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Abstract. This paper summarizes results of a comprehensive analytical study aimed at evaluating the
influence of strong ground motion duration on residual displacement demands of single-degree-of-freedom
(SDOF) and multi-degree-of-freedom (MDOF) systems. For that purpose, two sets of 20 earthquake
ground motions representative of short-duration and long-duration records were considered in this
investigation. While the influence of strong ground motion duration was evaluated through constant-
strength residual displacement ratios, C

r
, computed from the nonlinear response of elastoplastic SDOF

systems, its effect on the amplitude and height-wise distribution of residual drift demands in MDOF
systems was studied from the response of three one-bay two-dimensional generic frame models. In this
investigation, an inelastic ground motion intensity measure was employed to scale each record, which
allowed reducing the record-to-record variability in the estimation of residual drift demands. From the
results obtained in this study, it was found that long strong-motion duration records might trigger larger
median C

r
 ratios for SDOF systems having short-to-medium period of vibration than short strong-motion

duration records. However, taking into account the large record-to-record variability of C
r
, it was found

that strong motion duration might not be statistically significant for most of the combinations of period of
vibration and levels of lateral strength considered in this study. In addition, strong motion duration does
not have a significant influence on the amplitude of peak residual drift demands in MDOF systems, but
records having long strong-motion duration tend to increase residual drift demands in the upper stories of
long-period generic frames.
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1. Introduction

Nowadays, there is still a controversy about the influence of earthquake ground motion duration

on the seismic response of structures. This controversy begins with the definition of duration of

strong ground shaking of acceleration time histories recorded from earthquake events that

adequately represent the time interval when the energy content of the earthquake ground shaking

produce significant damage to the excited structure. Motivated by this issue, Bommer and Martinez-

Pereira (1999) published a comprehensive review about the merits and pitfalls of about 30

definitions proposed in the literature. They point out that an adequate definition should have a

physical significance based on a good correlation with geophysical parameters (e.g., earthquake
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magnitude, rupture history, etc.). Among several definitions, the most widely measure of strong

ground motion duration for earthquake engineering purposes is due to Trifunac and Brady (1975).

The authors defined significant strong motion duration, tD, as the time interval from 5% to 95% of

the Arias intensity computed from each single acceleration time-history. The merit of this definition

is that the use of Arias Intensity has strong correlation with observed earthquake damage in short

period structures as well as structures on soils susceptible to liquefaction, but a limitation is that it

does not explicitly take into account differences in ground motion frequency content as well as the

source geophysical features.

The influence of strong-ground motion duration has gained attention since researchers have found

that strong motion duration is closely related to the number of inelastic cycles that structural

elements suffer during earthquake excitation and, thus, with cumulative damage due to low-cycle

fatigue phenomena (e.g. Mahin 1980, Fajfar and Fischinger 1990, Cosenza and Manfredi 2000,

Chai 2004, Iervolino et al. 2006). However, other researchers (e.g. Bernal 1992, Rahnama and

Krawinkler 1993, Ibarra and Krawinkler 2003, Cosenza et al. 2004, Iervolino et al. 2006) have

found that tD has small effect on the peak seismic demand parameters (e.g. maximum inelastic

displacement demands, displacement ductility, or even the collapse capacity of SDOF systems).

Recently, Hancock and Bommer (2006) developed a state-of-the-knowledge review of previous

studies focusing on the influence of strong-motion duration on parameters related to structural

damage. They reported that prior investigations that employed damage measures linked to

cumulative energy usually find a positive correlation between strong-motion duration and structural

damage, while studies that considered damage measures employing peak response, in general, did

not find strong correlations between strong-motion duration and structural damage.

Recent seismic events have highlighted that damaged structures may need to be demolished due

to excessive permanent lateral deformations at the end of the earthquake ground shaking (i.e.

residual displacements), even if they did not experience severe damage or partial collapse.

Furthermore, the evaluation of residual displacement demands plays a very important role in

determining the technical and economical feasibility of repairing and retrofitting structures that have

been damaged due to earthquake excitation. Furthermore, residual displacements might have a

significant impact in earthquake-induced economic losses since structures may be demolished due to

excessive permanent deformations even though they did not experience moderate-to-severe damage.

In addition, an adequate estimation of residual displacement demands has shown to be critically

important in evaluating the structural residual capacity and in assessing possible collapse during

strong aftershocks (e.g. Luco et al. 2004). Thus, an adequate estimation of residual displacement

demands that existing structures may experience after earthquake ground shaking should be of

primary importance in modern performance-based assessment procedures. 

Motivated by earthquake field reconnaissance observations, researchers have performed analytical

investigations recently aimed at gaining further understanding on the parameters that influence the

amplitude and height-wise distribution of residual drift demands in existing multi-story buildings

(e.g. Pampanin et al. 2003, Ruiz-García and Miranda 2006a). Previous studies have reported that

the amplitude of residual drift demand and its distribution over the height depends on the

component hysteretic behavior, building frame mechanism, structural overstrength as well as the

ground motion intensity. Particularly, Ruiz-García and Miranda (2006a) noted that the evaluation of

residual drift demands in regular moment-resisting frame models involves large levels of uncertainty

(i.e. record-to-record variability) in its estimation and, moreover, this uncertainty is larger than that

associated to the estimation of maximum (transient) drift demands.



On the influence of strong-ground motion duration on residual displacement demands 329

The primary objective of this paper is to gain further understanding on the influence of strong

motion duration on residual displacement demands of SDOF systems as well as on the amplitude

and height-wise distribution of residual lateral drift demands in MDOF systems subjected to

earthquake excitation. It should be noted that this study is limited to SDOF and MDOF systems

subjected to earthquake ground motions recorded in free-field accelerographic stations placed on

rock or stiff soil site conditions, which allows separating the influence of site conditions on the

structural response. For instance, the effect of long-duration ground motions recorded on soft soil

sites is beyond the scope of this study. 

2. Earthquake ground motions considered in this study

In this study, the influence of strong motion duration on residual displacement demands is

investigated by using the definition proposed by Trifunac and Brady (1975). Even though this

definition has been criticized for lacking of correlation with the nature of the seismic event (e.g.

duration of the rupture of the causative fault), it has been widely used for many researchers while

evaluating the effect of strong motion duration. Therefore, two sets of 20 earthquake ground motions

having short strong motion duration, ranging between 8.8 s and 15.9 s, and long strong motion

duration, between 25.7 s and 51.7 s, were considered in this investigation. It should be mentioned that

all records considered in this investigation were registered in accelerographic stations located on rock

or stiff soil sites (i.e. with shear wave velocities greater than 180 m/s), but none was gathered in

recording stations placed on soft soil sites. Both sets include ground motions recorded during 8

historical earthquake events with moment magnitude ranging from 6.5 to 8.0. Typical acceleration

time-histories of records having long and short strong-motion duration are illustrated in Fig. 1.

Throughout this investigation, while ‘s20-SD’ designates the short-duration set, ‘s20-LD’ refers to

Fig. 1 Examples of acceleration time-histories employed in this study: (a) long strong-duration records,
(b) short strong-motion duration records
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Table 1 Long strong-motion duration earthquake ground motions used in this study

Date Magnitude
[Mw]

Earthquake name Station name Component D
[km]

PGA
[cm/s2]

tD
[s]

19/09/85 8.0 Michoacan, Mexico La Union 90 120.8 148.3 28.1
180 165.6 27.1

La Villita 90 80.3 121.5 41.8
180 125.4 43.4

Caleta de Campos 90 35.2 140.7 29.3
180 139.7 25.7

03/03/85 8.0 Valparaiso, Chile Llolleo 10 62.0 698.3 29.2
100 436.9 30.4

Melipilla 0 87.5 673.0 30.7
90 518.0 27.3

San Felipe 80 116.0 425.1 30.3
170 303.5 31.3

Valparaiso 50 26.5 291.5 50.0
140 162.7 51.7

09/20/99 7.6 Chi-Chi, Taiwan CHY15 E 43.5 142.4 37.5
CHY25 E 18.8 156.2 33.7
CHY46 W 29.5 139.6 30.0
TCU120 W 8.1 220.8 32.6
TCU123 W 15.1 160.7 35.4
TCU138 E 10.1 191.1 34.1

D-Epicentral distance; PGA-Peak ground acceleration; tD-strong motion duration as defined by Trifunac and
Brady (1975) 

Table 2 Short strong-motion duration earthquake ground motions used in this study

Date Magnitude
[Mw]

Earthquake name Station name D
[km]

PGA
[g]

tD
[s]

10/15/79 6.5 Imperial Valley, USA El Centro Array #1 15.5 0.139 8.9
Plaster City 31.7 0.057 10.7

09/17/89 6.9 Loma Prieta, USA Gilroy Array #3 14.4 0.367 11.4
Gilroy Array #7 24.2 0.226 11.5
Palo Alto-SLAC Lab 36.3 0.112 12.5

01/17/94 6.7 Northridge, USA LA. Centinela St. 30.9 0.322 12.4
Canoga Park-Topanga Can 15.8 0.420 10.4
LA. N Faring Rd. 23.9 0.273 8.8
LA. Fletcher Dr. 29.5 0.240 11.8
Glendale-Las Palmas 25.4 0.206 11.5
LA-Hollywood Stor FF 25.5 0.231 12.0
Lake Hughes #1 36.3 0.087 13.9
Leona Valley #6 38.5 0.178 10.4
Northridge-17645 Saticoy St. 13.3 0.159 11.0
La Crescenta-New York 22.3 0.368 15.7
LA.- Saturn St 30.0 0.474 11.6
LA- Vernon Ave. 39.3 0.153 15.9

02/09/71 6.6 San Fernando, USA LA-Hollywood Stor Lot 21.2 0.174 11.2
11/24/87 6.7 Superstition Hills, USA Brawley 18.2 0.156 13.5

Plaster City 21.0 0.186 11.3

D-Epicentral distance; PGA-Peak ground acceleration; tD-strong motion duration as defined by Trifunac and
Brady (1975) 
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the long-duration set. A complete list of records comprised in each set is given in Tables 1 and 2.

The median elastic spectral acceleration and displacement spectra for each set are shown in Fig. 2.

It can be seen that the median spectral shape of both sets is very similar, which means that the

frequency content of the selected records is also similar. This is a very important issue to obtain

results based only in the influence of ground motion duration without inclusion of the spectral shape

effects. In addition, Fig. 3 shows the distribution of tD and moment magnitude from all short- and

long-duration records. It can be observed that tD is closely related to earthquake magnitude, which is

consistent with previous studies (e.g. Eliopoulos and Wen 1991). 

3. Influence of ground motion duration on residual displacement demands of SDOF

systems

3.1 Residual displacement ratios

In order to investigate residual displacement demands of SDOF systems on several structural and

Fig. 2 Comparison of elastic spectra corresponding to the set of motions under consideration: (a) acceleration,
(b) displacement

Fig. 3 Distribution of strong motion duration and earthquake magnitude for the sets s20-SD and s20-LD used
in this investigation
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ground motion features, it is convenient to normalize the residual displacement demands, ∆r, with

respect to maximum elastic displacement demand, Sd, of SDOF systems having the same basic

dynamic and structural properties (i.e. mass, damping ratio and fundamental period of vibration)

when subjected to the same acceleration time-history, which is mathematically expressed as follows

(Ruiz-García and Miranda 2006b)

(1)

Statistical information of the residual displacement ratio, Cr, allows the estimation of residual

displacement demands from maximum elastic displacement demands. It should be noted that a

similar approach has been used by several researchers to estimate maximum inelastic displacement

demands of SDOF systems from the inelastic displacement ratio, CR, which represents the ratio of

peak inelastic deformation to peak elastic deformation demand (Ruiz-García and Miranda 2003). In

Eq. (1), ∆r is computed in SDOF systems with constant yielding strength relative to the strength

required to maintain the system elastic (i.e., constant relative strength). Hereafter, the relative lateral

strength is measured by the lateral strength ratio R, which is defined as

(2)

where m is the mass of the system, Sa is the spectral acceleration and Fy is the lateral yield strength

capacity of the system. In this investigation, residual displacement ratios were computed for

elastoplastic SDOF systems having a viscous damping ratio of 5%, 50 periods of vibration (from

0.5 s to 3.0 s), and experiencing 6 levels of lateral strength ratio (R = 1.5, 2, 3, 4, 5 and 6).

Throughout this investigation, low levels of lateral strength ratio (e.g., R < 3.0) are referred to

strong systems relative to the ground motion intensity, while large levels of lateral strength ratio

(e.g. R > 3.0) are related to weak systems relative to the intensity of the ground shaking.

Previous studies developed by Ruiz-García and Miranda (2005, 2006b) using a set of 240

earthquake ground motions gathered in accelerographic stations placed on rock or stiff sites have

noted that ordinates of Cr strongly depends on the period of vibration, the level of relative lateral

strength, local soil site conditions (e.g. differences between rock and stiff soil sites) and the type of

hysteretic behavior (e.g. the level of unloading stiffness in stiffness-degrading systems). Based on

their statistical studies, the authors proposed the following simplified equation to estimate mean

residual displacement ratios of elastoplastic SDOF systems

(3)

(4)

where parameters θ1,
 

θ2, θ3, θ4, and θ5 are site-dependent parameters, which are reported in Ruiz-

García and Miranda (2006b).

Regarding the influence of seismological parameters on residual displacement ratios, Ruiz-García

and Miranda (2005) concluded that the ordinates of residual displacement ratios are not significantly

influenced by the magnitude and the distance-to-the-source of the 240 earthquakes ground motions.

It should be noted that the 20 short-duration earthquake ground motions represent a small sample of

the set of 240 earthquakes ground motions. Therefore, it is of particular interest to investigate the
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Ĉr
1

θ
1

-----
1

41 T
θ
2

⋅
----------------+ α⋅=

α θ3 1 θ– 4 R 1–( )
θ
5

⋅( )exp–[ ]⋅=



On the influence of strong-ground motion duration on residual displacement demands 333

effect of strong-motion duration in the ordinates of residual displacement ratios.

3.2 Results of statistical study

Central tendency and dispersion measures of residual displacement ratios were computed using

the ‘s20-SD’ and ‘s20-LD’ ground motion sets described in the previous section. A comparison of

median Cr computed from both sets and from all 40 earthquake ground motions is shown in Fig. 4

for three levels of lateral strength ratio. It can be seen that for a lateral strength ratio equal to 2,

ground motion duration has slight effect on Cr. However, it seems that long-duration records could

lead to larger Cr ordinates than those of short-duration records for weaker systems relative to the

intensity of the ground motion (i.e. for higher values of R) having periods of vibration longer than

about 1.0s. It should be noted that the limiting period that divides the spectral region where Cr is

larger than one (i.e., residual displacement demands are larger than elastic displacement demands)

might be influenced by strong ground motion duration when the system becomes weaker. However,

it should be recognized that Cr would also slightly be influenced by local site conditions, which

could be added to the effect of long strong-motion duration of the records. In order to provide

information about the record-to-record variability of Cr, Fig. 5 shows the coefficient of variation of

Fig. 4 Effect of strong motion duration on median residual displacement ratios for: (a) R=2, (b) R=4 and
(c) R=6
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Cr, which is defined as the ratio of the standard deviation to the mean, corresponding to both sets of

ground motions. From the figures, it can be observed that the scatter around Cr is important, with

levels of dispersion similar to those reported in Ruiz-García and Miranda (2006b). In addition, it

seems that short-duration records lead to larger levels of record-to-record variability than long-

duration records. 

In order to quantify the effect of tD, that is to evaluate the differences in Cr for records with

different strong motion durations, ratios of mean Cr of each ground motion duration group to mean

Cr computed from all 40 ground motions were computed and they are shown in Figs. 6(a) and 6(b).

From the figures, it can be seen that if one neglects the effects of short tD and uses mean Cr values,

as a measure of central tendency, from all 40 ground motions instead, one would overestimate

residual displacement demands for periods of vibration between about 1.0 and 2.0 s. Unlike short-

duration records, the use of mean Cr from all ground motions considered here would produce, in

general, underestimations of residual displacements demands for systems having T > 1.0 s subjected

to long-duration records. It should be noted that the magnitude of underestimation or overestimation

Fig. 5 Coefficient of variation of Cr: (a) short-duration set, (b) long-duration set

Fig. 6 Mean Cr computed from each ground motion duration set normalized with respect to mean Cr from all
40 ground motions: (a) short-duration set and (b) long-duration set
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depends on the level of lateral strength ratio.

3.3 Statistical significance of strong-motion duration on Cr

To evaluate the statistical significance of strong-motion duration on Cr taking into account the

large uncertainty (i.e. record-to-record variability), the hypothesis testing procedure proposed in

Iervolino et al. (2006) was employed in this study. This procedure consists on evaluating

statistically if the ratio of the medians of Cr computed from the short and long strong-motion

duration ground motion sets (defined as Z > 0) is equal to one, which represents the null hypothesis

(i.e. both central tendencies are the same and, thus, strong-motion duration is not significant).

According to Iervolino et al. (2006), the null hypothesis may be accepted at a 15% significance

level (i.e. strong motion duration is not statistically significant in 85% of the cases) if 

(5)

Where β is the is the standard error of Z, which is obtained from the standard deviation of the

natural logarithms of each set. Hypothesis testing was performed for each period of vibration and

each level of lateral strength considered in this investigation. For instance, a graphical representation

of (5) is shown in Fig. 7 for three levels of relative lateral strength. For a given level of relative

lateral strength, it can be seen that, in general, strong motion duration is not statistically significant

for wide spectral regions, but any clear trend can be identified. 

Z( )ln

β
------------- 1.5≤

Fig. 7 Results of hypothesis testing: (a) R = 2, (b) R = 4, (c) R = 6
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4. Influence of ground motion duration on residual displacement demands of MDOF

systems

It should be noted that there is limited information about the influence of strong motion duration

on seismic demands of MDOF systems representative of multi-story buildings. Some of the

previous investigations on the effect of strong motion duration considered equivalent SDOF systems

representing the dynamic properties of MDOF systems (e.g., Bernal 1992), but it is well accepted

that this approach is limited to capture the global seismic response of buildings behaving in the

fundamental vibration mode and, thus, higher mode effects as well as lateral stiffness and strength

variation along the height, typical of existing framed multi-story buildings, are neglected using this

approach. Thus, this section discusses the effect of strong-motion duration on residual drift demands

of multi-degree-of-freedom systems, which are representative of existing multi-story buildings.

4.1 MDOF systems considered in this study 

Primary objective of this study was to investigate the influence of strong motion duration in the

amplitude and height-wise distribution of existing multi-story buildings. For the purpose, one

regular one-bay generic frame building model having 3 stories and two similar frame models having

18 stories, which means a stiff and a flexible representation corresponding to the same number of

stories, were considered in this investigation. The latter distinction allows studying seismic response

of frame models with the same number of stories, but different fundamental periods of vibration.

Therefore, all generic frames were designed according to current seismic provisions for structures

located in a region of high seismicity in California (FEMA 2000). Special attention was given to

providing a realistic lateral height-wise stiffness distribution, similar to that found in existing multi-

story frame buildings, which controls the fundamental modal shape of each frame model. The

building’s fundamental period of vibration was obtained from empirical period formulas suggested

by Chopra and Goel (2002), which corresponds to mean-minus and mean-plus-one-standard-

deviation of periods measured in instrumented steel moment-resisting frame buildings. 

The flexural yielding moment capacity in the elements was determined from story shear forces

with the lateral static force distribution obtained from current seismic provisions in the United States

(FEMA 2000). Inelastic deformation was restricted to plastic hinges at both ends of beam and

column elements. It should be mentioned that main discussion of results is based on assuming an

elastoplastic moment-curvature relationship. Each generic building was modeled as a two-

dimensional centerline frame using the computer software RUAUMOKO (Carr 2008). A detailed

description of the design process and modeling assumptions of the family of generic framed models

is available in (Ruiz-García and Miranda 2005).

4.2 Inelastic intensity measure 

Of particular interest to this investigation was the estimation of residual drift demands in the

various building models under a set of ground motions at different levels of intensity. This was

accomplished by using the so-called Incremental Dynamic Analysis (Vamvatsikos and Cornell

2002). An important component in this procedure is the selection of an appropriate parameter to

characterize the intensity of the ground motion, which is also known as intensity measure (IM).

Previous studies have noted that an inelastic intensity measure which consists on scaling ground
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motions to reach the same maximum inelastic displacement of an equivalent SDOF system having

the same initial lateral stiffness (i.e. fundamental period of vibration) and yield displacement of the

building of interest, ∆y, leads to smaller record-to-record variability than other proposed IM's for

probabilistic estimation of residual drift demands (Ruiz-García and Miranda 2010). Therefore, in

this study it was decided to use a relative inelastic IM defined as η = ∆i(T1)/∆y. The yield

displacement of the equivalent SDOF system can be related to the roof yield displacement of the

structure, δy,roof, through normalizing it by the product of the modal participation factor and the

mode amplitude at the roof corresponding to the building’s first-mode of vibration, Γ1φ1 (i.e.,

∆y = δy,roof /Γ1φ1). Thus, the relative inelastic IM used in this investigation is expressed as follows

(6)

In this study, δy,roof for each generic building model was determined using nonlinear static

(pushover) analyses using a parabolic lateral load pattern and were also performed using

RUAUMOKO (Carr 2008). In addition, Table 3 contains information of T1, δy,roof and Γ1φ1 for all

three generic frame models. Therefore, all acceleration time histories were scaled to produce the

same maximum inelastic displacement demand of an equivalent elastoplastic SDOF system with the

same fundamental period of vibration of the structure of interest and corresponding to five target

relative inelastic IM's (η = 0.5, 1, 2, 3, 4, 6),which represents increasing levels of ground motion

intensity. Each building model is expected to behave in the elastic range for relative intensities

η
∆i T1( )

∆y

---------------
∆i T1( )

δy roof,

Γ1φ1⁄
---------------------------= =

Table 3 Fundamental period of vibration, T1, roof yield displacement, δy,roof and normalized modal participation
factor, Γ1φ1 obtained for each generic frame considered in this study 

N T1[sec] δy,roof [cm] Γ1φ1

3-R 0.50 5.1 1.23

18-R 2.00 30.5 1.37

18-F 3.33 50.8 1.37

Fig. 8 Maximum inelastic displacement seismic hazard curve corresponding to Cy = 0.1 and five different
fundamental periods of vibration (Taken from: Ruiz-Garcia and Miranda 2005)
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smaller than about 0.9 and expected to experience nonlinear behavior for relative intensities larger

than about 1.1. It should be mentioned that ∆i(T1) in Eq. (6) and, in consequence, each η

corresponds to different seismic hazard levels for a specific generic frame model (i.e. having

specific T1 and δy,roof, or yielding strength coefficient, Cy). To relate each ∆i(T1) to a seismic hazard

level, a maximum inelastic displacement demand hazard curve, λ(∆i), is needed for a site-T1-Cy-

specific generic frame model. The author developed a simplified procedure to compute λ(∆i) for

elastoplastic SDOF systems (Ruiz-García and Miranda 2007), which allows estimating approximately

the seismic hazard level at which the records were scaled for a specific building. For instance, Fig. 8

shows λ(∆i) corresponding to Cy = 0.1 and five different fundamental periods of vibration computed

from the procedure described in (Ruiz-García and Miranda 2007). Then, since the generic stiff

frame having 18 stories has similar properties (i.e. T1 = 2.0 s and ), it is possible to obtain

an estimate of the seismic hazard level for a given relative intensity η. For example, for η = 2 and

using the values of δy,roof and Γ1φ1 given in Table 1, cm which corresponds to

, or approximately 1.1% probability of exceedance in 50 years (i.e. 909 year return

period). In general, it should be noted that for the range of relative intensities considered in this

study most buildings did not experience extremely large inelastic deformations, so no dynamic

instabilities were observed. 

4.3 Results of statistical study 

The influence of strong motion duration on residual drift demands of MDOF systems is evaluated

using the 3-story (T1 = 0.5 s) and the 18-story stiff (T1 = 2.0 s) generic frame models. Fig. 9 shows

the profiles of median residual inter-story drift ratio, RIDR, along the height for increasing levels of

intensity corresponding to the 18-story frame model. For comparison purposes, similar profile

obtained from the response of the same frame model under a set of 40 ordinary earthquake ground

motions is presented in the same figure (Ruiz-García and Miranda 2006a). Regardless of ground

Cy 0.1≈

∆i T1( ) 44.4≈

λ T1( ) 0.0011≈

Fig. 9 Height-wise distribution of median RIDR for 18-R frame model obtained from three suites of ground
motions: (a) s40-LMSR-N, (b) s20-SD and (c) s20-LD
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motion set, it can be seen that while main concentration of median RIDR occurs in the lower

portion, a secondary drift concentration appears in the upper portion of the frame model as the

ground motion intensity increases. This effect can be attributed to the presence of higher mode

effects as the building model experiences large levels of nonlinear behavior. In particular, it can be

observed that long-duration ground motions lead to larger median residual drift demands in the

upper stories than short-duration records. 

Dispersion in the estimation of RIDR along the height is shown in Fig. 10. It can be seen that the

dispersion does not follow a clear trend with changes in the ground motion intensity, but the

amplitude is very high. This observation confirms that the estimation of residual drift demands in

existing structures requires incorporating the uncertainty (i.e. record-to-record variability) through a

probabilistic approach in order to obtain residual (permanent) drift demand hazard curves for

performance-based assessment procedures (Ruiz-García and Miranda 2010).

To further study the influence of ground motion duration on residual drift demands, the variation

of median RIDRmax with changes in the relative ground motion intensity for the 3-story frame model

(T1 = 0.5 s) is shown in Fig. 11. For comparison purposes, the same variation obtained for maximum

inter-story drift ratio, IDRmax, is also presented. It can be seen that, in general, strong-motion

duration does not have a significant influence on the variation of median IDRmax and RIDRmax for

the short-period building model, which is particularly true for low levels of ground motion intensity

(i.e. η < 3.0). Moreover, it seems that long-duration records lead to slightly smaller deformation

demands than short-duration records for relative intensities greater than two. However, as can be

seen in Fig. 12, strong motion duration has more effect on the variability of IDRmax and RIDRmax as

the ground motion increases.

In addition of investigating the effect of strong-ground motion duration in a short-period frame

model, the variation of median lateral displacement demands for the 18-story stiff frame (T1 = 2.0 s)

is shown in Fig. 13. Again, it seems that the variation of median IDRmax and RIDRmax is not

significantly affected by the ground motion duration. However, as illustrated in Fig. 14, dispersion

Fig. 10 Height-wise dispersion distribution of RIDR for 18-R frame model obtained from three suites of
ground motions: (a) s40-LMSR-N, (b) s20-SD and (c) s20-LD
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Fig. 11 Effect of ground motion duration on 3-R frame model: (a) median IDRmax and (b) median RIDRmax

Fig. 12 Effect of the ground motion duration on dispersion of 3-R frame model: (a) dispersion of IDRmax and
(b) dispersion of RIDRmax

Fig. 13 Effect of ground motion duration on 18-R: (a) median IDRmax and (b) median IDRmax
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Fig. 14 Effect of the ground motion duration on dispersion of 18-R frame model: (a) dispersion of IDRmax and
(b) dispersion of RIDRmax

Fig. 15 Effect of ground motion duration on 18-F frame model: (a) median IDRmax and (b) median RIDRmax

Fig. 16 Effect of the ground motion duration on dispersion of 18-F frame model: (a) dispersion of IDRmax and
(b) dispersion of RIDRmax
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derived from the use of long-duration records is considerably higher than that of using short-

duration records. 

In order to investigate if building models with the same number of stories, but different period of

vibration, are susceptible to strong-ground motion duration, the 18-story flexible frame model (T1 =

3.31 s) was subjected to the same suites of ground motions and the results are shown in Fig. 15.

Comparing Figs. 13 and 15, it can be seen that strong-ground motion duration has more effect on

the variation of median IDRmax for the flexible frame model than that on its stiff counterpart.

However, smaller influence of ground motion duration is appreciated in the variation of median

RIDRmax. On the other hand, as was observed for the stiff long-period building model, long-duration

records yields larger levels of dispersion of RIDRmax than short-duration records for the range of

ground motion intensities covered in this investigation (see Fig. 16). 

Therefore, from the observations made in the this section, there is evidence to believe that strong-

ground motion duration, as defined by Trifunac and Brady (1975), does not have a significant

impact in the variation of median RIDRmax of MDOF systems as the ground motion intensity

increases. However, long-duration records seem to increase residual drift demands in the upper

stories for flexible (i.e. long-period) structures as well as to increase levels of dispersion. This

observation is very important since the frames could develop a secondary soft-story mechanism in

the upper stories, which was observed in several damaged buildings located in the lake-bed zone of

Mexico City when subjected to the long-duration earthquake ground motion originated from 1985

Michoacan earthquake (Villaverde 1991). 

5. Conclusions

This paper summarized main results of an analytical study aimed at providing further

understanding on the influence of strong-ground motion duration, measured according to the

definition proposed by Trifunac and Brady (1975), on the nonlinear response of SDOF systems as

well as on the amplitude and height-wise distribution of residual drift demands in frame models

representative of existing moment-resisting frame buildings. The following conclusions are drawn

from this investigation: 

1. It was found that long-duration ground motions might lead to larger median Cr ordinates than

short-duration records for systems with lateral strength ratios greater than 4 in the short- and

medium-period region, which means that strong motion duration might influence the amplitude of

residual deformation demands. However, taking into account the large record-to-record variability, it

seems that strong motion duration may not be statistically significant for many of the periods of

vibration and levels of lateral strength considered in this study. 

2. Unlike previous results obtained from SDOF systems, strong-ground motion duration does not

have a significant effect on median RIDRmax for the frame models considered in this investigation. 

3. Long-duration ground motions could increase the amplitude of residual drift demands in the

upper stories of flexible frames as the ground motion intensity increases, which means that a

secondary story mechanism could be developed in the upper stories. In addition, it seems that long-

duration records lead to larger levels of record-to-record variability than short-duration records. 

4. It was confirmed that the evaluation of residual drift demands involves large levels of record-

to-record variability, which suggests that this variability will lead to large uncertainty in the

estimation of residual drift demands during the seismic assessment of existing buildings. Therefore,
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during the performance-based assessment of existing structures that include both the estimation of

peak and residual (permanent) drift demands, this record-to-record variability should be taken into

account through a probabilistic approach in order to obtain residual drift demand hazard curves such

as that suggested in Ruiz-García and Miranda (2010).

While this study provided insight on the influence of strong-ground motion duration on residual

(permanent) drift demands, it should be recognized that further studies that take into account

additional MDOF effects (member structural degradation, different failure mechanism, etc.) are still

needed. 

Acknowledgements 

The author would like to express his gratitude to the Consejo Nacional de Ciencia y Tecnología

(CONACYT) and Universidad Michoacana de San Nicolás de Hidalgo in Mexico for the support

provided to develop the research reported in this paper. Special thanks are given to Prof. Eduardo

Miranda (Stanford University) for providing feedback during the development of this study as well

as two anonymous reviewers that helped to improve the final version of the paper.

References

Bernal, D. (1992), “Instability of buildings subjected to earthquakes”, J. Struct. Eng. -  ASCE, 118 (8), 2239-2260. 
Bommer, J. and Martinez-Pereira, A. (1999), “The effective duration of earthquake strong motion”, J. Earthq.

Eng., 3(2), 127-172. 
Carr, A.J. (2008), RUAUMOKO - Inelastic dynamic analysis program, Dept. of Civil Engineering, University of

Canterbury, Christchurch, New Zealand.
Chai, Y.H., Fajfar, P. and Romstad, K. M. (1998), “Formulation of duration-dependent inelastic seismic design

spectrum”, J. Struct. Eng. -  ASCE, 124(8), 913-921.
Chai, Y.H. (2004), “Incorporating low-cycle fatigue model into duration-dependent inelastic seismic design

spectra”, Earthq. Eng. Struct. Dyn., 34, 83-96.
Chopra, A.K. and Goel, R.K. (2000), “Building period formulas for estimating seismic displacements”, Earthq.

Spectra, 16(2), 533-536.
Cosenza, E., Iervoloino, I., Manfredi, G. (2004), “On ground motion duration and engineering demand

parameters”, Report PEER 2004/05, 309-320.
Cosenza, E. and Manfredi, G. (2000), “Damage index and damage measures”, Prog. Struct. Eng. Mater., 2(1),

50-59. 
Eliopoulos, D.F. and Wen, Y.K. (1991), “Methods of seismic reliability evaluation for moment-resisting steel

frames”, Civil Engineering Studies, Structural Research Series Report No. 562, University of Illinois. 
Fajfar, P. and Fischinger, M. (1990), “Earthquake design spectra considering duration of ground motion,”

Proceedings of the Fourth U.S. National Conference on Earthquake Engineering, 15-24. 
Federal Emergency Management Agency (2000), “Prestandard and commentary for the seismic rehabilitation of

buildings”, Report FEMA 356, Washington, D.C. 
Hancock, J. and Bommer, J.J. (2006), “A state-of-knowledge review of the influence of strong-motion duration

on structural damage”, Earthq. Spectra, 22, 827–845.
Ibarra, L. and Krawinkler, H. (2003), “Global collapse of frame structures under seismic excitations”, Report TR-

152, John A. Blume Earth. Engrg. Ctr. Stanford University, CA. 
Iervolino, I., Manfredi, G.Y. and Cosenza, E. (2006), “Ground motion duration effects on non-linear seismic

response”, Earthq. Eng. Struct. Dyn., 35(1), 21-38.
Mahin, S.A. (1980), “Effects of duration and aftershocks on inelastic design earthquakes,” Proceedings of the



344 Jorge Ruiz-García

Seventh World Conference on Earthquake Engineering, New Delhi, India, 677-680. 
Luco, N., Bazzurro, P. and Cornell, C.A. (2004), “Dynamic versus static computation of the residual capacity of

a mainshock-damaged building to withstand an aftershock”, Proceedings of the 13th World Conference on
Earthquake Engineering, Paper 2405, Vancouver, Canada. 

Pampanin, S., Christopoulos, C. and Priestley, M.J.N. (2003), “Performance-based seismic response of framed
structures including residual deformations. Part II: Multiple-degree-of-freedom systems”, J. Earthq. Eng., 7(1),
119-147.

Ruiz-García, J. and Miranda, E. (2010), “Probabilistic estimation of residual drift demands for seismic
assessment of multi-story framed buildings”, Eng. Struct., 32, 11-20. 

Ruiz-García, J. and Miranda, E. (2008), “Residual displacement ratios of SDOF systems subjected to near-fault
ground motions”, Procedings of 8th. US National Conference on Earthquake Engineering, 36, 1235-1254.

Ruiz-García, J. and Miranda, E. (2007), “Probabilistic estimation of maximum inelastic displacement demands
for performance-based design”, Earthq. Eng. Struct. Dyn., 36, 1235-1254.

Ruiz-García, J. and Miranda, E. (2006a), “Evaluation of residual drift demands in regular multi-story frame
buildings for performance-based assessment”, Earthq. Eng. Struct. Dyn., 35(13), 1609-1629.

Ruiz-García, J. and Miranda, E. (2006b), “Residual displacement ratios for assessment of existing structures”,
Earthq. Eng. Struct. Dyn., 35(3), 315-336. 

Ruiz-García, J. and Miranda, E. (2005), “Performance-based assessment of existing structures accounting for
residual displacements”, Report No. 153, The John A. Blume Earthquake Engrg Ctr, Stanford Univ., Stanford,
Calif.

Ruiz-García, J. and Miranda, E. (2003), “Inelastic displacement ratios for evaluation of existing structures”,
Earthq. Eng. Struct. Dyn., 32(9), 1237-1258. 

Trifunac, M.D. and Brady, A.J. (1975), “A study on the duration of strong earthquake ground motion”, B.
Seismol. Soc. Am.,  65(3), 581-626.

Vamvatsikos, D. and Cornell, C.A. (2002), “Incremental dynamic analysis”, Earthq. Eng. Struct. Dyn., 26(3),
701-716.

Villaverde, R. (1991), “Explanation of the numerous upper floor collapses during the 1985 Mexico-City
earthquake”, Earthq. Eng. Struct. Dyn., 20(3), 223-241.

CC



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




