b 0.1 Fracture/buckling strain
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presence of walls and a low height, which restricted the
deformation capacity and energy dissipation capacity
before failure considering how the building was struc-
tured. +e obtained results confirmed that for structural
systems with low ductility capacity, the demand would
not be influenced by ground motion duration [23].

5. Conclusions

+is paper examined the influence of earthquake ground
motion duration on the seismic performance of a low-rise
RC shear wall building typical of Chilean residential con-
struction. A 3D nonlinear finite element model was
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Figure 4: Constitutive models used in the nonlinear numerical model: (a) concrete and (b) reinforcing steel.

Table 3: Long-duration set summary.

Earthquake Magnitude Year Station PGA (g) Significant duration (s)

Valparaiso, Chile 7.8 1985
Cauquenes
Endesa
La Ligua

0.11
0.13
0.18

51.10
44.95
28.35

Hokkaido, Japan 8.3 2003 Shibetsu
Honbetsukai

0.50
0.48

32.00
26.96

Maule, Chile 8.8 2010
Viña Centro
Valparaı́so
Matanzas

0.33
0.30
0.34

25.65
27.15
42.15

Tohoku, Japan 9.0 2011 Tohwa
Okhuma

0.81
0.70

58.20
28.10

Table 4: Short-duration set summary.

Earthquake Magnitude Year Station PGA (g) Significant duration (s)
Cape Mendocino, USA 7.0 1985 Rio Dell Pass 0.55 15.34
Friuli, Italy 6.5 1976 Tolmezzo 0.35 16.96
Hector Mine 7.1 1999 Hector 0.34 11.65
Imperial Valley, 6.5 1979 El Centro Array#1 0.38 17.05
Loma Prieta 6.9 1989 Gilroy Array#3 0.56 6.37
Northridge 6.7 1994 Canyon Country 0.48 5.56
Northridge 6.7 1994 Beverly Hills 0.52 9.21
San Fernando 6.6 1971 LA-Hollywood 0.21 10.49
Superstition Hill 6.5 1987 El Centro Imp. Co. 0.36 16.05
Superstition Hill 6.5 1987 Poe Road (temp) 0.45 13.81
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developed in SeismoStruct, which explicitly accounted for P-
delta effects and inherent nonlinearities of the materials. On
the other hand, two ground motion sets with equivalent
spectral shapes but different durations were obtained to
isolate the effects of ground motion duration from other
ground motion characteristics. +e sample building model
was then subjected to time-history analysis at the design level
of shaking and to extensive IDA using the long- and short-
duration record sets. Overall, the influence of duration was
shown to be not significant in the sample structure presented
herein.

Based on the results obtained in this study, it is expected
that groundmotion duration does not influence significantly
the peak values of EDPs in low-rise RC shear wall buildings
when considering long-duration ground motion records.
When comparing the maximum interstory drifts at the
design level of shaking to the limits imposed by the NCh433
for linear elastic analysis and the ASCE/SEI 41-17 for per-
formance-based evaluation, the values were found to be
small and slight, which resulted in minimum damage to the
sample building. Moreover, the structure’s behavior re-
garding the drifts is generally quite similar in both situations

and slightly higher for the short-duration set than for the
long-duration set. It should be mentioned that the structure
was designed as per the current seismic Chilean seismic
code, which resulted in a rather rigid structure.+e behavior
of the structure in terms of deformations was consequently
restricted to its linear range, which led to low levels of
deformation capacity.

To better understand the effect of the duration of
earthquakes on the structure thoroughly, the sample
building was subjected to incrementally scaled ground
motion records to higher levels of shaking using IDA.
Concrete and steel rebar strains were used as EDPs. +e
results showed a slight difference between the curves ob-
tained for short-duration records and those obtained for
long-duration records. Regarding the material peak strains,
higher peaks by approximately 8% for reinforced steel and
by approximately 17% for concrete were obtained for short-
duration events. Furthermore, it should be noted that an
increase in material strains for the short-duration events was
generally obtained although this increase was not significant.
+e results obtained in this study confirmed that for
structural systems with low ductility capacity, the influence
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Figure 7: IDA curves considering steel rebar strains as EDP for (a) the long-duration set and (b) the short-duration set.
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Figure 8: IDA curves considering concrete strains as EDP for (a) the long-duration set and (b) the short-duration set.
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of duration is not significant due to the incapacity to reach
large deformation and dissipate energy before failure.

Further research is recommended to study structures
that can reach higher levels of deformation to obtain a
relevant structural demand regarding seismic loading and
results related to the performance of the materials consid-
ering their nonlinear behavior. +ereby, it would be possible
to have a deeper and a more conclusive understanding of the
effect of the duration of a seismic event since the increased
number of cycles imposed by long-duration groundmotions
are one of the main concerns when conducting such studies.
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