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Abstract

Assessment of the seismic vulnerability of frame-shear wall
buildings can be performed by non-linear dynamic analysis
and it needs detailed analytical modeling, structural
performance measures and various earthquake intensities.
The codal based design method can hardly be used for
designing buildings of pre-defined target objectives whereas
the Unified performance-based design (UPBD) method can
be designed for buildings of pre-defined target objectives. In
the current study, the UPBD method for frame-shear wall
buildings has been applied for different performance levels
(PL) i.e. Immediate occupancy (10), Life safety (LS) and
Collapse prevention (CP) with 1%, 2% and 3% drift in both
the directions of the buildings.

The nonlinear dynamic analysis of the reinforced concrete
(RC) frame-shear wall buildings is performed considering
spectrum compatible ground motions (SCGM) as per EC-8
demand spectrum at 0.45¢g level and type B soil condition.
Vulnerability assessment of the frame-shear wall buildings
is conducted by generating fragility curves and the
probability failure of structure is checked based on different
configurations and damage limit states of the structure.
Finally, the outcome of the work gives a proper idea of the
nonlinear behavior of the dual system so that optimum
design could be acquired for achieving higher safety
aspects.

Keywords: Shear wall, UPBD Method, Peak inter-storey
drift, Fragility.

Introduction

Buildings suffer damages under strong earthquake events.
Reinforced concrete frame-shear wall buildings are popular
building forms for medium to high rise buildings.
Vulnerability assessment of such buildings in their inelastic
range can be suitably performed through nonlinear dynamic
analysis which necessitates detailed nonlinear modeling of
the frame-shear wall buildings. Fragility analysis is the most
important tool used for damage assessment of
buildings!>132225 Design codes are prescriptive in nature.
Available literature has primarily focused on collapse
damage states'3!! of the structures in order to reduce seismic
risk of the building during earthquakes.

Initially, the seismic fragility analysis was developed for
nuclear plants?? where fragility curves of various important
equipment had been plotted. This method has been improved
by Hwang et al'* and it expanded its influences over the
assessment on normal buildings. Many researchers
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conducted a dynamic analysis with different levels of
buildings using different model types!®1°2326 Fardis and
Krawinkler!! have worked on the assessment of the seismic
performance of structures for both old and new shear wall
buildings designed as per EC-8 and derived to see the
performance of the structures through fragility curves.

Another study had been done by Pejovic and Jankovic®’
using Perform 3D software to find the assessment of the
seismic vulnerability of tall RC buildings with core wall
structural systems. Other recent works have focused on mid-
rise frame-shear wall buildings conforming EC-8 for
medium to high-class ductility?® and on school buildings
with the shear wall, for the loss assessment®. The hybrid
approach has been used by Kappa et al** which consists of
both experimental and analytical approaches. The shear wall
can be modeled as a wide column plane shell or layered shell
element. Nonlinear modeling and dynamic analysis of
layered shear wall buildings using an approximate approach
of seismic fragility analysis of buildings are scanty.
Therefore, the present study primarily focuses on the
modeling of shear walls with layered shell elements carrying
out fragility analysis using an approximate approach.

The approximate method?2?313236 js |ess time taking yet
gives satisfactory results. UPBD method for RC frame
building was presented by Choudhury and Singh® and this
method accommodates both building drift and building PL
(in context to the plastic rotation of members). It gives the
member sizes at the beginning of the design thus avoiding
iteration. Twelve numbers of RC frame-shear wall buildings
with two different plans, four height categories and various
target performance levels have been considered in the
present study. The target design criteria considered are
Immediate occupancy (10) performance level (PL) with drift
1%, life safety PL with drift 2% and collapse prevention PL
with drift of 3%.

The shear walls used in the finite element building have been
modeled as layered shell elements. Buildings considered are
8-storey, 10-storey, 12-storey and 15-story. The design has
been carried out considering EC-8’ demand spectrum at
0.45g level and type B soil condition. The investigation
involves non-linear dynamic analysis under 22 spectrum
compatible ground motions (SCGM) which are generated
using Seismo-match?®, Various earthquake intensities are
selected based on FEMA P-696° and the magnitudes of the
earthquake data are in the range of 6.5 to 7.6. Seismic
fragility analysis being one form of reliability analysis shows
the exceedance probability (POE) of certain damage limit
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states for any given structures under seismic excitation for a
particular intensity measure (IM).

The peak inter-story drift ratios (PIDR) are selected as the
engineering demand parameter (EDP) to represent the global
performance of considered buildings. Consecutively, the
behavior of the building is identified based on a gradual
increment of peak ground acceleration (PGA) and height of
the buildings of different target performance objectives of
the drifts and PL combinations considered as per FEMA-356
(Table 1-3)1° For generating seismic fragility curves at
different intensity levels, an approximate approach of
seismic fragility analysis has been used.

The major advantage behind selecting the approximate
approach of seismic fragility analysis over the other
available approaches is that it is computationally time-
saving without the loss of accuracy in estimating the
exceedance probability of damage limit state. In seismic
fragility analysis, the PGA (g) has been considered as an IM
and all the ground motion considered has been scaled to the
expected level. The incorporation of scaled records captures
the worst scenario of the structural degradation that could be
identified. Finally, the output of the study will provide a
better understanding of the building performance under
seismic actions for various capacity limit states and
configurations.

Design Philosophy of the buildings

Pettinga and Priestley** introduced a DDBD procedure for
RC frame buildings. Sullivan et al developed the DDBD
method for frame-shear wall buildings. In these two
methods, only drift was considered as the target design
criterion. But in the case of the UPBD method, it satisfied
both drift and PL (in terms of plastic rotation of the
members) and gave member sizes at the beginning of the
design. No iteration is required for beam sizes, length and
thickness of the walls. The beam sizes are obtained as per
Choudhury and Singh®.

Here, the multiple degrees of freedom (MDOF) system as
displayed in fig. 1(a) are converted into an equivalent single
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degree of freedom (ESDOF) system as displayed in fig. 1(b).
As per fig. 1, eq. (1) is obtained where, 8, is the design drift
which is the total summation of yield rotation (8,,,) as well
as plastic rotation of the wall(6,,,,).
04 = Oyw + Opy @
The yield rotation of the wall 6,,, and yield curvature ¢,,,,
of wall® are given by eq. (2) and (3) respectively:

hin
eyw = ¢yw Zf 2)
2
¢yw = Li‘: (3)

where h;¢ is inflection height of wall and ¢, is rebar yield
strain of wall. Substituting eq. (2) and (3) in (1), eq. (4) is
obtained:

_ Eyhing
LW - gd_gpw (4)
where L,, is the horizontal length of the wall. The beam
depth satisfying the target criteria is given by eq. 5 by
Choudhury and Singh?®:

0.5&,1
— y°b
hy = ———

= s (5)
In eq. 5, [, is the length of the beam in the direction of
seismic action, 8, is the allowable plastic rotation of beam
for the PL considered. The beam width is considered as half
to two-third of the depth of the beam as per common
practice. Column size is found out by trial so that the column
steel remains in the range of 3% to 4%. Alternatively, sizes
of the column can be obtained as per Mayengbam and
Choudhury?. The height of inflection ( ki, ) is a parameter
in frame-shear wall building design. The h;,¢ of frame shear
wall can be determined by identifying the moments that are
borne by the shear wall.
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(b) ESDOF system

Figure 1: MDOF and ESDOF systems

58



Disaster Advances

Vol. 14 (9) September (2021)

30
25
g <
® 2
)
F 15
[T
o
] 10
20
[
I
5
2 0 2 4

6 8 10 12

Moment of wall (kN-m)

Figure 2: Inflection height of a typical building considered in the study.

Moments of the wall can be determined from the total
moments from where the linear distribution of frame
moments is subtracted. The detailed process can be seen in
Priestley et al***, A typical drawing for inflection height is
shown in fig. 2.

The MDOF building is converted to ESDOF system using
equations 610 9:

N 2
_ iz b

Ba= i mih; ©)
N . .
me = Zi=1m1AL (7)
Ag
_ i misin
he B i mid; (8)
A= Dy + (gd - ¢ywhinf/2)hi 9)

where A, is design displacement, m,, is effective mass, h, is
equivalent height, m; is the mass of i storey, A;,,, is the
yield displacements of the wall in i storey, h; is the storey
height of i" floor from the base of the building, A; is the
profile displacement in the i" floor and the number of stories
in the building is denoted by N. The yield displacement
profile of the wall is obtained using eq. 10:

2
_ Bywhiling  Bywhing

Ajyw=——, ,when h; > hypr (10a)
Oywhi  @ywhi

Aiyw: T — m, when hl' < hinf (10b)
2&

Dyw = L—Wy (10c)

Ductility demands of frames and walls®® can be determined
by using eq. 11 and eq. 12:

Ad

ty = (11)
AZWA 1
_ (AimAig) 1
Hr = (hi—hi_l) Oyf (12)
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where pu,, is the displacement ductility of the wall, yield
displacement at the effective height level of wall is denoted
by Ape . A;i—q is the displacements at (i — 1)-th floor, h;_;
is the height of (i —1)" floor, u; is the displacement
ductility of the frame and, 6, is the frame yield drift. The
equivalent damping of the ESDOF system is obtained from
eq. 13to 17:

SDoF = —MZT:ZZ?& (13)
&y = %(1 — %5 =01 X7 X, (m) (14)
ff=%%(1—u$5—OerXy»<1+a:;jEE$>ﬂa
Tetriat = % +Hsys (16)
1 = e w

where M,, is wall moment, &, is wall damping, M, fis
frame overturning moment, & is frame damping, T, ;yiq; IS
the trial effective time period, us,s is ESDOF system

ductility and the post-yield stiffness ratio is denoted by r and
0.05 is generally considered for the new RC structures.

Displacement spectra corresponding to design spectra are
drawn for various dampings. For this purpose, eq. 18 is
utilized where 7 is the reduction factor corresponding to the
damping. Displacement spectra corresponding to design
spectra of EC-8 for soil type B and at 0.45¢g level are shown
in fig. 3.

10
= |—mmm — > 0.
n \’ (5+&espor) 0.55

Effective stiffness K, was found by the eq. 19 and the base
shear V,, is expressed as per eq. 20:

(18)

K = 4mm,
e — T2
e

(19)
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Vy = kel (20)

The computed base shear found by eq. 20 is distributed to
different floors as per eq. 21:

Fy = LAiVb (21)

TR m
where Fi is the force applied to different floors of the
buildings.

The combinations of load used for design are:
DL+ LL

DL+ LL +F,

DL +LL +F,

where DL,LL,F,, F, stand for dead load, live load and
earthquake load in x and y direction respectively. The design
has been done using the expected strength of materials as per
FEMA-365. Capacity design is done so that column to beam
capacity ratio is more than 1.4 as per 1S 13920,
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Design of the representative buildings

12 numbers of frame-shear wall buildings have been
considered for two different plans | and Il. The height of
buildings considered is 8, 10, 12 and 15 storeys. The plans
and elevations of the considered buildings are shown in fig.
4,

The buildings have been designed using the UPBD method
for target performance objectives of 10, LS and CP with 1%
2% and 3% drift. Consecutively, the structures have been
designed with the expected strength as per FEMA-356 and
the demand level of the EC-8 spectrum corresponding to the
0.45g hazard level. Finite element software SAP2000 v.212°
has been used to model, design and analyze the buildings.

The characteristic strength of concrete is considered as 30
MPa and the yield strength of rebar is 500 MPa respectively.
The floor height of buildings considered is kept constant to
3.1 m. Also, the column steel has been restricted to 3 - 4%
of the cross-sectional area of the column.

5%

10%
15%
—20%
25%

Time period,sec
Figure 3: Displacement Spectra corresponding to design spectra of EC-8 for soil type B at 0.45g level.

Table 1
Nomenclature of the buildings considered and target design criteria

»
<

Plan of the
Building

Nomenclature of
Buildings

Target
performance level

Target
drift %

I B-8-10 10 1

B-10-10

B-12-10

B-15-10

B-8-LS LS 2

1 B-10-LS

1 B-12-LS

1 B-15-LS

1 B-8-CP CP 3

1 B-10-CP

i B-12-CP

Tl
BlEBlolol~|o|o|sw(nf-

i B-15-CP
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Table 2
Dimensions related to the buildings considered

Building name Column sizes (mm)
Inner Outer

column column

Beam size
(mm)

Shear wall
thickness (mm)

Length of wall
(mm)

800x800 900x900
850x850
800x800

B-8-10

1000x500

150 3000

600x600 700x700
650%650

600x600

B-10-10

500x350

300 3500

B-12-10 600x600 700x700
650x650

600x600

600x400

300 4000

B-15-10 800x800 800x800
850x850

900x900

1000x500

300 5000

B-8-LS 700x700 800x800
750x750

700x700

700x450

150 5000

B-10-LS 550x550 650x650
600x600

550x550

700x400

300 6000

B-12-LS 650x650 750x750
700x700

650x650

900x450

300 7000

B-15-LS 700x700 800x800
750x750

730x730

600x350

300 8000

B-8-CP 600x600 700x700
650x650

600x600

500x350

150 7000

B-10-CP 600x600 700x700
650x650

600x600

500x350

200 8000

B-12-CP 600x600 700x700
650x650

600x600

650x450

200 10000

B-15-CP 730x730 780x780
750x750

730x730

750x500

300 12000

The nomenclature of the buildings has been listed in table 1.
The buildings have been designated with ‘B’ and it has been
contained within the nomenclature. The second term in the
nomenclature represents the storey's height of the buildings
and the last term signifies the performance level of the
structure (10, LS, or CP).

Further, the ultimate member’s sizes of several buildings
have been listed in table 2. The design is done in accordance
with the expected strength specified by FEMA 356 with an
expected concrete strength equal to 1.5 times the
characteristics strength of concrete in 28 days and 1.25 times
the yield strength of the rebar.
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Nonlinear dynamic analysis

Several ground motion data are required for accurately
performing the seismic fragility analysis. The present
investigation involves 22 spectrum compatible ground
motions (SCGM) that are generated using Seismo-Match
details which are listed in table 3. The foremost benefit of
using SCGM is that it makes the ground motion compatible
with the design spectrum. The matched response spectra of
the generated SCGMs for 22 ground motions with 5%
damping with the design spectra of EC-8 are shown in fig.
7. In the current study, ground motions are scaled to a hazard
level of 0.45¢g and applied in the short direction as well as
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the long direction of the buildings. The scaling of ground
motions helps in finding the structural response up to the
desired level of degradation of the structure. Therefore, with
the incorporation of scaled records, the worst scenario of
structural degradation could be identified.

Bommer et al® in their study found that SCGMs yield a
comparatively lesser dispersion and such accelerograms can
be used for computer-intensive NLTHA. Also, one of the
major reasons for using such accelerograms is the non-
availability of recorded ground motions in many seismic
areas. The characteristics of the ground motions are
represented in terms of intensity measure (IMs) which
include PGA i.e. peak ground acceleration, SA i.e. spectral
acceleration and PGV i.e. peak ground velocity. However,
based on various studies conducted in recent years,*'>?7 it
has been found that PGA can be effectively used for
reflecting the response of the structure under the
probabilistic seismic framework. Henceforth, in the
representative building, PGA is adopted for assessing the
seismic fragility.

Seismic Fragility Analysis of Considered Buildings

Seismic fragility considering approximate approach:
Seismic fragility is another form of reliability that expresses
the probability of exceedance of a certain damage limit state
for any given type of structure under seismic excitation.
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Several researches have been carried out in the past few
decades that are associated with the seismic fragility of RC
dual-frame buildings. However, there is no work done by
designing the RC dual-frame building using UPBD Method.
Fragility may be defined as the probability where the
demand acting on the structure exceeds the capacity of the
structure for a specified intensity measure (IM). Therefore,
the expression of seismic fragility® can be expressed as eq.
22:

Fragility = Pr[D > C/IM] = Pr[C — D < 0.0/IM] (22)

where D is the seismic demand, C is the capacity and IM is
the ground motion intensity measure. Considering the time-
variant effect on the seismic fragility of the RC frame-shear
wall buildings, eq. 23 holds good*

Fragility = Pr[D(t) = C(t)/IM = Pr[C(t) — D(t) < 0.0/
IM] (23)

Assuming that the seismic capacity and demand follow a
lognormal distribution, eq. 23 takes the form of eq. 24:

Ng(®)
PriD() > <2 = o e
[B3\m(©+BE(®)

IM

(24)

{

T

(b) Plan 11

0

(c) Typical frame elevations
Figure 4: Building model considered in the study (a) Plan I (b) Plan Il and (c) Typical elevations
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Table 3
Artificial ground motion considered
Background Year of
SN. Name Mw Earthquake Occurrence
1 GM1 6.7 Northridge 1994
2 GM2 6.7 Northridge 1994
3 GM3 7.1 Duzce, Turkey 1999
4 GM4 7.1 Hector Mine 1999
5 GMb5 6.5 Imperial Valley 1979
6 GM6 6.5 Imperial Valley 1979
7 GM7 6.9 Kobe, Japan 1995
8 GM8 6.9 Kobe, Japan 1995
9 GM9 7.5 Kocaeli, Turkey 1999
10 GM10 7.5 Kocaeli, Turkey 1999
11 GM11 7.3 Landers 1992
12 GM12 7.3 Landers 1992
13 GM13 6.9 Loma Prieta 1989
14 GM14 6.9 Loma Prieta 1989
15 GM15 7.4 Manjil, Iran 1990
16 GM16 6.5 Superstition Hills 1987
17 GM17 6.5 Superstition Hills 1987
18 GM18 7.0 Cape Mendocino 1992
19 GM19 7.6 Chi-Chi, Taiwan 1999
20 GM20 7.6 Chi-Chi, Taiwan 1999
21 GM21 6.6 San Fernando 1971
22 GM22 6.5 Friuli, Italy 1976
0 1 2 Beriod,Seé 5 6 7

Figure 7: Matched response spectra of the generated SCGMs for 22 ground motions with 5% damping with the
design spectrum of EC-8 (soil type B, at 0.45¢ level)

where Ny (t) is the estimated median of the demand at the
time t, N.(t) is the estimated median of the capacity at the
timet, ﬁg\,M (t) is the dispersion of the demand at the time t

and ﬁg\,M (t) is the dispersion of the capacity at the time t.
The equation of the probabilistic seismic demand model
(PSDM) is expressed in eq. 25:
In(N;(t) = y() + z(t)In(IM) (25)
Here, y(t) and z(t) are the parameters of regression that are
estimated during the time t and it could be found by

regressing the demands of buildings samples at different
times.
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Development of Fragility curves

A total of 12 finite elements (FE) models of the RC dual-
frame buildings have been generated by applying the UPBD
method. The generated building FE models are then paired
with several selected ground motions considered and
nonlinear dynamic analyses are carried out to obtain the
structural response corresponding to each building model.
The peak inter-story drift ratio (PIDR) is selected as an
engineering demand parameter (EDP) to identify the overall
performance of the building. Fragility analysis has been
conducted for different PLs, namely 10, LS and CP as well
as for different PGA values.
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The PGA levels chosen here are 0.10g, 0.16g, 0.24g, 0.36g
and 0.45g based on the vulnerability of the structure in
various seismic zones across the globe. Further, PSDM at
different PGA levels and storey heights has been generated
based on eq. 25. Table 4 shows the generated probabilistic
seismic demand models for different PGA levels and storey
heights along with the statistical properties.

Results and Discussion

In this study, vulnerability assessment of the dual system is
conducted by generating seismic fragility curves and the
failure probability of the structure is checked based on
different configurations and damage limit states of the
structure. Here, the primary objective of the study is to focus
on the seismic response of RC dual-frame buildings
corresponding to drift demand (PIDR) that may be
considered as one of the most detrimental forms of measures
leading to failure of the structure under seismic excitation.
The PIDR based probabilistic seismic demand model
necessary for estimating the probability of exceedance
(POE) for the considered damage limit states as given by eq.
26:

In(PGA) = a(t) + b(t)In(PIDR) (26)

where a(t) and b(t) are the parameters of regression and
peak inter-storey drift ratio (PIDR) obtained from the time
history results. From the fragility curves, it has been
observed that POE is higher under CP performance level as
compared to other considered 10 and LS performance levels
as shown in fig. 8.

Also, it has been observed that in the case of 10-and 12-story
buildings, the POE has negligible variation under 10 and LS

Vol. 14 (9) September (2021)

level; however, POE increases with heights of buildings
under CP PL. Thus, the buildings under CP PL are highly
susceptible to failure as compared to other buildings.
Similarly, identical observations have been found in the
second case of fragility analysis where the POE is estimated
by varying the PGA capacities.

Fig. 9 shows exceedance probability with respect to
variation in the PGA capacities. The PGA capacities, in this
case, show a substantial increment in the POE, when the
seismic capacity limit states have been reduced from 0.45g
t0 0.10g. Also, a higher POE is observed when the height of
the building is gradually increased at the CP PL as compared
to the other PLs. Specifically, the POE is maximum for a 15-
storeys building under CP level.

Conclusion

In this study, the fragility of frame-shear wall buildings
designed using the UPBD method has been presented. A
total of 12 number of dual system buildings have been
considered. The buildings considered included two plans
and three height categories. The target performance criteria
considered are 10, LS and CP with 1%, 2% and 3% drift.
Layered shell element has been used in finite element
modeling of shear walls. The novelty of the UPBD method
used here is that it accommodates both drift and PL as design
criteria. The member sizes are known at the beginning of the
design without necessitating any iteration process.
Displacement spectra corresponding to design spectra of
EC-8 for B-type soil and seismicity level of 0.45g have been
used. The designed buildings have been evaluated at the
MCE level through nonlinear dynamic analyses 22 under
SCGMs.

Table 4
Probabilistic seismic demand models for different PGA levels and storey heights along with the statistical properties
Storey height (m) P | R® | Lognormal | Lognormal
gt 10" 12t 15" L standard mean
PSDMs PSDMs PSDMs PSDMs deviation

0.1g | y=0.9573In(x)- | y=0.9573In(x)- | y=0.9843In(x)- | y=0.8637In(x)- | IO 0.90 -0.55
0.169 0.68 0.68 0.68 0.80 0.95 0.89 -0.54
0.24g 0.95 0.93 -0.56
0.369 0.98 0.93 -0.27
0.45g 0.86
0.1g | y=0.9465In(x)- | y=0.9465In(x)- y=0.913In(x)- y=0.913In(x)- L | 094 0.86 -0.55
0.169 1.53 1.53 0.77 0.77 S | 0.94 0.89 -0.52
0.24g 0.91 0.86 -0.40
0.369 0.91 0.83 -0.01
0.45¢
0.1g y=0.913In(x)- y=0.913In(x)- y=0.9573In(x)- | C 0.86 0.45
0.169 0.77 0.77 1.85 P | 0.91 0.86 0.47
0.24g y=0.9869In(x)- 0.91 0.92 -0.54
0.369 1.84 0.98 0.93 -0.55
0.45¢ 0.95
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The POE has been estimated at different performance levels.
For performing seismic fragility analysis, approximate
approach has been used. The benefit of implementing an
approximate approach over the other available approaches
of seismic fragility analysis is that it is efficient in accurately
estimating the exceedance probability of the damage limit
states without tedious computational requirements. Peak
inter-storey drift ratio (PIDR) has been taken engineering
demand parameter (EDP). The outcome of the study put
forwards a clear picture of the nonlinear behavior of shear
wall buildings depicting the increment of POE with respect
to geometry as well as site conditions (that is, site-specific
PGA values) such that proper decision could be made for
optimum design of the buildings which will eventually lead
to higher safety.

Future work in this domain may involve the effect of
multiple demand parameters on the exceedance probability
of RC dual systems designed using the UPBD method. The
work will help in capturing a broader picture of the nonlinear
behavior of a dual system when multiple degradation
parameters such as PIDR, joint rotation, displacement,
column curvature etc. are combinely considered for
generating the PSDM.
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