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Abstract.  Traditional base isolation systems focus on isolating the seismic response of a structure in the horizontal direction. However, in
regions where the vertical earthquake excitation is significant (such as near-fault region), a traditional base-isolated building exhibits a
significant vertical vibration. To eliminate this shortcoming, a rocking-isolated system named Telescopic Column (TC) is proposed in this
paper. Detailed rocking and isolation mechanism of the TC system is presented. The seismic performance of the TC is compared with the
traditional elastomeric bearing (EB) and friction pendulum (FP) base-isolated systems. A 4-storey reinforced concrete moment-resisting
frame (RC-MREF) is selected as the reference superstructure. The seismic response of the reference superstructure in terms of column axial
forces, base shears, floor accelerations, inter-storey drift ratios (IDR) and collapse margin ratios (CMRs) are evaluated using OpenSees. The
results of the nonlinear dynamic analysis subjected to multi-directional earthquake excitations show that the superstructure equipped with
the newly proposed TC is more resilient and exhibits a superior response with higher margin of safety against collapse when compared with
the same superstructure with the traditional base-isolation (BI) system.
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1. Introduction

Civil engineering structures in operation essentially bel
Seismic isolations have been used widely in the region of
high-seismic activities. They have been proven to provide
adequate protection for both structural and non-structural
components (Skinner et al. 1993, Yang et al. 2010, Alhan
and Ozgur 2015, Chen et al. 2015, Stenswick 2015, Ozbulut
and Silwal 2016, Oliveira et al. 2017, Mavronicola et al.
2017, Tiong et al. 2017, De Domenico et al. 2018,
Clemente and Martelli 2018). However, some studies
(Kageyama et al. 2004, Yoo et al. 1997, Sato et al. 2011,
Ryan et al. 2012) have demonstrated that traditional base-
isolation devices have large vertical stiffness, which could
cause high vertical acceleration and impose significant
damages to structural and non-structural elements. This is
particularly important for structures located in near-fault
region, where vertical excitation is significant.

In the recent years, the concept of low-damage
structures towards resilient built environment is getting
popular. Some of the most recent studies in this field
focused on repairable structural fuses, which can be easily
replaced or repaired after a major seismic event (Ke and
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Yam 2016, Guerrini et al. 2017, Sarkis and Palermo 2018,
MacRae et al. 2018). However, the behavior of the
proposed low-damage technologies under multi-directional
excitations including the vertical component is still a major
concern. To eliminate the shortcoming of the vertical
excitation for base isolated buildings, an innovative
structural system named Telescopic Column (TC) is
proposed in this paper. Fig. 1 shows the concept of the TC
structure. In the proposed system, a repairable massive
central column (RMCC) is added to allow the
superstructure to rock around this point. As the structure
rocks, the TCs are designed to deform and engage the
Multiple Yielding Plate Energy Dissipating (MYPED)
device (Hosseini and Noroozinejad Farsangi 2012). Each of
the MYPED is a combination of multiple ADAS (Tsai et al.
1993, Shih and Sung 2005) energy dissipating devices,
which is designed to dissipate the sudden surge of
earthquake energy, while the rest of the structure is
protected from the earthquake damage. The ADAS devices
are designed to be easily inspected, repaired or replaced
after a strong earthquake, which makes the TC structure an
effective next-generation earthquake resilient structure. To
ensure that the entire superstructure can isolate and rock at
its base, a rigid high strength steel (St 52 DIN 17100 steel
grade) chassis is added at the base of the superstructure.
The rigid high strength chassis is designed to connect to the
RMCC to allow the superstructure to rotate and slide
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Fig. 2 Schematic presentation of the prototype superstructure

Table 1 Frame element size and reinforcement details

Member Details 1t Storey 2" Storey 3" Storey 4™ Storey

Dimension (bxh), cmxcm 45x60 45x60 45x50 45x50

Positive longitudinal reinforcement ratio in beams, p 0.0054 0.0050 0.0069 0.0072

Beam Negative longitudinal reinforcement ratio in beams, p' 0.0110 0.0100 0.0132 0.0116

Shear/Transverse reinforcement ratio in beams, pg, 0.0025 0.0023 0.0034 0.0032
Shear/Transverse reinforcement spacing in beams, S(cm) 125 125 125 125

Dimension (bxh), cmxcm 65%65 65%65 60%60 60%60

Colurmn Total longitudinal reinforcement ratio in columns, Pyt 0.0160 0.0160 0.0140 0.0110

Shear/Transverse reinforcement ratio in columns, pg, 0.0065 0.0065 0.0065 0.0065
Shear/Transverse reinforcement spacing in columns, S(cm) 10.0 10.0 10.0 10.0

around the connection between the RMCC and rigid To examine the dynamic response of the TC system, an

chassis. analytical model for the TC structure under multidirectional
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Fig. 4 FE model of superstructure developed in OpenSees

earthquake excitations is derived. The analytical model is
used to size the MYPED. To demonstrate the effectiveness
of the TC structural system under combined horizontal and
vertical excitations, a 4-storey reinforced concrete moment-
resisting frame (RC-MRF) is selected as the reference
superstructure. Detailed finite element model of the
prototype building is developed using OpenSees (PEER
2015) and the seismic response is compared with the same
superstructure with traditional friction pendulum (FP) and
elastomeric bearing (EB) isolation systems. The results of
the nonlinear dynamic analysis subjected to multi-
directional earthquake excitations show that the
superstructure equipped with the newly proposed TC
exhibits a superior response with higher margin of safety
against collapse when compared with the same
superstructure with the traditional base - isolation (BI)
system.

2. Description of the prototype building

Fig. 2 shows a 4-story RC moment frame office building
located in Los Angeles, California which was selected as
the prototype superstructure for this study. The building was
designed according to ACI-318(1389). The first-mode
period of the structure is 0.89 sec. Details of the building
design are presented in Table 1

The seismic response of the superstructure was
compared with three isolation schemes, namely: (1)
structure with friction pendulums, (2) structure with
elastomeric bearings and (3) structure with TC system. Fig.
3 shows the three different configurations.

3. Description of the analytical models

Fig. 4 shows the analytical model developed in
OpenSees (PEER 2015). In this study, the beams/columns
were simulated using elastic elements, while the
nonlinearity were lumped in the joints region. To model the
degradation in these regions, the Hysteresis element within
OpenSees developed by (Haselton et al. 2008) was utilized
(Fig. 5). Nonlinear spring elements were added to the model
to simulate the flexural-shear-axial interaction response of
moment frame elements. Limit State Material (LSM) was
used to model the drift shear interaction (Elwood 2004).

The elastomeric bearing was modeled using the springs
and dashpots. This element uses a coupled plasticity model
to represent the lateral force-deformation behavior of the
bearing that is characterized using the bilinear force-
deformation relationship shown in Fig. 6. The bi-linear
characterization shown in Fig. 6 is defined by the following
parameters: Qq the zero-displacement force-intercept; Ky the
second-slope stiffness and K, the elastic stiffness.

The friction pendulum (FP) system was modeled using a
Flat Slider Bearing model in OpenSees. Fig. 7 shows the
force-deformation response of the friction pendulum. The
force-deformation response of the friction pendulum can be
characterized by the characteristic strength Qq, the
coefficient of friction and the instantaneous axial load, the
post-yield stiffness Kg, the ratio of the instantaneous axial
load and the effective radius of curvature. The axial load on
the bearing changes during an earthquake due to the ground
motion in the vertical direction and the frame action in the
superstructure. Consequently, Qg4 and Ky change
continuously during an earthquake. The characteristic
strength also changes as the coefficient of sliding friction
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bearing developed in OpenSees

updates with the velocity of sliding, axial pressure on the
bearing and the temperature at the sliding surface. The
source code for the Flat Slider Bearing element was
modified so that the new element would update the
coefficient of friction at every step of analysis.

The MYPED was modeled using the Bouc—Wen model
considering nonlinearities in proposed device (Bouc1971,
Wen 1976, Park et al. 1986), in OpenSees. Fig. 8 shows the
force-deformation response of the MYPED.

Table 2 shows the summary of the structural periods
with the three isolation schemes. To make the finite element
models more computationally efficient, both the horizontal
and vertical masses were lumped in the nodes. 2.5% mass
and stiffness proportional Rayleigh damping was assigned
in the first 2 modes of vibration.
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Table 2 Dominant vibration periods of the reference structures and the isolated systems

387

Model T, [sec.] T, [sec.] Ts [sec.]
Fixed-Base 0.89 0.24 0.13
Elastomeric Bearing 2.95 0.71 0.32
Friction Pendulum 3.18 0.95 0.41
Telescopic Columns 3.98 1.18 0.57

Table 3 Selected record information and parameters for the near-field pulse subset

,LD e Recording Station NEHRP Ec?iisctzr:g: ! Lowest Freq.

0. M,  Year Name Class (km) (H2)
1 6.5 1979 Imperial Valley-06 El Centro Array #6 D 27.5 0.13
2 6.5 1979 Imperial Valley-06 El Centro Array #7 D 27.6 0.13
3 6.9 1980 Irpinia, Italy-01 Sturno B 30.4 0.16
4 6.5 1987 Superstition Hills-02 Parachute Test Site D 16.0 0.15
5 6.9 1989 Loma Prieta Saratoga - Aloha C 27.2 0.13
6 6.7 1992 Erzican, Turkey Erzincan D 9.0 0.13
7 7.0 1992 Cape Mendocino Petrolia C 45 0.07
8 7.3 1992 Landers Lucerne C 44.0 0.10
9 6.7 1994 Northridge-01 Rinaldi Receiving Sta. D 10.9 0.11
10 6.7 1994 Northridge-01 Sylmar - Olive View C 16.8 0.12
11 75 1999 Kocaeli, Turkey 1zmit B 53 0.13
12 7.6 1999 Chi-Chi, Taiwan TCU065 D 26.7 0.08
13 7.6 1999 Chi-Chi, Taiwan TCU102 C 45.6 0.06
14 7.1 1999 Duzce, Turkey Duzce D 1.6 0.10

Table 4 Selected record information and parameters for near-field no-pulse subset

,LD S Recording Station NEHRP E(:[i)iiscte;l?ltcrea ! Lowest Freq.
0 Mw  Year Name Class (km) (Hz)
15 6.8 6.8 Gazli, USSR Karakyr C 12.8 0.06
16 6.5 1979 Imperial Valley-06 Bonds Corner D 6.2 0.13
17 6.5 1979 Imperial Valley-06 Chihuahua D 18.9 0.06
18 6.8 1985 Nahanni, Canada Site 1 C 6.8 0.06
19 6.8 1985 Nahanni, Canada Site 2 Cc 6.5 0.13
20 6.9 1989 Loma Prieta BRAN C 9.0 0.13
21 6.9 1989 Loma Prieta Corralitos C 7.2 0.25
22 7.0 1992 Cape Mendocino Cape Mendocino C 10.4 0.07
23 6.7 1994 Northridge-01 LA - Sepulveda VA Cc 8.5 0.12
24 6.7 1994 Northridge-01 Northridge - Saticoy D 34 0.13
25 75 1999 Kocaeli, Turkey Yarimca D 19.3 0.09
26 7.6 1999 Chi-Chi, Taiwan TCU067 C 28.7 0.04
27 7.6 1999 Chi-Chi, Taiwan TCU084 C 8.9 0.25
28 7.9 2002 Denali, Alaska TAPS Pump Sta. #10 C 7.0 0.03

4. Ground motion selection

Twenty-eight near fault ground motions were selected
and amplitude was scaled to match the maximum

considered earthquake seismic hazard for the prototype
building. Detailed incremental dynamic analysis (IDA)
(Vamvatsikos and Cornell 2002) was conducted using these
motions. Based on the procedure developed by (Baker
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Fig. 9 5% damping, earthquake response spectra for horizontal and vertical components of selected records

Table 5 RC building damage state based on modified Park-Ang DI

Damage State

Qualitative Definition

Damage Range Best Estimate

Non-Structural No damage or localised minor cracking 0.01-0.10 0.05
Slight light cracking throughout 0.10-0.20 0.15
Moderate severe cracking, localised spalling 0.20-0.50 0.35
Extensive crushing of concrete, reinforcement exposed 0.50-0.85 0.67
Collapse - 0.85-1.15 1.00

2007), the selected strong ground motions were classified
into 2 subsets as near-field (pulse and no-pulse) records.
The selected records have magnitudes in the range of M6.5
to M7.9 and have considerable vertical component and
remarkable range of pulse period. Horizontal and vertical
response spectra of the selected records are shown in Fig. 9.

5. Selected damage
evaluation

index for performance

In the conventional seismic performance evaluation
studies, displacement-based criteria such as inter-storey
drift ratio (IDR) may be considered as an appropriate
engineering demand parameter (EDP) (Taghavi and
Miranda 2003, Nishitani et al. 2015, Cutfield et al. 2016).
However, in the current study, the modified Park-Ang
damage model (Williams and Sexsmith 1995, Kaveh et al.
2015), which uses a weighting average with respect to
combined displacement and absorbed energy of each
element, as defined in Eq. (1) is used.

D%N:%_%+ L
-0, M4,

where ¢, is taken from the maximum curvature at each
element edge; f. is the coefficient for structural type which
is assumed to be 0.15 in this study. The integral part of the
second term is the energy under the M- ¢ hysteretic diagram;
¢y is the ultimate curvature of the component; ¢, and M, are
the yield curvature and yield moment, respectively.

j dE 1)

After the occurred damage at each element is calculated,
the global damage of story and building is calculated using
Egs. (2) and (3)

E
DI Storey Z(Ej X (DI i )element 2
element

Ei
DI Building = Z(ZE j X (Dli)storey (3)
Storey

1
Performance level classifications for the RC-MRFs
based on the utilized damage index are presented in Table 5.
Regarding to the scope of the current study, only collapse
damage mode is used to estimate the seismic fragilities.

6. Results and discussions
6.1 Optimal design of the proposed system

Based on the formulation presented in section 2, the
optimal diameter and height of the RMCC are selected as
120 cm and 100 cm, respectively. The ADAS/MYPED
elements in TCs should be designed efficiently as their
elastic and plastic stiffness and yield strain are the main
controlling parameters for the energy dissipating
mechanisms of these elements. On this basis, the optimal
geometric values and the controlling parameters for each X-
plate ADAS element used in TCs are calculated for the
considered 4-storey RC-MRF using a series of NL analyses.
The final appropriate values for each ADAS/MYPED
element in TCs are depicted in Fig. 10.
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Fig. 11 Top storey acceleration response to Loma Prieta earthquake for horizontal and H+V cases considering various
base-isolating systems

6.2 Structural response (IDR), base shear (V) and axial load (N) were investigated
and compared. The seismic performance of the
The effectiveness of the base isolated systems was superstructure under combined horizontal and vertical

evaluated based on four key performance indicators. The excitations was analyzed using the ground motions
peak absolute acceleration (PAA), inter-storey drift ratio presented in Tables 3 and 4.
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Table 6 Mean peak absolute acceleration difference under H and H+V excitations compared to fixed-base structure

Records Type Loading EB Ep TC
Pulse Subset H 25% 27% 15%
H+V 33% 29% 24%
0, 0 o
No-Pulse Subset H 18% 22% 14%
H+V 31% 28% 21%
. H
H+V
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Fig. 12 Normalized base shear time history for Bl with friction pendulum under Loma Prieta earthquake
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Fig. 13 Normalized base shear time history for Bl with elastomeric bearing under Loma Prieta earthquake

In order to analyze the effects of vertical ground motion, the
nonlinear response history analysis (NL-RHA) with (H+V)
and without vertical component (H) was carried out. The
vertical component was amplified using the same scaling
factor, where the V/H ratio is limited to 2.0. Fig. 11 shows
the absolute roof acceleration of the prototype building
under the Loma Prieta earthquake record. The result shows
that the maximum roof acceleration was 1.32 g and 1.67 g
for H and H+V, respectively. By comparison of the peak
absolute acceleration, the base isolated structures have
substantially lower response. The peak absolute
acceleration for the TCs was 0.22 g and 0.37 g for H and
H+V, respectively. This is relatively lower compared to
conventional Bl systems. Table 6 shows the mean peak
absolute accelerations when compared with a fixed-base

structure. The results show that the base-isolated response
ranged between 14% to 27% and 21% to 33% of the fixed-
base structure for the H and H+V excitations, respectively.
Based on the results presented, it is concluded that the peak
response between the stories was relatively consistent for
the base-isolated structures, whereas a substantial increase
exists between stories for the fixed-base structure.

Figs. 12 to 14 illustrate the base shear history of the FPS,
EB and TC isolation systems under the Loma Prieta
earthquake, respectively. The results show that the vertical
component of earthquake places a significant role in the
base shear of the structure.
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Table 7 Mean peak base shear range for the base isolated systems under pulse and no-pulse subsets

Records Type Loading EB FP TC
H (0.18-029) g (0.21-0.32) g (0.16-0.21) g
Pulse Subset H+V (0.23-0.35) g (0.26-0.43) g (0.19-0.28) g
No-Pulce Subset H (0.11-0.25) g (0.18-0.30) g (0.09-0.15) g
TRy (0.20-0.31) g (0.22-0.38) g (0.14-0.24) g

Normalized Base Shear

10 12 14 16 18 20

Time(second)

Fig. 14 Normalized base shear time history for Bl with telescopic columns under Loma Prieta earthquake

10 12 14 16 18 20
Time(second)

Fig. 15 IDR time history for Bl with elastomeric bearing under Loma Prieta earthquake

Table 7 shows the mean peak base shear range for the base-
isolated systems under Pulse and No-Pulse subsets. The
results show that for the BI structures considering only the
horizontal seismic loads, the superstructure design is
underestimated The most wvulnerable case is the
superstructure designed on the friction pendulum bearing
and the least one is the building mounted on the proposed
system.

Figs. 15-17 show the comparison of IDRs under both
horizontal and combined seismic excitations. The result
shows that the maximum inter-storey displacement (ISD)
and IDR usually occur over the first storey of the
superstructure. This is attributed to a larger cumulated shear
at this level. Based on the NL-RHA, the average maximum

ISDs for the fixed-base structure were (37-61) mm and (46-
88) mm for horizontal and combined H+V, respectively.
Table 8 shows the summary of the mean peak ISD and IDR
for the superstructure under pulse and non-pulse subsets.
Regardless of the low ISD and IDR values, the base-
isolated structure displayed a desirable reduction with
values ranging between 7.6% and 16.5% of the fixed-base
values. Similar to the peak absolute acceleration response, it
can be observed that the peak 1SD and IDR for the proposed
system were lower than the elastomeric bearing and friction
pendulum in all instances.
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Table 8 Peak ISD and IDR for the superstructure equipped with Bl systems under pulse and non-pulse subsets

Records Loading FB FP TC
Type ISD(mm) IDR(%) ISD(mm) IDR(%) 1ISD(mm) IDR(%) ISD(mm) IDR(%)
Pulse H 60.80 1.52 8.80 0.22 6.00 0.15 4.80 0.12
Subset H+V 88.40 221 12.40 0.31 11.20 0.28 6.80 0.17
No-Pulse H 36.80 0.92 5.20 0.13 4.80 0.12 2.80 0.07
Subset H+V 46.00 1.15 6.80 0.17 7.60 0.19 4.40 0.11

Time(second)

Fig. 16 IDR time history for Bl with friction pendulum under Loma Prieta earthquake

IDR(%)

Time(second)

Fig. 17 IDR time history for Bl with telescopic columns under Loma Prieta earthquake

Another important phenomenon, which happens in the
presence of vertical excitation, is the significant fluctuation
of axial force. This increases the possibility of the shear
failure in the columns, especially in the first storey of the
superstructure. To this end, the focus has been on the
attained axial loads by the columns, to check if failure
occurs. Figs. 18 to 20 show the variation of the averaged
maximum values of the axial loads of the columns on each
floor under all selected earthquake records with different
V/H ratio utilizing various Bl systems.

From the results presented, it comes out that both
exterior and interior columns undergo critical conditions
while subjecting to combined H+V excitations, especially at
the lower stories. In particular, for VV/H ratios large enough
(even for the value VV/H=0.67, corresponding to the current
design philosophy in the seismic design codes), the axial

demand exceeds the axial capacity of the columns at the
lower stories. This increment is the most for the friction
pendulum case and the least for the proposed system, which
shows the high seismic performance of the new system in
the presence of vertical excitations.

A marked increase of the axial-load variation occurs
when the vertical component of the selected records (V
/H=2.00) is taken into account: in both the interior and
exterior columns of the first story, the axial load reach
es a value of about twice as large as the correspondin
g gravity loading value. In this regard, it should be no
ted that the tributary mass corresponding to an interior
column is greater than that for an exterior column; thu
s, the seismic effects due to the vibrations along the v
ertical direction in the interior column are greater than
those in an exterior column.
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Fig. 18 Average peak axial force in the superstructure columns equipped with elastomeric bearing Bl system
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Fig. 19 Average peak axial force in the superstructure columns equipped with friction pendulum BI system
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Fig. 20 Average peak axial force in the superstructure columns equipped with proposed Bl system

6.3 Seismic fragility estimation

In the recent years, probabilistic reasoning has become a
vital part of engineering design and analysis. Probabilistic
damage analysis or simply fragility estimation incorporating
various sources of uncertainties is determined as one of
most reliable approaches in structural and earthquake
engineering related topics (Casciati and Faravelli 1991,
Jordaan 2005, Casciati et al. 2014, Gheorghe et al. 2017,
Nazari 2018).

In this study, the fragility estimation of the prototype
model was analyzed using the nonlinear dynamic analysis
as outlined in literature (FEMA P-695 2009, Hardyniec and
Charney 2015, He et al. 2018). The limit state for each
damage mode is defined previously based on modified
Park-Ang damage index. The intensity measure (IM) in the
analyses and fragility estimation is assumed to be a scale
factor relative to the MCE spectrum intensity at the first
mode period of fixed base and Bl structures (Sagixed gase) =
2.21g, Sa-(Elastomeric) = 0.43g, Sa(Friction Pendulum) = 0.38g,
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Fig. 21 Fragility curves for fixed-base and Bl RC-MRF under H and H+V excitations

S8 (Telescopic columns) = 0.319), such that an intensity scale factor
(ISF) of 1.0 represents the MCE intensity at the
fundamental period of the model. To consider the influence
of vertical component of ground motions on the collapse
fragilities, a different VV/H ratio is considered. Fig. 21 shows
the fragility curves for the proposed models based on an
improved incremental dynamic analysis (IDA) procedure.
The result shows that using base-isolating (EB, FP or TC)
techniques can significantly reduce the probability of
collapse. By comparing the fragility curves for various Bl
systems, a higher collapse potential is evident in the case of

elastomeric bearing and friction pendulum compared to TCs.

As the V/H ratio increases, the probability of collapse
increases. By comparing the EB and FP system, the EB is
more vulnerable than FP by about 8% and 17% for the H
and H+V cases, respectively.

6.4 Performance evaluation

An important criterion to evaluate the acceptability of a
specific structural system under a subset of ground
excitations is the collapse margin ratio (CMR), which is the
ratio of the ground motion intensity that causes median
collapse, IM@gpcoliapsej=s0% t0 the MCE ground motion
intensity defined previously, IMgmce. In a later stage, the
effect of spectral shape factor (SSF) should as well be
incorporated into the CMR values, which results in a new

criterion called adjusted CMR (ACMR). The ACMR
calculation procedure is given in Egs. (4)-(7)

Adjusted CMR =SSF xCMR 4)
SSF =exp| (%2001 ) =200 e | ©)
B, =0.14(u —1)"° (6)

0<&0(T)geana e = 02(T ~1.5)<0.2 7

The ACMR was compared with the acceptable ACMR
shown in Table 9 and Fig. 22. The result shows that the
ACMR reduction is very pronounced for all the models
under an increasing V/H ratio. In the case of fixed-base RC-
MREF, the system has unacceptable response when the V/H
exceeds 1.3. On the other hand, the conventional BI
systems, both EB and FP passed the acceptable ACMR,
while for the high amplitude of vertical excitation which is
underestimated in the current seismic codes, the systems are
in a marginal condition. Analyses show that reductions in
ACMR are more substantial for the EB when compared
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Table 9 Calculation of ACMRs for fixed-base and Bl systems considering vertical component with multiple V/H
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with the FP and the TC system. The results indicate that, Bl
systems have comparable levels of safety to code-
conforming, conventional fixed-base structures. Even
though, it should be noted that the code criteria for base-
isolated systems are adequate, and may be conservative in
the case of horizontal excitations, but need some
modifications to consider the effect of high vertical
excitations in the near-fault regions. It is also worth
mentioning that the TC system is relatively safer compared
to conventional Bl systems and can be used as an
appropriate and reliable vibration control system for the
structures located in high seismic zones with significant
vertical excitation.

7. Conclusions

With increasing concern of the earthquake excitation
with vertical component, an advanced TC base-isolated
system was proposed in this paper. A detailed seismic
performance and nonlinear response of a RC-MRF
equipped with elastomeric bearing (EB), friction pendulum
(FP) and a proposed telescopic column (TC) isolation
systems have been investigated under a large dataset of
near-fault ground motions. The effects of the vertical
component of motion were emphasized considering cases in
which a horizontal component of motion is assumed acting
alone or simultaneously with the vertical one.
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The collapse fragility curves which are the main
requirement of earthquake loss assessment were produced
and collapse margin ratios of the models with various
influencing parameters w e re evaluated. Unlike the
conventional Bl systems, the TC system proves effective for
controlling the damage of RC frame members, producing an
elongation of the effective fundamental vibration period and
controlling both horizontal (H) and (H+V) excitations.
From the above discussions, the following conclusions can
be drawn:

1. In the current study, unlike the common approach
which models the superstructure as a simplified
MDOF elastic system, a more complicated and
concentrated plasticity approach was utilized to
consider the effect of cyclic deterioration on the
superstructure elements. The results proved the
high accuracy of the implemented approach in
terms of combined H+V excitations.

2. The first two mode periods of the system equipped

with telescopic columns are 3.98s and 1.18s,
respectively. This is longer than the periods of

elastomeric bearing and friction pendulum systems.

This is mainly because of the rocking motion of
the TC system, which leads to longer periods and,
therefore, lower acceleration values in the
buildings. This not only results in reduction of the
seismic forces imposed to the building system, but
also provides higher safety level of non-structural
elements in the superstructure.

3. The NL-RHA depicted that in the case of
combined H+V excitation, the axial force in
columns, tip floor acceleration, ISD, IDR and the
base shear values are significantly amplified
compared to the case of horizontal only excitation.

4. On the deterministic part, the overall responses of
the BI RC-MRF are seen to be much amplified
when the model is excited by the Pulse subset in
FEMA P-695 compared to the No-Pulse dataset. It
can be inferred that ground motions including the
forward directivity effect can cause severe damage
and hazards to the BI systems. This fact
necessitates the careful classification and selection
of ground motions for seismic risk assessment of
BI structures which can expose the stronger effects
of earthquakes with high velocity pulses.

5. Another important finding is that the multi-
component seismic excitations including vertical
component may increase the compressive and
tensile axial force/stress in the columns. This
increment may cause crushing/buckling damage or
lead to annular cracks in the members because of
the significant reduction in shear capacity, which
alter the collapse mode of the element from
flexural to shear failure. Herein, the columns are
more susceptible to this type of failure for high
amplitude of vertical component of ground motion.

6. On the probabilistic part, this study illustrates the
application of the FEMA P-695 methodology to
isolated structures, which have fundamentally
different dynamic response  characteristics,

performance properties and collapse failure modes
than those of conventional, fixed-base structures. It
demonstrates that, when evaluated in accordance
with the methodology, base-isolated systems
provide levels of safety against collapse that are
comparable to conventional, fixed-base structures.
It should also be noted that the proposed system
produced larger ACMR values compared to
conventional Bl devices, which leads to a more
reliable seismic behavior of building structures.

In conclusion, the vertical component of earthquake
ground motions should be accounted for in the seismic
design of structures, even when the structure is seismically
isolated. The proposed TC system provides efficient
easiness of manufacturing and installation, which can be
used efficiently to mitigate the seismic vulnerability of mid-
rise multi-story buildings.
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