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SUMMARY

Characteristics of near-fault earthquakes (NFE) are particularly different from that of the far-field ones. Far-field
ground motions are characterized by low peak ground acceleration (PGA) and high frequency, whereas near-fault
ground motions have a high peak ground velocity (PGV) and long period pulse. Several recent earthquakes, e.g.
1992 Landers, 1994 Northridge, 1995 Kobe, and 1999 Chichi earthquake events, have caused substantial damage
to near-fault flexible structures. The nonlinear dynamic behaviour of tall reinforced concrete (RC) frame struc-
tures subjected to NFE records is influenced by the characteristics of the foundation soil. The assumption of a
fixed-base model for this type of structure might not adequately represent their seismic response. Therefore, the
seismic performance evaluation analysis should take into account the soil-structure interaction (SSI). In this study,
the seismic performance of a 20-storey and a 6-storey RC frame structures with fixed-base and flexible-base con-
ditions is evaluated. The characteristics of the flexible-base models cover four types of soils, namely, soft soil,
medium soil, stiff soil and a rock soil, as classified by the International Building Code. A set of 13 near-fault
acceleration time histories recorded on the four types of soil from major earthquake events is selected for the
analysis. Three criteria for scaling the records were considered, namely, same maximum spectral acceleration,
same spectral acceleration at fundamental period of fixed-base model, and same spectral acceleration at funda-
mental period of flexible-base model. The analysis evaluates the effect of SSI on the dynamic behaviour by com-
paring the response of the flexible-base model to the fixed-base model of the structure when subjected to different
earthquake records on a specific soil type. It is concluded that SSI effects could vary significantly according to
the characteristics of the NFE record, the scaling criterion and the seismic performance indicator representing the
SSI. This observation is valid for tall and low-rise structures. Copyright © 2007 John Wiley & Sons, Ltd.

1. INTRODUCTION

When foundation soil is subjected to seismic ground motion its response is dictated by the soil char-
acteristic properties, the soil conditions and the characteristics of the earthquake. Wave propagation
theory stipulates that soil layers modify the characteristics of the input seismic waves while they are
travelling though it (Kobayashi et al., 1986), therefore influencing the acceleration record. Several
investigations have reported that near-fault earthquake (NFE) ground motions caused severe damage
to structures (e.g., Singh, 1995; Attalla et al., 1998). The severity in the structural response is related
to the nature of the ground motion, which in turn is related to other parameters, among which are the
geology and characteristics of foundation soil. Suzuki and Asano (2000) have studied the character-
istics of the near-fault ground motions by using a stochastic approach and a synthesis simulation.
The near-fault ground motions are generally characterized by long-duration pulses that subject the
structure to very high input energy at the early stage of the record (Makris and Roussos, 1998). Several
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research studies (e.g., Krawinkler ef al., 2003; Alavi and Krawinkler, 2004) have reported that near-
fault ground motions, characterized by equivalent pulses (Liao et al., 2001), can cause high values of
storey drift in structural members, forcing the structure to behave in the inelastic range (Iwan et al.,
2000) and leading to severe damage of the structure. Malhotra (1999) studied the effect of character-
istics of pulse-like ground motions on the dynamic response of buildings, and found that near-fault
ground motions with directivity effects tend to have a high PGV/PGA ratio, which influences their
response characteristics.

For tall structures, the presence of a flexible foundation soil influences the nonlinear dynamic behav-
iour of the structure. Under strong shaking, the soil located in the vicinity of the structure will have
a nonlinear behaviour with permanent deformations (Halabian and El-Naggar, 2002) causing changes
in the natural period compared to the fixed-base condition (Avilés and Sudrez, 2002; Dutta et al.,
2004). The soil-structure interaction (SSI) results in kinematic and inertial effects giving changes in
the dynamic properties of the structure and the characteristics of the ground motion (Avilés et al.,
2002). If the foundation soil is stiff enough, the dynamic response of the structure is not influenced
by the soil characteristics and the structure can be assumed as fixed at its base. If the structure is resting
on a flexible medium, the dynamic response of the structure will be different from the case of a fixed
base condition due to the interaction between the soil and the structure. Therefore a complete dynamic
analysis to evaluate the performance level of a structure should consider the effect of SSI in the model.
When SSI is considered, the ground motions imposed at the foundation of the structure are a function
of the soil parameters, the travel path, the local site effects and the geometry of the surrounding soil.
This is defined as the free field ground motion (Wolf and Deeks, 2004). A simplified procedure based
on ductility demands is proposed by Avilés and Pérez-Rocha (2005) for design of yielding structures
including SSI effects.

Performance-based seismic engineering is the modern approach to earthquake-resistant design.
Seismic performance (performance level) is described by designating the maximum allowable damage
state (damage parameter) for an identified seismic hazard (hazard level). Performance levels describe
the state of a structure after being subjected to a certain hazard level as: fully operational, operational,
life safe, near collapse, or collapse (Vision 2000, 1995; FEMA 273/274, 1997). Overall lateral deflec-
tion, ductility demand, and inter-storey drift are the most commonly used damage parameters. The
five qualitative performance levels are related to corresponding five quantitative maximum inter-storey
drifts (as a damage parameter) to be: <0-2%, <0-5%, <1-5%, <2-5%, and >2-5%, respectively.

In this study, the seismic performance represented by the inter-storey drift of a 20-storey RC frame
structure with fixed-base and flexible-base conditions is evaluated. The characteristics of the flexible-
base models covers four types of soils, namely, soft soil, medium soil, stiff soil and a rock soil as clas-
sified by the International Building Code (IBC, 2000). To simulate the impact of SSI on the foundation
flexibility, the procedures for kinematics effects of ATC-40 recommendations (1996) are used. A set of
13 near-fault acceleration time histories recorded on the four types of soil from major earthquake events
is selected for the analysis. Three criteria for scaling the records were considered, namely, same
maximum spectral acceleration, same spectral acceleration at fundamental period of fixed-base model,
and same spectral acceleration at fundamental period of flexible-base model. The analysis evaluates the
effect of SSI on the dynamic behaviour by comparing the response of the flexible-base model to the
fixed-base model of the structure when subjected to different earthquakes records on a specific soil type.

2. DESIGN CONSIDERATION OF THE REINFORCED CONCRETE BUILDINGS

Two RC moment-resisting frame (MRF) buildings are used in this study; a 20-storey building to rep-
resent tall structures and a 6-storey building to represent low-rise structures. The structures were
designed according to the National Building Code of Canada (NBCC, 1995) and CSA (1994) using
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seismicity characteristics of Victoria city in British Colombia, Canada, as a highly seismic zone in
comparison to the rest of the country (El-Sheikh, 2002). The buildings have a three-bay by three-bay
square plan. The floor-to-floor height of the storeys is 3-6 m. The total heights for the 20-storey build-
ing and the 6-storey building are 72m and 21-6 m, respectively. Figure 1 shows the elevation of the
two MRF and the cross-section properties of the columns and beams. The slab thickness is taken
180 mm to meet the minimum thickness requirement according to CSA (1994). In the original design,
the structure models were assumed to be fixed at the base with no consideration of soil flexibility.

3. MODELLING SOIL-STRUCTURE SYSTEM
3.1 Superstructure parameters and model

Frames were designed according to the strong column—weak beam approach to achieve the desired
beam hinging mechanism. This design approach requires that flexural resistances of the columns and
the beams satisfy the following criteria:

Y M, 211 M, (1)

where Y’M.,. is the sum of moments at the centre of the joint, corresponding to the factored resistance
of the columns framing into the joint, and >)M,, is the sum of moments at the centre of the joint cor-
responding to the nominal resistance of the beams and girders framing into that joint.

The weight of the structure is input as masses concentrated at the member joints. The total weight
per floor per frame is 675 kN, which includes the weight of floor slab, exterior and interior partition
walls and mechanical services. Thus, the weight at exterior nodes and interior nodes is taken as 112-5
kN and 225 kN, respectively. Beam—column joints are assumed to be rigid and are represented by rigid
zones at the elements ends. The length of the rigid zone was assumed to be 0-4 of the depth of the
columns and beams in each side of the joint.

3.1.1 Modelling of beams and columns

The buildings are idealized as two-dimensional frame models. The beams are modelled as linear elastic
elements with two inelastic flexural springs (plastic hinges) for flexural deformation at each end, as
shown in Figure 2(a). A trilinear pinching model (Figure 2b) is used to model the nonlinear rotation
at each end. Shear deformation is assumed to be elastic.

The columns are modelled as an elastic element with two inelastic multi-spring elements at each
end, as shown in Figure 3(a). The multi-spring elements are capable of simulating the axial and flex-
ural nonlinear behaviours taking into account the coupling effect between flexure and axial force.

The trilinear/bilinear model SS3 shown in Figure 3(b) was used to represent the steel bars (Li, 1999).
A bilinear skeleton curve with specified hysteretic parameters was used for the current analysis with
the stress—strain properties provided for each steel bar. The parameters for the steel skeleton curve are
listed in Table 1(a). The concrete behaviour was represented using the bilinear model CS2 (Li, 1999)
shown in Figure 3(c). The model is simple with post-peak degrading envelope and tension-stiffening
capabilities. The parameters for the concrete skeleton curve are listed in Table 1(b). Linear shear defor-
mation was assumed.

3.1.2  Material properties

The specified compressive strength of concrete was f; = 25 MPa, the specified yield strength of steel
was f, = 400 MPa and the concrete density was . = 24kN/m’. The modulus of elasticity of concrete
was calculated according to clause 8.6.2.2 (CSA, 1994) as follows:
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Figure 1. Elevation and cross-section properties of the studied MRFs (fixed-base model): (a) 20-storey building;
(b) 6-storey building (El-Sheikh, 2002)

Copyright © 2007 John Wiley & Sons, Ltd.

Struct. Design Tall Spec. Build. 17, 541-562 (2008)

DOI: 10.1002/tal



EFFECT OF SOIL CONDITIONS ON RESPONSE OF RC STRUCTURES 545

(a) (b)

Figure 2. Modelling of beams: (a) uniaxial flexural spring model; (b) cross-peak trilinear pinching model at plastic
hinges (Li, 1999)

Table 1(a). Parameters used for element SS3 (Li, 1999)

Parameter Value
Skeleton curve parameters v and K 1-0
Post-yielding parameter 3 0-01
Parameter ¢ to direct unloading 0
Unloading stiffness degrading parameter y 02
Unloading control parameter 6 0-75

Table 1(b). Parameters used for element CS2 (Li, 1999)

Parameter Value
Strain at maximum compressive strength 0-002
Compression post-peak residual/max. capacity ratio A 02
Ultimate strain/strain at maximum compressive strength ratio u 1.75
Post-peak unloading stiffness parameter y 02
y 15
E.=(3300+ f.+6900 (—L) 2
(3300 £, !\ 3300 )

3.2 SSI representation

The seismic response of a structure resting on soil flexible foundation requires good knowledge of
soil parameters such as the soil impedance function, represented by the spring and damping coeffi-
cients. The effect of the supporting soil can be significant for the case of a tall flexible structure resting
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Figure 3. Modelling of columns: (a) multi-spring model; (b) hysteresis model for steel, SS3; (c) concrete material
bilinear model, CS2. (Li, 1999)

on a deformable flexible soil leading to soil nonlinearity. At the vicinity of the structure foundation
and under strong earthquake ground motion, the soil undergoes nonlinear deformations leading to an
increase in the fundamental period. If the supporting soil is stiff enough, the response of the structure
will not be influenced by the support condition; i.e., the structure can be assumed to be fixed at its
base. If the foundation soil is less rigid it will have an influence on the overall structural response and
SSI will take place. In this case, the flexibility of the supporting soil has to be accounted for.

The ground motion during an earthquake is dependent the soil parameters, the travel path, the local
site effects and the geometry of the surrounding soil. This is defined as the free field ground motion.
When soil is considered, the ground motions imposed at the foundation of the structure are influenced
by its parameters. In order to account for the effect of SSI the suggested procedure of FEMA 440
(2005) is applied. The soil-structure models should be chosen cautiously in order to represent ade-
quately the overall system. The soil physical characteristics are assumed as a lumped parameter system
at the foundation level represented by the stiffness coefficients. Thus, a set of two translational and
rotational springs are placed at the base of the ground floor columns to model the foundation soil. The
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Figure 4. Modelling of the foundation supports

spring stiffness values are determined according to the shear wave velocity and Poisson’s ratio of the
geological medium that supports the structure.

Owing to the effect of SSI, the damping of the structure will be different from that of a fixed-base
condition. The reason for this is that the presence of soil introduces additional damping in the
soil-structure system in addition to the radiation damping. Thus, the energy of the vibrating system
is dissipated into the soil medium through radiating waves (Mylonakis and Gazetas, 2000). The
current study is mainly concerned with the investigation of the effect of soil conditions and the char-
acteristics of the ground motions on the nonlinear dynamic performance of the structure through the
estimation of the maximum inter-storey drift (ID,,,). Thus, the effects of radiating damping on the
response calculations are not included herein and it is assumed that only the material damping is
present in the system. This is accounted for by using Rayleigh damping as a combination of the stiff-
ness matrix and the mass matrix.

3.3 Soil parameters and model

The structures are assumed to be resting on a mat foundation of plan dimensions 21 x 21 m?* with
thickness of 1 m and embedment of 2-5m. The flexibility of the foundation soil is accounted for by
using concentrated equivalent horizontal, vertical and rotational springs placed at the ground floor
level of the structure as shown in Figure 4. This representation is found to be a satisfactory model for
SSI (Wolf, 1985; FEMA 440, 2005). The procedure outlined in FEMA 440 (2005), developed by
Gazetas (1991), is applied for the estimation of springs’ stiffnesses. The stiffness expressions of the
horizontal, vertical and rotational springs representing the soil medium are defined by Ky, K, and K,
respectively. To account for the embedment of the foundation, the spring stiffnesses are multiplied by
the embedment factors By, B, and By, respectively. Table 2 gives the expressions of the spring stiff-
nesses and their corresponding embedment factors.

The values of the stiffnesses of the springs are dependent on the mechanical characteristics of the
soil material, the dimensions of the foundation, and its embedment depth. The mechanical character-
istics of the foundation soil medium are represented by the effective shear modulus G, the mass density
Po, and Poisson’s ratio v. At low strain, the maximum shear modulus G is related to the shear wave
velocity C; according to the following expressions (ATC-40, 1996):

Cs= F (3a)
Po
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Table 2. Expressions for spring stiffnesses and their corresponding embedment factors (FEMA 440, 2005)

Mode Stiffness coefficient Embedment factor
075 0-67

Horizontal Ky= i 073+ 1~54(£) Bx = |:1 + 0-0952(1 +13 E]] 1+ O-Z[M d] 1

1-v L B L LB |

085 05 0-4

Vertical K,= GL 24 2.5(&) B,=1+ 0.15(2_0) 1+ 0.52[16w}

2—v L B BL

0-25 —0-20 0-50

Rotational K,= i]g“ (E) (2-4 +05 E) Bo=1+ 2~52i 1+ ﬁ(ij (E)

1-v B L B B\ D L

Note: G is the effective shear modulus (kN/m?); v is Poisson’s ratio; L is the length of the foundation (m); B is
the width of the foundation (m); d is the thickness of the foundation (m); and D is the embedment depth of the
foundation (m).

Table 3. Properties of the four considered soil types

Effective
Range of shear Average Initial shear ~ shear modulus
Soil type wave velocity, shear wave Poisson’s modulus, G, G = 042G,
(IBC) Soil profile C, velocity (m/s)  ratio, v (kN/m?) x 10°  (kN/m?) x 10°
E Soft soil C, < 180 160 0-25 4.4 1-84
D Stiff soil 180 < C, < 360 270 0-25 137 575
C Very dense soil 360 < C, < 750 564 0-25 67-5 28-40
and soft rock
B Rock 750 < C, < 1500 1125 0-25 335.0 141-00
or
G=Lc (3b)
8

where Y is the unit weight of the soil and g is the gravity acceleration.

This study covers four types of soils as classified by IBC (2000), namely, soil types E, D, C and B.
Most of the design codes classify the soil types according to the ranges of the shear wave velocity C,.
Table 3 shows the properties of the four types of soil considered in this study as given by the IBC
(2000). In representing the effect of SSI, the spring models used for the foundation soil are assumed
to have compression resistance with no tension. The nonlinear behaviour of soil under dynamic cyclic
strain can be represented by complex hysteretic models that have several control parameters, which
are difficult to evaluate. In this study, the nonlinear behaviour of soil is simplified by assuming a
degrading bilinear model with no tension for the vertical springs, as shown in Figure 5(a). The yield-
ing force of the springs, F), is defined by the ultimate soil bearing capacity, g, multiplied by the
effective foundation area. The following formula given by ATC-40 (1996) is used for evaluating g,,:

Qult:C'Nc'qc+J/'D'Nq'qq+%J/'B'NY'q}’ )
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Figure 5. Modelling of the: (a) vertical; and (b) horizontal and rotational springs (Li, 1999)

Table 4. Properties of the vertical springs of the exterior and interior supports

Soil type Soil total unit Ultimate bearing F, for exterior F, for interior
(IBC) weight, v (kN/m®) capacity, gy (kN/m?) supports (kN) x 10° supports (kN) x 10°
E 16-81 135.72 3-66 4.89

D 18-41 598.75 16-20 21-60

C 20-83 958-00 2590 34-50

B 26-00 1317-25 35-60 47-40

where ¢ is the cohesion of soil; N,, N,, and N, are the bearing capacity factors functions of soil fric-
tion angle ¢; ¢q., q,, and g, are shape factors; D is the embedment depth of the foundation; and B is
the width of the foundation.

The values of the ultimate bearing capacity are taken from Table 10-7 of ATC-40 (1996). The esti-
mated values of g, are average values. The post-yield stiffness is assumed as 0-1 of the initial stiff-
ness. Table 4 shows the properties of the vertical springs of the exterior and interior supports. The
horizontal and rotational springs are composed of two counteracting springs that are assumed to have
a linear elastic behaviour with no tension (Figure 5b).

4. INPUT GROUND MOTION

Most of the NFE events have provided strong evidence that the level of destructive damage is directly
related to the nature of the fault rupture and its orientation with respect to the damaged site. The near-
fault site is typically assumed to be at distance less than 50km from the fault. At the vicinity of the
fault rupture, the ground motions have different characteristics from those located at a far distance
and they are influenced by the rupture mechanism that is called directivity. When there is a fault
rupture, the generated waves propagate in a certain direction at a certain speed close to the shear
wave velocity, causing most of the energy to arrive at a site within a very short period of time.
Therefore, the direction of the fault rupture affects the site located in the vicinity. For the near-fault
ground motions with forward directivity, the wave front arrives at a site as pulse like motion charac-
terized by large amplitude. The investigation should include the effects of the characteristics of the
near-fault ground motion for a site having particular soil conditions. For this purpose, a set of 13 NFE
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Table 5. NFE ground motions recorded on soil types E, D, C and B

Station and PGV
Soil type Earthquake Date component M R (km) PGA(g) (cm/s)
E Imperial Valley 1979/10/15  Impall/H-E03140 6-5 93 0-266 46-8
Kobe 1995/01/16  Kobe/TAKO000 69 03 0-611 127-1
Westmorland 1981/04/26 ~ Westmorl/WLF225 5-8 0-15 0-199 16-4
D Cape Mendocino 1992/04/25  Capemend/PET090 7-1 9-5 0-662 89-7
Central California 1960/01/20  Ctrcalit/B-HCH271 — 14-9 0-063 36

Chichi, Taiwan 1999/09/20  Chichi/CHY101-N 7-6 11-14 0-44 115-
C Cape Mendocino 1992/04/25  Capemend/RIO270 7-1 185 0-385 439
Coyote Lake 1979/08/06 ~ Coyotelk/G06230 57 31 0-434 49-2
Duzce, Turkey 1999/11/12  Duzce/1058-E 71 09 0-111 142
B Anza (Horse Cany) 1980/02/25  Anza/PFT135 4.9 13-0 0-131 51
Cape Mendocino 1992/04/25  Capemend/CPM000  7-1 85 1-497 127-4
Northridge 1994/01/17  Northr/PUL194 67 80 1285 1039
N. Palm Springs 1986/07/08  Palmspr/WWT180 6-0 73 0-492 34.7

acceleration time histories recorded on different soil types is used to assess the nonlinear dynamic
response of the 20-storey and 6-storey frame structures including SSI. The records were retrieved from
the PEER web site (PEER, 2005). Table 5 shows the properties of the NFE records.

The records were divided into four groups with respect to the type of soil. The four soil types—E,
D, C and B—are specified with respect to a given range of the shear wave velocity, C,, shown in Table
3. In order to have a unified characteristic of the input motions, three scaling criteria are used for the
records. The first set corresponds to scaling the earthquake records on the basis of maximum pseudo-
spectral acceleration (S, .x), as given by the International Building Code (IBC, 2000). The S, .« of
the records are scaled to match those of the IBC code for the corresponding soil profile, as shown in
Figure 6. The second set is obtained by scaling the records such that the spectral acceleration of
the record matches that of the IBC at the computed period of the fixed-base (i.e., with no springs for
SSI representation) structure model, S,(T4..q), as shown in Figure 7. The third set is obtained by
scaling the records such that the spectral acceleration of the record matches that of the IBC at the com-
puted period of the structure model with flexible-base condition (i.e., with springs that represent SSI),
So(Thexivie), as shown in Figure 8.

5. FORMULATION

The soil-structure system is subjected to NFE ground motion applied at the base level in the x-direc-
tion as an acceleration time history. The nonlinear time history dynamic analysis is performed with
the CANNY99 (Li, 1999) program using the implicit step-by-step Newmark 8 method, with 8= 0-25
and y= 0-5. The equilibrium equations of the interaction system in the time domain at time 7 + Az can
be written in matrix form as

(MKAx}, , +[CRALL, , +[KKAXY,,, =—[MKAd},,, +{A S}, +{F'], &)

where [M], [C] and [K] are the mass, damping and stiffness matrices, respectively. The incremental
quantities represented by {AX};,a» {AX}ia {Ax} s and {Aa},,,, are the vectors of acceleration, veloc-
ity, displacement and input acceleration respectively. The incremental external load vector is represented
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Figure 6. Spectral acceleration of the NFE records scaled to match S, ., of the IBC (2000) for soil types E, D,
Cand B

by {Af},.a- At time ¢ the unbalance force vector given by {F7},is expressed in terms of the inertia force
vector, the external load vector, the total damping vector and the restoring force vector (Li, 1999).

6. RESULTS AND DISCUSSION

Results of the nonlinear time history analysis of the 20-storey and 6-storey structures with fixed-
and flexible-base models in the form of the fundamental period, displacement time history, distribu-
tion of the shear force and the inter-storey drift were obtained. The following is a discussion of the
results.

6.1 Free vibration analysis

The eigenvalue analysis is conducted to demonstrate the effect of including the soil parameters in pre-
dicting the fundamental period of the structure. The fundamental period of the fixed-base and flexi-
ble-base models were computed for both structures. Tables 6(a) and 6(b) show the elongation of the
fundamental period of the flexible-base model for different types of foundation soil. The soft soil con-
dition (soil type E) gives the highest fundamental period compared to the other cases, showing the
importance of including soil parameters that lead to a lengthening of the period. The stiff soil profile
(type D) and the very dense soil (type C) result in higher values of the fundamental period of the

Copyright © 2007 John Wiley & Sons, Lid. Struct. Design Tall Spec. Build. 17, 541-562 (2008)
DOI: 10.1002/tal



552 K. GALAL AND M. NAIMI

1.0 T T
Soil type E o \ Soil type D
IBC2000 K 0.8 - : '
— — — - Imperial Valley [ S 33C 21(\)/?0 doci
R SR T U B EEEE RS ape Mendocino
— 0.6 +—AA—F—4—F—— . ... .. westmorland H —~ 0.6 L. Central California|
0 ) -i e \ — — — - Chichi
< « [ N
“ 7 0.4 II;“ \ . /\
\ 0n BAMA N \
0.0 [ M L NP e =|'='-' 0.0 [ TR P P e
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Period (sec) Period (sec)
1.0 e - LO mp— ;
T \\ Soil type C 1!! : Soil type B
) . i \
0.8 1 1BC 2000 08 W —— BC
Ly U B RS Cape Mendocino ) /\B\ ....... Anza
0.6 'i’ MR — — —-Coyotte Lake 06 MY T\ — - — - - Cape Mendocino
C) B \ Duce Turkey C “\ A\ — - — - Northridge
o L A = \ Palm springs
@04 S @ 04 44
o \
T \ > o.z-gk N
{ \ O3 [ \\Q \
0.0 L1 L P L P — 0.0 PRI E TR SRR Rt e L ——
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Period (sec) Period (sec)

Figure 7. Spectral acceleration of the NFE records scaled to match S(7,.q) of the IBC (2000) (case of 20-storey
building) for soil types E, D, C and B

flexible-base model, whereas the case of rock material (type B) results in an almost identical value of
the period compared to the fixed-base model, indicating that the foundation soil medium is rigid
enough. This shows that for soil type B there is no SSI effect and the structure can be modelled using
a fixed-base condition. From Tables 6(a) and 6(b), it can be seen that the effect of considering SSI on
the fundamental period of the structure is higher for tall buildings than for low-rise buildings.

6.2 Analysis of 20-storey building (records scaled to S, 4.)

The response of the fixed-base and flexible-base models of the 20-storey building when subjected to
a set of NFE records having the spectral accelerations shown in Figure 6 for soils types E, D, C and
B, as classified by the IBC (2000) code, is evaluated. The results are shown in Figures 9-14 and Table
7. The following subsections discuss these results.

6.2.1 The influence of SSI on roof displacement history
Figures 9-12 show the displacement time histories of the top floor for models with fixed-base and
flexible-base conditions representing the four soil types E, D, C and B.

For soil type E (soft soil) profile, it can be seen that SSI affects the response of the overall struc-
tural system. Figure 9(a) shows that the flexible-base model exhibits permanent roof displacement for
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Figure 8. Spectral acceleration of the NFE records scaled to match S(Tjeyip) 0of the IBC (2000) (case of 20-storey
building) for soil types E, D, C and B

Table 6(a). Fundamental period, 7, of the 20-storey building

Soil type Fixed-base model (s) Flexible-base model (s) Ratio of periods (Ttyed/Tiexivte)
E 3.28 974 0-34
D 3.28 570 0-57
C 3.28 3.93 0-83
B 3.28 3.44 095

Table 6(b). Fundamental period, 7, of the 6-storey building

Soil type Fixed-base model (s) Flexible-base model (s) Ratio of periods (Tfxed/Tfexivie)
E 1-40 202 0-69
D 1-40 1-62 0-86
C 1-40 145 0-96
B 1-40 1-40 0-99
Copyright © 2007 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 17, 541-562 (2008)
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Figure 9. Displacement time-history response of the top floor of 20-storey building on soil type E subjected to
earthquakes: (a) Imperial Valley; (b) Kobe; (c) Westmorland

the Imperial Valley ground motion. On the other hand, Figure 9(b) and (c) show negligible differences
in the roof response of the fixed and flexible models for Kobe and Westmorland earthquakes.

For soil type D (stiff soil) profile, Figure 10(a)—(c) show that the SSI effects are significant through
the presence of permanent roof deformations in the flexible-base model. Of particular interest is the
case of Chichi earthquake (Figure10c), which causes considerably larger roof displacement amplitude
for the flexible-base model compared to the fixed-base model, indicating that SSI is imposing higher
roof displacement demands. This can be attributed to the high spectral accelerations of the records at
long period range compared to the Cape Mendocino and Central California records, even though the
three records have the same S, ,.x (Figure 6).

On the other hand, the top-floor response of the 20-storey frame subjected to NFE records corre-
sponding to soil types C (very dense soil profile) and B (rock), shown in Figures 11 and 12, indicate
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Figure 10. Displacement time-history response of the top floor of 20-storey building on soil type D subjected
to earthquakes: (a) Cape Mendocino; (b) Central California; (c) Chichi

that the effects of SSI are not significant. In both cases, the flexible-base model shows small amounts
of permanent top-floor deformations.

From the above, it can be concluded that the lateral displacement response of a flexible frame struc-
ture is highly sensitive to the soil conditions and the characteristics of the NFE record.

6.2.2  Influence of SSI on inter-storey drift and shear distribution
Figures 13 and 14 show the distribution of the inter-storey drifts and the shear force of the 20-storey
building for fixed-base and flexible-base models when subjected to NFE records.

Figure 13 shows the distribution of the inter-storey drift ratio (ID) over the normalized height of
the 20-storey frame for fixed-base and flexible-base models subjected to NFE records that are scaled
to match the maximum spectral acceleration (S, ,,) for soil types E, D, C and B. From the figure it
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Figure 11. Displacement time-history response of the top floor of 20-storey building on soil type C subjected
to earthquakes: (a) Cape Mendocino; (b) Coyotte Lake; (c) Duce Turkey

can be seen that the SSI, represented by the change in the inter-storey drift demand of the flexible-
base model compared to the fixed-base model, is more pronounced in soil types E and D, and has less
and negligible effects in soil types C and B, respectively. Although NFE records are scaled to the same
S..max that matches the S, ..« of the IBC (2000) for the studied type of soil, it can be seen from the
figure that the SSI is higher for particular NFE records (e.g., Imperial Valley record for soil type E
and Chichi record for soil type D) and negligible for others. This implies that the effect of SSI on the
inter-storey drift performance parameter of the flexible structures is highly dependent on the charac-
teristics of the NFE record.

It is interesting to note that the increase in inter-storey drift due to SSI for both Imperial Valley and
Chichi records is characterized by a more uniform ID along the height with higher ID values at the
lower-level storeys when compared to the fixed-base model. This can be attributed to the lumped rota-
tion at the lower floor of the building.
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Figure 12. Displacement time-history response of the top floor of 20-storey building on soil type B subjected
to earthquakes: (a) Cape Mendocino; (b) Northridge; (c) Palm Springs; (d) Anza

Figure 14 shows the ratio of the distribution of the maximum storey shear (V;,,x) to the maximum
base shear (Viuemax) OVer the normalized height of the 20-storey frame for soil types E, D, C and B.
From the figure, it can be seen that the SSI represented by the reduction in the maximum base shear
of the flexible-base model compared to the fixed-base model reduces with increasing the soil stiffness
(i.e., from soil type D to soil type B). For flexible soil types E and D, it can be seen that the SSI effects
on the maximum base shear is dependent on the characteristics of the NFE record, even though the
records are scaled to the same S, -

6.3 Influence of scaling criteria on SSI effects

Table 7 shows the influence of scaling criteria of the NFE record on the SSI effects of the 20-storey
frame for soil types E, D, C and B. The three scaling criteria described previously and shown in Figures
6-8 are examined. The SSI effects for each scaling criteria is evaluated using two indicators, namely,
IDgs; and Vg, which are defined as the ratios of the maximum inter-storey drift and base shear of the
flexible- to fixed-base models, respectively.
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Figure 13. Distribution of inter-storey drift ratio over the normalized height of the 20-storey building for fixed-
base and flexible-base models subjected to NFE records (scaled to match S, .. of IBC 2000) for soil types E, D,
C, and B

From the table, it can be seen that SSI effects vary significantly according to the characteristics of
the NFE record. This observation is more pronounced in less stiff soil, i.e., soil types E, D and C, and
diminishes for soil type B. On the other hand, it can be seen from the table that the SSI is sensitive
to both the scaling criterion and the indicator representing the SSI (i.e., IDss; or Vg ratios). For
example, for soil type E, the Imperial Valley earthquake has the highest SSI effects on the building
according to both IDgg; and Vg ratios, if the S, .« scaling criterion is chosen. Yet, for the same soil
type, Westmorland earthquake gives the highest SSI effect if IDgg; ratio is considered and the second
highest SSI effect if Vg ratio is considered. Moreover, it can be seen from the table that there are
some cases where considering the SSI can result in a beneficial, i.e., unconservative, predicted per-
formance in the analysis of a tall building subjected to a particular NFE record. This can be seen in
the case of the Central California earthquake recorded on soil type D. A similar observation is reported
by Mylonakis and Gazetas (2000).

Therefore, it can be concluded that in order to evaluate the seismic performance of flexible struc-
tures on flexible soil in the near-fault region, it is recommended to conduct a site study to determine
a design ground motion record or spectrum for the specific site soil conditions. On the other hand,
attention should be paid to whether considering SSI is beneficial or detrimental to the seismic per-
formance of the structure when subjected to a particular ground motion. Consequently, in the former
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Figure 14. Distribution of maximum store shear-to-maximum base shear ratio over the normalized height of the
20-storey building for fixed-base and flexible-base models subjected to NFE records (scaled to match S, ., of
IBC 2000) for soil types E, D, C, and B

case, other alternative measures, e.g., by considering several design ground motions, might need to
be considered.

6.4 Analysis of 6-storey building

The response of the fixed-base and flexible-base models (for the four types of soil) of the 6-storey
building when subjected to the same set of NFE records is evaluated. Table 8 shows the influence of
scaling criteria of the NFE record on the SSI effects of the 6-storey frame for soil types E, D, C and
B.

From the table, it can be seen that effects of SSI vary significantly according to the characteristics
of the NFE record, the scaling criterion and the indicator representing the SSI, which confirms the
previous findings drawn from the response of the 20-storey building.

7. CONCLUSIONS AND RECOMMENDATIONS

The nonlinear performance of two-dimensional 20-storey and 6-storey reinforced concrete (RC)
building frames subjected to a set of 13 near-fault earthquake (NFE) ground motions having different
characteristics have been presented. The NFE ground motions were selected on the basis of distance
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Table 7. Influence of scaling criteria of NFE records on the SSI represented by the ratios of the maximum
inter-storey drift and base shear of the flexible- and fixed-base models of the 20-storey building for soil types
E, D, C and B

Scaling criteria

Sa‘max = Sa,max of IBC

Su(Tﬁxcd) =
Sa(Tﬁxed) of IBC

S(I(TﬂCXibIC) =
Sa(Tﬁexible) Of IBC

Soil type Earthquake IDgg ratio® Vg ratio® IDgg ratio Vg ratio  IDgg ratio Vg ratio
E Imperial Valley 1-17 0-51 1-20 0-53 1-11 0-61
Kobe 1-07 0-95 1.02 0-97 122 1-08
Westmorland 1-06 0-64 0-87 0-76 1-25 0-94
D Cape Mendocino 1-04 0-71 1-09 0-78 1-00 0-83
Central California 0-90 0-82 0-98 091 1-05 1.01
Chichi 1-61 0-80 1.75 0-84 2:12 0-96
C Cape Mendocino 098 093 0-98 1.02 0-98 1.02
Coyote Lake 102 0-94 1.01 0-96 1-01 0-97
Duzce Turkey 1-11 0-83 1-15 0-81 1-13 0-82
B Anza 0-99 0-99 1-00 1-00 1-00 1-00
Cape Mendocino 1-02 0-97 1-03 0-98 1-02 0-98
Northridge 0-99 0-98 100 0-99 1-00 0-99
Palm Springs 0-99 0-97 0-99 0-98 0-99 097

4 IDss] ratio =

b Vg ratio =

ID,,.« for Flexible—base model

ID,.x for Fixed—base model
Viase.max fOr Flexible—base model

Viasemax for Fixed—base model

Table 8. Influence of scaling criteria of NFE records on the SSI represented by the ratios of the maximum
inter-storey drift and base shear of the flexible- and fixed-base models of the 6-storey building for soil types E,

D, Cand B

Scaling criteria

SaTmz\x = Sa.mux of IBC

Sa(Tﬁxed) =
S(Thxea) of IBC

Sa(Tﬁexihle) =
S Thexivie) of IBC

Soil type Earthquake IDgg ratio® Vg ratio® IDgg ratio  Vgg ratio  IDgg ratio Vg ratio
E Imperial Valley 1-87 0-75 1-89 0-79 1-81 0-89
Kobe 1-39 0-80 1-17 0-97 1-02 0-99
Westmorland 1-02 0-42 0-83 048 1-58 0-88
D Cape Mendocino 1.37 0-80 1-48 0-72 136 0-95
Central California 1-10 0-65 1-13 0-88 1-42 0-90
Chichi 1-14 0-96 1-13 0-98 1-06 0-99
C Cape Mendocino 1.01 0-96 1-00 1-00 1.01 1-00
Coyote Lake 1-00 0-98 1-00 1-00 1-00 0-99
Duzce Turkey 1-02 0-94 1.02 0-97 1.02 0-94
B Anza 1-00 0-99 1-01 1-01 1-00 1-01
Cape Mendocino 1-00 0-99 1-01 1-00 1-00 1-00
Northridge 1-01 1-00 1-01 1-00 1-01 1-00
Palm Springs 0-99 1-00 0-99 1-00 0-99 1-00

*[Dgg; ratio =

b Vg ratio =

Copyright © 2007 John Wiley & Sons, Ltd.

ID,,.« for Flexible—base model

ID,., for Fixed—base model
Viase.max fOr Flexible—base model

Viasemax TOr Fixed—base model
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from the site and the soil type characterized by the shear wave velocity. The seismic performance of
the structures was evaluated using the roof displacement time history, inter-storey drift, and shear dis-
tribution along the height of the building. To study the effect of soil conditions on the seismic per-
formance of the buildings, the response of the building with flexible-base models is compared to that
of a fixed-base model. The characteristics of the flexible-base models cover four types of soils, namely,
soft soil, medium soil, stiff soil and a rock soil, as classified by the International Building Code (IBC).
In the nonlinear analysis, three criteria for scaling the records were considered, namely, same
maximum spectral acceleration, same spectral acceleration at fundamental period of fixed-base model,
and same spectral acceleration at fundamental period of flexible-base model. The soil-structure effects
(SSI) for each scaling criteria is evaluated using two indicators, namely IDgg; and Vg, that are defined
as the ratios of the maximum inter-storey drift and base shear of the flexible- and fixed-base models,
respectively.
Based on the conducted analysis, the following conclusions and recommendations are made:

(1) SSI effects could vary significantly according to the characteristics of the NFE record, the scaling
criterion and the indicator representing the SSI. This observation is valid for tall and low-rise
structures.

(2) Similar to the response of structures to far-field ground motions, the effect of SSI on the seismic
performance of structures subjected to NFE ground motions is more pronounced in soft and
medium soil types, and has less and negligible effects in stiff and rock soil types, respectively.

(3) The increase in inter-storey drift (ID) due to SSI for some NFE records is characterized by a more
uniform ID along the height with higher ID values at the lower-level storeys when compared
to the fixed-base model. This can be attributed to the lumped rotation at the lower floor of the
building.

(4) In order to evaluate the seismic performance of structures on flexible soil in the near-fault region,
it is recommended to conduct a site study to determine a design ground motion record or spec-
trum for the specific site soil conditions. On the other hand, attention should be paid to whether
considering SSI is beneficial or detrimental to the seismic performance of the structure when sub-
jected to a particular ground motion. Consequently, in the former case, other alternative measures,
e.g. by considering several design ground motions, might need to be considered.

It should be noted that the above conclusions are based on limited analysis of specific structures and
specific NFE records combinations. More analysis covering more cases will need to be conducted to
refine or generalize the conclusions.
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