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Abstract. When the story heights of adjacent buildings are unequal, the inter-floor pounding
maybe happen during earthquake. Employing substructures in pounding area, the analytical model
of adjacent structures with unequal story height is developed, and the equations of motion
considering pounding are derived. Based on analytical model, the inter-floor pounding responses
of adjacent buildings with unequal story height are investigated. The corresponding parametrical
studies are conducted and influence rules are concluded. The results show that the influences of
inter-floor pounding in adjacent buildings on main structures are smaller than those of floor
pounding. But the damages on pounding area are quite large. Moreover, the period ratio of
structures, the initial gap and the pounding location have remarkable influence on responses of
inter-floor pounding.
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1. Introduction

During earthquake, adjacent-buildings will vibrate asynchronously due to different dynamic
characteristics. If the gap between adjacent buildings is small, the pounding between structures
would happen. The pounding may severely damage adjacent buildings, or even result in collapse
of buildings [2].

After the Mexico Earthquake [3, 4], the pounding mechanism of adjacent buildings aroused
widespread concerns of researchers. The early researches [5] simplified the target individual
building to a Single-Degree-of-Freedom system. They neglected the influence of dynamic
characteristics in adjacent structure, and treated it as rigid body with spring-damper system in the
pounding points. After that, Maison et al. [6] developed the pounding model of flexible adjacent
buildings, in which each individual building is treated as a Multiple-Degree-of-Freedom elastic
system respectively and the collision point is simulated as a contact element. Through the study
of seismic pounding responses, they discovered that the pounding response of building increased
as the structural high and the structural rigid increased. Jankowski studied the influence of
structural nonlinearity to the pounding of adjacent buildings [7] and found out that the influence
of structural nonlinearity cannot be ignored in the analysis. Zou et al. [8] revealed that
pile-soil-structure interaction (PSSI) has significant influence on pounding of adjacent high-rise
buildings with flexible pile foundation. Later, Tubaldi [9], Zhao et al. [10] and Zhai et al. [11]
have also performed related researches on the pounding of adjacent buildings.

These researches are mostly based on the hypothesis that the story heights of adjacent buildings
are equal, i.e., pounding would happen in position of floors. However, the story heights of adjacent
buildings are not always equal due to the different functions of buildings. Consequently, when the
earthquake happens, inter-floor pounding would occur between adjacent buildings with unequal
story height, i.e., the floor slab of one building pounds the column (or wall) of the other one.
Because these members are the primary elements to carry vertical load of structure, such pounding
would probably result in the collapse of whole structure. Therefore, Karayannis et al. [12] realized
that pounding of adjacent buildings of unequal floor height is more dangerous than that of equal
floor height. But so far, there is little research focused on this field.
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The purpose of this paper is to build the pounding analytical model of adjacent buildings with
unequal story height by adding substructures in pounding area, and to derive its motive equations
of pounding. Basis on this, the related parameters study is conducted.

2. Analytical model of pounding

Both FEM and analytical derivation are two kinds of methods generally used in pounding
investigation [13, 14]. There are two advantages of analytical derivation: i) From the procedure of
analytical derivation, the theoretical model can be deeply understood; ii) Since the derived results
usually integrated into computer programming, the computer code can be easily edited to
conducted parametric study. So the analytical derivation method is employed in this study.

For the pounding of adjacent buildings with unequal story height occurs in inter-floor position,
the analytical model of pounding include structure model, pounding element model and pounding
point model.

2.1. Pounding element model

Fig. 1 shows the Hertz-damp pounding element model [17], which is adopted in this paper.
The pounding force formula is:

Fe = [kn(u; — w; — gp)™ + cp (i — ) [H(w; — w; — gp), (1
1, ui—u]-—ngO,
H(u;, —u: — = 2
W=4=9)={) Wy g <0, @
where, H(*) is the unit step function, kj, is the stiffness of impact spring, g, is the initial gap
between pounding individuals, u; is the displacement of i, u; is the displacement of j. The
nonlinear damping coefficient ¢, can be expressed as:

cn =8 —u; — gp)", 3)
where, £ is a damping constant. According to the conservation law of energy, it is expressed as:

_ 3kp(1—e?)

TR @

where, e is the recovery coefficient, for concrete it is 0.65.

Fig. 1. Hertz-damp model
2.2. Pounding point model

For low-rise and moderate rise frame structures, the overall deflected shape under horizontal
loading has a shear configuration with a maximum inclination near the base and a minimum
inclination at the top. The dynamic responses of buildings can be simulated by dynamic responses
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of lumped-mass structure systems [15, 16]. In this study, the lumped story mass and story drift
stiffness is hypnotized to represent general frame structures.

Fig. 2 shows an adjacent-building consisted of two individuals (structure A and B) with
unequal story height. During earthquakes, the potential pounding would not occur between the
floors of two individual buildings, but between the floor of one individual and the inter-floor
position of another individual instead. Consequently, the stiffness and mass of the latter individual,
which involved in the inter-floor pounding, is not the anti-pushing rigidity and mass of whole
building, but those of local vertical members directly involved in the pounding.

Both of building A and B are simplified respectively to MDOF (multi-degree of freedom)
shear type model, their mass, damping and stiffness of any floor are my;, c,;, ka; and mg;, cg;,
kpg; respectively. Assuming they are frames of N, floors, L, spans and Ny floors, Ly spans
respectively, and have multiple potential pounding points. Then, any individual building involved

in inter-floor pounding can be considered that there is an additional substructure participated in

pounding in the pounding area. Its mass is mﬁi and mgi respectively, whose value can be

calculated according to the mass of actually involving in the pounding.

Mas,
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a) Schematic diagram of structure pounding b) Calculating sketch of structure pounding

Fig. 2. Calculation model of adjacent buildings with unequal floor height

The stiffness of additional substructure can be determined by actual anti-pushing rigidities of
vertical members involved in pounding. Taking building A for example, it is divided by pounding

point into two parts (kz;i1 and kL.Z), they can be calculated as followings:

W = ka; W = kg
A (La+ 1))’31-(3 - ZVAi)’ A Ly + 1)[1 - Vfi(3 - ZVAi)] '

=

)

where, Y4, = x4,/ hy;, X, is the height of column under the pounding point, hy, is the height of

this floor. In the same way, the stiffness of substructure attached to structure B can be obtained
by:

kf _ ki kf _ ki
B (e + D53 -2v5)" PP e+ D[1-v2B - 2v5)]

(6)
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where, v, = xp, /hg,, xp, is the height of column under the pounding point, hg, is the height of
this floor.

2.3. Pounding motion equation and solving
According to the analytical model above, the motion equation under earthquakes is obtained:

MAﬁA+CAuA+KAuA+FP = _MAIAﬁg' 7
{MBﬁB+CBiLB+KBuB—FP = —MBIBﬁg, ( )

where, M;, C; and K; are mass, damping and stiffness matrix of structure j (j = A, B) respectively,
i, u; and u; are the acceleration, velocity and displacement vector of structure j (j = A4, B)
respectively, i, is the ground motion acceleration, I, and I are unit vector, Fp is the pounding
force vector of structure j (j = A, B):
M Mg

M, = , 8

| " v
where, MZ and M% are the mass matrix of primary structure A and B involved in pounding

respectively (deduct corresponding mass of substructure), M£ and M£ are the mass matrix of
additional substructure of A and B. They can be obtained by:

) M; =
Mﬁ] ’
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The matrices of stiffness are determined by the following formulas:

KA ] KB

(No+NB)X(N4+Np)

Kll K12
=4 A] (10)

Ki' Ky
" lkz k2 B ]

- 21 22 '
KB KB (2Ng-1)x(2Ng-1)

The detail block matrices are listed in appendix. Damping matrix C; is the linear combination
of mass matrix and stiffness matrix. The Eq. (7) can be equivalently written as:
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Mii + Cu + Ku + F = —MIil, (11)

where:

_ [Ma ] _[CA ] _[KA ] _[Fp] — [T wT1T
M—[ MB,C— CB,K— KB,F— _Fp,u—[uA,uB].

The Eq. (11) can be solved by step-by-step integration method.
3. Numerical simulation

An adjacent-building consisted of two individuals with unequal floor height, structure A and
structure B, is considered and shown in Fig. 2. Structure A is a reinforced concrete frame of
5 spans (4.5 m) and 5 stories, and its floor height of the first story and the others is 6 m and 4 m
respectively. The mass of the first story, 2-4 stories and top story is 4.5x10° kg, 4.0x10° kg and
3.0x10° kg respectively. The stiffness of each story is 3.0x10% N/m; Structure B is also a
reinforced concrete frame with 5 spans (4.5 m) and 5 stories (4 m), the mass of first story, 2-4
stories and top story is 4.5x10° kg, 4.0x10° kg and 3.0x10° kg respectively, and the stiffness of
each story is 9.75x10% N/m. The parameters of member sections and additional substructures are
shown in Table 1 and Table 2 respectively. The pounding stiffness is 8.68x10* kN/m>?, the
recovery coefficient e is 0.65, and the structure damping ratio ¢ is 0.05. If there is no other special
instruction, the site category is Category-2 (Chinese Code), the seismic fortification intensity is 8
degree (Chinese Code), and the initial gap is 0.01 m. The scaled ground motion of El-Centro
earthquake (North-south component) with maximum acceleration of 400 Gal is used as the input
excitation.

Table 1. Member sections of structure A and structure B

Section of column Section of beam Slab
Number | Concrete ) > .
Structure of floors orade . (mm*®) . (mm?) thickness
Side Inner Side Inner (mm)
A 1 C30 550%550 500x500 300x600 250%500 100
2-5 C30 500%500 400x400 | 300x600 | 250x500 100
B 1 C35 500%550 500500 | 300x600 | 250x600 120
2-5 C35 500%550 500x500 | 300x600 | 250x450 120
Table 2. Model parameters of adjacent structures
Parameter Structure A (number of floors) Structure B (number of floors)
1 2-4 5 1 2-3 5
Main mass (103 kg) 4.3 3.8 2.9 4.4 3.8 2.9
Stiffness (103 N/m) 2.52 2.52 2.52 8.19 8.19 8.19
5
Added mass (107kg) 02 0.2 0.2 - 02 0.2
Added stiffness (10°N'm) [=57ee 7255 56 0.96 [ 0.96 | — [3.12[3.12 3.2 3.2

3.1. Pounding response analysis

In order to study the influence of unequal floor height on pounding responses of adjacent
buildings, supposing all other conditions remain equal, the responses of each building under three
working cases, (1) no pounding, (2) pounding of equal floor height, (3) pounding of unequal floor
height, are calculated shown in Figs. 3-8.

Fig. 3 and Fig. 4 show respectively the displacement and the acceleration time history in top
floor of structure A under different working case. From the figures we can see, whether floor
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pounding for equal floor height structures or interfloor pounding for unequal floor height
structures, their pounding acceleration responses are all much larger than that of no pounding. For
example, the peak acceleration response of pounding for equal floor height structures is
18.981 m/s?, which is nearly three times as much as that of no pounding. Yet, the growth of
displacement is not remarkable. It indicates a fact that pounding of adjacent buildings can generate
large acceleration pulse, which is usually much larger than seismic pulse. However, as a result of
mutual support between individual buildings, the displacement increase of pounding is not very
big. On the contrary, this pounding displacement is even smaller than corresponding seismic
displacement sometimes. Due to the stiffness of substructure is smaller than that of main structure,
in contrast, the acceleration pulse of main structure generated by interfloor pounding is smaller
than that generated by floor pounding.

0.2 20
-no pounding | | - no pounding
---- pounding with equal floor height o pounding with equal floor height
o014 { ——pounding with unequal floor height 104 : pounding with unequal floor height
E E '
g =
5} =]
£ 0.0 £ 0
] R
% 3
2 014 < 10
0.2 : . . 20 : . :
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
Fig. 3. Time history of top floor displacement Fig. 4. Time history of top floor acceleration
of structure A of structure A
3200 3600 — _
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Fig. 5. Time history of forth floor pounding force Fig. 6. Time history of top floor pounding force
of structure A of structure B

From Fig. 5 and Fig. 6, which is time history of pounding force for the corresponding floor of
structure A and structure B respectively, we can also see that the pulse of pounding force generated
by floor pounding is much larger than that generated by interfloor pounding, approximately as 2
times as the latter. The main reason is, during interfloor pounding, the pounding participants are
just local substructures. Their stiffness and mass are much smaller than those of main structure,
and hence, the influence on main structure is also smaller.

However, it doesn’t mean that the interfloor pounding is safer than the floor pounding. Figs. 7
and 8 are the time histories of pounding response for substructure A under different working cases.
It shows that the peak acceleration response of interfloor pounding for substructures runs up to
24.623 m/s?, which is even larger than main structure seismic response of corresponding floor
with no pounding, and can result in damage to substructures readily. Moreover, the pounding
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participants, i.e. substructures, are generally main members of vertical baring force for main
structures, and their failure can result in serious damage or even collapse to main structure.

0.16 24
***** no pounding ----- no pounding
" — pounding with unequal floor height pounding with unequal floor height
0.08- 124
: £
£ 0.00- & o
3 E
< (5]
& B
8 .0.081 < 12
-0.16 r : T -24 T T T
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
Fig. 7. Time history of top floor displacement Fig. 8. Time history of top floor acceleration
of substructure A of substructure A

3.2. Influence of period ratio

In order to study the influence of dynamic characteristics of adjacent structures on interfloor
pounding, a non-dimensional parameter of pounding displacement ratio pp is defined:

A
Uy = —, (12)
Ay

where, Ap is the maximum displacement of structure after pounding, Ay is the maximum
displacement of structure with no pounding. Supposing other conditions are the same, the curve

of p and pounding force varied with ratio of period are obtained and shown in Fig. 9 and Fig. 10
respectively.

25 6400
—a—Structure A (pounding with unequal floor height) - p0und¥ng w?th unequal floor helgh t
—e—Structure B (pounding with unequal floor height) A— pounding with equal floor height
20/ Structure A (pounding with equal floor height) ~ 48004
—m—Structure B (pounding with equal floor height) 5
b
2
~1.54 < 3200
= 2
£
E}
1.0 2 1600
0.5 ; ; ; ; ; 0 T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.3 0.6 0.9 12
Ratio of period (T/T,) Ratio of period (T,/T,)
Fig. 9. Displacement ratio of top floor varying Fig. 10. Pounding force of top floor varying
with ratio of period with ratio of period

Fig. 9 shows that, with changing of period ratio, the displacement of interfloor pounding and
floor pounding have the similar trends. In general, the influence of pounding on displacement of
structure A (flexible one) is smaller than that of structure B (rigid one). The displacement of
structure A increases with the increase of period ratio, it reaches the peak of 1.3 when period ratio
is 0.6, and then reduces gradually. While the displacement curve of structure B has several peaks
with the increase of period ratio, and the maximum peak value is more than 1.5. Besides, the time
for the appearance of peak value has no obvious regular pattern. This is because structure A is
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more flexible than structure B, and essentially generates bigger displacement during earthquakes.
But due to the limit of gap, the displacement does not increase significantly after pounding.
Different from structure A, because the seismic displacement of structure B is essentially small,
the limit to pounding displacement from gap is also small. Moreover, the appearance of peak
values is influenced by many factors, and these factors will result in several peak values of
pounding displacement.

Fig. 10 shows the peak values of pounding force for the top floor of structure B varying with
period ratio under two working cases. It can be seen that the changing trends of pounding force
peak values for interfloor pounding and floor pounding with the changing of period ratio are
different. Besides the peak value of floor pounding is significantly larger than that of interfloor
pounding, the time of the maximum peak appearance are not synchronous. The maximum peak
value of pounding force for floor pounding occurs at the point of 0.7 for period ratio, which is the
same as that of displacement, while that of interfloor pounding occurs at the point of 0.6 for period
ratio. This is because pounding force for interfloor pounding is not only related to the natural
vibration characteristics of main structure, but also related to that of substructure.

3.3. Influence of initial gap

The reason of pounding between adjacent structures is that the gap of them can not meet the
vibration need. Accordingly, the initial gap size has important influence on pounding responses
of adjacent structures. In order to study the law of influence of initial gap size on pounding
response, assuming other parameters maintain unchanged, the changing curve between the peak
value trends of displacement and force of top floor and the gap width are obtained and shown in
Fig. 11 and Fig. 12.

1.5 3000
—a— Structure A (pounding with unequal floor height) —&— pounding with unequal floor height
—e— Structure B (pounding with unequal floor height) —A— pounding with equal floor height
1.44 Structure A (pounding with equal floor height)
—&— Structure B (pounding with eqal floor height) 2 22504
N
13 by
g 00
< 15004
a
= 124 2
S
]
S 750
1.14 [
1.0 ; - - 0 .
0 3 6 9 12 0 12
gap size (cm) gap size (cm)
Fig. 11. Displacement ratio of top floor varying Fig. 12. Pounding force of top floor varying
with the gap size with the gap size

It can be seen from Fig. 11, whether structure A or structure B , and whether floor pounding
or interfloor pounding, their displacement peak values all decrease with the increase of gap size.
When the gap size reaches 9 cm, the displacement caused by pounding has become not very
obvious already. In contrast, the displacement of interfloor pounding is bigger than that of floor
pounding for corresponding individual. Pounding force curve of Fig. 12 shows similar rule as
mentioned before. This is because the bigger the width of gap is, the higher the pounding
frequency will be, and the smaller the pounding intensity will also be, which results in the smaller
pounding responses.

3.4. Influence of staggering location

For the pounding of adjacent buildings for unequal floor height, which is interfloor pounding,
is related to the stiffness of substructure, accordingly, the staggering location of pounding has
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important influence on pounding responses. In order to study the law of influence of staggering

location on pounding responses, staggering location ratio y is defined to represent the staggering
location as follow:

y=1——HA;HB, (13)

where, H 4, Hy are the total heights of structure A and structure B respectively; h is the floor height
of the first floor for structure B.

-
B =
= T
B =
< e
== Structure A - :,?
fe Structure B
& R
-
= e
o
R
&

Fig. 13. Staggering location ration

Supposing that the other conditions maintain unchanged, the displacement and pounding force

trends of top floor varying with the staggering location are obtained and shown in Fig. 14 and
Fig. 15.

1.5 1800
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= 17251
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g
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H———././././././. Q? ]
12 1500 T y T T
00 02 04 06 08 10 00 02 04 06 08 10
4 4
Fig. 14. Displacement ratio of top floor varying Fig. 15. Pounding force of top floor varying
with the staggering location with the staggering location

It can be seen from Fig. 14, both displacement peak values of structure A and structure B
increase with the increase of y. In comparison, the change trend of black curve (structure A) is
gentler than that of red one (structure B). This is because, the bigger the value of y is, which means
the pounding point is closer to floor slab, the bigger the stiffness of substructure will be, and as a
result, the bigger the pounding displacement of structure B will also be. However, as the pounding
of structure A happens at the position of floor, the responses mainly depend on the stiffness and
mass of main structure, hence, the influence on displacement of main structure caused by the
change of the stiffness of substructure, i.e. change of y, is correspondingly small.

It can be seen from Fig. 14, the peak values of pounding force decrease gently with the increase
of y. When y is in the range of 0.4 to 0.5, the pounding force reaches its minimum value, after
that, it increase significantly with the increase of y. This is because, the peak value of pounding
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force mainly depends on stiffness of substructure, and when y is in the range of 0.4 to 0.5, the
stiffness of substructure approaches its minimum value, and accordingly, the pounding also
approaches its minimum value.

4. Conclusions

The influence on main structure for interfloor pounding of adjacent buildings with unequal
floor height is smaller than that for floor pounding of corresponding adjacent buildings with equal
floor height, but it has a very large influence on the substructure (partial members). For the
substructures are generally the members of baring vertical force, their failure can result in a
significant influence on the safe of main structure. Therefore, the interfloor pounding for adjacent
buildings of unequal floor height is more dangerous than that for adjacent buildings of equal floor
height, sometimes. The responses of interfloor pounding for adjacent buildings of unequal floor
height are related to the period ratio of structure and the initial gap size between adjacent buildings
etc, and have the same (or similar) change law as those of corresponding floor pounding for equal
floor height, yet, their responses are smaller. The interfloor pounding responses of adjacent
buildings with unequal floor height are related to the staggering location of pounding point, the
loser the location of pounding point approaches to floor, the larger the responses of pounding are.

Acknowledgements

This work was financially supported by Chinese Housing and Urban-Rural Construction
Ministry under Grant No. 2009-R4-8.

References

[1] Sadegh N., Farah N. A., Abdul Azizl, Hassan P. Earthquake induced pounding between adjacent
buildings considering soil-structure interaction. Earthquake Engineering and Vibration, Vol. 11,
Issue 3, 2012, p. 343-358.

[2] JengV., Tzeng W. L. Assessment of seismic pounding hazard for Taipei City. Engineering Structures,
Vol. 22, 2000, p. 459-460.

[3] Rosenblueth E., Meli R. The 1985 earthquake: causes and effects in Mexico City. Concrete
International, Vol. 8, Issue 5, 1986, p. 23-34.

[4] Bertero V. V. Observations on structural pounding. International Conference Mexico Earthquakes,
1987, p. 264-278.

[5] Wolf J. P., Skrikerud P. E. Mutual pounding of adjacent structures during earthquakes. Nuclear
Engineering and Design, Vol. 57, 1980, p. 253-275.

[6] Maison B. F., Kasai K. Dynamics of pounding when two building collide. Earthquake Engineering
and Structural Dynamics, Vol. 21, 1992, p. 771-786.

[7]1 Jankowski R. Earthquake-induced pounding between equal height buildings with substantially
different dynamic properties. Engineering Structures, Vol. 30, 2008, p. 2818-2829.

[8] Zou Lihua, Fang Leiqing, Huang Kai, Wang Liyuan Collision between adjacent buildings
considering pile-soil-structure interaction (PSSI). Journal of Earthquake Engineering and Engineering
Vibration, Vol. 31, Issue 5, 2011, p. 132-141.

[9] TubaldiE., Barbato M., Ghazizadeh S. A probabilistic performance-based risk assessment approach
for seismic pounding with efficient application to linear systems. Structural Safety, Vol. 36-37, 2012,
p. 14-22.

[10] Zhao Jianwei, Zou Lihua, Fang Leiqing Seismic response analysis of base-isolated structures
considering pounding of adjacent buildings. Journal of Vibration and Shock, Vol. 29, Issue 5, 2010,
p-215-219.

[11] Zhai Changhai, Jiang Shan, Li Shuang, et al. Analysis of earthquake-induced pounding for two
adjacent building structure. China Civil Engineering Journal, Vol. 45, Issue 2, 2012, p. 142-145.

[12] Karayannis C. G., Favvata M. J. Earthquake-induced interaction between adjacent reinforced
concrete structures with non-equal heights. Earthquake Engineering and Structural Dynamics, Vol. 34,
2005, p. 1-20.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2014, VOLUME 16, ISSUE 6. ISSN 1392-8716 2765



1372. SEISMIC POUNDING BETWEEN ADJACENT BUILDINGS OF UNEQUAL FLOOR HEIGHT.
LIHUA Zou, LIANGFENG LI, JIANQIANG HUANG, KA1 HUANG

[13] Panayiotis C. Polycarpou, Petros Komodromos Earthquake-induced pounding of a seismically
isolated building with adjacent structures. Engineering Structures, Vol. 32, 2010, p. 1937-1951.

[14] Robert Jankowski Non-linear FEM analysis of pounding-involved response of buildings under non-
uniform earthquake excitation. Engineering Structures, Vol. 37, 2012, p. 99-105.

[15] Lin Jeng-Hsiang Separation distance to avoid seismic pounding of adjacent buildings. Earthquake
Engineering and Structural Dynamics, Vol. 26, 1997, p. 395-403.

[16] Bryan Stafford Smith, Alex Coull Tall Building Structures: Analysis and Design. John Wiley &
Sons, Singapore, 1991.

[17] Muthukumar S., DesRoches R. A. Hertz contact model with non-linear damping for pounding
simulation. Earthquake Engineering Structural and Dynamics, Vol. 35, 2006, p. 816-819.

Appendix
Khy + Ky + S+ KL~k
—kh, Kao + Kig + Kj, + K] —kig
Kit = ki, Kiy, T k/fNBH Fhayges  ~Kang
| Ky —kayy 1t Ray., —Kayg.,
L “ean, iy
__ f _ f -
kA 12 kA 21
_1f _.f
kA 22 kA 31
12 _ 21T _ ’
Ky =K;5 = _ kf ,
A sz
- “"NgXNp
M, f f
kA 11 + kA 12
f f
K32 = kA 21 + kA 22
A T )

f f J
A

L Np

NpgXNp
kg + kpo + kb, —kp,
Kl = _kIIBZ k1’92 + k1’93 + k1§12 + k1§21
B — . ’
—kpy by k) J
- Bng  TBnp Bavg-v2dy vy
f
_kBll
f f
K1132 — K}231T — —kg12  —Kpa
k!
l B(NB_l)ZJNBX(NB—l)
f f
[kBll + kp1z ]
f f
Kéz — kgy1 + ko
kf f
Bng-1)1 B(ng-1)2

(Np—-1)x(Np-1)

2766 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2014, VOLUME 16, ISSUE 6. ISSN 1392-8716



1372. SEISMIC POUNDING BETWEEN ADJACENT BUILDINGS OF UNEQUAL FLOOR HEIGHT.
LIHUA ZOU, LIANGFENG L1, JIANQIANG HUANG, KAl HUANG

Lihua Zou received his Ph.D. degree in Southwest Jiaotong University, Chengdu, China.
Presently he is a professor in Fuzhou University, China. His research focuses in structural
analysis, earthquake engineering, particularly interested in soil structural interaction and
seismic isolator.

Liangfeng Li received the Master degree in Huaqiao University, Quanzhou, China.
Presently he is a Senior engineer in Fujian Academy of Building Research, and working
in rehebilitating of historical buildings.

Jianqiang Huang received the Master’s degree in Fuzhou University, Fuzhou, China, in
2014. Now he is an assistant structural engineer of the U&N company, Xiamen, China.

Kai Huang received the B.S. and M.S. degree in Civil Engineering from Zhejiang
University, China, in 1999 and 2002 respectively. He completed Ph.D. degrees in Civil
engineering from the Hong Kong University of Science and Technology, Hongkong, in
2009. Now, he is an associate professor in Civil Engineering, Fuzhou University. His
research interests include earthquake engineering, nonlinear structural analysis.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2014, VOLUME 16, ISSUE 6. ISSN 1392-8716 2767




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /CMYK
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


