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SUMMARY 
 

This report investigates numerically the use of seismic isolation and/or rocking core-walls to 
improve the seismic performance of tall buildings with a reinforced concrete core-wall as the 
main lateral force resisting element above the ground level. Five 20-story tall reinforced 
concrete core-wall buildings were considered. The first two buildings are conventionally 
designed to accommodate the majority of inelastic deformations in a single flexural plastic 
hinge at the ground level of the core-walls. The third building uses an isolation plane, consisting 
of elastomeric bearings and viscous dampers at the base of the building, below the ground level. 
The fourth building uses a core-wall, designed to rock at the ground level. The last building uses 
both the isolation plane and the rocking core-wall of the third and fourth building, respectively. 
The rocking core-wall design uses a newly proposed armored core-wall with externally attached 
buckling restrained braces and viscous dampers. The buildings are subjected to 14 strong pulse-
type near-fault ground motions. The response is presented in terms of floor accelerations, forces, 
displacements, material strains, as well as deformations and stresses of the bearings. In 
comparison with conventionally designed buildings, the building with a single base isolation 
plane did not prevent the formation of a plastic hinge at the core-wall, while the building 
designed with a rocking core-wall did not reduce floor accelerations and forces. The building 
with both the base isolation plane and the rocking core-wall demonstrated superior performance, 
significantly reducing floor accelerations, forces, and preventing the formation of a plastic hinge 
at the core-wall, concentrating plastic deformation in external elements that can be easily 
repaired or replaced. 

1 INTRODUCTION 

Construction of buildings taller than 50 m in the United States (U.S.) and around the world is 
increasing due to the rapid growth of cities and their dense inner cores [1]. This trend has been 
slower in regions of high seismicity, but numerous tall buildings are being planned or designed 
in regions vulnerable to earthquakes.  

Considerable damage to tall buildings due to earthquakes has a decades-old history. Outside 
the U.S. in the 1985 M8.0 Mexico earthquake, which caused around 10,000 fatalities, at least 15 
tall buildings (14 to 18-stories tall) at a distance of 350 km from the epicenter suffered major 
damage or collapsed in Mexico City due to amplification of the long-period content of the 
ground motions by deep and soft soil deposits [2]. In the 1995 M6.9 Kobe, Japan, earthquake, 
40% of the 10 to 12 stories buildings were heavily damaged or collapsed [2]. In the 1999 M7.6 
Chi-Chi, Taiwan, earthquake more than twenty-five 10 to 20-story reinforced concrete (RC) 
frame buildings collapsed [3]. In the recent 2010 M8.8 Chile earthquake, one 15-story tall 
building collapsed, a 21-story tall building partially collapsed, see Figure 1, and at least 15 other 
buildings between 12- and 23-stories tall suffered significant, and in some cases irreparable, 
damage [4-7]. Finally during the very recent M6.3 2011 Christchurch, New Zealand, 
earthquake, the tallest structure in the city, a 26-story tall hotel, experienced significant damage, 
and large permanent tilt of the building [8] that had  to be demolished. The damage of tall 
buildings in the Chile and New Zealand earthquakes was due to a combination of deficiencies in 
the structural design and detailing and strong ground motions [4, 5] with characteristics that 
significantly excited these structures. Commercial and residential buildings in the immediate 
shade of heavily damaged tall buildings have to be evacuated until the damaged buildings are 
successfully demolished, which can be problematic as demolition of damaged buildings is much 
more complicated compared to those that are in sound condition. In the U.S. during the last 
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forty years, the 1971 M6.6 San Fernando, the 1989 M6.9 Loma Prieta, and the 1994 M6.7 
Northridge earthquakes resulted in the most damage to infrastructure, with the largest number of 
fatalities equal to 65, 63, and 60, respectively [9].

 
In the Loma Prieta earthquake, the major 

cities of San Francisco and Oakland were at considerable distance from the epicenter (~100 
km), resulting in low excitation and almost no damage to tall buildings [10, 11]. In the case of 
the San Fernando and Northridge earthquakes, a combination of the relatively large distance of 
the epicenter from downtown Los Angeles (35 and 31 km, respectively), and minor fault rupture 
directivity, for downtown Los Angeles, resulted in moderate excitation and minor damage of 
tall buildings in downtown Los Angeles [12,13]. 

 
 

 
     
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Partially collapsed O'Higgins building threatens the surrounding built environment. 
This building, the tallest building in Conception, suffered significant damage from the 2010 

M8.8 Chile earthquake (photo courtesy of J. Restrepo). 
 
 
 Current codes [14] have been calibrated for low- or moderate-rise construction using standard 
construction materials and without regard to post-earthquake damage, economic losses, and 
reparability. This is becoming a major concern in the seismic design of tall buildings—
particularly those using high-performance materials and employing nonconforming structural 
systems and details—which may not achieve performance expectations [15].  Ad hoc procedures 
have been developed by several groups on minimum performance expectations, design, and 
analysis requirements, and to streamline performance-based seismic assessment of tall buildings 
as they are currently designed [16-19]. None of these guidelines address how to enhance the 
seismic resilience of tall buildings to reduce post-earthquake damage. 
 Many tall buildings in highly seismic regions are now designed with RC core-walls as the 
main lateral force resisting system. Based on current practice, RC core-wall buildings are 
designed to develop nonlinear deformations in regions defined as plastic hinges located at the 
base of the core-walls [19-21]. Numerical studies have shown that tall buildings undergo strong 
pulse-type near-fault ground shaking they experience significant inelastic deformations [21, 22] 
and thus significant post-earthquake damage. At best required repairs of this damage may be 
expensive, time consuming, and disruptive.  In addition when excited with motions that contain 
pulses of predominant period in the range of the second modal period, these buildings develop 
high acceleration and force demands along their entire height with significant contribution from 
the second and higher modes of response [21, 22]. For walls designed to restrict all the inelastic 
deformations in a single plastic hinge at their base, studies have shown that large bending 
moment demands develop around mid-height and a large amount of longitudinal reinforcement 
is required for elastic response of these regions [21, 22]. To avoid the development of large 
bending moments on the upper part of the wall some designs allow  plasticity to develop 
anywhere along the height of the wall which requires special detailing over the entire wall 
height in order for these regions to be able to accommodate possible inelastic deformations [21]. 
To reduce second and higher modes of response as well as transverse reinforcement 
requirements along the height of the walls Panagiotou and Restrepo [21] proposed a design 
concept with two flexural plastic hinges, one at the base and another at the mid-height of the 
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wall in this type of buildings. Munir and Warnitchai [23] proposed a design with multiple 
plastic hinges along the height of the wall. Although effective to a certain extent these designs 
cannot eliminate post-earthquake damage associated with plastic hinging.  

Consideration of using seismic isolation to reduce demands and post-earthquake damage in 
tall buildings is proposed herein. Traditionally, seismic isolation has been considered most 
effective for relatively short and stiff structures by elongating their fundamental period, thus 
reducing the accelerations and forces they develop. For tall buildings the main goal of seismic 
isolation is not to increase the already long fundamental period. Instead, it concentrates 
deformations in a few robust locations that are easily replaceable, as well as to reduce the 
contribution of higher modes in response and the corresponding structural demands 
(accelerations, forces, and displacements) that may cause structural and nonstructural damage.  

Japan is currently the leading proponent of applying seismic isolation in tall buildings [24-
25]. Forty percent of all recorded isolated buildings built in Japan after 1995 had a height to 
plan view length ratio larger than two [24] with the tallest being 41-stories [26]. Incorporating 
isolation in the upper part of buildings has been also proposed or used [27-32]. Large 
elastomeric bearings, e.g. with 1.5 m diameter, required to isolate tall buildings are currently 
available [33] and they have been studied experimentally under combined lateral and vertical 
loading [34-36]. Large friction bearings also exist [37, 38]. 

Another strategy, which has been studied numerically, to reduce post-earthquake damage due 
to plastic hinging in tall RC wall buildings is to use rocking walls under gravity [39], or rocking 
walls that use unbonded steel and post-tensioning tendons [40]. The latter study proposed a 
design including multiple rocking planes along the height of a wall to reduce the contribution of 
second and higher modes of response. The combination of base isolation and rocking has been 
investigated numerically for a rigid block subjected to pulse-type ground excitations [41]. 

This report investigates numerically the use of seismic isolation and/or rocking core-walls to 
improve the seismic performance of tall buildings with a RC core-wall as the main lateral force 
resisting element above the ground level. A new design concept of a RC rocking core-wall cast 
in a steel shell over the first story height is proposed. 

 

2 DESCRIPTION AND DESIGN OF BUILDINGS 

Five 20-story buildings were considered. A RC core-wall coupled with a gravity system 
provided the lateral force resistance above the ground level, see  
Figure 2. Common to all buildings in this study, the core wall was 7.9 m long and 0.46 m thick. 

Figure 2. Elevation view of the five buildings considered. 
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Error! Reference source not found.(a) shows the common floor plan view of the buildings 
above ground. The gravity system was common to all buildings consisting of 0.76-m × 0.76-m 
columns and 0.2-m-thick slabs. The longitudinal steel ratio of the columns was 1.0%. The slab 
reinforcement consisted of #5 bars at 0.3 m spacing in the two directions, both top and bottom. 
The five buildings differ in the locations where the majority of deformations are designed to 
develop. The first two are conventional designs based on current practice where the wall is 
assumed fixed at the ground level, see  
Figure 2. The third building used one isolation plane below ground. The fourth considered a 
core-wall designed to rock at the ground level, and the fifth incorporates both the isolation plane 
and the rocking core-wall of the third and fourth building, respectively. Table 1 lists the main 
characteristics of the buildings. For all buildings, concrete of fc

 
= 48 MPa compressive strength 

was considered for all members. The following sections describe the five designs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Plan view of: (a) floor above ground, (b) floor below ground, and (c) isolation 
plane. 

 

Table 1. Building characteristics. 
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equivalent steel ratio, ρUB (%) in parenthesis  
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2.1 Fixed-base buildings (FB1 and FB2) 

In these designs, the majority of inelastic deformations developed in a flexural plastic hinge at 
the ground level of the core-wall. Modal response spectrum analysis (MRSA), based on the 
requirements of ASCE-7 [42], with a response modification factor of R = 5, was used to obtain 
design forces for the fixed-base buildings for a site in downtown Pasadena, California, for soil 
type C, corresponding to very dense soil and soft rock. Figure 4 depicts the design basis 
earthquake (DBE) and maximum considered earthquake (MCE) acceleration and displacement 
spectra for the site considered. An effective section moment of inertia Ie = 0.5Ig recommended 
by FEMA 356 [43] was used for the core-walls along their entire height for the MRSA where Ig 
is the gross section moment of inertia of the core-wall.  

The design bending moment, Mu, and shear force, Vu, envelopes are shown in Figure 5, where 
the MRSA bending moment and shear force envelopes are labeled MRSA. The MRSAMb,o 
envelopes, shown also in Figure 5, are the MRSA envelopes scaled by 

, ,1.25 b y b MRSAM M , 
where 1.25 is the base flexural overstrength factor, Mb,MRSA is the MRSA base bending moment, 
and Mb,y the expected flexural strength at the ground level of the wall computed by moment-
curvature analysis and reported in Figure 3. Plan view of: (a) floor above ground, (b) floor 
below ground, and (c) isolation plane. 

 

Table 1. 
In the first considered fixed-base design (FB1) plasticity is allowed to develop in any region 

along the height of the wall. The longitudinal steel ratios, ρl, in the bottom, middle, and top 
thirds of the wall were 0.8%, 0.6%, and 0.4%, respectively.  

The second fixed-base building (FB2) was designed to form a single flexural plastic hinge 
extending over the bottom two stories of the building, see Figure 2. The reinforcing steel ratio in 
the plastic hinge region was ρl,1-2 = 0.8%. A high longitudinal steel ratio ρl,3-20 = 2.4% above the 
plastic hinge was provided to ensure elastic response of this part of the wall. These two designs 
assume that adequate transverse and confinement reinforcement is provided along the height of 
the wall to ensure the development of inelastic deformations without strength degradation. 

 

 
Figure 4. Absolute acceleration and relative displacement response spectra of the 14 
considered ground motions, and mean response spectra for 2% damping, as well as 

DBE- and MCE-level design spectra. 
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Figure 5. Design envelopes calculated with MRSA for the fixed-base buildings. 
 

2.2 Base-isolated (BI) building 

The third design, referred to as BI, used a single isolation plane consisting of 24 low-damping 
laminated elastomeric bearings, and twelve dampers, each with 1500 kN force and 0.6m stroke 
capacity. This isolation plane was located at the base of the building below ground to achieve 
the maximum plan view length and ensure that the bearings did not experience tension. The 
force-displacement behavior of these bearings was linear elastic. 

The main objective of this design was to eliminate the inelastic response at the base of the 
wall, and reduce floor accelerations and forces without exceeding the capacity of the bearings 
under significant lateral deformation and concurrent vertical load. To achieve the latter, the 
stiffness and thus the period of the building needs to be controlled to avoid large displacements 
associated with strong low-frequency excitation.  

Aiming at large deformation capacity, the bearings had a diameter D = 1.55 m and a 
displacement capacity Δb,u = 0.9 m, corresponding to  Δb,u / D = 0.6. The total height of rubber, 
and of the bearing was tr = 0. 38m, and Hb = 0.44 m, respectively. For these properties and a 
rubber shear modulus Gr = 483 kPa, the lateral, vertical (compression), and rotational stiffnesses 
of each bearing were Kh = 2392 kN / m, Kv = 6661 MN / m, and Kθ = 104320 MN / rad, 
respectively. Bearings with these dimensions and properties are commercially available and 
their behavior has been verified experimentally [33]. The compressive stress due to gravity of 
the bearings was 4.1 MPa. 

To prevent the formation of a plastic hinge at core-wall at the ground level, the core-wall was 
heavily reinforced with ρl = 2.4%. Based on a pushover analysis using the first mode lateral 
force profile, the displacement of the bearings and the roof displacement at which the tensile 
strain of steel at the base of the wall was 0.5%, were calculated to be equal to 0.52 m, and 1.08 
m, respectively. At this level of displacement the ratio of the shear force at the ground level to 
the total seismic weight was computed to be V / Wt = 0.1. As shown in Figure 4 at the first mode 
period Tl,1 = 3.8 sec the elastic spectral displacement demand for the MCE level was equal to 1.3 
m. Thus, yielding of the wall at the ground level was expected for motions with elastic 
displacement demand close or higher than the MCE spectrum in this period range. The dampers 
were designed to result in a peak horizontal damping force of 10% of the total building weight. 
The case of reducing the stiffness of the isolation plane and thus increasing the period of the 
building was investigated, see Section 5.6, but this proved inadequate. Despite the smaller 
stiffness, the development of larger bearing displacements resulted in a similar level of lateral 
forces, and similarly when the stiffness of the isolation plane was increased. In this case, the 
smaller developed displacements of the bearings in combination with the larger stiffness of the 
isolation plane resulted in similar level of lateral forces.  

The stability of the bearings under peak expected displacement equal to 0.7 m and concurrent 
peak vertical compressive stress of 8.2 MPa was checked [33, 50] and was found to be 
adequate.  

A small amount of lead plug can be used in the bearings to increase their initial stiffness and 
control deformations under wind loads. This small amount of lead plug will have negligible 
effect on the developed seismic displacements of the bearings. 
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2.3 Rocking wall (RW) building 

In contrast with the FB1 and FB2 buildings, the RW building used a rocking core-wall designed 
to rock at the ground level to avoid the formation of a flexural plastic hinge at the base of the 
wall. Due to the significant contribution of the axial load in moment resistance of the core-wall, 
post-tension was not required to achieve re-centering behavior. To maximize the confinement of 
the concrete of the core and eliminate strength and stiffness degradation associated with damage 
of the concrete in compression during rocking about the compression toe, an armored rocking 
core-wall system was considered. The term ―armored‖ is used because the core wall at its base 
is cast into a 0.025-m-thick steel shell, see Figure 6, that serves as a stay-in-place form in the 
entire first story. The cross-connected steel shell encloses the entire core, providing excellent 
confinement for any possible angle of attack of the earthquake excitation. To enhance 
constructability, structural integrity, and performance, threaded rods were used in the two 
directions of the core-wall section plane to cross-connect the steel shell. The steel shell results in 
a volumetric confinement ratio in the direction parallel to wall thickness ρv = 11%. The Mb,y 

reported in Figure 3. Plan view of: (a) floor above ground, (b) floor below ground, and (c) 
isolation plane. 

 

Table 1 for the RW building is at first yield of the outer BRB. 
To further enhance the behavior of the core wall in compression, T-headed bars were 

considered as bonded reinforcement at the base of the core wall (not shown in Figure 6 for 
clarity). With the head at the interface with the wall, twin T-headed bars were used at the top of 
the foundation, improving the compression force transfer to the foundation, see Figure 7. Use 
of headed bars or bars welded on steel plates has been verified with experimental work by 
different researchers [44, 45]. For protection against sliding, steel shear keys can be used at the 
corners of the core-wall in both directions. A number of passive methods can be used to 
enhance the sliding resistance of the wall at its base [46, 47].  
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Figure 6. Section view of armored core-wall. 
 
 
Buckling restrained hysteretic devices, e.g. buckling restrained braces (BRB), were fastened 
externally to the core wall to provide hysteretic energy dissipation to the rocking plane. The 

length of the hysteretic devices was selected to result in an accepted level of inelastic strains for 
the maximum expected deformations of the wall. Eight BRB devices, 9 m long with a yield 
force Fy = 4661 kN each, were externally attached to the core wall. The yield length of the 

BRBs was 6 m corresponding to 0.24 m of elongation for 4% tensile strain. The accumulated 
yield force of the BRBs is equivalent to that provided by a 0.6% ratio of longitudinal 

reinforcement in the core-wall, see Figure 3. Plan view of: (a) floor above ground, (b) floor 
below ground, and (c) isolation plane. 

 

Table 1. The BRBs were placed on the inner side of the core wall to avoid the development 
of compressive strains as well as to reduce their peak tensile strain. Large BRBs (6 m long) of 
similar yield force capacity (4500 kN) have been tested and have been proven to be able to 
develop tensile strains larger than 3.5% [48]. Alternatively, unbonded reinforcement can be 
detailed within the core-wall. The disadvantage of the system with internal unbonded 
reinforcement is that it does not allow for post-earthquake inspection and replacement. The 
BRB system is externally attached to the wall, and thus can be easily inspected and replaced, 
resulting in a system that is adaptable over the service life of the building. Rocking walls for 
medium-rise structures with externally fastened hysteretic and viscous devices have been tested 
experimentally [47]. 

In addition to the eight BRBs, eight 2000 kN viscous dampers with 0.6 m stroke were used in 
the vertical direction. Dampers with such characteristics are commercially available and have 
been used in various structures [49]. These dampers can provide additional energy dissipation to 
the BRBs and reduce effects due to impact of the core-wall. The accumulated force of the eight 
dampers was selected to correspond to 42% of the total yield force due to the BRBs. Section 5.4 
discusses variations of this design, considering either the BRBs, the viscous dampers, or none of 
them. 

The design objectives were as follows: (i) ensure that the gravity load is enough to re-center 
the core-wall after reaching its ultimate roof lateral displacement; (ii) to limit the peak 
compressive strain of concrete to less than 1.5%; and (iii) to limit the peak tensile strain in the 
unbonded reinforcement to 4%. At ultimate roof displacement of 2.0 m corresponding to a 3% 
roof drift ratio, the neutral axis depth was computed to be 0.07Lw (using the first mode lateral 
force profile) and the peak compressive strain to be 0.8%, while the strain of the unbonded steel 
was equal to 2.8%. At this instant the uplift of the wall was equal to 0.21 m. 

 

2.4 Building with base isolation and rocking wall (BIRW) 

The BIRW design uses both the isolation plane and the rocking core-wall of the BI and RW 
buildings, respectively. This design combines the beneficial features of the BI design—by 
controlling the force and deformation at the isolation plane below ground by reducing second 
and higher modes—as well as the benefits of the RW—avoiding the formation of a flexural 
plastic hinge at the ground level of the wall. Here, deformations are distributed between the 
displacement of the bearings, the rotation of the wall at the rocking plane, and the elastic 
deformations of the core-wall above the rocking plane, see Figure 7. In this design, horizontal 
dampers were used at the base isolation plane identical to those used in the BI building. Based 
on a monotonic static analysis, using the first model lateral force profile, when the relative to the 
ground level displacement at the roof of the building was 2 m corresponding to 3% drift ratio 
(relative to the ground level) the shear force of the wall at the ground level to the total seismic 
weight of the building was V / Wt = 0.05. At the same instant, the displacement of the base 
isolation plane below the ground level was 0.15 m.  
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Figure 7. Base isolation and rocking planes of BIRW building in an exaggerated 

deformed state. 
 

3 NUMERICAL MODELING 

The Open System for Earthquake Engineering Simulation (OpenSees) software [51] was used in 
this numerical study. Nonlinear force-based beam-column elements with fiber sections were 
used to model the RC walls. One element per story was used. The material models Concrete03 
and Steel02 were used for confined concrete and steel, respectively [51]. The initial concrete 
modulus was Ec = 35.2 GPa, while the concrete compressive strength fc

’
= 48 MPa. The confined 

concrete strength was fcc
’
= 68 MPa at a strain of 0.6%. The steel modulus, the yield stress, and 

the strain-hardening ratio were Es = 200 GPa, Fy = 455 MPa, and b = 0.02, respectively.  
The first-story gravity columns and all slabs of the gravity framing system were modeled 

using BeamWithHinges elements [51], where a fiber section is defined for the plastic hinges, of 
length 0.91 and 0.41 m, respectively, at the ends of the element. The full width of 27.2 m of the 
slab was considered as effective.  Horizontal rigid outrigger elements of length Lw / 2 were used 
to model the length of the wall at each story, see Figure 8. The gravity columns for stories 2 to 
20 were modeled with elastic elements with Ie = 0.5Ig. 

Linear vertical, horizontal, and rotational zero-length springs were used to model the force-
displacement behavior of the isolators in the corresponding degree of freedom. The vertical 
force, shear force, and bending moment interaction [52] were not considered in this study. The 
vertical stiffness of the isolators in tension was not modeled, since the BI and BIRW buildings 
were designed, so that the bearings do not undergo tension. Viscous dampers were modeled as 
zero length elements assigned a viscous material. The force-velocity nonlinear relationship of 
the dampers was F = CV

a 
where F is the force, V the velocity, C, and a constants. For the 

dampers used, the power factor a, was equal to 0.7 in all cases. For the 2000 kN vertical 
dampers at the rocking plane C was 4.4 MN·sec / m, while for the 1500 kN dampers C = 1.1 
MN·sec / m. The slab, the core-wall, the columns, and the beams of the three underground 
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floors above the isolation plane were modeled with elastic beam-column elements of high axial 
and flexural rigidity. 

The rocking plane was modeled with 17 zero-length springs, 8 representing effective area of 
the flange, 0.91 m

2
 each, and 9 along the flange, 0.71 m

2
 each. The stiffness of the contact 

springs was determined considering an element height equal to 0.3 m. The confined concrete 
material model with zero tensile strength was used to model these contact springs. The BRBs 
were modeled with truss elements using the steel material model described above. Rayleigh 
damping with 2% damping in the first and the third mode was used. A large deformation 
nonlinear response history analysis was conducted, with vertical mass modeled. 

 

Figure 8. Elevation view of the numerical model with details of the isolation and 
rocking planes. 

4 GROUND MOTIONS 

Fourteen strong pulse-type near-fault ground motions from the Imperial Valley (1979), Loma 
Prieta (1989), Landers (1992), Northridge (1994), Kobe (1995), Chi-Chi (1999), and Duzce, 
Turkey (1999) earthquakes were used in this study. The elastic absolute acceleration and 
relative displacement spectra for 2% damping are presented in Figure 4. The ground motions 
were selected to have pulses of different predominant periods. Table 2 lists the predominant 
period of the pulses contained in these motions as well as the peak ground acceleration (PGA). 
The predominant periods of the pulses were calculated as the periods Tpi,Sv, and Tpi,Sa at which 
the elastic velocity, and absolute acceleration spectra, respectively, had a distinct local peak.  

As Table 2 shows, two or more distinct pulses with different predominant period were 
identified in most of the ground motions. As shown in Figure 4, the mean spectrum closely 
matches the MCE-level design spectrum between T = 0.7 and 3.5 sec. The mean spectrum is 
close to the DBE-level in the constant acceleration period range. The MCE spectrum exceeds 
the mean spectrum for T larger than 3.5 sec. Individual motions included in the study (DUZCE, 
ELCEN6, LCN, TCU075, TCU102) exceed the MCE spectrum over different period ranges for 
T larger than 3.5 sec.  

The fourteen ground motions were divided in two sets of seven ground motions each. The 
first set, termed Short Tp, included the seven motions, for which the peak spectral velocity 
occurred for a Tpi,Sv smaller than 2 sec. The second set, termed Long Tp, consisted of the seven 
ground motions, where the peak spectral velocity occurred for a Tpi,Sv larger than 2 secs. Figure 
4 also shows the mean acceleration and displacement spectra of the two sets. These graphs show 
that the mean acceleration spectrum of Set 1 exceeds the MCE-level design spectrum on 
average by 50% in the period range from T = 0.6 to 2.5 sec, while the mean displacement 
spectrum of set 2 exceeds the MCE-level on average by 20% in the period range T = 2.5 to 7.0 
sec. 

 

Rocking Plane Detail

Isolation Plane Detail

base isolator 

springs
viscous dampers

Rigid elements
shear spring

contact spring

viscous dampers

All springs and viscous dampers are 

modeled with zero-length elements

floor slab:

BeamWithHinges element

BeamWithHinges

element

gravity column

elastic

rigid elements

ground level

lumped mass, m

BRB: truss 

element

core wall: force-based

BeamColumn element

h

H
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Table 2. Characteristics of the fault-normal near-fault pulse-type ground motions used.  
 

Record 

Earthquake 

Location, 

Year 

PGA 

(g) 

Tp1,Sv 

(sec) 

Tp2,Sv 

(sec) 

Tp3,Sv 

(sec) 

Tp1,Sa 

(sec) 

Tp2,Sa 

(sec) 

Tp3,Sa 

(sec) 

Tp4,Sa 

(sec) 

Set 1 

Short Tp 

Ground 

Motions 

LGP 
Loma Prieta, 

CA, 1989 
0.65 3.23 1.69 0.75 2.74 1.54 0.45 - 

RRS 
Northridge, 

CA, 1994 
0.89 1.00 - - 0.75 - - - 

SCS Northridge 0.59 2.94 1.14 - 2.94 1.10 - - 

TAK 
Kobe, 

Japan, 1995 
0.68 2.09 1.29 - 1.94 1.24 - - 

TARZANA Northridge 1.33 4.38 2.09 0.70 - 2.09 0.70 - 

TCU 

084 

Chi-Chi, 

Taiwan, 

1999 

1.15 4.83 1.74 0.90 - - 0.90 0.45 

TCU 

129 
Chi-Chi 1.02 4.13 1.59 - - - 0.25 - 

Set 2 

Long Tp 

Ground 

Motions 

DUZCE 

Duzce, 

Turkey, 

1999 

0.36 5.62 0.80 - 5.22 0.80 - - 

ELCEN6 

Imperial 

Valley, CA, 

1979 

0.44 3.33 - - 2.99 - - - 

LCN 
Landers, 

CA, 1992 
0.77 4.13 - - 4.03 - - - 

TABAS 
Tabas, Iran 

1978 
0.85 4.73 0.75 - 4.48 0.75 - - 

TCU 

052 
Chi-Chi 0.32 6.42 2.48 - 4.63 2.29 - - 

TCU 

075 
Chi-Chi 0.33 4.13 - - - - - - 

TCU 

102 
Chi-Chi 0.30 9.50 2.64 - - 2.49 - - 

 

5 RESULTS OF NUMERICAL ANALYSIS 

5.1 Modal Analysis 

Table 3 presents the periods of the first three lateral modes (TL,i), as well as the first vertical 
(TV,1) of the buildings based on un-cracked concrete material properties. Base isolation increased 
the first and second mode of the fixed-base and RW buildings by 2.5 and 4.3 times, 
respectively.   For the first three modes the normalized modal characteristics presented in 
Figure 9 are: (a) modal lateral force, (b) modal bending moment, and (c) modal shear force 
diagrams.  

The normalized modal lateral force of mode q at floor i, rF,q,i = Fq,i / (mi·Aq), is equal to the 
ratio of lateral force due to mode q, Fq,i, to the product of the modal acceleration, Aq, and the 
floor i seismic mass, mi. The normalized modal shear force, rV,q,i = Vq,i / (mt·Aq), is equal to the 
ratio of the shear force at floor i due to mode q, Vq,i, to the product of the total seismic mass, mt, 
times Aq. The normalized modal base shear force is equal to the effective modal mass, mq / mt. 
The normalized modal bending moment, rM,q,i = Mq,i / (mt·H·Aq), is equal to the ratio of the 
bending moment at floor i due to mode q, Mq,i, to mt times the height, H, of the building times 
Aq.  Normalized modal shear forces at ground level for modes 1, 2, and 3 were 0.64, 0.18, and 
0.07, respectively, for FB1, and 0.84, -0.01, and 0, respectively, for BI. The effective modal 
masses for modes 1, 2, and 3 were 0.64, 0.18, and 0.07 for FB1. The effective modal masses for 
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modes 1 and 2 for the BI building were 0.99 and 0.01, respectively, and practically 0 for mode 
3. The modal characteristics indicate that use of base isolation significantly reduces the 
contribution of second and higher modes, and is expected to reduce forces and floor 
accelerations in the base isolated structures. 

 
 

 
 
 
 
 
 
 

Figure 9. Modal characteristics of the FB1 and BI buildings. 
 
 
 

Table 3. Modal periods (sec) of studied buildings. 

Mode 

Fixed 

Base 1 

(FB1) 

Fixed 

Base 2 

(FB2) 

Base 

Isolated 

(BI) 

Rocking 

Wall 

(RW) 

BI and 

RW 

(BIRW) 

TL,1 1.59 1.55 3.79 1.55 3.79 
TL,2 0.29 0.28 1.06 0.28 1.08 
TL,3 0.17 0.17 0.24 0.17 0.24 
TV,1 0.18 0.18 0.18 0.18 0.18 

 

5.2 Response History Analysis 

Figure 10 presents mean response envelopes of the buildings to the 14 near-fault ground 
motions. All the envelopes are presented in terms of the height, hi, of floor i from the ground 
level, normalized to the building height above ground, H. The presented responses are: the 
bending moment of the wall, M, normalized by the total building seismic weight above the 
ground level, W, times H; the tensile strain of bonded to concrete steel, εs, of the wall; the shear 
force of the wall, Vi, normalized by W; floor acceleration, A, normalized by the PGA; ratio of 
lateral displacement relative to the base of the building (different between isolated and non-
isolated buildings), D, to H; and the interstory drift ratio, Θ. Table 4 presents the mean values as 
well as the peak values, of different response parameters. The floor accelerations and shear 
forces presented are filtered with a finite impulse response (FIR) low-pass filter, of order 5000, 
with a 10 Hz cut off frequency [54]. 
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Figure 10.Mean response envelopes. 
 
Corresponding to significant structural damage, significant inelastic deformations developed 

at the base of the fixed-base building with the mean and peak strains exceeding 2.6%, and 5.6%, 
respectively. In the FB1 building, inelastic deformations developed also around mid-height of 
the wall with the mean and peak tensile strains of 0.38% and 1.11%, respectively. The mean 
roof drift ratio of the FB1 and FB2 buildings was 1.7%, and 1.6%, respectively. The 
corresponding peak drift ratio was 3.9% and 3.6%, respectively. The mean, over the 14 motions, 
average along the height interstory drift of the fixed-base buildings exceeded 1.6%. The 
corresponding peak values were 3.6%. The response of the fixed-base buildings resulted in large 
base shear force with the mean, and peak to be 0.23W, and 0.33W, respectively.  

The peak shear computed for FB2 corresponds to a shear stress of 6.5 MPa (
cf
'12.7  in psi 

where fc
’
= 7000 psi) in the core wall exceeding the maximum allowed by ACI [53]. This level of 

shear stresses with concurrent large values of inelastic strains crushing in the web of the core 
wall is a concern. The shear force envelope for instants where the tensile strain, at the ground 
level of the wall, is larger than 2% is also shown to indicate the level of shear forces under 
significant concurrent inelastic deformations. High floor accelerations were computed for both 
fixed-base buildings, with the mean average acceleration along the building height exceeding 
0.91PGA. 

 In comparison with the FB buildings, the BI design resulted in significant reduction, of more 
than 40%, of the mean and peak shear forces and average floor accelerations while exhibiting 
similar roof drift ratios. As expected, and discussed above, the BI design was not able to prevent 
the formation of a flexural plastic hinge at the base of the core-wall above the ground level with 
the mean and peak tensile strain reaching 0.9% and 3.7%, respectively. The peak and mean 
displacements of the bearings were 0.43 m and 0.69 m, respectively. 

The RW building experienced similar floor accelerations, forces, and displacements 
compared to the FB buildings. Compared to the FB building, the RW building prevented the 
formation of a plastic hinge at the base of the wall, with the mean and peak maximum strain in 
the bonded reinforcement being less than 0.14% and 0.31%, respectively. On its upper part, the 
RW building developed larger moments than the FB2 building. The mean uplift at the rocking 
plane of the wall was 0.12 m and the peak 0.25 m, with the corresponding rotation of the 
rocking plane equal to 1.5 rad and 3.2 rad, respectively. The mean and peak tensile strains of the 
BRBs were computed to be 1.6% and 3.3%, respectively.  

As shown in Figure 10 and Table 4, the BIRW building was able to combine the beneficial 
effects of the base isolation plane, which reduced accelerations and lateral forces, and a rocking 
core-wall, which prevented plastic hinging and, thus, post-earthquake damage at the base of the 
wall, with the peak strain in the bonded tensile steel not exceeding 0.15%. Compared to the 
fixed-base designs, it reduced mean and peak shear forces more than 1.8 times, and the mean 
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average floor accelerations by 37%, while avoiding formation of a plastic hinge at the core-wall. 
Mean and peak displacements of the bearings were 0.35 and 0.46 m, respectively. Uplift at the 
rocking plane of the wall was 0.12 m and 0.31 m, respectively, corresponding to rotation of the 
rocking plane equal to 1.4 rad and 4.0 rad. The mean and peak strains of the BRBs were 1.6% 
and 4.1%, while the corresponding concrete compressive strains of the core-wall were 0.5% and 
1.1%, respectively. 

 
 

Table 4. Mean, and peak (in parenthesis) values of response parameters over 14 
ground motions. 

 

Fixed 

Base 1 

(FB1) 

Fixed 

Base 2 

(FB2) 

Base 

Isolated 

(BI) 

Rocking 

Wall 

(RW) 

BI and 

RW 

(BIRW) 

Roof drift ratio, D / H (%) 1.7 (3.9) 1.6 (3.6) 1.5 (3.5) 1.7 (3.4) 2.0 (4.4) 

Average interstory drift along 

the height, Θavg (%)  
1.7 (3.9) 1.6 (3.6) 0.9 (2.4) 1.8 (3.4) 1.5 (3.7) 

Wall midheight bending 

moment,  

M0.5H / WH 

0.031 

(0.045) 

0.039 

(0.063) 

0.027 

(0.042) 

0.039 

(0.064) 

0.022 

(0.028) 

Wall ground level shear, V / W 
0.23 

(0.33) 

0.23 

(0.33) 

0.12 

(0.20) 

0.22 

(0.34) 

0.10 

(0.14) 

Wall peak shear, V / W 
0.25 

(0.33) 

0.25 

(0.37) 

0.15 

(0.19) 

0.25 

(0.38) 

0.14 

(0.17) 

Average acceleration along 

height, Aavg / PGA 

0.91 

(1.33) 

0.95 

(1.46) 

0.42 

(0.77) 

1.08 

(1.61) 

0.57 

(1.15) 

Wall tensile strain in bonded 

steel, εs (%) 
2.6 (5.6) 3.0 (6.6) 0.92 (3.7) 

0.14 

(0.31) 

0.10 

(0.15) 

Concrete compressive strain at 

base of wall (%) 

0.17 

(0.24) 

0.18 

(0.27) 

0.13 

(0.26) 

0.47 

(0.89) 

0.47 

(1.10) 

BRB tensile strain (%) - - - 1.6 (3.3) 1.6 (4.1) 

Uplift of wall (m) - - - 
0.12 

(0.25) 

0.12 

(0.31) 

Wall rotation at 1
st
 story (rad) 

0.007 

(0.017) 

0.008 

(0.020) 

0.004 

(0.013) 

0.015 

(0.032) 

0.015 

(0.040) 

Isolator displacement (m) - - 
0.43 

(0.69) 
- 

0.35 

(0.46) 

Gravity column tensile strain 

(%) 

0.15 

(0.47) 

0.19 

(0.60) 

0.04 

(0.29) 

1.04 

(2.45) 

1.09 

(3.05) 

Gravity column compressive 

strain (%) 

0.15 

(0.25) 

0.16 

(0.27) 

0.08 

(0.20) 

0.37 

(0.64) 

0.37 

(0.81) 

Ratio of moment resisted by 

gravity system to total,                  

MG / Mtotal 

0.28 

(0.33) 

0.28 

(0.33) 

0.22 

(0.24) 

0.37 

(0.41) 

0.38 

(0.41) 

 
 
Figure 11 presents the response envelopes to the 14 individual ground motions for the 

response parameters described above. The bending moment at the ground level for the buildings 
without an isolation plane was determined by the bending moment strength of the wall at this 
level as well as by the level of hardening it experienced. This is why small variation is observed 
in terms of base moment of the wall in the FB and RW buildings. A significantly larger 



16 

 

variation of ground level moment is observed for the BI building because some of the motions 
resulted in limited inelastic response at the base of the wall, while other motions resulted in 
inelastic response higher than the corresponding response of the FB buildings. As a result of the 
variation of the predominant period of the distinct pulses contained in the ground motions, 
significant variation in the shape of the bending moment envelope for the buildings without base 
isolation was observed.  

 

 
Figure 11. Response envelopes to individual ground motions of the five buildings. 

 
 
The base-isolated buildings showed significantly smaller sensitivity to the frequency content 

of the ground motions in terms of shape of the bending moment envelope. A nearly linear 
bending moment envelope for all ground motions is noted, demonstrating the efficiency of base 
isolation in reducing the second and higher modes of response.  

As noticed for the bending moment envelopes, the shear force envelopes followed the first 
mode shear force profile for BI and BIRW buildings, while for FB1, FB2, and RW buildings 
showed significant contribution of the second mode of response for some ground motions; see 
the local peak of shear force at 0.75H. 
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For floor accelerations, the BI was the only design that showed small sensitivity of the shape 
of the acceleration envelope to the ground motion characteristics. Acceleration envelopes of the 
BI were nearly constant over the height of the buildings for all 14 ground motions and below 
PGA. The FB and RW designs show the highest sensitivity while the BIRW design does show 
also some non-negligible sensitivity.  

The displacement and interstory drift ratio envelopes for all buildings were dominated by the 
first mode of response. The peak roof displacement for all buildings except the BIRW occurred 
for the TCU052 motion. TABAS and ELCEN6 were the other two motions with highest 
displacement demand. As shown in Figure 4, these were the three motions with the highest Sd 
for periods around 4 sec.   

 
 

5.3 Effect of Predominant Period of Pulses Contained in the Ground Motions 

Figure 12 depicts the mean envelopes of response of the FB1 and BIRW buildings separately 
for the two sets of seven ground motions used in this study. As expected, the ground motions 
with long-period pulses resulted in larger displacements compared to motions with short-period 
pulses.  

The short-period motions (Set 1) resulted in 41% larger mean base shear force for the FB1 
building than Set 2. The shear forces for the BIRW were similar for the two sets, indicating that 
base isolation effectively reduced second and higher mode effects. The motions with long-
period pulses resulted in 65% larger bonded steel strain, than Set 1 at the base of the FB1 
building, while the motions with short-period pulses resulted in 8.1 times larger (and equal to 
0.68%) than Set 2 mean strains at the midheight of the FB1 building. The motions with long-
period pulses resulted in 1.7 times larger normalized average floor accelerations in the BIRW 
building because for the long-period motions, the average PGA was 0.48 g, which was 1.9 times 
smaller than the average PGA of the motions with short-period pulses. The mean PGA of the 
seven short period and long period ground motions was 0.91 and 0.48 g, respectively.   

 

 
Figure 12.Mean envelopes of FB1 and BIRW for ground motions with pulses of ―short‖ 

(Set 1) and ―long‖ (Set 2) period (Tp). 
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5.4 Effect of Amount of Hysteretic and Viscous Energy Dissipation at the Rocking Plane of 
BIRW Building 

This part of the study investigated the effect of hysteretic energy dissipation using the BRBs and 
the viscous energy dissipation using the vertical viscous dampers at the rocking plane of the 
BIRW building. Four variations of the BIRW building were compared. The first was the 
reference BIRW design (BIRW1), described above, which used eight BRBs and eight viscous 
dampers at the rocking plane. The second version, BIRW2, did not use vertical dampers, the 
third, BIRW3, did not use BRBs, while the fourth, BIRW4, used neither vertical viscous 
dampers nor BRBs. As shown in Table 5 and Figure 13, not using vertical viscous dampers 
resulted in less than 9% increase of mean and peak average accelerations along the height, while 
all the other response parameters increased by less than 5% in comparison with BIRW1.  

The case of BIRW3 (without BRBs but with vertical viscous dampers) resulted in a 25% 
increase of both the mean and peak average floor acceleration in comparison with the reference 
BIRW building. The corresponding increases of the wall uplift were 25% and 23%, while the 
isolator displacement decreased by 9%, indicating that reducing the flexural static strength of 
the wall results in more of the deformation being accommodated by the rocking mechanism and 
less by the base isolation plane. The case of BIRW4 (the BIRW building with neither BRBs nor 
vertical dampers) resulted in the largest increase of floor accelerations and wall uplift between 
the four versions considered. In comparison with the reference BIRW building (BIRW1), 
BIRW4 resulted in 35% larger mean average floor accelerations and 42% larger wall uplift, 
while the average interstory drift along height was 33% larger.  

Figure 14 plots the base moment versus first story rotation of the FB1 and BIRW1 to BIRW4 
buildings. This plot shows the energy dissipation characteristics of the moment-rotation 
response of the buildings. The reduced strength of the BIRW buildings in comparison with the 
fixed-base resulted in increase of the wall rotation. As expected viscous damping did not 
increase significantly the peak moment strength.  

 
 
 
 

Table 5. Mean, and peak (in parenthesis) values of response parameters over 14 ground 
motions for the rocking plane parameter study for BIRW building. 

 BIRW1 BIRW2 BIRW3 BIRW4 

Rocking plane 
characteristics 

Reference 
BIRW: 
8 BRBs, 
8 viscous 
dampers 

8 BRBs, 
No viscous 

dampers 

No BRBs, 
8 viscous 
dampers 

No BRBs, 
No viscous 

dampers 

Roof drift ratio, D / H (%) 2.0 (4.4) 2.1 (4.7) 2.2 (4.9) 2.3 (5.3) 
Average interstory drift 
along height, Θavg (%) 

1.5 (3.7) 1.6 (4.0) 1.8 (4.4) 2.0 (4.8) 

Wall shear force, V / W 0.14 (0.17) 0.14 (0.18) 0.13 (0.16) 0.14 (0.17) 
Average acceleration along 
height, Aavg / PGA 

0.57 (1.15) 0.62 (1.25) 0.71 (1.44) 0.77 (1.52) 

Wall uplift (m) 0.12 (0.31) 0.13 (0.33) 0.15 (0.38) 0.17 (0.42) 
Isolator displacement (m) 0.35 (0.46) 0.34 (0.43) 0.32 (0.42) 0.32 (0.41) 
Damper force in rocking 
plane (kN) 

1316 (2127) - 1573 (2545) - 

Damper force in isolation 
plane (kN) 

1010 (1473) 1011 (1483) 1023 (1539) 1040 (1556) 
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Figure 13.  Effect of amount of hysteretic and viscous energy dissipation in the rocking 
plane of BIRW building. 

 
 

 

Figure 14. Base moment versus first story rotation of  FB1 and BIRW1-4 buildings 

subjected to ELCEN6 and TCU052 ground motions. 
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5.5 Effect of Amount of Viscous Energy Dissipation at the Isolation Plane of BIRW Building 

The effect of the amount of viscous energy dissipation at the base isolation plane was 
investigated for the BIRW building. In addition to BIRW1, which used twelve dampers of 1500 
kN peak force capacity, the case of using half the amount of peak viscous damping force was 
considered in the BIRW5 building, which used twelve 750 KN dampers. The BIRW6 building 
used no viscous dampers in the isolation plane. As shown in Table 6, and Figure 15, viscous 
energy dissipation is very effective in reducing, primarily, displacement of the bearings, and, 
secondarily, of floor accelerations, relative displacements, wall uplift, and interstory drifts. 

In comparison with BIRW1, the increases of mean displacements of the bearings, roof drift 
ratio, average interstory drift, and wall uplift in BIRW6 were 66%, 30%, 60%, and 50%, 
respectively. Note also that peak force of vertical dampers in BIRW6 is 1.46 times larger (which 
is larger than the capacity of the dampers considered) than the corresponding force in the 
BIRW1 building. A comparison of the mean responses of BIRW5 and BIRW1 indicates that 
doubling the amount of viscous damping  resulted in 14%, 22%, 15%, and 19% decrease of 
average interstory drift, peak wall uplift, peak base shear force, and isolator displacement, 
respectively.  

 
Table 6. Mean, and peak (in parenthesis) values of response parameters over 14 ground 

motions for the isolation plane parameter study. 
Name of building BIRW1 BIRW5 BIRW6 
Number and force capacity (kN) of dampers 12 / 1500 12 / 750 0 
Roof drift ratio, D / H (%) 2.0 (4.4) 2.3 (4.6) 2.6 (4.8) 
Average interstory drift along height, Θavg (%) 1.5 (3.7) 1.9 (4.1) 2.4 (4.5) 

Wall uplift (m) 0.12 (0.31) 0.14 (0.34) 0.18 (0.37) 
Isolator displacement (m) 0.35 (0.46) 0.43 (0.53) 0.58 (0.82) 
Wall shear force, V / W 0.14 (0.17) 0.14 (0.16) 0.16 (0.21) 
Average acceleration along height, Aavg / PGA 0.57 (1.15) 0.63 (1.18) 0.77 (1.42) 
Damper force of rocking plane (kN) 1316 (2127) 1502 (1986) 2005 (3100) 
Damper force of isolation plane (kN) 1010 (1473) 577 (786) - 

 
 

Figure 15.  Effect of amount of viscous energy dissipation at the isolation plane of 
BIRW building. 
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Figure 16 plots the base moment versus first story rotation of the BIRW1, BIRW5, and 
BIRW6 buildings. Viscous damping reduced the peak first story rotation and peak base 
moment, while leading to a smoother response with fewer high frequency oscillations.  
 

 

 

Figure 16. Base moment-rotation behavior for BIRW1, 5, and 6 subjected to ELCEN6 

and TCU052 ground motions. 

 

5.6 Effect of Stiffness of Base Isolation Plane in BI Building 

The effect of stiffness of the base isolation plane of the BI building is investigated next. In 
addition to the reference BI building with 24 bearings (termed BI24), three more BI buildings 
were considered with 36, 30, and 18 bearings, respectively. The individual bearings of all 
buildings, as well as the viscous dampers used, were identical. The longitudinal steel ratio in the 
core wall of all the buildings was 2.4%. As expected, mean and peak displacements of the 
bearings increased with a decrease in the stiffness of the isolation plane. The increase of the 
peak displacements was even greater in comparison with the corresponding increase of the 
mean displacements. In comparison with the reference BI building, neither the increase nor the 
decrease of the stiffness of the isolation plane was able to prevent inelastic response of the wall 
at the ground level. Average floor accelerations, drifts, and shear forces show small sensitivity 
to the stiffness of the isolation plane for the considered range. 

 
 

Table 7. Mean, and peak (in parenthesis) values of response parameters over 14 ground 
motions for the BI isolation plane stiffness parameter study. 

Name of building BI36 BI30 
Reference BI 

(BI24) 
BI18 

Number of bearings 36 30 24 18 
Fundamental period (sec) 3.2 3.4 3.8 4.3 
Isolator displacement (m) 0.34 (0.46) 0.38 (0.56) 0.43 (0.69) 0.49 (0.84) 
Isolator compressive stress 
(MPa) 

4.9 (5.4) 6.0 (6.8) 7.2 (8.2) 9.1 (10.5) 

Bonded steel strain (%) 1.3 (4.2) 1.2 (4.1) 0.9 (3.7) 0.5 (2.1) 
Wall shear force, V / W 0.17 (0.21) 0.16 (0.19) 0.15 (0.19) 0.14 (0.19) 
Average acceleration along 
height, Aavg / PGA 

0.48 (0.95) 0.45 (0.92) 0.42 (0.77) 0.39 (0.72) 

Damper force (kN) 1056 (1581) 1082 (1502) 1124 (1437) 1177 (1474) 
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Figure 17.  Effect of isolation plane stiffness in BI building. 

 

6 SUMMARY AND CONCLUSIONS 

This report investigated the use of base isolation and rocking core-wall designs to improve the 
seismic performance of tall RC core-wall buildings. Five 20-story RC wall buildings where 
considered. The first two buildings were conventionally designed to develop the majority of 
inelastic deformation in a flexural plastic hinge at the base of the core-wall. The third building 
used an isolation plane, consisting of elastomeric bearings, at the base of the building below the 
ground level. The fourth had a core-wall designed to rock at the ground level. A new design of a 
rocking core-wall cast in a steel shell over the first story height was proposed. Buckling 
restrained-braces and vertical viscous dampers were externally fastened to the wall at the 
rocking plane. The last building included both the isolation plane and the rocking core-wall of 
the third and fourth buildings, respectively. The response of these buildings subjected to 14 
strong pulse-type near-fault ground motions was compared and the following conclusions were 
drawn:  

 
1) The building that used both base isolation and a rocking core-wall (BIRW) had superior 

performance that avoided the formation of a plastic hinge at the base of the wall, resulting in 
1.8 times smaller base shear force in the wall and 37% lower average floor accelerations in 
comparison with the fixed-base buildings. The mean and peak isolator displacements were 
0.35 and 0.46 m, while the corresponding strains of the BRBs were 1.6 and 4.1%, 
respectively. Critical elements of this building were repairable and adaptable over its service 
life. 

2) The building with a core-wall designed to rock at the ground level avoided the formation of 
a flexural plastic hinge at the base of the wall without reducing floor accelerations and 
forces when compared to fixed-base buildings. 

3) The buildings with base isolation below ground developed about two times smaller mean, as 
well as peak, accelerations and base shear force in comparison with the fixed base buildings 
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but was not able to prevent the formation of a flexural plastic hinge at the ground level of 
the wall. 

4) The BIRW building demonstrated less sensitivity to the ground motion characteristics in 
terms of the shape of the bending moment, shear force, and floor acceleration envelopes.  

5) The use of viscous dampers at the base isolation plane of the BIRW effectively reduced–
primarily–the displacement of the bearings and–secondarily–the interstory drifts, wall 
rotation, and floor acceleration. 

6) In addition to buckling restrained devices, the use of vertical viscous dampers at the rocking 
plane did not result in significant reduction of the considered response parameters. The case 
of a rocking core-wall without BRBs and viscous dampers increased response quantities 
without resulting in overturn. 
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