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Abstract. This study explores a coefficient-based seismic capacity assessment method with a special
emphasis on low-rise masonry in-filled (MI) reinforced concrete (RC) buildings subjected to earthquake
motion. The coefficient-based method without requiring any complicated finite element analysis is a
simplified procedure to assess the maximum spectral acceleration capacity of buildings. This paper first
compares the fundamental periods of MI RC structures obtained, respectively, from experimental period
data and empirical period-height formulas. The coefficient-based method for low-rise masonry buildings is
then calibrated by the published experimental results obtained from shaking table tests. The comparison of
the experimental and estimated results indicates that the simplified coefficient-based method can provide
good approximations of the maximum spectral accelerations at peak loads of the low-rise masonry
reinforced concrete buildings if a proper set of drift factors and initial fundamental vibration periods of
structures are used.
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1. Introduction

Seismic performance evaluations of building structures are normally conducted through nonlinear

time history analysis and pushover analysis (ATC 1996, Fajfar and Gašperši  1996, Chopra and

Goel 1999, Fajfar 2000, Chopra and Goel 2002, Kalkan and Kunnath 2007) which is likely to

obtain the best estimation of the seismic capacity of the structures. However, a detailed and well-

calibrated analytical finite element model of the building, together with the inelastic force-

displacement behaviour of each of the structural components, should be fully constructed and

simulated prior to performing nonlinear seismic assessment analysis. In many cases, there are

uncertainties associated with the generation of analytical models, especially for old building

structures without detailed design information and for structures with masonry infills whose inelastic

dynamic behaviours cannot be easily determined and simulated. Moreover, if seismic evaluations of
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a large number of buildings are needed, it is a time-consuming task. From a practical point of view,

a simplified and manual procedure for rapid estimation of the maximum spectral acceleration and

maximum inter-storey drift capacity may be a good alternative during the preliminary design of new

buildings and for quick evaluation of existing buildings.

Recently, simplified coefficient-based procedures for assessing the seismic inter-storey drift

demand and capacity of structures have been studied extensively. The seismic inter-storey drift

demand and capacity can be obtained by simply multiplying several prescribed drift-related factors

defined in coefficient-based methods. Miranda (1999) adopted an approximate building model

integrated with a coefficient-based method to estimate the maximum lateral displacement demands

of multi-storey buildings subjected to earthquake motions. The effects of the distribution (uniform,

parabolic and triangular) of lateral forces along the building height and the ratio of overall flexural

and shear deformations were examined. Moreover, four drift-related parameters that account for the

linear and non-linear behaviour of the structure, were determined based on the assumed lateral

displacement solution functions for various lateral force distributions. It was concluded that the

simplified model for a ten-storey steel moment-resisting frame (MRF) building provides good

approximations of the maximum roof displacement ratio as well as the maximum inter-storey drift

ratio (with errors smaller than 26%) with specific displacement ductility ratios. Lu et al. (2009)

proposed a new storey capacity factor to take into account both storey shear resistance and stiffness

with different beam-column hinging mechanisms to predict the storey drift distribution and the

critical drift concentration in multi-storey reinforced concrete (RC) frames. The proposed method

was verified by performing a pushover analysis and dynamic time history analysis on three 7-storey

and three 12-storey RC building frames subjected to earthquake motions. The results indicated that

the inverse of the storey capacity factor correlates well with the storey drift distributions. Gupta and

Krawinkler (2000) proposed a similar procedure to estimate the seismic roof and inter-storey drift

demands of regular steel MRF structures by multiplying the modification factors, which include the

multiple degrees of freedom (MDOF) modification factor, the inelasticity modification factor, the P-

delta modification factor and the storey drift modification factor, by the given spectral displacement

demand at the fundamental period of the structure. Zhu et al. (2007), Su et al. (2008) and Tsang et

al. (2009) also proposed coefficient-based methods to evaluate the seismic drift demands of existing

RC buildings under estimated displacement response spectra for Hong Kong soil sites. The

coefficients used in these papers that take stiffness degradation, period shifting, non-linear damping

and higher mode effects into account were calibrated by using the dynamic simulation results of a

large number of buildings with heights varying from 35 m to 430 m in Hong Kong. Lee and Su

(2011) further adopted a calibrated coefficient-based method to conduct a seismic fragility analysis

for low-rise MI RC buildings.

The aforementioned coefficient-based methods normally focused on determining the seismic

capacity or demand of structures in terms of the inter-storey drift ratio or the global roof drift ratio.

The accuracy of these coefficient-based seismic assessment methods is strongly dependent on the

proposed modification or drift-related factors, which are unexceptionally determined and calibrated

through the numerical simulation results obtained from non-linear time history analysis of building

structures subjected to various earthquake motions. Moreover, most finite element building models

discussed in the studies are those medium- to high-rise RC or steel bare frames without masonry or

shear wall (SW) infills. The results of the post-earthquake field study conducted by Su (2009) in the

Wenchuan Earthquake in 2008 in China concluded that, for those low-rise masonry buildings that

survived in the earthquake, the inherent strength, rather than ductility, protected the confined
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masonry buildings from collapse or serious damage. However, the relationship between the

deformation-based parameters and the seismic inherent strength (or the spectral acceleration

capacity) at the peak load state of structures has rarely been explored. Therefore, the present study

intends to propose a coefficient-based seismic capacity assessment method, which integrates the

drift-related factors and the spectral acceleration capacity of structures. The proposed coefficient-

based method will be calibrated by using available shaking table test results with a special emphasis

on the low-rise masonry in-filled (MI) RC buildings. This paper begins with a comparsion of the

fundamental periods of MI RC structures obtained from experimental results and the empirical

period-height formulas, respectively. The coefficient-based method is then calibrated by the

published experimental results obtained from shaking table tests where applicable. Finally, the

accuracy of the seismic spectral acceleration at peak load states of low-rise MI RC buildings

estimated by the coefficient-based method is discussed.

2. Coefficient-based spectral acceleration assessment method

According to the building model illustrated in Fig. 1, the maximum roof displacement and the

maximum inter-storey drift ratio at the peak load state of the structure can be represented in Eq. (1)

and Eq. (2), respectively, as

(1)

where Sd is the spectral displacement at the peak load of the structure and λ1 is the ratio of the

maximum roof displacement to the spectral displacement, and

(2)

where λ2 is the ratio of the maximum inter-storey drift ratio to the maximum roof drift ratio,

, and Hb is the height of the building.

From Eq. (1) and Eq. (2), the maximum spectral displacement related to the maximum inter-

storey drift ratio can be represented as

uroof λ1Sd=

θmax λ2θavg=

θavg uroof/Hb=

Fig. 1 Deformation of low-rise MI RC building model at peak load state
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(3)

where  is defined as the drift factor in this paper. 

Considering a first-mode dominant MI RC building subjected to ground motion and using secant

(equivalent) stiffness and damping properties of the structure at maximum base shear capacity,

rather than based on initial elastic properties, the inherent strength or the maximum spectral

acceleration at the peak load of the building can be calculated as

(4)

where  is the fundamental vibration period at the peak load of the structure, β is the

period shift factor that accounts for the effect of period lengthening with strong ground shaking, and

T0 is the initial fundamental vibration period of the undamaged structure. 

Substituting Eq. (4) into Eq. (3), the maximum spectral acceleration and the drift factor at the

peak load of the structure can be represented, respectively, as

(5a)

(5b)

It should be noted that the above formulation has assumed that floor diaphragms have been

provided with sufficient steel reinforcement to prevent premature tearing failure of floors from

happening (Su 2009, Su et al. 2011). This study adopts Eq. (5a) to estimate the maximum spectral

accelerations at peak loads of the low-rise MI RC structures, and uses Eq. (5b) to calibrate the drift

factor of the simplified coefficient-based approach through the published experimental results

obtained from shaking table tests where applicable.

3. Fundamental periods of structures

A reliable and simplified estimate of the fundamental period of the structure is important both to

determine the period-dependent seismic forces in accordance with the design response spectra and

to perform rapid seismic capacity assessment of the existing buildings. The estimation of the

fundamental periods of structures is usually carried out through ambient vibration tests, force

vibration tests or earthquake events. Many empirical formulas that determine the fundamental

vibration periods of structures have been proposed in design building codes and studies (ATC 1978,

Goel and Chopra 1997, 1998, 2000, Hong and Hwang 2000, Su et al. 2003, BSSC 2004, Crowley

and Pinho 2004, NZSEE 2006, Pinho and Crowley 2006, Vona and Masi 2009) all over the world.

These empirical formulas normally provide simple period-height relationships that depend on

building material (concrete, steel, or masonry), building type (e.g., frame or shear wall), and overall

dimensions. The typical form of the period-height expression denoted in the literature or building

codes is as follows 

Sd

Hbθmax

λ
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λ λ1λ2=

Sa
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Tp
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(6)

where C and γ are the coefficients derived from the regression analysis of the heights and the

measured fundamental vibration periods of a number of building structures. 

In order to accurately estimate the fundamental vibration periods of low-rise MI RC buildings for

the seismic capacity evaluation using the coefficient-based method, this paper collected

experimental vibration period data of MI, CM (confined masonry) and SW RC buildings through a

literature review, and these data were further compared with those estimated by seven empirical

formulas, as summarized in Table 1, where the two coefficients were usually obtained from the

measured periods of buildings under earthquake motions. The comparison of the published

experimental periods obtained from the literature (Tomaževi  and Weiss 1994, Huang et al. 1994,

Xia 1995, Xia et al. 1996, Kwan and Xia 1996, Negro and Colombo 1997, Shen et al. 1997,

Tomaževi  and Klemenc 1997, Dou 1997, Fardis et al. 1997, Tsionis et al. 2001, Lu 2002a, Lu

2002b, Lee and Woo 2002, Zheng et al. 2004, Dolce et al. 2005, Matsumori et al. 2005, Pinto and

T0 CHb

γ
=

c

ê

c

ê
Table 1 Coefficients of period-height relationship for various empirical formulas

Code/Author C γ

ACT 3-06 (ATC 1978) 0.075 0.75

NZSEE (NZSEE 2006) 0.09 0.75

NEHRP (BSSC 2004) 0.0466 0.90

Hong and Huang (2000) 0.0294 0.804

Chopra and Goel (2000) 0.067 0.90

Crowley and Pinho (2004) 0.10 1

Su et al. (2003) 0.013 1

Fig. 2 Comparison of experimental and predicted initial fundamental vibration periods



484 R.K.L. Su, C.L. Lee and Y.P. Wang

Taucer 2006, Sun et al. 2007, Barecchia 2007, Pujol et al. 2008, Xiong et al. 2008) and those

estimated from the empirical formulas is shown in Fig. 2, where most of the experimental periods

of the low-rise MI and SW buildings are bounded within those estimated by ATC 3-06 (ATC 1978)

or NEHRP (BSSC 2004). Moreover, a good correlation between the experimental periods and those

estimated from Hong and Hwang (2000) and Su et al. (2003) is observed. The comparison result

reveals that the fundamental periods of low-rise regular MI and SW RC buildings are relatively

lower than those of medium- to high-rise buildings and those of bare frame structures because of

the contribution of the lateral stiffness of masonry bricks or shear walls. The experimental periods

of the structures reviewed in this paper are summarized in Table 2, in which the period data were

measured with impact tests, force vibration tests and shaking table tests of full-scale or scaled-down

low-rise RC buildings. It is noted that the periods shown in Table 2 have been converted to those of

the prototype buildings using the period similitude factors mentioned in the literature. However, if

Table 2 Summary of building models used for evaluation of fundamental vibration periods

Building model
Number of storeys 

(N)
Model scale

(1/Sl)
Period
T0 (sec)

1 (MI) (Tomaževi  and Weiss 1994) 3 1:5 0.3618

2 (MI) (Tomaževi  and Weiss 1994) 3 1:5 0.3621

3 (MI) (Huang et al. 1994) 8 1:4 0.3704

4 (SW) (Xia 1995, Xiong et al. 2008) 8 1:4 0.2299

5 (SW) (Xia 1995, Xiong et al. 2008) 8 1:4 0.2475

6 (MI) (Xia 1995, Xiong et al. 2008) 8 1:4 0.2778

7 (MI) (Kwan and Xia 1996) 4 1:3 0.2255

8 (SW) (Xia et al. 1996) 4 1:3 0.2341

9 (MI) (Xia et al. 1996) 4 1:3 0.2255

10 (MI) (Negro and Colombo 1997) 4 1:1 0.3030

11 (MI) (Shen et al. 1997) 5 1:6 0.2544

12 (MI) (Shen et al. 1997) 5 1:6 0.2923

13 (CM) (Tomaževi  and Klemenc 1997) 3 1:5 0.1337

14 (CM) (Tomaževi  and Klemenc 1997) 3 1:5 0.1374

15 (MI) (Dou 1997) 7 1:6 0.3252

16 (MI) (Fardis et al. 1997) 3 1:1 0.4000

17 (SW) (Tsionis et al. 2001) 4 1:1 0.3704

18 (SW) (Lu 2002a, Lu 2002b) 6 1:5.5 0.4210

19 (MI) (Zheng et al. 2004) 5 1:6 0.2977

20 (MI) (Zheng et al. 2004) 5 1:6 0.2555

21 (SW) (Zheng et al. 2004) 7 1:6 0.2760

22 (MI) (Dolce et al. 2005) 3 1:3.3 0.2012

23 (SW) (Matsumori et al. 2005) 6 1:3 0.3447

24 (SW) (Sun et al. 2007) 9 1:6 0.5565

25 (MI) (Barecchia 2007) 2 1:1 0.5370

26 (MI) (Pujol et al. 2008) 3 1:1 0.2000

c

ê

c

ê

c

ê

c

ê
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the period similitude factors were not provided in the literature, the value of  was used in this

paper ( , in which the model scale is 1/Sl). 

4. Calibration of the coefficient-based method

In order to calibrate the drift ratio and the coefficient-based approach for seismic capacity

assessment of low-rise MI RC buildings, the published experimental results obtained from shaking

table tests (or pseudo-dynamic tests) were reviewed. Although numerous shaking table tests of low-

rise RC buildings have been conducted all over the world, many of the building models considered

in the tests were bare frames without masonry or SW; furthermore, many of these studies presented

only the acceleration responses or maximum roof displacement responses without demonstrating the

maximum inter-storey drift ratios (local deformation) and the lengthened vibration periods at peak

loads of the buildings. While not all the shaking table tests obtained the complete drift-related

factors defined in this paper, some meaningful data have been found in the literature (Xia et al.

1996, Kwan and Xia 1996, Negro and Colombo 1997, Tomaževi  and Klemenc 1997, Lu 2002a, b,

Lee and Woo 2002, Zheng et al. 2004, Dolce et al. 2005, Matsumori et al. 2005, Pinto and Taucer

2006, Barecchia 2007), such as λ2 varying between 1.2105 and 2.1649 with an average of 1.6948

(Table 3), the period shift ratio (β) ranging from 1.40 to 2.70 and the ratio of  varying

between 0.001 and 0.005 at peak loads of low-rise MI and SW buildings, which may be useful

references for other seismic capacity assessment applications. In this paper, shaking table tests of

four low-rise MI RC or CM buildings (Fig. 3) (Kwan and Xia 1996, Tomaževi  and Klemenc 1997,

Dolce et al. 2005) are described, and the accuracy of the coefficient-based approach for estimating

the maximum spectral accelerations at peak loads of these four low-rise MI RC buildings is then

verified through the published experimental results.

Because of the limitation of the paper length, only the relevant experimental data of these four

building models are described in this paper. The first-mode natural frequency of the building 1 at

the initial (linear or intact) state was 7.68 Hz and was shortened to 3.92 Hz at the peak load state,

where the maximum inter-storey drift ratio (θmax) was 1/141 (0.0071). The fundamental periods of

the prototype structures at the initial and peak load states were estimated from the experimental

periods of the tested model: = 0.2255 and = 0.4413,

Sl

Tprototype SlTmodel=

c

ê

θmax/β
2

c
ê

T0 1/ 7.68/ 3( )= Tp 1/ 3.92/ 3( )=

Table 3 Summary of drift-related factors of building models

Building model N T0 (sec) θavg θmax λ2

1 (MI) (Negro & Colombo 1997) 4 0.3030 0.0064 0.0110 1.7188

2 (SW) (Lu 2002a, Lu 2002b) 6 0.4210 0.0190 0.0230 1.2105

3 (SW) (Zheng et al. 2004) 7 0.2760 0.0035 0.0065 1.8646

4 (MI) (Dolce et al. 2005) 3 0.2012 0.0051 0.0090 1.7647

5 (SW) (Matsumori et al. 2005) 6 0.3447 0.0259 0.0357 1.3801

6 (MI) (Barecchia 2007) 2 0.5370 0.0034 0.0050 1.4706

7 (MI) (Lee & Woo 2002) 3 0.3800 0.0194 0.0420 2.1649

8 (MI) (Pinto & Taucer 2006) 4 NA 0.0021 0.0043 2.0476

9 (MI) (Pinto & Taucer 2006) 4 NA 0.0019 0.0031 1.6316
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respectively. Thus, the period shift factor can be calculated as . Moreover, the

maximum experimental spectral acceleration of the El Centro Earthquake at the lengthened

fundamental period of Tp was calculated as Sa = 1.395 g considering a damping ratio of 5% for the

peak ground acceleration (PGA) of 0.64 g. With these experimental parameters, the drift factor can

be estimated from Eq. (5b) to be λ = 1.42, as shown in Table 4. It should be noted that the

lengthened fundamental periods of the four building models in the literature were determined from

the Fourier spectra (or power spectral density spectra) of the structural acceleration responses

obtained by impact hammers (after the tests), random white noise excitation with small intensities

(after the tests), or earthquake signals (during the tests). 

Building 2 (tested longitudinally) and building 3 (tested along its transverse direction) have the

β Tp/T0 1.96= =

Fig. 3 Building models for calibration of the coefficient-based method
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Table 4 Summary of structural parameters used for seismic capacity assessment

Building Model N
Model 
Scale
(1/Sl)

Model 
Height
h (m)

PGA at Peak 
Load State 

(g)
β θmax θmax/β

2 T0

(sec)
Tp

(sec)
Sa 
(g)

λ

1 (MI) (Kwan and Xia 1996)
   (1940 El Centro Earthquake)

4 1:3 4.500 0.64 1.96 0.0071 0.0019 0.2255 0.4413 1.395 1.42

2 (CM) (Tomaževi  and Klemenc 1997)
   (1979 Montenegro Earthquake)

3 1:5 1.584 0.84 1.41 0.0050 0.0025 0.1337 0.1886 1.524 2.94

3 (CM) (Tomaževi  and Klemenc 1997)
  (1979 Montenegro Earthquake)

3 1:5 1.584 0.82 2.52 0.0150 0.0024 0.1374 0.3459 1.550 2.58

4 (MI) (Dolce et al. 2005)
   (Acceleration compatible with EC8)

3 1:3.3 3.225 0.63 1.94 0.0090 0.0024 0.2012 0.3907 1.302 1.94

Average Value 1.96 0.009 0.0023 2.22

Table 5 Summary of experimental and estimated spectral accelerations at peak loads of structures

Building Model N
Building Height

Hb = Slh (m)
T0 (sec)

Sa (g)
(Experimental) (λ = 2.22, β = 1.96, θmax = 0.009)

1 (MI) (Kwan and Xia 1996) 4 13.5 0.2255 1.395
1.128
(19%)

2 (CM) (Tomaževi  and Klemenc 1997) 3 7.92 0.1337 1.524
1.882
(23%)

3 (CM) (Tomaževi  and Klemenc 1997) 3 7.92 0.1374 1.550
1.782
(15%)

4 (MI) (Dolce et al. 2005) 3 10.64 0.2012 1.302
1.117
(14%)

The number in ( ) representing the prediction error.

c

ê

c

ê

Sa g( )

c

ê

c

ê



488 R.K.L. Su, C.L. Lee and Y.P. Wang

same design and construction and meet the requirements of Eurocode 8. The natural frequencies of

the models obtained from impact hammer tests at the initial states were 22 Hz and 21.4 Hz,

respectively, and shortened to 15.6 Hz (with damping ratio of 9.8%) and 8.5 Hz (with damping ratio

of 10.1%), respectively, at the peak load states. The initial fundamental periods of the prototype

structures at the initial states were  and T0 = 1/(21.4 × 0.34) = 0.1374,

which were obtained by the frequency modelling scale factor (0.34), and those at peak load states

were Tp = 1/(15.6 × 0.34) = 0.1886 and Tp = 1/(8.5 × 0.34) = 0.3459, respectively. Because the

maximum experimental inter-storey drift ratio (θmax) was not mentioned in the study, this paper

assumed that the maximum inter-storey drift ratios are 0.005 and 0.015, respectively, based on the

period shift ratios of these two buildings. Moreover, the spectral accelerations of the Montenegro

Earthquake at the lengthened fundamental periods of Tp were obtained from Fig. 3 (Tomaževi  and

Klemenc 1997) to be Sa = 1.524 g and Sa = 1.550 g, respectively, by considering damping ratios of

10% for both the first modes of the two structures. Similarly, the drift factors for the two buildings

can be estimated from Eq. (5b) to be λ = 2.94 and λ = 2.58, respectively, as shown in Table 4.

The natural frequency of the building 4 at initial state was 9.03 Hz and shortened to 4.65 Hz at

the peak load state, where the maximum inter-storey drift ratio (θmax) was 0.009. The fundamental

periods of the prototype structures at the initial and peak load states were estimated from the

experimental periods to be = 0.2012 and = 0.3907,

respectively. Moreover, the experimental spectral acceleration of the MI RC building at the

lengthened fundamental period of Tp is obtained as Sa = 1.302 g using Fig. 11(b) (Dolce et al. 2005)

and considering a damping ratio of 5%. From Eq. (5b), the drift factor can be estimated to be

λ = 1.94, as shown in Table 4.

As the equivalent damping ratio of a building may vary with its lengthened structural period and

the frequency contents of earthquakes, it is worth exploring the spectral amplification factor and the

equivalent damping ratio of buildings at peak load states. In order to obtain a reasonable equivalent

damping ratio of structures at peak load states, the spectral amplification factor defined as the ratio

of spectral acceleration to peak ground acceleration (Sa/PGA) is further obtained in this study. The

spectral amplification factors of the four buildings (Table 4) were found to be 2.18, 1.81, 1.89, and

2.07, with an average of 1.99 (≈2.0). From the spectral amplification factors as suggested by

Newmark and Hall (1982), the equivalent damping ratio that corresponds to the spectral

amplification factor of 2.0 is around 6% (median), or 10% (median with one standard deviation),

which is consistent with the damping ratios of 9.8% and 10.1% for the Building 2 and Building 3,

respectively. Hence, the spectral amplification factor of 2.0 or the equivalent damping ratio of 6-

10% for the low-rise MI RC buildings at peak load states are recommended for the spectral

acceleration assessment of buildings by using the proposed coefficient-based method.

From Table 4, the parameters obtained from the published shaking table tests are the period shift

ratio, β, which ranges from 1.41 to 2.52 with an average of 1.96; the maximum inter-storey drift

ratio, θmax, which varies from 0.005 to 0.015 with an average of 0.009; the ratio, θmax/β
2, which

ranges from 0.0019 to 0.0025 with an average of 0.0023; and the drift factor, λ, which ranges from

1.42 to 2.94 with an average of 2.22. The maximum spectral accelerations  of the four

buildings estimated using the average values of λ = 2.22, β = 1.96 and θmax = 0.009 that correspond

to the peak load state of low-rise MI RC buildings obtained by this study, are summarized in Table

5. It can be observed that the errors between the experimental and estimated spectral accelerations

at peak loads of the structures are 14% to 23% using the averaged drift factor obtained from test

data. The experimental and estimated spectral accelerations are demonstrated in Fig. 4, where good

T0 1/ 22 0.34×( ) 0.1337= =

c

ê

T0 1/ 9.03/ 3.3( )= T
p

1/ 4.65/ 3.3( )=

Sa( )
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Fig. 4 Comparsion between the predicted and experimental spectral accelerations

Fig. 5 Comparison of experimental and predicted spectral accelerations (Hong’s Formula)
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correlation has been achieved using the simplified coefficient-based, or inherent strength-based,

approach for seismic capacity assessment of low-rise MI RC buildings if the proper drift factors are

used. Moreover, the spectral acceleration capacities of low-rise MI RC buildings obtained using the

initial fundamental periods estimated by Hong’s empirical formula combined with θmax/β
2 = 0.0023

and λ = 2.22, are illustrated in Fig. 5, where the trend of the predicted spectral accelerations is

consistent with that obtained from the experimental tests. This indicates that, if the initial

fundamental period of the MI RC building can be accurately obtained from proper empirical

formulas or from ambient vibration tests, the proposed coefficient-based method can provide a good

approximation of the maximum spectral acceleration capacity (inherent seismic strength) at the peak

load of the MI RC structure.

Fig. 6 illustrates a comparison between the inherent seismic strengths predicted by the proposed

coefficient-based method and the spectral acceleration demands under various earthquakes with

different intensities (assuming 5% damping ratio). It should be noted that the low-rise MI RC

Fig. 6 Comparison between the inherent strengths and the seismic spectral demands
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buildings with less than N = 10 storeys and with a uniform storey height of 3 m were considered.

Moreover, the predicted spectral acceleration capacities were obtained by using λ = 2.22, β = 1.96,

θmax = 0.009 and the initial period T0 of structures estimated by Hong’s empirical period-height

formula. The results show that buildings with N ≤ 2 storeys generally have sufficient inherent

strength under these earthquakes with PGA smaller than 0.5 g considered in this paper, while

buildings with N ≥ 3 storeys could have insufficient inherent strength, such as the 3-storey building

subjected to Kobe, Hachinohe and Northridge earthquakes with the intensity of 0.4 g, and buildings

with N ≥ 7 storeys under Kobe earthquake with the intensity of larger than 0.3 g. From a practical

point of view, the simplified procedure for rapid estimation of the maximum spectral acceleration

capacity is a good alternative during the preliminary design of new MI RC buildings and for quick

seismic performance evaluation of existing MI RC buildings under specific earthquakes or code-

based design acceleration spectra.

5. Conclusions

This study calibrated a coefficient-based approach for seismic inherent strength assessment of

low-rise masonry in-filled reinforced concrete buildings, which are subjected to higher earthquake

forces than those of medium- to high-rise buildings in rock and soil conditions. The coefficient-

based method that does not require any finite element analysis is a promising simplified and rapid

manual procedure to estimate the maximum spectral acceleration capacity at the peak load of

building structures, especially for the quick evaluation of existing buildings and conceptual design

phase of new buildings. This paper first compared the fundamental periods of MI RC structures

obtained, respectively, from experimental data and empirical period-height formulas, followed by a

verification of the coefficient-based method for low-rise masonry in-filled reinforced concrete

buildings using the published experimental results obtained from shaking table tests, where

applicable. In accordance with the experimental verification processes, the following conclusions

may be drawn.

1. The averaged drift factor λ of the coefficient-based method obtained from the published

experimental data of four masonry in-filled reinforced concrete buildings via shaking table tests is

2.22 in this study. 

2. Good correlation between the estimated and experimental maximum spectral accelerations at

peak loads of four low-rise masonry in-filled reinforced concrete buildings has been achieved

(with a maximum error of 23%), which indicates that the simplified coefficient-based approach

can provide a satisfactory approximation of the inherent seismic strength of low-rise masonry in-

filled reinforced concrete structures if the proper inter-storey drift-related factors, such as λ =

2.22, β = 1.96 and θmax = 0.009 are used in this paper.

3. The accuracy of the maximum spectral acceleration of a low-rise masonry in-filled reinforced

concrete building also depends on estimating the initial fundamental vibration period of the

structure. The simplified and rapid manual seismic capacity assessment approach, which integrates

the coefficient-based method and the initial fundamental vibration period estimated from proper

empirical period-height formulas (such as Hong’s formula used in this study), has proven to be

capable of estimating the spectral acceleration capacities at peak loads of the low-rise masonry in-

filled reinforced concrete buildings with good accuracy.



492 R.K.L. Su, C.L. Lee and Y.P. Wang

Acknowledgements

The research described here was supported by the Sichuan Earthquake Roundtable Fund of The

University of Hong Kong.

References

Applied Technology Council (1978), “Tentative provisions for the development of seismic regulations for
buildings”, Report No. ATC3-06, Redwood City, California.

Applied Technology Council (1996), Seismic Evaluation and Retrofit of Concrete Buildings (ATC-40), Redwood
City, California.

Building Seismic Safety Council (2004), NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures (FEMA 450), Washington, D.C.

Barecchia, E. (2007), “The use of FRP materials for the seismic upgrading of existing RC structures”, Ph.D.
Thesis, Università degli Studi di Napoli Federico II, Italy.

Chopra, A.K. and Goel, R.K. (1999) “Capacity-Demand-Diagram methods for estimating seismic deformation of
inelastic structures: SDF system”, Report No. PEER-1999/02, University of California, Berkeley.

Chopra, A.K. and Goel, R.K. (2000), “Building period formulas for estimating seismic displacements”, Earthq.
Spectra, 16(2), 533-536.

Chopra, A.K. and Goel, R.K. (2002), “A modal pushover analysis procedure for estimating seismic demands for
buildings”, Earthq. Eng. Struct. D., 31(3), 561-582.

Crowley, H. and Pinho, R. (2004), “Period-height relationship for existing European reinforced concrete
buildings”, J. Earthq. Eng., 8, 93-119.

Dou, C.K. (1997), “Aseismic property and its testing analysis of the lower portion framed structure of a masonry
building”, Archit Technol., 28(12), 836-839. (in Chinese) 

Dolce, M., Cardone, D., Ponzo, F.C. and Valente, C. (2005), “Shaking table tests on reinforced concrete frames
without and with passive control systems”, Earthq. Eng. Struct. D., 34(14), 1687-1717.

Fajfar, P. and Gašperši , P. (1996), “The N2 method for the seismic damage analysis for RC buildings”, Earthq.
Eng. Struct. D., 25(1), 31-46.

Fardis, M.N., Negro, P., Bousias, S.N. and Colombo, A. (1997), “Seismic design of open-storey infilled RC
buildings”, J. Earthq. Eng.-ASCE, 3(2), 173-197.

Fajfar, P. (2000), “A nonlinear analysis method for performance based seismic design”, Earthq. Spectra, 16(3),
573-592.

Goel, R.K. and Chopra, A.K. (1997), “Period formulas for moment-resisting frame buildings”, J. Struct. Eng.-
ASCE, 123(11), 1454-1461.

Goel, R.K. and Chopra, A.K. (1998), “Period formulas for concrete shear wall buildings”, J. Struct. Eng.-ASCE,
124(4), 426-433.

Gupta, M. and Krawinkler, H. (2000), “Estimation of seismic drift demands for frame structures”, Earthq. Eng.
Struct. D., 29(9), 1287-1305.

Huang, W.P., Chen, X.Z., Wu, R.F. and Zhang, Q.G. (1994), “Investigation on seismic behavior of an 8 storey
RC-Brick building”, Earthq. Resist Eng., 4, 1-7. (in Chinese) 

Hong, L.L. and Hwang, W.L. (2000), “Empirical formula for fundamental vibration periods of reinforced
concrete building in Taiwan”, Earthq. Eng. Struct. D., 29(3), 327-337.

Kwan, K.H. and Xia, J.Q. (1996), “Study on seismic behavior of brick masonry infilled reinforced concrete
frame structures”, Earthq. Eng. Eng. Vib., 16(1), 87-99. (in Chinese)

Kalkan, E. and Kunnath, S.K. (2007), “Assessment of current nonlinear static procedures for seismic evaluation
of buildings”, Eng. Struct., 29(3), 305-316.

Lee, C.L. and Su, R.K.L. (2011), “Fragility analysis of low-rise masonry infilled reinforced concrete buildings by
a coefficient-based spectral acceleration method”, Earthq. Eng. Struct. D., DOI: 10.1002/eqe.1152.

Lee, H.S. and Woo, S.W. (2002), “Effect of masonry infills on seismic performance of a 3-story R/C frame with

c

ê



Seismic spectral acceleration assessment of masonry in-filled reinforced concrete buildings 493

non-seismic detailing”, Earthq. Eng. Struct. D., 31(2), 353-378.
Lu, Y. (2002a), “Comparative study of seismic behavior of multistory reinforced concrete framed structures”, J.

Struct. Eng.-ASCE, 128(2), 169-178.
Lu, Y. (2002b), “Seismic behaviour of multistory RC wall-frame systems versus bare ductile frame systems”,

Earthq. Eng. Struct. D., 31(1), 79-97.
Lu, Y., Gu, X. and Wei, J. (2009), “Prediction of seismic drifts in multi-story frames with a new storey capacity

factor”, Eng. Struct., 31(2), 345-357.
Miranda, E. (1999), “Approximate seismic lateral deformation demands in multistory buildings”, J. Struct. Eng.-

ASCE, 125(4), 417-425.
Matsumori, T., Kim, J. and Kabeyasawa, T. (2005), “Shaking table test of one-third scale model of a six-story

wall frame R/C structure”, Proceedings of the First NEES/E-Defense Workshop on Collapse Simulation of
Reinforced Concrete Building Structures, University of California, Berkeley.

Negro, P. and Verzeletti, G. (1996), “Effects of infills on the global behaviour of R/C frames: energy
considerations from pseudodynamic tests”, Earthq. Eng. Struct. D., 25(8), 753-773.

Negro, P. and Colombo, A. (1997), “Irregularities induced by nonstructural masonry panels in framed buildings”,
Eng. Struct., 19(7), 576-585.

Newmark, N.M. and Hall, W.J. (1982), Earthquake Spectra and Design, Earthquake Engineering Research
Institute, Berkeley, CA.

New Zealand Society for Earthquake Engineering (2006), Assessment and Improvement of the Structural
Performance of Buildings in Earthquakes, New Zealand.

Pinho, R. and Crowley, H. (2006), “Simplified equations for estimating the period of vibration of existing
buildings”, Proceedings of the First European Conference on Earthquake Engineering and Seismology,
Geneva, Switzerland.

Pinto, A. and Taucer, F. (2006), “Assessment and retrofit of full-scale models of existing RC frames”, Advances
in Earthquake Engineering for Urban Risk Reduction, Eds. Wasti, S.T. and Ozcebe, G., Springer, Netherlands,
353-367.

Pujol, S., Benavent-Climent, A., Rodriguez, M.E. and Simth-Pardo, J. (2008), “Masonry infill walls: an effective
alternative for seismic strengthening of low-rise reinforced concrete building structures”, Proceedings of the
14-th World Conference on Earthquake Engineering, Beijing, China.

Shen, C.Y., Liang, X.W., Zhen, S.S. and Zhou, X.Z. (1997), “Experimental investigation on brick masonry
building with frame structure at its bottom using shaking table”, World Inform Earthq. Eng., 3, 35-45. (in
Chinese) 

Su, R.K.L., Chandler, A.M., Lee, P.K.K., To, A.P. and Li, J.H. (2003), “Dynamic testing and modelling of
existing buildings in Hong Kong”, Trans Hong Kong Inst. Eng., 10(2), 17-25.

Sun, J.J., Wang, T. and Qi, H. (2007), “Earthquake simulator tests and associated study of an 1/6-scale nine-story
RC model”, Earthq. Eng. Eng. Vib., 6(3), 281-288.

Su, R.K.L., Lam, N.T.K. and Tsang, H.H. (2008), “Seismic drift demand and capacity of non-seismically
designed buildings in Hong Kong”, Electron J. Struct. Eng., 8, 110-120.

Su, R.K.L. (2009), “Collapse modes of confined masonry buildings in the Wenchuan Earthquake”, Proceedings
of the International Conference on Earthquake Engineering - the First Anniversary of Wenchuan Earthquake,
Chengdu, P. R. China.

Su, R.K.L., Lee, Y.Y., Lee, C.L. and Ho, J.C.M. (2011), “Typical collapse modes of confined masonry buildings
under strong earthquake loads”, Open Constr. Build Technol. J., 5, 50-60.

Tomaževi , M. and Weiss, P. (1994), “Seismic behavior of plain-and reinforced- masonry buildings”, J. Struct.
Eng.-ASCE, 120(2), 323-338.

Tomaževi , M. and Klemenc, I. (1997), “Verification of seismic resistance of confined masonry buildings”,
Earthq. Eng. Struct. D., 26(10), 1073-1088.

Tsionis, G., Negro, P., Molina, J. and Colombo, A. (2001), “Pseodudynamic tests on a 4-story RC dual frame
building”, Technical Report EUR19902EN (European Laboratory for Structural Assessment, ELSA), Italy.

Tsang, H.H., Su, R.K.L., Lam, N.T.K. and Lo, A.S.H. (2009), “Rapid assessment of seismic demands in existing
buildings”, Struct. Des. Tall Spec Build, 18(4), 427-439.

Vona, M. and Masi, A. (2009), “Estimation of the periods of vibration of existing RC building types based on

c

ê

c

ê



494 R.K.L. Su, C.L. Lee and Y.P. Wang

experimental data and numerical results”, Increasing Seismic Safety by Combining Engineering Technologies
and Seismological Data, Eds. Mucciarelli, M., Herak, M. and Cassidy, J., Springer, Netherlands, 207-225.

Xia, J.Q. (1995), “Investigation on seismic behavior of masonry infilled buildings with frame-shear walls”, Build.
Sci., 3, 19-27. (in Chinese) 

Xia, J.Q., Kwan, K.H., Luo, X.H. and Liauw, T.C. (1996), “Simulated earthquake tests of shear wall and infilled
frame models”, Earthq. Eng. Eng. Vib., 16(2), 55-66. (in Chinese) 

Xiong, L.H., Xiong, D., Wu, R.F. and Xia, J.Q. (2008), “Shaking table tests and dynamic analyses of masonry
wall buildings with frame-shear walls at lower stories”, Earthq. Eng. Eng. Vib., 7(3), 271-283.

Zheng, S.S., Yang, Y. and Zhao, H.T. (2004), “Experimental study on aseismic behavior of masonry building
with frame-shear wall structures at lower stories”, China Civil Eng. J., 37(5), 23-31. (in Chinese) 

Zhu, Y., Su, R.K.L. and Zhou, F.L. (2007), “Cursory seismic drift assessment for buildings in moderate
seismicity regions”, Earthq. Eng. Eng. Vib., 6(1), 85-97.




