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Abstract: In the present study, two important effects of soil that is, soil amplification and 
foundation-soil flexibility are investigated on the seismic vulnerability of a four storey RC 
frame building, using a decoupled analysis approach. Four well-defined sites belonging to 
the same site class (ASCE 7-10 site class D) and varying bedrock depth are chosen to 
demonstrate the effect of local site conditions on seismic performance and vulnerability of the 
structure located on these sites. ASCE 41 methodology is used to model the structure-
foundation system and to obtain the capacity curves using nonlinear static analysis 
procedure. The HAZUS methodology is then used to estimate the vulnerability curves for 
these buildings. The results on the four sites belonging to the same site class, show that the 
seismic performance and vulnerability of the RC frame building for a given amplitude of 
ground motion varies significantly with soil stratification and depth of bedrock. 
  
 
Introduction 
The effect of soil on seismic ground motion and consequently on seismic performance of 
structures is well recognized. The characteristics of ground motion on soil surface are quite 
different from that at rock outcrop or bedrock motions. Design codes consider the effect of 
soil through a site classification scheme generally based on the average shear wave velocity, 
VS,30, in top 30 m. However, it has been shown that there may be large variations in soil 
amplification effect from site to site. Further, the seismic vulnerability analysis of structures is 
usually carried out considering the structures with their base fixed. This common fixed base 
modelling assumption of structures is valid only if the structure is located on rock or hard soil. 
In case of structures located on soft soil sites, soil-foundation-structure interaction should also 
be accounted for in the vulnerability analysis. 
 
In the present study, two important effects of soil, that is soil amplification and foundation-soil 
flexibility, have been investigated on the seismic vulnerability of a four storey RC frame 
buildings, using a decoupled analysis approach. Four well defined sites belonging to the 
same site class (ASCE 7-10 site class D), have been chosen to demonstrate the effect of 
local site conditions on seismic performance and vulnerability of the structures located on 
these sites. These sites have well documented material properties that help in proper 
simulation of the ground response. To consider the effect of soil amplification, equivalent 
linear 1-D wave propagation analysis using the software DEEPSOIL (Hashash 2011) is 
performed to obtain the free field demand spectra at the chosen sites. Seven rock outcrop 
motions, made compatible with ASCE 7-10 spectrum for site class B, are considered to 
estimate the ground response on chosen sites. To illustrate the effect of soil nonlinearity on 
soil amplification, two values of target effective peak ground acceleration at rock outcrop 
(EPGARO), 0.05 g (corresponding to Design Basis Earthquake in the lowest seismic zone, i.e. 
Zone II, of Indian seismic zonation) and 0.36 g (corresponding to Maximum Considered 
Earthquake in highest seismic zone, i.e. Zone V), with corresponding long period corner 
periods of 4 sec and 6 sec, respectively, are chosen. 

The seismic performance and vulnerability of the four storey RC building assumed to be 
located on the selected sites have been estimated using the HAZUS methodology. 
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Modelling, Analysis and Design 

The considered four storey building is a typical block of an existing hospital building (Figure 1) 
and has been designed for the relevant provisions of the Indian design codes. The plan is 
chosen based on a field survey, to represent the common characteristics of the buildings 
existing in Indian National Capital Region (Delhi and surrounding areas). The beams and 
columns of the building have been modelled using space frame elements with mass lumped 
at discrete points. The grade of concrete used in the building is M25 (Nominal characteristic 
strength of concrete as 25 MPa). High yield strength deformed bars Fe415 (fy= 415 N/mm2) 
have been used for building.  

 

(a) 

 

(b) 

 

(c) 

Figure 1. Details of the four storied building considered in the study: (a) Plan; (b) Elevation 
with fixed base; (c) Elevation with flexible base. 

 

Space frame models of the aforementioned buildings have been developed using structural 
analysis program, SAP2000 Advanced 14.4.2. Beams and columns have been modelled 
using 3D frame elements. Effective stiffness of frame members has been considered using 
equations proposed by Kumar and Singh (2010) for normal-strength concrete (20 MPa to 60 
MPa). Lumped plastic hinge model (ASCE 41-06) has been used to simulate the nonlinear 
behaviour of members. In case of beam members, uncoupled moment hinges (mentioned as 
M3 hinge) and for column members, coupled axial force and biaxial bending moment hinges 
(mentioned as P-M2-M3 hinge), have been assigned at the both the ends. The flexural 
capacity for the hinges has been calculated using section analysis, considering the expected 
strengths of concrete and steel. The beam-column joints have been considered as rigid, as 
per ASCE 41-06. Mander’s model (Mander et al. 1988) for concrete has been used with 
usable strain limits prescribed in ASCE 41-06 as 0.02 for longitudinal compression 
reinforcement and 0.05 for longitudinal tension reinforcement. The in-plane rigidity of the slab 
has been modelled using diaphragm constraint. The P-Δ effects in columns have been 
considered in the analysis. 
 
The building is assumed to be located on the four chosen sites described in the next section. 
ASCE 41-06 methodology is used to model the structure-foundation system and to obtain the 
capacity curves using nonlinear static analysis procedure. Two types of foundation-soil 
system have been considered. In the first case, the foundation-soil system is considered as 
rigid with all the six degrees of freedoms at the base of the ground storey columns been 
restrained as shown in Figure1 (b). In the second case, the flexible foundation-soil system is 
considered and linear soil properties have been modeled using linear elastic spring assuming 
the builing to be located on medium soil type. As per ASCE 41-06 for shallow bearing 
footings that are rigid with respect to the supporting soil the foundation stiffness is 
represented by an uncoupled spring model. Embedment correction factor has also been 
considered. The vertical foundation pressure for calculating presumptive expected foundation 
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load capacity of the spread footing resting on D type of soil is taken as 137 kN/m2 as per 
ASCE-41. 
 
To determine the property of springs, isolated footing have been assumed and the equivalent 
square area of each footing have been computed using the axial load of column and bearing 
capacity as mentioned above. After computation three sets of foundation sizes have been 
obtained and their corresponding spring stiffness has been applied as three translational and 
three rotational springs at each foundationl level as shown in Figure1 (c). 
 
Linear and Nonlinear Behaviour of the Building 
For the two fixity conditions at the base (Figure 1 (b and c)), it has been observed that there 
is a very little difference in the modal behaviour of the building. In case of rigid base model 
the first two modal periods correspond to 1.23 s and 1.07 s, whereas, in case of flexible base 
model the first two modal periods correspond to 1.24 s and 1.09 s. Nonlinear Static 
Procedure (NSP) has been used to study the nonlinear behavior of the building and to 
estimate the seismic performance. The pushover curves for the rigid and flexible base 
building are almost same in both longitudinal and transverse direction as shown in Figure 2. 
Insignificant different has been observed in the formation of hinge pattern.  
  

0

500

1000

1500

2000

2500

3000

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

B
A

SE
 S

H
E

A
R

 (k
N

)

ROOF DISPLACEMENT (m)

Rigid base-Longitudinal direction

Rigid base-Transverse direction

Flexible base-Longitudinal direction

Flexible base-Transverse direction

 
 

Figure 2. Pushover curves for rigid base and flexible base four storey building in Longitudinal and 
Transverse direction 

Sites Considered 
Four different soil sites, viz. KGWH02, KiK-net, Japan (Stewart el al. 2008), La Cienega, Los 
Angeles (Stewart el al. 2008), Lotung, Taiwan (Stewart el al. 2008) and Treasure Island 
(Lopez 2002; Silva et al. 2004), have been chosen for the present study. All the four sites 
considered in the present study are geotechnical array sites. The criterion for selection of 
these sites was that all the sites belong to the same ASCE 7-10 site class ‘D’ (VS,30 in the 
range of 180 to 360 m/s) and well documented material properties and engineering models 
are available in literature, to accurately simulate the ground response. The KGWH02 (KiK-
net network of strong motion stations, Japan) site, La Cienega site, and Lotung (Taiwan) site 
are natural sites, with extensive instrumentation. The Treasure Island site is a hydraulically 
filled man-made island. The 16 m thick fill consists of fine sand (ranging from clayey to 
gravelly sand) dredged from the bay, which overlies stiffer sands and clays. The presence of 
a deep instrumentation array through the soil down to the bedrock is an attractive feature of 
this site, enabling calibration of analytical models with the instrumental results. As shown in 
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Table 1, a number of strata have been generated from these sites by assuming bedrock at 
different depths.  

The details of the tests conducted to obtain the soil properties at other considered sites have 
been presented by Stewart et al. (2008). The shear wave velocity model for KGWH02, La 
Cienega, and Lotung sites are adopted from Stewart et al. (2008), while for the Treasure 
Island site, the shear wave velocity model is adopted from Lopez (Lopez 2002). The actual 
depths of the soil profiles at KGWH02, La Cienega, Lotung and Treasure Island are 200 m, 
251.5 m, 47 m and 122 m, respectively. The other soil profiles have been generated by 
varying the depth of the bedrock while retaining the thickness and shear wave velocity of 
individual layers, and stratification from the actual sites. For example, in case of the La 
Cienega site, in the first case, the bedrock is assumed to be situated at 9.9 m to consider the 
effect of a shallow soil layer, as shallow soft layers have greater amplification potential as 
compared to deep soils (Zhao and Zhang 2008). In the second case, bedrock is considered 
at 29.4 m depth, where a major impedance contrast exists in the original stratum. Similarly, in 
the third case, the bedrock is assumed to be situated at a depth of 60.7 m, where the 
impedance contrast. For Lotung site, the bottom-most soil layer has been extended up to 200 
m, to consider the effect of very deep soil. In case of Treasure Island site, it is found that the 
first layer is stiffer than the underlying layer. In past studies (Zhao and Zhang 2008), it has 
been observed that soft soil layer underneath a stiff soil layer produces low amplification. 
Therefore, while considering the effect of shallow soft sediment, the first stiff layer has been 
removed and the 11 m thick soft soil stratum has been considered. For the last profile, the 
bottom-most soil layer has been extended to a depth of 200 m, similar to the Lotung site, to 
consider the effect of very deep soil. 

The shear wave velocity in the reference rock outcrop site has been considered as 760 m/s 
consistent with the lower limit for ASCE 7-10 site class B (760 -1500 m/s). The lower limit 
has been chosen because most of the ground motions on rock outcrop, used in the present 
study, were recorded on sites with shear wave velocity close to this value. 

For the ground response analysis of the chosen sites, the modulus reduction curves and the 
damping ratio curves for the constituent soil layers, have been adopted from the literature. 
Wherever available, the curves obtained from the testing of site material have been used. 
For KGWH02 site, 15 material curves, obtained from the models by Darendeli (2001) (as 
referred to in Stewart et al., 2008) have been used. For the La Cienega site, 13 material 
curves have been used for different depth ranges as  suggested by Stewart et al., (2008) 
based on laboratory testing of the site material. For the Lotung site, three material curves as 
provided by Stewart et al. (2008), based on the work of Zeghal et al. (1995), have been used. 
For the Treasure Island site, the material curves provided by Lopez (2002), based on 
sensitivity analysis, have been used. 
 

Proposed Method for Estimation of Target Displacement 
Two approaches are commonly used to determine the inelastic demand spectrum for 
obtaining the performance point. In the first approach a ‘Constant Ductility’ inelastic (or yield) 
spectrum (Veletos and Newmark 1960) is used, in which the initial (elastic) period is used as 
the reference period for all ductility levels. In the second approach, known as Equivalent 
Linearization (EL) Approach (Gülkan and Sozen 1974; ATC 40 1996) an equivalent linear 
system with appropriate period and damping is used to obtain the response of the inelastic 
system. The secant period corresponding to peak displacement is commonly used 
(Rosenblueth and Herrera 1964; Gülkan and Sozen 1974; ATC 40 1996; Grant et al. 2005; 
Priestley et al. 2007; Dwairi et al. 2007) as the reference period, in this approach. Sullivan et 
al. (2004) have compared the two approaches and concluded that either of the two 
approaches can be used to estimate the inelastic response with sufficient accuracy for the 
PBD. As both the approaches utilize empirically obtained calibration factors, any period 
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(even other than Ti and Tsec) can be used as reference period for estimating response with 
reasonable accuracy. 
 

Table 1. Details of different soil profiles considered for numerical study. 

Site 
Layer 
Thickness  
(m) 

Unit  
Weight  
(kN/m3) 

VS 
 
(m/s) 

Bedrock  
Depth Considered 
(m) 

KGWH02 
(Stewart el al. 2008) 

9 18.9 163 9 
13 18.9 249  
17 18.9 262 29 
17 18.9 336 56 
12 20.4 836  
10 21.2 1183  
10 21.2 1252  
10 21.2 1329  
102 21.2 1661 200 

La Cienega 
(Stewart el al. 2008) 

2.1 20.1 140  
1.8 20.1 180  
3 20.1 210  
3 20.1 240 9.9 
3 20.1 280  
4.8 20.1 310  
2.1 20.1 290  
1.8 20.1 350  
2.1 20.1 370  
1.8 20.1 340  
3.9 20.1 314 29.4 
9.8 20.1 472  
21.5 20.1 411 60.7 
12.2 20.1 625  
36.7 20.1 518  
54.7 20.1 561  
48.6 20.1 600  
38.6 20.1 640 251.5 

LOTUNG 
(Stewart el al. 2008) 

2.4 17.6 114  
1.7 17.6 121  
2.6 17.6 149  
2.3 18.1 165 9 
2.2 17.6 180  
3 17.6 185  
3.1 19.7 189  
2.6 19.7 235  
3.9 18.7 244  
1.8 18.7 222  
3.8 18.7 228 29.4 
4.5 18.7 319  
3 18.7 248  
2.1 17.6 259  
3.8 17.6 251  
4.2 19.7 256  
Bottom most layer extended 59.6  
Bottom most layer extended 200  

Treasure Island 
(Lopez 2002) 

3 17 260  
5 17 130  

6 17 180 11(first stiff layer 
removed) 

14 16 185 28 
14 16 320  
33 16.5 260  
13 18 380 88 
Bottom most layer extended 200  
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In the present study the ground motions obtained for the sixteen strata (four depth and for 
the four sites, viz., KGWH02, La Cienega, Lotung and Treasure Island), have been used to 
obtain the constant ductility spectra, using the software “BISPEC” (Hachem 2004). Seven 
spectrum compatible rock outcrop motions corresponding to 0.05 g and 0.36 g, stiffness 
degrading modified Clough hysteresis model for four different ductility levels (µ = 2, 4, 6, and 
8) with 5% material damping and post-yield stiffness ratio α = 0.05, have been used. From 
the inelastic demand spectra for each ductility class, the spectral displacement 
corresponding to structural period in longitudinal and transverse direction are noted. From 
the bilinearlized capacity curve yield displacement is obtained. Based on yield displacement 
and assumed ductility the spectral displacement is obtained. The ductility and spectral 
displacement of demand curve is compared with the same values of the capacity curve and 
the identical value depicts the performance point in the proposed methodology as illustrated 
in Figure 3.  Table 2 illustrates the determination of performance point using the proposed 
methodology for KGWH02 site (Bedrock depth considered at 9 m and 0.36 g PGA). The 
inelastic displacement demand for the range of ductility levels (1-2) corresponds to building 
period of 1.24 s for longitudinal direction. From the bilinearized capacity curve the yield 
displacement is 0.08 m. Based on the yield displacement and assumed ductility the spectral 
displacement is obtained. It can be seen from the table that at ductility level of 1.6 the 
spectral displacement of demand and capacity curve are approximately equal. Therefore, the 
target displacement is 0.129 m. Similarly, for the other sites and PGA the target 
displacement have been obtained and shown later in Tables 4 and 5 along with Damage 
Probability Matrix (DPM). 
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Figure 3. Schematic diagram showing estimation of displacement demand using inelastic demand and 

capacity spectra. 
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Table 2. Example for determination of performance point using the proposed methodology for 
KGWH02 site. 

Site Demand   Capacity 
Ductility Sdin Ductility Sdin 

KGWH02  

µ (m) µ (m) 
1 0.146 1 0.08 
1.1 0.143 1.1 0.088 
1.2 0.140 1.2 0.096 
1.3 0.138 1.3 0.104 
1.4 0.135 1.4 0.112 
1.5 0.132 1.5 0.12 
1.6 0.129 1.6 0.128 
1.7 0.127 1.7 0.136 
1.8 0.124 1.8 0.144 
1.9 0.121 1.9 0.152 
2 0.118 2 0.16 

 
 
Effect of Site Condition on Seismic Performance and Vulnerability 
It is interesting to observe that for the same building and site class D, the local site condition 
plays an important role in site amplification, which can significantly affect the performance 
level of the building and its vulnerability for damage. From Tables 4 and 5 it can be observed 
that the target displacement (spectral displacement) varies from 3-5 times.  
 
In the present study to determine vulnerability of the building located on same site class with 
varying soil condition, HAZUS methodology is used.  
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where ds,dS  is the median value of spectral displacement at which the building reaches the 

threshold of damage state, ds , dsβ is the lognormal standard deviation parameter that 
describes the total variability of damage state, ds , and Φ  is the standard normal cumulative 
probability distribution function. The HAZUS methodology is basically a hybrid methodology 
in which analytical capacity curves are used with assumed variability in demand, capacity 
and damage state thresholds.  HAZUS-MH categorizes the damage in four states, viz. Slight, 
Moderate, Extensive and Complete. The damage state thresholds presented by Barbat et al. 
(2006) as shown in Table 3 have been used in the present study. The corresponding 
threshold spectral displacement is also shown. To obtain fragility curves the fragility Beta’s 
as per HAZUS for the low rise building have been used (к=0.9 for Minor Degradation, βT, 

ds=0.4 for Moderate conditions, βc =0.2 for Moderate conditions) to obtain  βds as 0.75 for the 
building considered. Fragility curves obtained are shown in Figure 4. Tables 4 and 5 show 
the probabilities of damage being greater than or equal to a particular grade for the 4-storey 
building. It can be noted from the tables that the probability of damage for building varies 
significantly with local site conditions despite the sites being in the same site class. For 0.05 
g PGA slight and moderate damage is observed to varying between 4-5 times whereas for 
0.36 g PGA significant difference is observed for all the damage grades. Also the effect of 
local site condition can be clearly observed from the table, e.g. in longitudinal direction at 
KGWH02 and Lotung site (both with bedrock level at 200) the probability of complete 
damage is 1 % and 24% respectively.  
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Table 3. Damage state thresholds values based on yield displacement (Dy) and ultimate displacement 
(Du) in longitudinal and transverse direction and corresponding parameters for fragility curve. 

 
Damage 
Level 

Threshold Spectral 
Displacement 
(Barbat et al. (2006)) 

Longitudinal 
(m) 

Transverse 
(m) 

Yield Disp. Dy 0.08 0.065 
Ultimate Disp. Du 0.43 0.25 
Slight Sd, 1= 0.7Dy 0.056 0.0455 
Moderate Sd, 2= Dy 0.08 0.065 

Extensive Sd, 1= Dy+0.25(Du-
Dy) 

0.1675 0.11125 

Complete Sd, 1= Du 0.43 0.25 
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Figure 4. Fragility curves for 4 storey building in (a) Longitudinal and (b) Transverse direction 
 

 
 

Table 4. Probability (%) of damage of different grades at PGA of 0.05 g and 0.36 g in Longitudinal 
direction of 4 storey building. 

Sites 

PGA=0.05 g PGA=0.36 g 
Sd(m) Damage Probability (%) Sd(m) Damage Probability (%) 
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KGWH02-1 0.017 4 2 0 0 0.129 13 37 31 5 
KGWH02-2 0.024 8 5 0 0 0.177 8 33 41 12 
KGWH02-3 0.038 14 14 2 0 0.246 4 24 47 23 
KGWH02-4 0.042 16 16 3 0 0.253 4 23 47 24 
La Cienega-1 0.016 3 2 0 0 0.115 15 38 27 4 
La Cienega-2 0.018 4 2 0 0 0.131 13 37 32 6 
La Cienega-3 0.022 6 4 0 0 0.148 11 36 36 8 
La Cienega-4 0.024 8 5 0 0 0.149 11 36 36 8 
Lotung-1 0.017 4 2 0 0 0.124 13 38 30 5 
Lotung-2 0.024 8 5 0 0 0.180 8 32 42 12 
Lotung-3 0.036 13 12 2 0 0.157 10 35 38 9 
Lotung-4 0.018 4 2 0 0 0.066 19 29 10 1 
Treasure Island-1 0.018 4 2 0 0 0.139 12 37 34 7 
Treasure Island-2 0.029 10 8 1 0 0.208 6 29 45 17 
Treasure Island-3 0.048 17 20 5 0 0.234 5 25 46 21 
Treasure Island-4 0.030 11 8 1 0 0.155 10 35 37 9 
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Table 5. Probability (%) of damage of different grades at PGA of 0.05 g and 0.36 g in Transverse 
direction of 4 storey building. 

Sites 

PGA=0.05 g PGA=0.36 g 
Sd(m) Damage Probability (%) Sd(m) Damage Probability (%) 
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KGWH02-1 0.015 4 2 0 0 0.118 11 26 37 16 
KGWH02-2 0.023 10 7 2 0 0.180 5 17 41 33 
KGWH02-3 0.042 18 18 9 1 0.222 3 13 38 44 
KGWH02-4 0.048 19 21 12 1 0.231 3 12 38 46 
La Cienega-1 0.014 4 2 0 0 0.101 13 27 34 11 
La Cienega-2 0.016 5 3 0 0 0.125 10 25 38 18 
La Cienega-3 0.020 8 5 1 0 0.148 8 22 41 24 
La Cienega-4 0.020 8 5 1 0 0.142 8 22 40 23 
Lotung-1 0.015 4 2 0 0 0.117 11 26 37 16 
Lotung-2 0.023 10 7 2 0 0.161 7 20 41 28 
Lotung-3 0.031 14 12 4 0 0.130 10 24 39 19 
Lotung-4 0.014 4 2 0 0 0.052 19 23 14 2 
Treasure Island-1 0.016 5 3 0 0 0.130 10 24 39 19 
Treasure Island-2 0.028 13 10 3 0 0.187 5 16 41 35 
Treasure Island-3 0.038 17 16 7 1 0.196 4 15 40 37 
Treasure Island-4 0.031 14 12 4 0 0.140 9 23 40 22 

 
Conclusions 
Vulnerability of a four storied building assumed to be located on different sites belonging to a 
single site class has been estimated for two levels of seismic intensity. Two important effects 
of soil i.e. soil flexibility and soil amplification have been considered. It has been observed 
that the effect of foundation flexibility is negligible, whereas soil amplification has profound 
effect on seismic response of the considered short period building. In the present study, a 
method has been proposed to obtain the performance point using the capacity spectra and 
inelastic constant ductility demand spectra. Using the proposed methodology, the probability 
of damage of the building has been estimated for the two seismic intensity levels and 
different site conditions. It has been observed that the probability of damage for building 
varies significantly with local site conditions despite the sites being in the same site class. 
For 0.05 g PGA, the probability of slight and moderate damage has been observed to vary 
between 4-5 times, whereas for 0.36 g PGA significant difference is observed for all the 
damage grades. The soil depth at a given site, also has a significant effect on the damage 
probability. 
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