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A STUDY ON SEISMIC POUNDING PROBABILITY OF
BUILDINGS IN TAIPEI METROPOLITAN AREA

. INTRODUCTION

Jeng-Hsiang Lin
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Chung Ho, Taiwan 235, R.O.C.

Cheng-Chiang Weng*
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ABSTRACT

This study investigates the seismic pounding probability of build-
ings in the Taipei metropolitan area. Detailed procedures of the ana-
lytical method are presented. The results indicate that the building
separation specified in the Seismic Provisions of the 1997 Taiwan Build-
ing Code (TBC’97) generally provides a relatively conservative esti-
mate compared to that specified in the 1994 Uniform Building Code
(UBC’94) for the required distance to avoid pounding. This observa-
tion is demonstrated by comparing both the separation distance and/or
the pounding probability of adjacent buildings based on the TBC’' 97
with those based on the UBC’94. The comparison results also reveal
that the building separation distance specified by the TBC’'97 is 1.6
times that specified by the UBC’ 94 for the same building and site soil
condition. If areduction coefficient of 0.375 is adopted instead of the
0.6 specified in the TBC’ 97 to consider the effect of vibration phase
difference of adjacent buildings, the critical pounding risk of the
TBC’' 97 and the UBC’ 94 will be similar.

based on statistical information about the uncertainty

The theory of structural pounding risk analysis
may be considered as a branch of applied probability
theory. The main issue of thistheory is to define an
event called “structural pounding” and to set up a
“probability space” that contains that event. This
modeling part of structural pounding risk analysisis

* Correspondence addressee

of the relevant parameters or knowledge about the
inherent stochastic nature of the applied earthquake
loads. Additionally, the analytical processes should
be able to, by some mathematical algorithm, calcu-
late the probability of structural pounding. The re-
sult may be needed for comparison with standardized
critical values fixed by the adopted building code.
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Fig. 1 Buildings without proper separation distance (Keelung
Road, Taipei)

For buildings in the Taipei metropolitan area,
the seismic pounding of adjacent buildings may pose
a potentially serious problem since the past Taiwan
Building Code (TBC) did not provide definite guide-
lines on building separation and maximum land use
is often required due to high population density and
economic considerations. Asshownin Fig. 1, there
are many buildings which are already built in contact
with or extremely close to one another in thisarea. It
is noted that out-of-phase vibrations may be induced
when adjacent buildings are subjected to earthquake
loading and pounding may occur if the separation dis-
tance is inadequate.

Pounding damage was observed in past earth-
guakes such as Thessaloniki, Greece (1978), Central
Greece (1981), Guerrero-Michoacan, Mexico (1985),
Loma Prieta, Santa Cruz (1989), etc. Especially for
the 1985 Mexico earthquake, it shocked the world and
attracted more concerns to structural pounding prob-
lems of buildings. A surveyed result of the 1985
Mexico earthquake revealed that over 40% of the
collapsed or severely damaged buildings were as a
result of structural pounding events, and for at least
15% of them, pounding was the main cause for col-
lapse (Rosenblueth and Meli, 1986). A clear review
of the reported pounding damage was given by
Anagnostopoulos (1995). In 1999, the Chi-Chi earth-
guakein central Taiwan, unfortunately, brought towns
and villages near the epicenter to destruction. Not
surprisingly, structural pounding events were also
observed after the earthquake. As shown in Figs. 2

4

£
;«;/f

Fig. 3 Major damage example of structural pounding in Pu-Li

to 4, many structural failure examples resulted from
seismic pounding due to inadequate building separa-
tion distance were observed by the writers in Dong-
Shi, Feng-Yuan, Pu-Li, Da-Li, etc.

In the past, there were many valuable studies
regarding the pounding behavior of buildings under
the action of earthquakes. Most of the investigations
emphasized the deterministic aspect of the problem.
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Fig. 4 Minor damage example of structural pounding in Dong-
Shi

Based on aliterature survey conducted by the authors,
there are no published results found on the study of
the probability of seismic pounding of adjacent
buildings, although the concept and the philosophy
of probability-based design have been accepted for
many years. Despite significant advances in struc-
tural engineering design in recent years, uncertainty
induced by structural loads, however, gives rise to
risk. The framers of building codes frequently ad-
dress the questions: “What is the probability of struc-
tural failure during its useful life?”. Therefore, the
need to investigate the level of seismic pounding risk
of buildings is quite apparent in future code
calibrations.

To gain an insight into the pounding risk of
buildingsin the Taipei metropolitan area and to evalu-
ate the validity of the pounding related provisions of
the Taiwan Building Code, this study investigates the
pounding probability of buildings designed accord-
ing to the TBC'97. Comparisons of the pounding re-
lated provisions of TBC’97 and UBC’ 94 are also
made. It is noted that the need to investigate the
pounding risk of buildings is essential to future code
calibrations.

Il. LITERATURE REVIEW

Valuable insights on structural pounding behav-
ior and formulas for evaluating the minimum separa-
tion distance based on linear or equivalent linear pro-
cedures have been proposed. Miller and Fatemi

(1983) investigated the pounding problem of adjacent
buildings subjected to hamonic motions by
vibroimpact concept. Anagnostopoulos (1988) ana-
lyzed the effect of pounding for buildings under
strong ground motions by simplified single-degree-
of-freedom (SDOF) model. Anagnostopoulos and
Spiliopoulos (1992) investigated the response to mu-
tual pounding between adjacent buildings in city
blocks in several strong earthquakes. In the study,
the buildings were idealized as lumped-mass, shear
beam type, multi-degree-of-freedom (MDOF)
systems. Westermo (1989) applied links to adjacent
buildings to reduce the pounding effect. Maison and
Kasai (1990) modeled buildings as multiple-degree-
of-freedom systems and analyzed the response to
structural pounding of different types of idealizations.
Papadrakakis et al. (1991) studied the pounding re-
sponse of two or more adjacent buildings based on
the Lagrange multiplier approach by which the geo-
metric compatibility conditions due to contact are
enforced. A three-dimensional model developed for
the simulation of the pounding response of adjacent
buildings is presented by Papadrakakis et al. (1996).

In evaluation of building separation, Jeng et al.
(1992) estimated the minimum separation distance
required to avoid pounding of adjacent buildings by
the spectral difference (SPD) method. Kasai et al.
(1996) extended Jeng’s results and proposed a sim-
plified rule to predict the inelastic vibration phase of
buildings based on the numerical results of dynamic
time history analyses. Penzien (1997) proposed a for-
mula for evaluating separation distances of two
buildings, based on the procedure of equivalent lin-
earization and the assumptions that the minimum
separation distance Seqq is controlled by the first-
mode type of responses and the mode shape of re-
sponsesis linear. Lin (1997) proposed a theoretical
solution based on random vibration theory to predict
the statistics of separation distance of adjacent
buildings, assuming linear elastic responses. Hao and
Zhang (1999) investigated earthquake ground motion
spatial variation effects on relative linear elastic re-
sponse of adjacent building structures.

In evaluation of the pounding risk of buildings,
Lin and Weng (2001a) proposed a spectral approach
to investigate the seismic pounding probability of ad-
jacent buildings based on random vibration theory and
total probability theory, assuming linear elastic struc-
ture responses. Recently, Lin and Weng (2001b) in-
vestigated the probability distribution of the required
separation distance of buildings with steel moment-
resisting frame (SMRF), which exhibit elasto-plastic
behavior in the form of a hysteretic restoring force-
displacement characteristic, by the Kolmogorov-
Smirnov test that considers the quality of fit between
a hypothesized distribution function and an
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empirical distribution function, based on data ob-
tained by the Monte Carlo simulation method. The
results indicated that the separation data fit almost
perfectly with the type | extreme value distribution.

[11. BUILDING SEPARATION

1. Required Separation Distance to Avoid
Structural Pounding

The emphasis in structural pounding problems
is on the “relative displacement” of potential pound-
ing location of adjacent buildings. Asshown in

, 1f uy(t) and up(t) are the displacement time histo-
ries of adjacent buildings A and B at the potential
pounding position, then the “maximum” relative dis-
placement of potential pounding location of adjacent
buildings or the required separation distance to avoid
structural pounding can be expressed as

Sreqd=SUp(Up(t)—Uua(t)) (1)

where “sup” implies the maximum value of the en-
tire range of the relative displacement time history.
The structural pounding may occur once the separa-
tion distance of adjacent buildings is less than Sieqq.

2. Code-specified Separation Distance

Since the 1985 Mexico major earthquake
brought Mexico city to destruction, seismic pound-
ing provisions have been introduced into almost all
of the major building codes worldwide such as: the
Uniform Building Code, Mexico’s Federal District
Code, and National Building Code of Canada, etc.
There are some differences in details among these
codes. However, the design philosophy and bases for
the provisions are similar. Calibrations of the related
provisions are still processing to date. Especially,
the seismic pounding provisionsin the 1997 Uniform
Building Code (UBC’97), one of the most advanced
seismic codes worldwide, has important modifications
with respect to previous versions.

(i) Taiwan Building Code

Calibrations of the seismic provisions of the
Taiwan Building Code (TBC) have been made over
three years since 1997. This version is up to date
and has great modifications to the seismic provisions
for the design of structures with respect to previous
versions. The seismic pounding provisionsin the new
version require that all structures shall be separated
from adjoining structures to prevent pounding and
building separations shall allow for 0.6*1.4*a,*R,
times the displacement A, due to design seismic

I
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location
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building A
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(a) Adjacent buildings having different height
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Fig. 5 Potential pounding location: (a)Adjacent building having
different height; (b)Adjacent building having same height

forces, where 1.4 is the overstrength factor, ay is the
first yielding amplification factor, and R, is the al-
lowable system ductility factor. Asareduction factor,
the coefficient of 0.6 implies two special consider-
ations in the provision of building separation. First,
the required separation distance to prevent pounding
largely depends on the vibration phase difference
between adjacent buildings. Second, the probability
that the peak displacements of two adjacent build-
ings occur simultaneously is small. In other words,
the building separation distance specified in the
TBC' 97 is taken as 60% of the absolute sum of maxi-
mum inelastic displacements of two adjacent
buildings, asillustrated in

If the story drift ratios in each of the adjacent
buildings are within the maximum value, the mini-
mum code-specified separation distance of adjacent
buildings A and B can be expressed by

S¢:ode:0-6(Aua,A+Aua,B) (2)
where Aja a=1.4* a* Ry p* Ae p
and Aya g =1.4*ay* Ry 5" Acg (3)

in which Ay, and Ay, g are, respectively, the
allowable plastic displacement of buildings A and B;
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(a) Allowable inelastic displacement of a building

Scoa'e =06( A ua,A + A ua, B )
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<
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7

building A

(b) Separation distance of adjacent buildings

Fig. 6 Minimum building separation specified by the TBC’ 97

Ao p and Ag g are, respectively, the elastic displace-
ments of buildings A and B due to design seismic
forces.

(i) Uniform Building Code

The UBC’ 94 requires that all structures shall be
separated from adjoining structures, and separations
shall allow for 3(R,/8) times the displacement due to
seismic forces, where R, is the system performance
factor. In addition, it is also required that the story
drift shall not exceed 0.04/R,, or 0.005 times the story
height for structures having a fundamental period of
less than 0.7 seconds and the story drift shall not ex-
ceed 0.03/R,, or 0.004 times the story height for struc-
tures having a fundamental period of 0.7 seconds or
greater.

If the story drift ratios in each of the adjacent
buildings are within the maximum values mentioned
above, the minimum code-specified separation dis-
tance of adjacent buildings A and B can be expressed

by

Suste = Ry /8) 2 (6 * 1)+ (R 18) 2 (O + )
) - @)

where 6,, hy, na, and Ry, 5 are the i story drift ratio,
the i story height, the story number, and the system
performance factor of building A, respectively; 8,
hei, b, and Ry, are the i™" story drift ratio, the i™ story
height, the story number, and the system performance
factor of building B, respectively. Note that the use
of the ABS (absolute sum) method is implied by the
UBC’'94. The ABS method provides an upper limit
of the required separation distance of adjacent build-
ings A and B to avoid pounding. The method consid-
ers the entire out-of-phase motion between adjacent
buildings, regardless of the relative magnitudes of the
periods of buildings A and B, and provides an ex-
tremely conservative estimate for required separation
distance.

3. Comparison of the Pounding Related Provisions
Between the Taiwan Building Code and the
Uniform Building Code

For two buildings designed, respectively, ac-
cording to the TBC' 97 and the UBC’ 94, if both build-
ings have the same building conditions (including
structural system, dynamic characteristics, occupancy
requirement) and site soil conditions (including site
soil profile and intensity of design basis ground
motion), and if the structural systems of both build-
ings are the SMRF systems and structural periods are
greater than 0.465 seconds, the design seismic force
ratio and the property line setback ratio of the TBC’ 97
to the UBC’ 94 are determined as follow:

(i) If the reduction coefficient of earthquake force
Fu<2.5, the design seismic force ratio

ZIC{W
Viec = LaayF, - Ry _ 12 =211 (5)
Viyge ZICW  1daF, 14+14%29
Rw

Then, the property line setback ratio

A _ OLAARAcrec _ OELAAR, Ve /K

)
Buac gRWAe,UBC gRW Vuee/K
0.6% 14+ 14x29
== (211)=16 6)
3 * 12

(ii)If the reduction coefficient of earthquake force
Fu>2.5, the design seismic force ratio

C
ZIF(E D)W
u

Viee — 3.5a, - Rw _ 12 _ 245 @
Ve ZIC,\W 35a, 35+14
Rw
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Then, the property line setback ratio

Arse _ OO)LAaRAqrec _ O6)L4aR, Ve /K

Busc %R\NAe,UBC %Rw Vusc/K
06+ 14+ 1425
= . (245 =16 6)
8" 12

Note that, as shown above, the property line setback
designed according to the TBC’'97 is 1.6 times that
designed according to the UBC’ 94.

IV. POUNDING PROBABILITY OF
ADJACENT BUILDINGS

The overall pounding probability of adjacent
buildings, P, during a period of time can be evalu-
ated by total probability theory. In other words, the
overall pounding probability of adjacent buildings
during a period of time can be evaluated by combin-
ing the results of the seismic hazard analyses and the
relations of PGA (Peak Ground Acceleration) and the
pounding probability of adjacent buildings.

If the ground motion intensity is characterized
by the peak acceleration, a’, then the seismic pound-
ing risk evaluation proceeds as follows. For struc-
tural pounding to occur, two events must happen.
First, a ground motion with intensity, a’, must occur;
secondly, this motion must cause pounding. All pos-
sible values of @ must be considered. The overall
probability that pounding will occur during some pe-
riod of time, P,, may be expressed as follows.

* dy , -
P=[P .P_.da =fP Y 4a
p ’ /"
] p/a® a ] pla” 4a
g iZ(Pp/a)i (PaAa)i

U iZ(Pp/a)i @y, (9)

in which Py .+ expresses the pounding probability of
adjacent buildings subjected to earthquakes with a

. . dy  «
specified PGA, a’; P,«da” or da)ida expresses the

probability of occurrence of a ground motion with in-
tensity between a” and a’+da’. The numerical sum-
mation process of Eq. (9) is depicted graphically in

The values a,, a,, as,...provide a suitable
discretization of the continuous intensity parameter.
For convenience of numerical calculation, the func-
tion to be integrated has been evaluated at equal in-
crements Aa. The numerical integration of Eq. (9)
requires the evaluation of (Ay); and (Pp,); of aground
motion with intensity between a; and a;+Aa. In

Pp/a A
A
(Pr/a);
& &3 a;. & ap PGA
4 A
(Ay),
pat
& s ai-fain  PGA

P=Y (Ba)(Ar), = Y. (AR,

Fig. 7 Numerical summation process of overall pounding prob-
ability

integration procedure, it is assumed that Py remains
constant between a; and a;+Aa and can be evaluated
from the relation curves of PGA and pounding prob-
ability of adjacent buildings, expressed as (Pya)i. This
assumption is available so long as a short enough Aa
isused. Additionally, the value of (Ay); can be evalu-
ated from the results of the seismic hazard analyses.

As shown in , the solid-line curve, which
are respectively based on information supplied by Tan
et al. (1985) is aresult of seismic hazard analysesin
the Taipei basin. The curve shown in Fig. 8 indi-
cates the probabilities of not being exceeded in a 50
year interval if the levels of PGA were to be selected.
A probability of not being exceeded can be translated
into other quantities such as mean recurrence interval.
A 90 percent probability of not being exceeded in a
50 year interval is equivalent to a mean recurrence
interval of 475 years. Asshown in Fig. 8, thereis 90
percent probability that the PGA will not exceed
0.23g in the Taipei basin. The value of (PpAa); or
(Ay)i, which is the occurance probability of a ground
motion with intensity between a; and a;+Aa in a 50
year interval, can then be evaluated from this figure.

Note that Ruiz and Penzien (1969) showed that,
for shear type buildings, a probability distribution
based on the 50 extreme-values of story drift and
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Fig. 8 Seismic hazard curve for asite in the Taipei metropolitan
area

shown in the form of type | extreme value distribu-
tion shows a very good correlation with the actual
distribution. However, the literature survey con-
ducted by the authors revealed that no published re-
sults on the probability distributions of the building
separation distances exist. Recently, to investigate
the probability distribution of the required separation
distance to avoid structural pounding, the well-known
Kolmogorov-Smirnov test that considers the quality
of fit between a hypothesized distribution function
and an empirical distribution function is performed
on observed separation distances by Lin and Weng
(2001b). The test establishes the confidence of the
hypothesized probability distribution that is used to
simulate the unknown actual distribution. In the
study, the simulated distribution plots of the separa-
tion distances are constructed from data consisting
of 1000 observations. The results show that the sepa-
ration data obtained by the Monte Carlo simulation
procedures fit almost perfectly with the hypothesized
type | distribution. In other words, the probability
distribution of the building separation distances can
be assumed to be the type | extreme value distribution.
Thus, the probability distribution of the random vari-
able Seqq, demonstrated by Lin and Weng (2001b),
can be given by the form

G(Sreqa)=exp{ —exp{ ~an(Sreqa=Un)} } (10)
— T
where a, = 7@05 | (12)
reqd
and Up= Sreqa-0.577/a, (12)

in which Siea and 0s,, are the mean and the

standard deviation of random variable S;eqaq,
respectively. Hence, the pounding probability of two
adjacent buildings separated by a minimum code-
specified separation and subjected to earthquakes with
a “specified” peak ground acceleration (called the
“conditional” pounding probability of adjacent
buildings) can be evaluated, if the Sreqa, 08 eqa and
Scode @re determined. In other words, if the Sreqa,
05 6qq» AN Seode @re known, the conditional pounding
probability of adjacent buildings, Py, can be evalu-
ated by Eq. (13).

Ppra=1-exp{ —exp{ —an(Scode=Un)} } (13)

where a, and u, can be determined from Egs. (11)
and (12), respectively. In this study, the values of
Sreqa and O eqq &€ determined by the Monte Carlo
technique.

To investigate the conditional pounding prob-
ability of adjacent buildings separated by minimum
code-specified separation under earthquakes with dif-
ferent PGA, statistical analyses are performed in this
study for §req-d and O eqa of adjacent buildings un-
der 1000 artificial earthquakes.

V. DETERMINATION OF POUNDING RISK
OF BUILDINGS

The seismic pounding risk analysisisto express,
in quantitative terms, the probability of structural
pounding of adjacent buildings within a specified
period of time. The analytical procedure to discover
the seismic pounding probability of two adjacent
buildings during a period of time is briefly summa-
rized in a step-by-step format as follows:

1. Generate a set of artificial earthquake motions with
a “specified” peak ground acceleration (PGA) for
dynamic analyses of two adjacent building
structures.

2.Calculate the mean value, Sreqq, and standard
deviation, 0s, . Of the maximum relative displace-

€q . S
ment between the two adjacent buildings at the top
level of the shorter building subjected to the earth-
quakes generated from step 1.

3. Calculate the code-specified separation distance,
Scodes @Ccording to the related pounding provisions
of the building code.

4. Calculate the “conditional” pounding probability,
Ppa, Of the adjacent buildings with the results of
step 2 and 3.

5. Repeat step 1-4 with different PGA’s until the re-
lations between pounding probability of adjacent
buildings and PGA are constructed.

6. Calculate the “overall” pounding probability of
adjacent buildings from Eqg. (9) by combining the
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Table 1 Parameter values used in numerical examples

Degree of Fundamental Stiffness, Yielding Shear of Mass, Damping Ratio
Freedom, n Period, T (sec) k (kN/m) 1st Story (kN) m (kg) (%)
4 0.575 470840 3741
6 0.780 548183 5612
8 0.967 628801 6863
10 1.144 707999 8196 454545.5 5
12 1.311 789888 9836
14 1.472 872340 11475
16 1.627 957420 13114
18 1.777 1045528 13698
20 1.923 1136785 14063
results of the seismic hazard analyses and the rela- v /
tions of the pounding probability and PGA con- \
structed in step 5. Vu
VI. KEY ASSUMPTIONS AND STUDY
PARAMETERS / Ke
A
1. Earthquake Motions
For dynamic analysis of structures and compari-
son of the pounding risks of buildings designed ac-
cording to the TBC’ 97, the design response spectrum
of the Taipei basin is selected. To simulate the tran- (a) Hysteresis loop
sient character of real earthquakes, the stationary
earthquake motions generated from the power spec-
. . . . . Story
tral density function associated with the design re- Shear L
sponse spectrum of the Taipei basin are multiplied /
by a trapezoidal intensity envelope function, ex- /
pressed by e __ -
Vo S @y,
VS .= - ] 7 ‘_
ft/o_lg,td 0<t < 0.5, | |
It)={ 1.0 015ty <t<075t;  (14) ke | |
1 I
\td _t/0.25td 0.75tg st <ty As Ay Story Drift

where tq is the time duration and is taken as 30 sec-
onds in this study.

2. Characteristicsand Dynamic Behavior of Build-
ing Structures

It is assumed that the dynamic response of a
building can well be simulated by using the lumped-
mass structural system. The structural system of the
buildings investigated in this study is steel moment-
resisting frame (SMRF). For simplicity of numerical
simulation, the structure is modeled as a multi-de-
gree-of-freedom shear type model which exhibits
elasto-plastic behavior in the form of a hysteretic

(b) Elasto-plastic model

Fig. 9 Story shear vs. story drift: (a) Hysteresis loop; (b) Elasto-
plastic model

restoring force-displacement characteristic (Fig. 9),
although the elasto-plastic behavior may not fully rep-
resent the actual behavior of the SMRF structures.
Torsional effects on structure responses are ignored.
For each building, the relation of the fundamental
period and the building height, shown in Table 1, is
determined from formula (2.9) of the TBC' 97 for steel
moment-resisting frames. The yielding story shear
or the ultimate story shear and the initial stiffness of
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Fig. 10 Building separation distance vs. period of building B for discrete period of building A: (a) Ta=0.78sec.; (b) Ta=1.144sec.;

(c) Ta=1.472 sec.; (d) Ta=1.777sec.

first story of buildings in elasto-plastic hysteretic
analysis is shown in Table 1. For buildings having
the same heights, the responses are assumed to be the
same. It is noted that this assumption is only valid
for these buildings having the same period and el asto-
plastic hysteresis behaviour.

In addition, it is assumed that floor elevations
are the same for all buildings so that pounding oc-
curs only at these elevations where the masses are
lumped. For adjacent buildings having different
heights, the pounding location is assumed to occur at
the top level of the shorter building, as shown in Fig.
5(a); for adjacent buildings having the same heights,
the pounding location is assumed to occur at the roof
level of both buildings, as shown in Fig. 5(b).

3. Study Cases of Adjacent Buildings
A total of 36 cases of adjacent buildings are

investigated, which include 4 cases for building A
(story number of building A, na= 6, 10, 14, 18) and 9

cases for building B (story number of building B, nb=
4, 6, 8, 10, 12, 14, 16, 18, 20). The parameter values
of buildings are given in Table 1.

VIlI. RESULTS AND DISCUSSIONS
1. Building Separation Distance

Comparisons of the building separation dis-
tances specified by the TBC’ 97 and obtained by the
Monte Carlo simulation method with PGA of 0.23g
vs. period of building B for discrete period of build-
ing A are made and shown in . Figure 10 shows
that the TBC’s method provides a conservative esti-
mate for the distance. Especially for the cases that
the fundamental periods of buildings A and B are
closed, the TBC’ s methods overestimate the building
separation distance due to neglect of the cross corre-
lation terms or improper treatment of the vibration
phase difference of adjacent buildings. Note that, as
the periods of buildings A and B are closed, the cross
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Fig. 11 Conditional pounding probability of buildings separated according to the TBC'97 vs. PGA: (a)Ta=0.780sec.; (b)Ta=1.144sec.;

(c) Ta=1.472sec.; (d) Ta=1.777sec.

correlation terms of the relative displacement
response of adjacent buildings are significant.

2. The Conditional Pounding Probability of Adja-
cent Buildings

shows the relations of PGA and con-
ditional pounding probability of adjacent buildings
separated by a distance determined by the TBC's
method. Four different periods of building A vary-
ing from 0.78 to 1.777 seconds are assumed for this
investigation. These relation curves are useful in cal-
culating the overall pounding probability of adjacent
buildings in a period of time. Asshownin Fig. 11,
the conditional pounding probabilities of adjacent
buildings vary also with period of building B. By
comparing Fig. 11 with Fig. 10, the pounding prob-
ability of adjacent buildings is significantly depen-
dent on the periods of buildings A and B. This obser-
vation indicates that the TBC’s method seems not to
provide an uniform risk for all studied cases.

3. The Overall Pounding Probability of Adjacent
Buildings

For all cases studied in this paper, the overall
pounding probabilities of adjacent buildings designed
according to the TBC’ 97 during their useful life of
50 years are calculated and depicted in toin-
vestigate the effect of period ratio of adjacent build-
ings on the overall pounding probability. As shown
in Fig. 12, the overall pounding probabilities of adja-
cent buildings vary significantly with the period ra-
tio of adjacent buildings and the period of individual
building. In other words, the pounding risks of build-
ings are not consistent and vary with these factors.

Figure 12 also shows that all of the cases con-
sidered gain alow seismic pounding probability. For
the most dangerous case studied, the pounding prob-
ability obtained from the TBC's method is 1.2 percent.
Not surprisingly, the pounding probability is small
for the cases that the periods of adjacent buildings
are extremely closed and well separated.
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Fig. 12 Comparisons of the pounding probability of buildings sepa-
rated according to the recommended and code-specified
distance

For comparison, the overall pounding probabil-
ity of buildings designed according to the UBC' 94 is
also shown in thisfigure. Similar trends are observed
to those obtained from the TBC’s method. For the
most critical case, the pounding probability of adja-
cent buildings based on the seismic provisions of the
UBC’94 is 7 percent (Lin and Weng, 2000). Com-
pared to the pounding probabilities based on the UBC,
the pounding probabilities based on the TBC seems
to be lower. In other words, the building separation
distance specified by the TBC' 97 generally provides
arelatively conservative estimate compared to that
specified by the UBC’ 94 for the required separation
distance due to a conservative estimate for the prop-
erty line setback as a result of high design seismic
force. This conclusion can be further illustrated, on
one hand, by comparing the building separation dis-
tance specified by the TBC’'97 with that by the
UBC' 94, as shown in Section 3.3, and, on the other
hand, by comparing the pounding probability of build-
ings designed according to the TBC’ 97 with that of
buildings designed according to the UBC’94, as
shown in

The comparison results in Section 3.3 indicate
that the building separation distance specified by the
TBC’'97 is 1.6 times that specified by the UBC’94
for the same building conditions and site and soil
conditions. If areduction coefficient of 0.375 (0.6/
1.6=0.375) is used instead of 0.6 in Eq. (2), the peak
pounding probability of the TBC'97 is similar to that
of the UBC’94 (Fig. 12). From an efficiency point
of view of land use, a reduction coefficient of 0.375
is better than 0.6.

In addition, the concept and the philosophy of
probability-based design have been adopted by mod-
ern building codes for many years. One of the criti-
cal objectives of design codesisto control the “maxi-
mum risk” to a socially acceptable level. Modern

seismic codes of practice have adopted the concept
that certain structural mal performance or damage can
be tolerated during earthquakes, provided that struc-
tures are adequately designed so that satisfactory per-
formance can be achieved in a somewhat regulated
manner. Moreover, the structural design according
to the adopted code is more economical, if the vari-
ous probabilities of structural malperformance or
damage can be “similar”.

It is noted that the probability, implicated in the
seismic provisions of the adopted building codes, that
the recommended intensity of earthquake motions at
a given location will be exceeded during a 50-year
period is estimated to be about 10 percent. However,
for the most critical case investigated, the pounding
probability of adjacent buildingsis 1.2 percent based
on the TBC’97 and 7 percent based on the UBC’ 94.
Comparing the pounding probabilities based on the
seismic provisions of the TBC’'97 and the UBC’ 94
with the probability that the recommended intensity
of earthquake motions will be exceeded during a 50-
year period, the conclusion that, from the viewpoint
of economy, the pounding related provision of the
UBC’94 is more satisfactory than that of the TBC' 97
may be made.

VIIl. CONCLUSIONS

This study investigates the seismic pounding
probability of buildings in the Taipei metropolitan
area. The buildings are separated according to the
related seismic provisions of Taiwan Building Code
(1997). Some major findings of this study are sum-
marized as follows:

1. The pounding probability of adjacent buildingsis
found to be significantly affected by the natural
period of individual buildings and the period ratio
of the adjacent buildings.

2.1t is noted that there is no specific consideration of
the effect of period ratio on the pounding risk of
adjacent buildings in the related seismic provisions
of the building code in Taiwan.

3.Due to the lack of proper treatment of the vibra-
tion phases of adjacent buildings, it is found that
the method used in the current Taiwan Building
Code (TBC'97) provides poor estimates for the re-
quired building separation distance and produces a
non-uniform risk for all the cases investigated in
this study.

4. The building separation distance specified by the
TBC' 97 generally provides arelatively conserva-
tive estimate compared to that specified by the
UBC’94 for the required separation distance to
avoid pounding due to a higher estimate for the set-
back of the building property line. It is noted that
the building separation distance specified by the
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TBC'97 is 1.6 times that specified by the UBC’ 94
for the same building and site soil conditions, in-
cluding structural system, importance factor I, seis-
mic zone factor Z, site response spectrum coeffi-
cient C, and seismic hazard curve.

5.1t is noted that the probability of exceeding the
design basis ground motion specified in the
UBC’94 during a 50-year period is 10%. However,
for the most critical case investigated by the
writers, the pounding probabilities of the adjacent
buildings are 7% and 1.2% based on the seismic
provisions of the UBC'94 and the TBC’'97,
respectively.

6. From the pounding risk point of view, the results
also indicate that if a reduction coefficient of
0.375 (0.6/1.6=0.375) is used instead of 0.6 speci-
fied in the current Taiwan Building Code, the criti-
cal pounding risk of the TBC’'97 and the UBC' 94
will be similar.

It is noted that a mathematical model in the form
of cantilever beam is approximate. However, in or-
der to establish a mathematical model, this study
adopts the commonly used lumped-mass-cantilever
beam model in structural dynamic analysis. The pri-
mary objective of the model isto illustrate the physi-
cal behavior and pounding probability of adjacent
buildings subjected to earthquakes. The writers fully
acknowledge that areal structure is much more com-
plex than the simplified model, and the use of the
calculated results proposed in this study is subjected
to errors resulting from the simplification of the ana-
lytical model.
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