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Abstract. Nonlinear response history analyses (NRHA) of a 3-story isolated reinforced concrete (RC) building are carried out
under both uni- and bi-directional earthquake excitations of near-field records. NRHA are conducted for a wide range of yield
strength (Q/W ) of lead rubber bearings (LRB), and isolation period (T ). Selected near-field records are used to investigate both
the contribution of orthogonal components on maximum isolator displacements and accuracy of equivalent lateral force (ELF)
procedure on estimation of maximum isolator displacements. Analyses results show that both the contribution of orthogonal
components and accuracy of ELF procedure depend on the soil condition where isolation system is implemented.
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1. Introduction

Important prediction for seismically isolated structures by using simplified methods, namely Equivalent Lateral
Force (ELF) procedure, is the maximum isolator displacement of isolation systems. In this sense, ELF procedure
is widely used by practicing engineers for preliminary and final design of seismically isolated structures [1].
This method is based on representative linear approximations of bi-linear isolator behavior. ELF procedure is a
one-directional analysis based on response spectrum methods and when the effects of both orthogonal horizontal
components are of concern, the prescribed method to incorporate the contribution of orthogonal component is
the 100%+30% rule. This rule assures the simultaneous application of 100% of the ground motion in critical
direction and 30% of the ground motion on the orthogonal direction. This combination rule considers neither soil
characteristics nor correlation between ground motion components.

The simplicity of ELF procedure makes it open to investigation of its accuracy by numerous researchers [2–6].
Among these studies, Warn and Whittaker [5], and Ozdemir and Constantinou [6] focused on the response of isolated
structures under bi-directional ground motion excitations. The main conclusion in Ref. [5] is that the coupled
behavior of isolation systems increases isolator displacements by comparison to isolators modeled as uncoupled
elements. Warn and Whittaker [5] also concluded that predictions of ELF procedure underestimate the maximum
isolator displacements compared to results of bi-directionalNRHA. On the other hand, Ozdemir andConstantinou [6]
showed that ELF procedure gives reasonable estimates for maximum isolator displacements even for near-field
conditions with a proper scaling of the records. Ozdemir and Constantinou [6] concluded that ELF procedure
overestimates the maximum isolator displacements at soft soil sites.
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Table 1
Characteristics of near-field ground motions in Bin1

Earthquake Station Magnitude (Mw) d (km) Component PGA (g) PGV (cm/sec) PGD (cm)

Chi Chi (CC057) TCU057 7.6 11.8 N 0.09 42.6 56.2
W 0.12 35.2 56.7

Cape Mendocino (CMP) Petrolia 7.0 8.2 0 0.59 48.4 21.7
90 0.66 89.7 29.6

Duzce (DB) Bolu 7.1 12 0 0.73 56.4 23.1
90 0.82 62.1 13.6

Gazli (GK) Karakyr 6.8 5.5 0 0.61 65.4 25.3
90 0.72 71.6 23.7

Kocaeli (KG) Gebze 7.5 10.9 0 0.24 50.3 42.7
270 0.14 29.7 27.5

Kocaeli (KI) Izmit 7.5 7.2 180 0.15 22.6 9.8
90 0.22 29.8 17.1

Landers (LL) Lucerne 7.3 2.2 275 0.72 97.6 70.3
0 0.79 31.9 16.4

Northridge (NN) Newhall 6.7 5.9 90 0.58 75.5 17.6
360 0.59 97.2 38.1

Northridge (NR) Rinaldi 6.7 6.5 228 0.84 166.1 28.8
318 0.47 73.0 19.8

Northridge (NS) Sylmar 6.7 5.4 52 0.61 117.4 53.5
142 0.90 102.8 47.0

Tabas (TT) Tabas 7.4 2.1 LN 0.84 97.8 36.9
TR 0.85 121.4 94.6

Success of ELF procedure to estimate response quantities under bidirectional excitations depends mainly on the
contribution of orthogonal ground motion component. Thus, it has recently been studied by Tena-Colunga and
Perez-Osornia [7] in detail by considering 154 pairs of records from 13 Mexican earthquakeswith magnitudes greater
than 6.4. In their research, Tena-Colunga and Perez-Osornia [7] studied an isolated 3-story reinforced concrete
building with various isolation periods. However, authors considered ground motions recorded only in firm soil
sites or rock and exclude motions recorded at soft soil sites. Moreover, the scaling procedure that Tena-Colunga and
Perez-Osornia [7] followed is not appropriate for investigation of bi-directional response because, authors considered
only the “so-called dominant ground component” to match the target spectrum at an arbitrarily selected period and
used the calculated scale factor also for the other ground component. Nevertheless, scaling should be performed for
a combination of both orthogonal horizontal components and should cover a range of periods rather than only one
single period [8,9]. Furthermore, the scale factors employed in their studies were extremely high (up to 100) which
may result in biased conclusions with due consideration of unrealistic ground motion records [10,11].

It is clear that there is a need to clarify the effect of soil condition on the contribution of orthogonal ground motion
component. In the present study, contribution of orthogonal components in maximum isolator displacements are
studied for records with near-field characteristics (i.e. directivity effect, pulse-like behavior) which are scaled to
represent a target response spectrum to be consistent with the current requirements of ASCE [12]. Hence, a series of
NRHA are performed both uni- and bi-directionally and conducted for two ground motion bins representing different
soil conditions. The objective of this research is to identify the variation in contribution of orthogonal ground motion
components due to change in soil conditions and to observe whether 100%+30% rule of ELF procedure in estimation
of maximum isolator displacements is valid for the considered soil conditions or not.

2. Selection and scaling of records

The same sets of near-field ground motion records used in Ozdemir and Constantinou [6] were used in the present
study. These records have been compiled from well known and extensively studied seismic events occurred in United
States, Turkey, Iran, Taiwan, and former USSR. Records are classified in two groups according to their shear-wave
velocities at the uppermost 30 m (VS,30) soil profile as per NEHRP. These ground motion sets are named as Bin1
(360 m/sec < VS,30 < 760 m/sec) and Bin2 (180 m/sec < VS,30 < 360 m/sec) and presented in Tables 1 and 2,
respectively.
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Table 2
Characteristics of near-field ground motions in Bin2

Earthquake Station Magnitude (Mw) d (km) Component PGA (g) PGV (cm/sec) PGD (cm)

Chi Chi (CC101) TCU101 7.6 2.1 N 0.25 49.4 35.1
W 0.20 67.9 75.4

Erzincan (EE) Erzincan 6.7 4.4 NS 0.52 83.9 27.4
EW 0.50 64.3 22.8

Imperial Valley (IVA4) Array 4 6.5 7.1 140 0.49 37.4 20.2
230 0.36 76.6 59.0

Imperial Valley (IVA5) Array 5 6.5 4.0 140 0.52 46.9 35.4
230 0.38 90.5 63.0

Imperial Valley (IVA6) Array 6 6.5 1.4 140 0.41 64.9 27.7
230 0.44 109.8 65.9

Imperial Valley (IVA10) Array 10 6.5 6.2 50 0.17 47.5 31.1
320 0.22 41.0 19.4

Kocaeli (KD) Duzce 7.5 15.4 180 0.31 58.8 44.1
270 0.36 46.4 17.6

Kocaeli (KY) Yarimca 7.5 4.8 60 0.27 65.7 57.0
330 0.35 62.1 51.0

Loma Prieta (LPCor) Corralitos 6.9 3.9 0 0.64 55.2 10.9
90 0.48 45.2 11.4

Loma Prieta (LPSar) Saratoga 6.9 8.5 0 0.51 41.2 16.2
90 0.32 42.6 27.5

Parkfield (PC) Cholame 2 6.0 14.3 90 0.60 63.3 14.1
360 0.37 44.1 8.9

3. Combining horizontal components of ground motion records

The most appropriate way to capture near-field effects (i.e. directivity effect) is to use distinct site spectra for
both orthogonal horizontal components of ground motions [13]. Moreover, different scaling factors should be
applied to orthogonal components of ground motions to match the related spectrum. However, at the design stage,
it is most likely to have only one spectrum available. In such cases, available spectrum may be considered as the
geometric-mean spectrum of two orthogonal directions [14]. Using geometric-mean of the response spectra for
each horizontal component to combine into a single measure of shaking is one of the widely used method [8].
Nevertheless, there is a disadvantage of using geometric-mean of as-recorded motions: it depends on orientation
of the sensors. Dependence of geometric-mean on sensor orientation is especially pronounced for periods greater
than 1 sec. [8] which is in the range of interest when isolated structures are of concern. However, Boore et al. [8]
developed two measures of geometric-mean that are independent of sensor orientation and concluded that differences
between as-recorded geometric-mean and proposed two geometric-mean measures are less than 3%. Having such a
negligible difference, efforts are not directed to obtain these geometric-mean measures proposed by Boore et al. [8]
and as-recorded motions are used. Furthermore, using as-recorded motions is not an unrealistic approach in terms
of pulse-like behavior of near-field records. Krawinkler et al. [15] stated that even if horizontal components of the
motions are rotated by 45◦, one of the components is still as severe as the fault-normal component.

4. Selection of target spectrum

Majority of the modern seismic codes (i.e. ASCE [12]; IBC [16]) prescribe the use of RHA for isolated structures
with a set of ground motions compatible with a target spectrum for such cases where the structure is at a distance less
than 10 km to the fault rupture. However, they do not explicitly account for near-field characteristics (i.e. forward
rupture directivity). On the other hand, for distances less than 10 km to fault, forward rupture directivity may be
of concern. Bommer and Ruggeri [17] stated that near-field directivity effects are especially pronounced at long
periods (> 3 sec.). This statement is of crucial importance, because periods of the isolated structures are generally
greater or equal to 2.0 sec. Hence, selected target spectrum should be capable of capturing the near-field effects.

This issue is discussed by Zekioglu et al. [18] in design of a specific large size isolated structure in Istanbul,
Turkey. Authors compared a response spectrum, developed by probabilistic seismic hazard assessment (PSHA) of
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Table 3
Scale factors for both ground motion bins

Bin1 Bin2
Ground motion Phase 1 Phase 2 Scale factor Ground motion Phase 1 Phase 2 Scale factor

CC057 2.38 0.97 2.31 CC101 2.89 0.84 2.43
CMP 1.14 1.10 EE 1.48 1.24
DB 0.95 0.93 IVA4 2.09 1.75
GK 1.35 1.31 IVA5 1.76 1.48
KG 2.67 2.60 IVA6 1.48 1.24
KI 2.77 2.69 IVA10 3.20 2.70
LL 1.76 1.71 KD 2.07 1.74
NN 0.95 0.93 KY 1.66 1.39
NR 0.70 0.68 LPCor 2.62 2.20
NS 0.61 0.60 LPSar 2.87 2.41
TT 0.93 0.90 PC 2.05 1.73

0

0.4

0.8

1.2

1.6

0 1 2 3 4 5
Period (sec)

A
 (g

)

site specific (original)
site specific (directivity)
TEC (2007)
IBC-2006/ASCE 7-05

0

30

60

90

120

150

0 1 2 3 4 5
Period (sec)

D
 (c

m
)

TEC (2007)

IBC-2006/ASCE 7-05

Fig. 1. a) Comparison of site-specific response spectrum with those of IBC-2006, ASCE-7-2005 and TEC-2007 (adopted from Zekioglu et al.,
2009) b) Comparison of spectral displacements of TEC-2007 and IBC-2006/ASCE-7-2005.

the construction site (with and without directivity effect) conducted by Erdik et al. [19] for maximum considered
earthquake (MCE) level, with those prescribed by the seismic codes (Fig. 1.a). The amplification in ground
acceleration at a period of 2.5 sec. is 20% when directivity effect is included [19]. Figure 1.a shows that 5%-damped
elastic spectrum prescribed by ASCE [12] and IBC [16] under-estimates the developed response spectrum at periods
higher than 2.0 sec. whereas the one suggested by Turkish Earthquake Code (TEC) [20] is slightly higher than the
developed one. Figure 1.b clearly shows the difference between spectral displacements of TEC [20] and the others
which indicates that the use of spectrum prescribed by TEC [20] is more conservative for longer period ranges.
Figure 1.a shows that response spectrum prescribed by TEC [20] can be used in RHA of seismic isolated structures
even under near-field conditions. Use of response spectrum to capture the directivity effects observed in near-field
records is also encouraged by Malhotra [21] and Chopra and Chintanapakdee [22]. Thus, 5%-damped response
spectra prescribed by TEC [20], for the clustered two ground motion bins, are selected.

5. Followed scaling procedure

In this study, the followed scaling procedure is composed of two complementary phases as described in Ozdemir
and Constantinou [6]. In the first phase, selected ground motion records become compatible with the target spectrum
whereas the second part assures the requirement of the codes for RHA. The final scaling factor applied to each
ground motion is obtained by multiplication of two factors obtained in two scaling phases. These final scaling
factors are given in Table 3 for both ground motion bins. Computed scaling factors are applied to both horizontal
components of motions to preserve the difference in between. Figure 2 presents the 0.9 × 1.3 × 5%-damped target
spectra and average SRSS of eleven ground motion records scaled as described above for both ground motion bins.
The employed scaling factors are all smaller than the normally accepted upper limit of four for a scaling factor [10,
14] in order not to introduce any bias on results.
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Table 4
Parameters for isolation systems considered in this study

Post-yield period, T (sec) 3.0, 3.5, 4.0 (for Bin1) 3.5, 4.0, 4.5 (for Bin2)

Strength to Weight Ratio, Q/W 0.04, 0.06, 0.08, 0.10 (for Bin1) 0.08, 0.10, 0.12, 0.14 (for Bin2)

Bin1

0.0

0.5

1.0

1.5

2.0

2.5

0.0 1.0 2.0 3.0 4.0 5.0

Period (sec)

S A
 (g

)

0.9x1.3xMCE

Scaled average SRSS

Bin2

0.0

0.5

1.0

1.5

2.0

2.5

0.0 1.0 2.0 3.0 4.0 5.0

Period (sec)
S A

 (g
)

Fig. 2. Final scaling of ground motion records.
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Fig. 3. Bi-linear force-deformation relation of an isolator.

6. Modeling of isolators

Isolation systems considered in this study are composed of LRB and represented by a generic bi-linear hysteretic
behavior without considering cycle-to-cycle deterioration. Idealized force-deformation relation is given in Fig. 3
where Q is the characteristic strength, kd is the post-yield stiffness, and ke is the initial elastic stiffness. Fy and Dy

are the yield force and yield displacement, respectively. Table 4 presents the considered values of parameters used
in NRHA as described in detail in [6].

Simulations of LRB behavior are performed by means of structural analysis program SAP2000 [23] where
nonlinear link elements are utilized to model bi-linear force-deformation relations of isolators. Employed link
elements developed by Park et al. [24], have coupled plasticity properties for both of the deformations in orthogonal
horizontal directions.

7. Modeling of superstructure

Analyzed RC structure is identical to the structure studied by Ozdemir and Constantinou [6]. The plan dimensions
are 16 m × 10.5 m and height of each floor is same and equals to 2.9 m. Figure 4 shows the idealized 3-D model of
3-story isolated RC building. In the analyses, superstructure is modeled as elastic. This is a reasonable assumption
because “the isolation attempts to reduce the earthquake response in such a way that the structure remains within the
elastic range” [25].
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Fig. 4. 3-D model of 3-story isolated RC building: (a) plan, (b) elevation, (c) 3D layout, and (d) isolation system.

8. Equivalent lateral force procedure

Simplified method of analysis namely, ELF procedure, prescribed by code specifications for design of seismically
isolated structures is an iterative method and considers only one-directional analysis based on a target response
spectrum. Iteration starts with an assumption for isolator displacement dfor the selected isolation period and Q/W
ratio. These values together with the assumed d are then used to calculate the properties of equivalent elastic system
(keff , Teff , βeff ) as described in Eq. (1). Effective damping ratio βeff is needed to determine damping reduction
factor B which is used to modify 5%-damped response spectrum for damping ratios higher than 5%. The maximum
isolator displacement duni is calculated by using the representative linear properties as in Eq. (2) where, Sa is the
spectral acceleration for the correspondingTeff . Once the assumed d and calculated duni are close enough, iteration
ends. Otherwise, iteration continues with a new assumption for d. The total maximum isolator displacement dbi is
calculated by Eq. (3) in accordance with 100%+30% rule as per ASCE [12].

keff = kd + Q
d , Teff = 2π

√
W

keff g , βeff = 2Q(d−Dy)
πkeff d2 (1)

duni =
gSaT

2
eff

4π2B
(2)

dbi = duni ×
(√

12 + 0.32
)
≈ 1.045duni (3)

9. Nonlinear response history analyses results

A set of NRHA are conducted under uni- and bi-directional earthquake excitations. For uni-directional analyses,
both of the orthogonal horizontal components of motions were applied individually whereas they were applied
simultaneously for bi-directional analyses. Maximum isolator displacements obtained from both uni- and bi-
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Fig. 5. Comparison of Dbi and Duni obtained from NRHA with dbi and duni calculated as per ASCE (2005) regarding ground motions in
Bin1.

300

450

600

750

900

300 450 600 750 900
Duni (mm)

D
bi

 (m
m

)

Q/W = 0.08
Q/W = 0.10
Q/W = 0.12
Q/W = 0.14

300

450

600

750

900

300 450 600 750 900
duni (mm)

D
bi

 (m
m

)

1

1.05

1.1

1.15

1.2

0.06 0.08 0.1 0.12 0.14 0.16
Q/W

D
bi

 / 
D

un
i

T = 3.5 sec
T = 4.0 sec
T = 4.5 sec

(a) (b) 

(c) 

Fig. 6. Comparison of Dbi and Duni obtained from NRHA with dbi and duni calculated as per ASCE (2005) regarding ground motions in
Bin2.

directional excitations are compared with each other and with calculations of ELF procedure (duni and dbi). All of
the plots in this section show only the average of the results for all records.

In Figs 5 and 6, Dbi stands for the maximum isolator displacements obtained from bi-directional analyses and
determined from the SRSS of displacement response calculated at each time step during the RHA. On the other
hand, Duni represents the maximum isolator displacements obtained from uni-directional analyses and equals to
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maximum isolator displacements observed at any of the horizontal direction under individually applied uni-directional
excitations. To identify the contribution of orthogonal component on the isolator displacements, Dbi is further
normalized by Duni for each individual ground motion and then presented in an average sense.

In Figs 5.a and 6.a, (Dbi)avg is plotted against (Duni)avg as a function of Q/W ratio to investigate the variation
of orthogonal components on maximum isolator displacements. Figures 5.a and 6.a indicate that the difference
between (Dbi)avg and (Duni)avg decreases as Q/W increases for both ground motion bins. (Dbi)avg/(Duni)avg

ratios of both ground motion bins are almost identical and are roughly in between 7%–14%. Here, ()avg is used
to describe the average of the term enclosed in parenthesis. Although (Dbi)avg/(Duni)avg ratios of both ground
motion bins are very close to each other and vary in a similar range, it is interesting to observe such a variation in
the success of ELF procedure based on the soil condition [6]. According to [6], ELF procedure overestimates the
maximum isolator displacements for Bin2 while its predictions are very close to ones obtained from NRHA for Bin1.
Estimations of ELF procedure for various Q/W and T are very close to maximum isolator displacements obtained
from NRHA for Bin1 (mean of Dbi/dbi is 1.00 with a standard deviation of 0.038). When the same comparison
is done for Bin2 ELF procedure overestimates the results obtained from NRHA (mean of Dbi/dbi is 0.92 with a
standard deviation of 0.016) [6]. It is clear that the accuracy of ELF procedure is not invariant to clustered ground
motion bins. To understand whether this difference is due to 100%+30% or not, (Dbi)avg are plotted against duni

in Figs 5.b and 6.b for Bin1 and Bin2, respectively. These figures indicate that duni underestimates the maximum
isolator displacements for Bin1 whereas it gives accurate enough estimations for Bin2.

It is interesting to observe such a difference between Dbi − dbi and Dbi − duni relations of considered two ground
motion bins even though the (Dbi)avg /(Duni)avg ratios of each bin are close to each other with minor differences.
To shed light on this phenomenon, (Dbi/Duni)avg of Bin1 and Bin2 are plotted against Q/W in Figs 5.c and 6.c,
respectively. For Bin1, (Dbi/Duni)avg are in between 10%–15%, whereas they are in between 5%–10% for Bin2.
This inference indicates that the contribution of orthogonal components of motions in Bin1 is higher than that of Bin2.
As a result, 100% + 30% rule for ELF procedure seems appropriate to estimate maximum isolator displacements
for Bin1 while any increase in one-directional estimation of ELF procedure is not needed for Bin2 (see Fig. 6.b).

10. Conclusions

In this study, NRHA of an isolated 3-story RC building are carried out under uni- and bi-directional earthquake
excitations of near-field records. Two sets of near-field ground motion records are used, and each set have eleven
records clustered according to shear wave velocities at the uppermost 30 m soil profile. Selected near-field ground
motions are used to identify the variation in contribution of orthogonal ground motion components due to change
in soil conditions and to observe whether 100% + 30% rule of ELF procedure in estimation of maximum isolator
displacements is valid for the considered soil conditions or not. The following conclusions can be revealed from the
results of the present study:

– Contribution of orthogonal components of records on maximum isolator displacements is affected by the soil
condition of the ground motion. It is higher in stiffer (Bin1) soil conditions compared to softer (Bin2) ones.
(Dbi/Duni)avg varies in between 1.10 and 1.15 for Bin1 whereas it is in the range of 1.05–1.10 for Bin2.

– 100% + 30% rule may lead to overestimation of maximum isolator displacements based on the soil classification.
100% + 30% rule for ELF procedure seems appropriate to estimate maximum isolator displacements for Bin1
while any increase in one-directional estimation of ELF procedure is not needed for Bin2
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