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SUMMARY

According to reports on damage of building due to earthquake in the last
20 years, it seems that in many cases, collapse of building is brought about
when collision occurs in a structure having expansion joints. When earthquake
hits a building with expansion joints, collision occurs and the actual horizom~
tal force produced is greater than that usually calculated in aseismatic
calculation. This paper clarifies how to analyze a collision behaviour between
adjoining buildings, and indicates thar this phenomena is one of the main
reasons for collapse of building,

INTRODUCTION

Investigations into past earthquake damage have shown that the pounding
together of adjoining buildings in an earthquake has apparently made damage
worse in several cases, including those in which the Misawa Commercial High
School Building (Photo 1) was hit by the 1968 Tokachi~oki earthquake, the Kuju
Lakeside Hotel, by the 1975 Oita earthquake and those of the Mt. Mckinley
Building in Alaska, Olive View Hospital in Los Angeles (Photo 2), and Gran
Hotel in Managua. Some damaged building fell down completely.

In order to study the effects of pounding, including collapse due to it,
the fact that the horizontal component of force occuring to support gravity
while the vertical members of the building are inclined is of the same order as
the inertial force caused by the earthquake is considered In other words, it
is considered that vibration which will not cause the collapse of a separate
building can help bring about the collapse of buildings pounding together.

Each time pounding occurs the buildings receive horizontal impact forces in the
same direction; force to the right is exerted on the building on the right and
force to the left, on the building on the left. Because of this, the buildings

Phbto.l The Misawa Commercial High School Photb.2 Olive View Hospital

(Courtesy of Dr. Hiroyoshi Kobayashi, Professor of Tokyo Institute of Technology)
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s1id in the opposite directions from vibration centering on the point of origin,
are susceptible to the effects of gravity, and fall down while vibrating and
sliding in one direction.

In spite of the above-mentioned cases of past damage, existing Japanese
aseismic codes give no definite guidelines on the problem of adjoining
buildings pounding together.

COLLISION SPRING Ke e

Let us assume there is a collision spring
between two masses as shown in Fig.l. The spring // //
is assumed to have restoring force characteristics g s
such that only when the relative distance between Fig.1
the masses becomes smaller than the initial distance
(d), the spring contracts and generates force A
enables us to consider the phenomenon of pounding dl F
within the framework of an ordinary response e
analysis. In the present analysis we assumed X2-X1
that this collision spring corresponds to the axial Ko
stiffness of the floors and the beams in each story.
The value can be approximated by simple calculation,
and is about 5000 t/cm when two square reinforced
concrete floor slabs are assumed. Fig.2

RESPONSE AWALYSIS CONSIDERING EFFECTS OF GRAVITY

Conventional shear models only give an equation of motion in which the
effects of gravity are not considered, as follows (see Fig.3).

M¥(E) + C X(£) + P(t) + MX(t) =0 .ooonnnnn. (n
under elastic conditions
BE) o K x(t)  eeeeeeene (2)
under elasto-plastic condition
P(t) = K Ax(t) + P(t-at) R &)

In order to take the effects of gravity into account,
however, here we consider one mass vibration model in the form
of an upside—down pendulum provided with a moment resisting
spring as shown in Fig.4. This makes it possible to set up
an equation of motion to enable follow-up until collapse,
without taking the displacement ( x = R-© ) of the mass to
be infinitesimal.

M X(t) + C x(t) + P(t)
+ M %(t) cos{ x(t) / R}
- Mgsin{ x(t) /R }
=0 .. (4)
For this equation, too, P(t) of Eq.(2) or (3) may be used. Fig.4
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K in these equations represents a spring constant given by K = k/R? ( k
denotes the constant of the moment resisting spring). We can solve this
problem by using the linear acceleration method.

The equation of motion at t = t+ At is as follows.

M X(t+At) + C X(t+At) + K x{(f+At)
+ M %o (teht) cos{ x(t+at) / R} - M g sin’ x(t«at) /R } =0 ==~ ()

Applying the linear acceleration method gives the following equations.

X(t+0t) = (1) + { R(£) + R(t+at) } AL /7 2 eeveeenns (6)

x(t) + x(t) at + X(t) (at)? / 2
+ AX(E+At) (BE)2 /6 .. .. ... (D)

x(t+At)

When the term x(t) + %(t) At + X(t) (4t)?/2 is replaced with R-S(t) to make
the later development easier to understand, Eq.(8) is obtained and cosine and
sine terms in Eq.(5) are expressed by Eq.(9) and (10), respectively.

x(t+t) = R« S(E)+ AX(L+At) (AL)2 / 6 wrevverene (8)

cos{ x(t+At) / R} = cos{ S(t) + AX(t+At) (At)? / (6 R) }
= cos S(t) cos{ A%(t+At) (At)2 / (6 R) }

- sin S(t) sin{ ax(t+at) (at)2 / (6 R) } """ (%)
sin{ x(t+At) / R } = sin{ S(t) + AX(t+at) (at)? / (6 R) }
= sin S(t) cos{ AX(t+at) (At)2 / (6 R) }
+ cos S(t) sin{ aX(t+at) (at)2 7/ (6 R) } ---- (10)
Here, considering the term  AX(t+At) (At)? / (6 R) to be negligible small.
We can arrange the equation of motion at t = t + At as follows.
C{x(t) + %(t) At/ 2 }+ P(t) + K(t+At) x(£) At + X(t) (At)?2/ 3}
+ M X (t+at) cosS(t) + sinS(t) X(t) (at)2 / (6R) }
- M g{sinS(t) - cosS(t)X(t) (At)2/ (6R) }
= {-M -CAt/ 2 - K(t+At) (AL)?/ 6 + MK, (t+At) sinS(t) (At)? / (6R)
NEGRD:

+Mg cos S(t) (at)? / (6R) } X(t+At)

Therefore, use of Eq.(11) enables us to obtain acceleration at t+ At from the
displacement, velocity and acceleration at t , and Eq.(6) and (7) to obtain
displacement and velocity at T+ At . By repeating this procedure we can
obtain advanced response. In this paper we have used a At value of 1/1000

sec. for computation.

SPECTRUM-TYPE RESPONSE OF ELASTO-PLASTIC ONE MASS SYSTEM
CONSIDERING THE EFFECTS OF GRAVITY

In this analysis the structure is assumed to have restoring force
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characteristics of the elastic full-plastic model.

As an evaluation of the

input earthquake wave in this case, the amount of elasto-plastic response of
one mass system can be shown by spectrum—type representation as in the case of

elastic response.

Figs.S5 and 6 give spectrum representaions of the elasto-

plastic response of the one mass system due to the earthquake wave of El Centro
NS 1940 ( Max 319.19 gal ) used for the present analysis. When g 1is 980 gal

with the coefficient of yield shear force ( Qy) value

of 0.1 or 0.2 , however,

the response absolute amount assumes a very large value, causing falling down

in some case. Also, with smaller radius of gyration
becomes extremely conspicuous.

R the effect of the Cy

Thus, considering the effects of gravity g ,

is important in the study of large displacement dynamic analysis.
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Fig.5 Elasto-Plastic Response Fig.6

METHOD OF ANALYSIS IN CONSIDERATION OF

Elasto-Plastic Response

COLLISION

Independent equation of motion for two masses system can be set up as

follows from the Eq.(4) mentioned above.

My X, + Cy Xy + Py + MyXocos{x, /R, } = M,

Interlocking between the two masses for P in the
above equations occurs during the time they are
colliding. When the constant of the collision
spring is denoted by Kc , the initial distance
between the masses is denoted by d , the center

of gravity heights of mass | and mass 2 respectively
» by R; and R, , and the height of the point where
the collision occurs by Rs . P, ard B, are given
in Eqs.(14) and (15), respectively (see Fig.7).

They enable us to consider the interlocking occuring

gsin{ x, /R, } =0

between the two masses. Fig.7
, s e e e (14)
P, = Kyxy + Ke x5 (Rs /Ry)? = x, (RZ/R,R,) - d }
P: = Kaxz + Kef x2 (Rs /Rp)? = x3 (RE/RyR,) +d b vvevvnnnns (15)
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EXAMPLE I i

When an expansion joint is unintentiomally fé;
used to connect a stairway tower to a main
building, for instance, the former, with a much
smaller weight than the latter, will be
affected badly by their pounding together.

In the past, stairway towers and attached
escape stairs have often been damaged.

In this example shown in Fig.8 we have

taken a five-storied stairway tower and its M1:100t MZ:4000t

main building in a weight ratio of 1 : 40 as 11:0.5s T72:0.42s Kc:5000t/cm
our model and made a comparison of the h1:0.03 h2:0.03 hc:0.0
vibrational characteristics in a case in which R1:13.0m R2:11.0m R3:20.0m
they pounding each other in an earthquake, and Fig.8 Building (I}

in one in which no such pounding occurs.
Fig.9 shows the acceleration of El Centro 1940
NS ( Max 319.19 gal ) used in this computation. -~k Ke
Unlike the case in Fig.!0Q where the initial =
distance between two masses is amply large,
the case in Fig.ll (line a) , where there is Rl
only 10 cm of initial distance of them shows RD
suddenly increasing displacement after pounding, l
which finally results in gradual falling down ;: £S5 S
due to the effects of gravity. Fig.l!l (line b) /?7//4/’/'77* SILIINIIIe
shows the results of similar calculation when °

M1:1000t MZ:5000¢t

the effects of gravity are not considered. ,
In this case falling down did not occur. 71:0.42s 72:0.35s Kc:5000t/cm
h1:0.03 h2:0.03 hc:0.0

) Rl:4.0m R2:4.0m R3:8.0m
EXAMPLE II Fig.12 Building (II)

L L7
L

The complete collapse of a story has been
noted among cases of earthquake damage to buildings in the past, in which
pounding worsened damage in our opinion: the Kuju Lakeside Hotel Building
and the city hall of the Mutsu Municipal Office hit by the Tokachi-oki
earthquake in Japan, Namely, the idea is that the combination of the occurrence
of a small R value in elasto-plastic response, which tends to increase the
effects of gravity as mentioned above, and pounding, gave rise to these tragic
collapse. This example, uses the height of a story as the radius of gyration
R to model the failure of one story. Fig.12 shows the analysis model of the
example II. In this analysis, we used the same earthquake for example I.

Fig.13 shows the time histories of displacements at collision points of
each mass when initial distance is large and coefficient of yield shear is 0.2.
In this case, pounding did not occur.

When the initial distance is 6 cm and coefficients of yield shear are 0.1,
0.2 and 0.3 , the pounding effects have been occured and Fig.l4 shows time
histories of this analysis results. It is noted that pounding causes a large
increase in displacement in the repelled direction, unlike in situations in
which pounding does not occur. Fig.15 shows the results of a comparison of
vibrational characteristics when the initial distance between two masses and
the coefficient of yield shear are used as parameters. With an increase in
the initial distance between two masses, there is no pounding and no increase
in displacement. When two masses become extremely close on the other hand,
the number of times pounding occurs greatly increases, although displacement
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does not increase so much that a collapse occurs.

CONCLUSION

The simple analysis done so far has led us conclude that pounding greatly
increases displacement, the impact of which causes the falling down or collapse
of a building or buildings. It must also be emphasized that the effects of
gravity are very influential in a situation involving a large amplitude, such
as the one analyzed this time, and this gravity effect is the main cause of
collapse of a building.

This analysis, based on one mass system, is not sufficient for following
up the behavior of an actual structure, but we think that it at Jeast shows
that the possibility of large deformation caused by pounding is strong.

There are many groups of tower-like buildings (Photo 3) and apartment
houses close together divided by expansion joints (Photo 4) built in area
where housing density is high in Japan. Although the possibily of the
pounding of such buildings is indeed likely, many structural designers usually
draw up aseimatic designs without considering pounding. When building thus
pound one another, large impact forces not forseen in the design stage occur
and may result in a tragic situation.
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Apartment House divided by expansion Jjoints
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