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Abstract

Presented herein is a spectral approach to evaluate the seismic pounding probability of two adjacent buildings simulated by multi-
degree-of-freedom systems and separated by a minimum code-specified separation during a period of time. The analytical approach
is based on random vibration theory and total probability theory. Numerical simulations of 36 cases are presented in this study.
Results of this investigation reveal that the period ratio of the adjacent buildings plays a major role that affects the pounding risk
of adjacent buildings. Also noted is that the effect of period ratio on pounding risk has not yet been taken into account in the
seismic pounding related provisions of the Uniform Building Code. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Out-of-phase vibrations may be induced where adjac-
ent buildings are subjected to earthquake loading and
pounding may occur if the separation distance is inad-
equate.

For metropolitan cities located in regions of active
seismicity, the pounding of adjacent buildings may pose
a potentially serious problem since a maximum land use
is often required due to high population density. Pound-
ing damages were observed in the past earthquakes such
as Thessaloniki, Greece (1978), Central Greece (1981),
Guerrero-Michoacan, Mexico (1985), and Loma Prieta,
Santa Cruz (1989), etc. [1-4].

In recent years, there were studies regarding the
pounding behavior of buildings under the action of earth-
quakes [5-16], most of the investigations emphasized the
deterministic aspect of the problem. Based on a literature
survey conducted by the authors, there are no published
results found on the seismic pounding probability of
adjacent buildings.

Building codes providing a set of minimum technical
rules and a legal basis for the practice of structural
engineering are intended to ensure safety and play a
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transfer role of technology from research to practice.
Despite significant advances in structural engineering
design in recent years, uncertainty induced by structural
loads and material strengths, however, gives rise to risk.
The framers of building codes must address the ques-
tions: “How many chances of structural failure will
occur in the future?” and “How safe is safe enough?”.
Therefore, the most critical objective of design codes is
to control risk to socially acceptable levels.

The need to investigate the level of seismic pounding
risk of buildings is quite apparent in future code cali-
brations. In order to provide some clarity and insight
into the pounding risk of adjacent buildings, this study
develops a spectral method to estimate the seismic
pounding risk of adjacent buildings separated by a mini-
mum code-specified separation during a certain period
of time.

2. Literature review

In recent years, valuable insights into the structural
pounding and formulas for evaluating separations based
on linear or equivalent linear procedures have been pro-
posed.

Miller and Fatemi [5] investigated the pounding prob-
lem of adjacent buildings subjected to harmonic motions
by vibroimpact concept. Anagnostopoulos [6] analyzed
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the effect of pounding for buildings under strong ground
motions by simplified single-degree-of-freedom (SDOF)
model. Anagnostopoulos and Spiliopoulos [7] investi-
gated the response of mutual pounding between adjacent
buildings in city blocks to several strong earthquakes. In
the study, the buildings were idealized as lumped-mass,
shear beam type, multi-degree-of-freedom (MDOF) sys-
tems. Westermo [8] applied links to adjacent buildings
to reduce the pounding effect. Maison and Kasai [9]
modeled the buildings as multiple-degree-of-freedom
systems and analyzed the response of structural pound-
ing with different types of idealizations. Papadrakakis et
al. [10] studied the pounding response of two or more
adjacent buildings based on the Lagrange multiplier
approach by which the geometric compatibility con-
ditions due to contact are enforced. A three-dimensional
model developed for the simulation of the pounding
response of adjacent buildings is presented by Papad-
rakakis et al. [11].

In evaluation of building separation, Jeng et al. [12]
estimated the minimum separation distance required to
avoid pounding of adjacent buildings by the spectral dif-
ference (SPD) method. Kasai et al. [13] extended Jeng’s
results and proposed a simplified rule to predict the
inelastic vibration phase of buildings based on the
numerical results of dynamic time history analyses. Pen-
zien [14] proposed a formula for evaluating separations
of two buildings, based on the procedures of equivalent
linearization and the assumptions that the required mini-
mum separation S,.-q is controlled by the first-mode type
of responses and the mode shape of responses is linear.
The first writer [15] proposed a theoretical solution
based on random vibration theory to predict the statistics
of separations of adjacent buildings, assuming linear
elastic responses. Hao and Zhang [16] investigated
earthquake ground motion spatial variation effects on
relative linear elastic response of adjacent building struc-
tures.

3. Code requirement regarding building separation

Based on the 1988 seismic provisions by the Struc-
tural Engineers Association of California (SEAOC) [17],
the 1988 Uniform Building Code (UBC) [18] requires
that all structures shall be separated from adjoining
structures and provides detailed requirements for build-
ing separations. Calibrations of the related seismic
pounding provisions of the building code have been
made over the past decade. However, the literature sur-
vey conducted by the authors revealed that no published
results on the seismic pounding risk of adjacent build-
ings were presented, although the concept and the philo-
sophy of reliability-based design have been accepted for
many years.

The need to investigate the level of seismic pounding

risk of buildings is quite apparent in future code cali-
brations. In order to provide some clarity and insight
into the risks of buildings, this paper presents a spectral
method to estimate the pounding probability of build-
ings.

The 1994 Uniform Building Code [19] requires that
all structures shall be separated from adjoining struc-
tures, and separations shall allow for 3(R,/8) times the
displacement due to seismic forces, where R,, is the sys-
tem 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 fundamen-
tal period of less than 0.7 s and the story drift shall not
exceed 0.03/R,, or 0.004 times the story height for struc-
tures having a fundamental period of 0.7 s or greater.

If the story drift ratios in each of the adjacent build-
ings are within the maximum value mentioned above,
the minimum code-specified separation of two adjacent
buildings having the same structural system can be
expressed by

na nb
Scode=(3RW/8>{Z<6m-hai)+Z<6bi-hbi)}, (1)
i=1 i=1

in which 0, is the ith story drift ratio of building A, 5,
is the ith story height of building A, and na is the story
number of building A; 6,; is the ith story drift ratio of
building B, hy,; is the ith story height of building B, and
nb is the story number of building B.

4. Proposed approach for seismic pounding risk
analysis

4.1. Basic assumptions

For the analytical procedures presented herein, it is
assumed that dynamic responses of buildings can well
be simulated by dynamic responses of lumped-mass
structure systems. Excitations can be considered as
stationary Gaussian random processes with zero mean.
It is noted that although earthquake motion is not station-
ary, during the time of strong motion a typical earth-
quake is approximately stationary, and good estimates
of response can be made using random vibration theory
[20]. Thus the building structures can be simplified by
multi-degree-of-freedom models and the responses of the
structures will be stationary Gaussian random processes
with zero mean. For buildings having different heights,
the pounding location of adjacent buildings is assumed
to occur at the top of the shorter building.

4.2. Relative displacement at location of potential
pounding

As shown in Fig. 1, if y,,(#) and yy ,p_n..i(f) are the
displacement time histories and Z(¢) is the relative dis-
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Fig. 1. Analytical model.

placement time history of two adjacent buildings A and
B at the potential pounding position, then Z(#) can be
expressed as

Z(t) :yb,nb—na+l(t) _ya,l(t)’ (2)

where na and nb are the number of degree of freedom
of system A and system B, respectively. It is assumed
that na is less than nb.

The minimum separation distance required to avoid
pounding may be defined as

Sreq’dzsup(z(t))’ (3)

where “sup” implies the maximum value of the entire
range of the relative displacement time history. The
structural pounding may occur once the separation of
adjacent buildings is less than S,.4. Thus, Z(f) may be
evaluated once the displacement time histories y,(f)
and Yy up_nar1(f) are determined.

For the linear structure systems, if the excitations are
stationary Gaussian random processes with zero mean,
the response processes of the structures will be stationary
Gaussian random processes with zero mean, thus the
relative displacement processes of adjacent buildings at
the potential pounding location are stationary Gaussian
random processes with zero mean and can be given by

Z()={@y(nb—na+1,1)p,(nb—na+1,2)...@,(nb
Yui (D)

Yo (1)
—na+1,nb)X - 4

Youn(2)

Yal(t)
de(t)
_<¢a(1’1)¢a(1’2)(pa(l’na)> : B

Yana(t)

where ¢,(1,i) and Y,(¢) are the first component of the
ith mode shape and the ith modal coordinate of building
A, respectively. Similarly, ¢y(nb—na+1,i) and Y,;(¢) are
the nb—na+1th component of the ith mode shape and
the ith modal coordinate of building B, respectively.

The autocorrelation function R,,(7) for the relative
displacement process of building A and building B at
the potential pounding location is by definition,

R7(D)=E(Z()Z(1+1)) &)

Substituting Eq. (4) into Eq. (5), yields

RZZ(T) = RYb,nbfna+ 1Yb,nb—na+1 (T) + RYa. 1Ya,1 (T) (6)

- RYa, 1Yb,nb—na+1 (T) - RYb,nb—na+ 1Ya,1 (T)
where

nb nb

RYb,nb—na+le,nb—na+l (T) = z z (pb(nb —na+ 1 J)%(nb

j=l1k=1

—na+ l,k)f JE[ij(t—Gl)Gbk(t+T (7)

o

- 92)]hbj(91 )hbk(OZ)deldGZ’

Ry, 1y 0=2, 2 0,(1)p,(1,K) J f E[G,t (8)

j=1k=1

—0))G o (1+7—0,)1h,(0,)h,(0,)d6,d0,,

nb na

Ryb,nb—na+lYa, 1 (T) = z z (Pb(nb —hna

j=lk=1

T 1)@.(1,6) f f E[G(t—6)Gy(1tT 9)
_92)]hbj(91)hak(ez)deldez»

na nb

Rya,lyb,nbfna+1(T) = 2 2 (pd( 1 z]) (Pb(nb —na

j=lk=1

+1,k)j jE[Gaj(t—Bl)Gbk(t-l-r (10)

0—00

- 92)]haj (6 1 )hbk(62)d91d92»
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For(0)
! Joo(1)
ij(l)=ﬁ<%(1J)%(2J)---(Pb(an)> : (11
bj
ﬁnb(t)
far (1)
| Jaa(®)
Gaj(t):M<(pa(lzi)(pa(2zi)'"(Pa(nazj)> : ; (12)
.f;lna(t)
e i ?i%1sin( @y 1-65;01)
IO = . (13)
Wy 1-E3
e 5ii%18in (@, 1— 4101)
h.(8)= ] ; (14)
Wy 1-&5

fu(®), 0., &, and M,; are the ith component of external
force vector, the jth modal frequency, the jth modal
damping, and the jth generalized mass of building A,
respectively, and fi(1), Wy, 'g'bj and M are the ith compo-
nent of external force vector, the jth modal frequency,
the jth modal damping, and the jth generalized mass of
building B, respectively.

In the frequency domain analysis, the spectral density
function for the relative displacement process Z(f) is
by definition

1 .
Szz(w):% J Ry, (T)e™MdT. (15)

Substituting R, of Eq. (6) into Eq. (15) gives

SZZ(w) = Re [SYb,nb—na+ 1Yb,nb—na+1 (w) + SYa, 1Ya,1 (w)] ( 16)
- 2R€]SYa, 1¥b,nb—na+1 (a))]
where
nb nb
Syb,nb—na+ 1Yb,nb—na+ l(w) = z z (Pb(nb —ha + 1 J)
j=1k=1

1 nb nb
@u(nb—na-+1,k) D Ol Po(mk)Ss, i, ()
Mbijk

I=1m=1

Hyj(w)Hy (—w), (17)
Sy, van (@)= §§¢d<1J>¢d<1 k)M s
(22 <pa<lJ><pa<m,k>sfa.fam<w)) (18)

I=1m=1

Haj(w)Hak( - a))’
nb nb

Re[S,, vy an (@)1= D 0.(1j)@u(nb—na+1.k)

J=1k=1

(2 > @.L)uim, k)Stalfamw)) (19)

=1

MaJMbk
Re[H j(w)Hy, (—w)],
Re[H j(0)Hy(—0)]= (20)

(03~07) (03 —%) + (28 ,i0,i0) (2E 1,01, 0)

((a)aj w2)2 + (zgaj aj )2)((a)bk 2)2 + (ngkwbkw)z)’
1
Hy(@)= R +i2E W0~ D
1
Hey(@)= W2 +i2E 0,0~ (22)

and S; ¢ () and S; ¢ (@) are the cross-spectral density
function of the /th and the mth component of external
force vector of building A and building B, respectively.
Assuming that the lumped mass at the ith degree of free-
dom is m; and V() is the input ground motion, the exter-
nal force vector can then be expressed by

fl (t) [, N 1
fZ(t) ni, 1

- : c o V(D). (23)
fn(t) nx1 - mpdnxn 1 J)nx1

Hence the cross-spectral density function of the /th and
the mth component of external force vector of building
A and building B can be, respectively, given by

St @) = MMy Saa(@), (24)
St i (©) = MMy, S (), (25)
and
St o (@) = MM, S (@), (26)

where S,.(w) is the two-sided power spectral density
function of (7).

Substituting Egs. (24)—(26) into Eq. (16), the spectral
density function of the relative displacement process Z(f)
is then given by

nb nb

Szz(w)=Saa(co){2 > @y(nb—na+1j)@y(nb—na+1,k)

j=1k=1

1 nb  nb
Mbijk<2 zlmb1mbm<Pb(ZJ)(pb(m k))Re[Hbj(w)

Hu( =)+ 2 20,0 )9u( LKy — (EZmdlmdm 27)

Jj=1k=1 I=1m=1
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na nb

J=1k=1

¢p(nb—na+1.k)

(E E malmbm(pa(ld.)q)b(m’k)>

I=1m=1

M, a_]M bk

Re[H (@0)Hy (— )] }

The ensemble mean squares of the relative displacement
process Z(f) and the relative velocity process Z(f) are
related to the spectral density function S,,(®w) by the
equation

0z= jSzz(w)dw (28)

and
0= f 0’S,(w)do, (29)

respectively. Substituting Eq. (27) into Egs. (28) and
(29) gives
nb nb

G%—ZE(pb(nb na+1,))Q,(nb—na+1,k)

j=lk=1

M b_]M bk

nb nb

( f Sg(w>Re[Hbj<w)ku(—w)]dw)E .
0

I=1m=1

na na

PO+ 2, 2, 9. 1DPU1R

j=l1k=1

na na

( f Sg(w>Re[Haj(w>Hak<—w)]dw)E > Mg, (30)
0

I=1m=1

na nb

QuL)Pmb) =22 2, 9.(1)gn(nb—na+ 1.0

j=1k=1 a_]Mbk
- na nb
( f Sg<w>Re[Haj<w>ku<—w)dw)E > My,
0 I=1m=1
Q1)) Pr(m.k)
and
nb nb
2= nb—na+1.))o,(nb—na+1.,k
3= 2,0l D Mo

j=lk=1

nb nb

( f «? g<w)Re[Hbj<w)ku<—w)]dw)E > M,
0

[=1m=1

na na

PP mI) T 2 2, @11

j=1k=1 ak

na na

( j szg(w)Re[Haj(w)Hak(—a))]a’a))E > my 31)

[=1m=1

na nb

Mm@l P J) =20, > @, (1)Pu(nb—na+1,k)————

j=1k=1

M ajM bk

( f szg(w)Re[Haj(w)ku(—w)]dw)
0

na nb

2 2 malmbmq)a(lzj)(pb(m,k)s

I=1m=1

where S,(@) is the one-sided earthquake power spec-
trum.

The simplified versions of Egs. (30) and (31), based
on the assumptions that all of the modal frequencies of
buildings are well separated and all of the modal damp-
ings of buildings are small, have been developed by the
first writer [15]. It is noted that a real structure is much
more complex than a simplified structure in the form of
cantilever beam model. The use of the calculated results
proposed in this study is subjected to errors resulting
from the simplification of the analytical model. How-
ever, in order to establish a mathematical model, this
study adopts the commonly used lumped-mass-cantil-
ever beam model in structural dynamic analysis. The pri-
mary objective of the model is to illustrate the physical
behavior and pounding probability of adjacent buildings
subjected to earthquakes.

4.3. Building separation distance to avoid seismic
pounding

For a zero-mean stationary Gaussian process X(7),
Davenport [21] has shown, relying in part on earlier
work by Cartwright and Lonquet-Higgins [22], that the
mean and the standard deviation of the extreme-values
are given by the approximate relation

Y )ox (32)

~{ e+ i

and

T

=== o (33)
“ | J6mn)es
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respectively, where T is a time duration, yis Euler’s con-
stant, equal to 0.5772, and

Ox
:7' 4
% e (34)

Using Egs. (32)—-(34), the mean and the standard devi-
ation of the separation distance of adjacent buildings to
avoid pounding can, respectively, be expressed by the

approximate relation
0.5772
o, (35)

Sreqra= ((2111(VT))°'5 +W

and

T
oy =|+=——|o, 36
) J6In(v)® e
in which
O-Z
V_ﬂfaz' (37)

4.4. Conditional pounding probability of adjacent
buildings

For a stationary Gaussian random process, Z, the
expected largest value (called the extreme value), S,cqa.
is a random variable and the extreme value probability
distribution of Z whose cumulative distribution function
is of the exponential type asymptotically converge to the
Type I extreme value probability distribution [23]. The
type I asymptotic extreme value distribution can be
given by the form

G(Sreqra)=eXp{ —exp{ —0n(Sreqra—Un) } }, (38)
where

V3
an:\/gTSm,rd’ (39)
and
Up=S,eqra—0.577/cx,, (40)

in which §,.,4 and 05,1 ATC the mean and the standard
deviation of random variable S,.,4, respectively. Hence,
the cumulative distribution function of S,.,-q given in Eq.
(38) can be evaluated with the aid of Egs. (39) and (40).
The pounding probability of two adjacent buildings sep-
arated by a minimum code-specified separation and sub-
jected to earthquakes with a “specified” peak ground

acceleration (called the “conditional” pounding prob-
ability of adjacent buildings) can be evaluated, if the
S’req(d_, 05, and S, are determined. In other words, if
the Sieqar 05,0 and S, are known, the conditional
pounding probability of adjacent buildings, P,,, can be
evaluated by Eq. (41).

Pp/azl_exp{_exp{_an(scode_un)}} (41)

where o, and u, can be determined from Egs. (39) and
(40), respectively.

4.5. Overall pounding probability of adjacent
buildings

The design earthquake ground motion by itself does
not determine pounding risk of adjacent buildings; the
pounding risk is also affected by the design rules and
analysis procedures used in connection with the design
ground motion. It is noted that the overall pounding
probability of adjacent buildings, P,, can be evaluated
by total probability theory. In other words, the overall
pounding probability of adjacent buildings during some
period of time can be evaluated by combining the results
of the seismic hazard analyses and the relations of PGA
and the conditional pounding probability of adjacent
buildings, which means the pounding probability of
adjacent buildings subjected to earthquakes with a speci-
fied PGA.

If the ground motion intensity is characterized by the
peak acceleration, a”, then the seismic pounding risk
evaluation proceeds as follows. For structural pounding
to occur, two events must happen. First, a ground motion
with intensity, a", must occur; secondly, this motion
must cause pounding. All possible values of a” must be
considered. The overall probability that pounding will
occur during some period of time, P,, may be expressed
as follows.

dy
P,= J PP yeda* = f Pp,a*%da* (42)

a a

= (P)i(P.AG)= D (P (A

in which P,,,. expresses the conditional pounding prob-
ability of adjacent buildings, which means the pounding
probability of adjacent buildings subjected to earth-
quakes with a specified PGA, a*; P,«da*or (dy)/(da*)da*
expresses the probability of occurrence of a ground
motion with intensity between a” and a"+da”. The values
ai, a, as, ... provide a suitable discretization of the con-
tinuous intensity parameter. For convenience of numeri-
cal calculation, the function to be integrated has been
evaluated at equal increments Aa. The numerical inte-
gration of Eq. (42) requires the evaluation of (Ay); and
(P,,); of a ground motion with intensity between a; and
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a+Aa. In integration procedure, it is assumed that P,
remains constant between ¢; and a;+Aa and can be evalu-
ated from the relation curves of PGA and conditional
pounding probability of adjacent buildings, expressed as
(P,,)i- This assumption is available so long as a short
enough Aa is used. Additionally, the value of (Ay); can
be evaluated from the results of the seismic hazard
analyses.

Fig. 2(a), which is based on information supplied by
Algermissen and Perkins [24,25] from their study, is a
result of the seismic hazard analyses at a given location
and indicates the probabilities of not being exceeded in
a 50 year interval if the levels of PGA were to be selec-
ted. A probability of not being exceeded can be trans-
lated into other quantities such as mean recurrence inter-
val or average annual risk (Fig. 2(b)). A 90 percent
probability of not being exceeded in a 50 year interval
is equivalent to a mean recurrence interval of 475 years
or an average annual risk of 0.002 events per year. As

~

0 - T T T T T T T T T

01 02 03 04 05 06 07 08 09 10 11 12

Probability that motion not exceeded in 50 years

PGA (g)
(b) 0.1
!
2
0.01
!
5
. ;
5 2
g o001,
g : ]
< :
0.0001
!
0.00001
0.01 0.1 1
PGA (g)

Fig. 2. Seismic hazard curve: (a) Probabilities of not being exceeded
in 50 year life; (b) Annual probability of exceedance.

shown in Fig. 2, there is 90 percent probability that the
PGA will not exceed 0.4g at this location. The value of
(P, Aa); or (Ay);, which is the occurrence probability of
a ground motion with intensity between ¢; and a;+Aa in
a 50 year interval, can then be evaluated from this figure.
The numerical summation process of Eq. (42) is depicted
graphically in Fig. 3.

5. Earthquake power spectrum

The smooth earthquake power spectrum, Sy(®), used
in Egs. (30) and (31) can be represented by the Kanai—
Tajimi expression [26]

wi+aElolw? . 43)

Se(@)= (02— +4E20%0” "

where S,(w) reflects the frequency content during the
most intense part of the ground motion and is a one-
sided power spectrum, @, is the predominant ground fre-
quency, &, is the ground damping and G, is a measure
of ground intensity.

The values w,=4r and &,=0.6 have been suggested for
firm ground sites and G, can be related to the peak
ground acceleration, a, by [26]

_0.141¢,

- 7 7Pe 2
o, (144821 49

PM:
(Ppla)i— — — I
[
. i+1
ai  ai+ PGA
I
(Ay),
L T
ai™ ai+l PGA

A=) (Bia)(Ay), = X (AB),

Fig. 3. Numerical summation process of overall seismic pounding
probability.
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6. Assessment of seismic risk at a site

The method of seismic risk analysis developed by
Cornell [27] combines information about times of occur-
rence of earthquakes, areal distribution of seismicity, and
attenuation of motion intensity, to yield probabilistic
statements about the seismic threat at a given site.

On the basis of a statistical study of earthquake occur-
rence in time and space, Gutenberg and Richter [28]
have found that an approximate linear relationship exits
between N, the average number of earthquakes per year
greater than or equal to M, and the magnitude M and
can be expressed by the form

log(N)=A—bM, (45)
or
N=Cexp(—BM); (46)

value of B close to 2 are found in most parts of the
world [29].

Traditionally the peak ground acceleration (PGA)
have been described as a function of magnitude and dis-
tance from the source. For example, using actual strong-
motion records from firm ground sites in the western
United States, Esteva and Rosenblueth [30] determined
that the peak ground acceleration, a, is related to the
magnitude, M, and the focal distance, R, in the follow-
ing expression

2000exp(0.8M)
a=—>—"

R 47)

Substituting Eq. (47) into Eq. (46) and considering all
subsources, the average annual number, N,, of earth-
quakes which cause peak ground accelerations greater
than or equal to some fixed value a can be expressed by
Eq. (48), if Esteva’s results are used.

2 B ( a )—2.5

N,=D> N,.=G (48)
all i 2000

where

G=2,CR (49)

all i

and is a factor which depends on the geometry and rela-
tive activity of the various sources.

The mean return period 7, is simply the reciprocal
of N,.

T=ﬁ (50)

The exceedance probability y that a will be exceeded
in the next 50 years can be expressed as

y=1-(1-Ny* (D

The exceedance probability y used in this study is
shown in Fig. 2(a) which is based on information sup-
plied by Algermissen and Perkins [24,25] from their
study.

7. Analytical procedure and numerical examples
7.1. Procedure for seismic pounding risk analysis

The analytical procedure of pounding probability of
two adjacent buildings during a period of time are briefly
summarized in a step-by-step format as follows:

1. Determine mode shapes and frequencies of buildings
by any available method.

2. Calculate the code-required separation distance of
adjacent buildings from Eq. (1).

3. Determine earthquake power spectrum from Eq. (43),
using G, in Eq. (44) for a specified peak ground accel-
eration.

4. Calculate ensemble mean squares of the relative dis-
placement process, Z(t), and the relative velocity pro-
cess, Z(t), from Egs. (30) and (31).

5. Calculate mean and standard deviation of the separ-
ation distance of adjacent buildings to avoid pounding
from Eq. (35) to Eq. (37).

6. Calculate the conditional pounding probability of
adjacent buildings, P,,, from Eq. (41), using ¢, and
u, in Egs. (39) and (40), respectively.

7. Repeat steps 3—6 with different peak ground acceler-
ations until the relations between conditional pound-
ing probability of adjacent buildings and peak ground
acceleration are constructed.

8. Calculate the overall pounding probability of adjacent
buildings from Eq. (42).

7.2. Numerical examples

A total of 36 cases of adjacent buildings are investi-
gated, which include 4 cases for building A (story num-
ber 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. The earthquake intensity, expressed
by the peak ground acceleration (PGA), is taken as 0.1
2,02g 03g,04¢g,05g,06g,08¢g,10g,and 1.2
g. Time duration, 7, equals 30 s. The parameters of the
Kanai-Tajimi model (Eq. (43)), namely, , and &, are
taken as 47 and 0.6, respectively.
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Table 1
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Parameter values used in numerical examples

Degree of  Fundamental Stiffness, & Mass, m Damping
freedom, n  period, T (s) (kg/cm) (kg*s*/cm)  ratio (%)
2 0.342 401594238

4 0.575 449967041

6 0.780 5077491455

8 0.967 563400879

10 1.144 613773193 454545.5 5

12 1.311 662145996

14 1.472 706212158

16 1.627 748586426

18 1.777 789038086

20 1.923 827490234

7.3. Discussions

Fig. 4 shows the influence of the period of building
B on the seismic pounding probability of adjacent build-
ings in 50 year life for Ta of 0.78 s, 1.144 s, 1.472 s
and 1.777 s. As shown in Fig. 4, the pounding prob-
abilities of adjacent buildings vary with the periods. It
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 shown
in Fig. 4, the pounding probability of adjacent buildings
based on the seismic provisions of the UBC’94 is 17%.
On the other hand, for the cases where the periods of
adjacent buildings are well separated or extremely
closed, the separation distance specified by the UBC 94
is too conservative due to improper treatment of the
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vibration phase of adjacent buildings. Based on the
above observations, it is found that the method used in
the UBC’94 provides poor estimates for the required
separation distance and results in a non-uniform risk for
studied cases. These observations are also detected in
Fig. 5.

The relations between seismic pounding probability
and period ratio of adjacent buildings are constructed
and shown in Fig. 5. As shown in Fig. 5, the pounding
probabilities of adjacent buildings vary significantly with
period ratios of adjacent buildings. In other words, the
period ratio of adjacent buildings plays a major role that
affects the pounding risk of adjacent buildings. How-
ever, the effect of period ratio on pounding risk has not
yet been taken into account in the seismic pounding
related provisions of the Uniform Building Code.
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Fig. 5. Seismic pounding probability vs period ratio of adjacent
buildings in 50 year life.
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Fig. 4. Seismic pounding probability vs period of buildings in 50 year life: (a) Ta=0.780 s; (b) Ta=1.144 s; (c) Ta=1.472 s ; (d) Ta=1.777 s.
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It is noted that the results of Figs. 4 and 5 may change
with different buildings and earthquake models. How-
ever, the emphasis in this study is on the method and
procedure of evaluating the seismic pounding risk of
adjacent buildings.

It is also noted that investigating the seismic pounding
risk of adjacent buildings may subject to some errors. A
better accuracy, if desired, may be achieved by improv-
ing the precision of seismic hazard analysis, the confi-
dence of the probability distribution of separations, and
the accuracy of the parameters used to model the
behaviors of the buildings.

8. Concluding remarks

Based on the assumptions of linear elastic structure
responses, this study presents a spectral approach to
evaluate the pounding probability of adjacent buildings
separated by the minimum code-specified separation
during their useful life of 50 years. Detailed procedures
of the analytical method and some numerical examples
are presented in this paper.

Results of this study reveal that the periods and the
period ratio of the adjacent buildings are major para-
meters that affect the pounding risk of adjacent build-
ings. From the numerical examples presented in this
study, it is found that significant differences of the
pounding risk are observed for the adjacent buildings
separated according to the minimum separation distance
specified in the Uniform Building Code. It is therefore
suggested that the future seismic provisions to include
the effect of period ratio of adjacent buildings on the
pounding risk of buildings.

It is noted that the proposed solutions are based on
the assumption that floor elevations are the same for all
buildings so that pounding occurs only at these elev-
ations where the masses are lumped. In addition, the
pounding location is assumed to occur at the top level
of the shorter building. Therefore, for adjacent buildings
with floor levels at different elevations, the proposed sol-
utions cannot be used directly. On the other hand, the
need, in the future research, to extend the current study
from elastic to inelastic structural behavior is apparent
since the responses of buildings subjected to major earth-
quakes may easily proceed to the inelastic range.
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