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1. ABSTRACT

In recent decades, due to the available land resources in modern cities are limited; the
buildings are being constructed close to each other (adjacent buildings). In most cases the
separation distances between such buildings may be not sufficient to prevent any pounding
effects that can occur during an earthquake event. The objective of this study is to investigate
the minimum required separation distance which may mitigate or prevent the effects of
pounding for new constructed buildings. The pounding effects may also be reduced in case of
existing adjacent buildings with insufficient separation distances by placing a mechanical
damper with a proper damping coefficient between such buildings. The effectiveness of such
mechanical damper was investigated through a parametric study for different separation
distances between buildings. Linear dynamic time-history analysis was conducted for the
studied cases under the action of three different artificial earthquakes. The efficient value of
damping coefficient of the damper was investigated for the studied cases to mitigate pounding
effects. The resulted separation distances that prevent the occurrence of pounding were
compared with those listed in different international codes.
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2- INTRODUCTION

During an earthquake, adjacent buildings with insufficient separation distances often collide
into each other. This "collisions" or "seismic pounding" imposes unexpected impact forces on
buildings causing sever damage that can produce in some cases total collapse. The earthquake
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that struck Mexico City in 1985 reveled that pounding was present in over 40% of the 330
collapsed or severally damaged buildings surveyed, and in 15% of all cases, it led to collapse
(Emilio

R. and Robert, M., 1986). Many researches addressed the problem of pounding from different
points of view. Angagnostopoulos, S.A, K. V., 1990 & Maiso, B. F., and Kasai, K., 1990 &
Embaby, A., 2000, used different approaches to investigate the effect of pounding of adjacent
buildings on the dynamic response under different earthquake records for buildings with
different relative dynamic characteristics and different separation distances. Filiatrault, A. and
Cervantes, M., 1995, investigated the required separation between buildings in order to avoid
the pounding effects.

Other researches attempt to develop different devices to connect existing adjacent buildings in
order to mitigate the pounding effects. Kobori et al., 1988 developed bell-shaped hollow
connectors to link adjacent buildings in a complex. The bell-shaped hollow connector is made
of steel with stabilized hysteretic characteristic when the connector yields so that it can absorb
vibration energy of the buildings during a strong earthquake. However, the appropriate yield
strength of the connector need to be determined because if the yield strength is too high, the
connector may not function properly but if the yield strength is too low, the energy absorbing
capacity may be too small during a strong earthquake.

The effect of introducing damping devices with different damping coefficient to connect
adjacent multi-storey buildings under earthquake excitation was presented by Xu,Y. et al.
1999, Embaby. A, Mourad, S., 2000, the results indicated that dampers have significant effect
in reducing the shear forces of the buildings.

The objective of this study is to mitigate the effects of pounding between adjacent buildings
when subjected to seismic loads. Mitigation of pounding can be achieved either by providing
the required separation distance between new constructed buildings or by placing visco-elastic
damper between existing adjacent buildings. The behavior of pounding between buildings was
investigated for different separation distances and with different damping coefficients,
through a linear dynamic time-history analysis under the action of three moderate artificial
earthquakes. The efficient value of damping coefficient of the dampers that contributes in
mitigating or preventing the pounding, is studied in this research. The resulted separation
distances that prevent pounding effects were compared with those specified by the different
international codes to examine its conservatism.

3- DAMPER CONFIGURATION AND DAMPING MECHANISM
In general, the visco-elastic dampers are used to dissipate the generated energy in the
buildings due to the seismic excitation. In recent years, the dampers have been successfully
incorporated in a number of tall buildings as a viable energy dissipating system (such as
shock absorber bracing systems) to suppress wind and earthquake induced motion of
building structures. The effectiveness of visco-elastic dampers has been demonstrated
experimentally and analytically by many researches over the past 25 years. In seismic
applications, the visco-elastic dampers can be incorporated either into new constructions or
as a viable tool for the retrofit of existing buildings.

A method of employing a visco-elastic material as a damping medium was introduced by

Samali . B, and Kwok. K, 1995. In such a damper the energy is dissipated by extensional

deformation of the visco-elastic layer that is connected to the vibrating parts such as plates

and beams, as shown in Fig.1. In Other types of dampers, the damping coefficient can be

adjusted by regulating the valves opening of the oil flow, such type have been developed and
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tested by Kawshima 1992. In common practice the damper does not need to be installed
within the small separation distance between the frames, but it can be connected to the two
frames of the two buildings and installed inside the space of one of the frames near the ceiling
or the floor. Therefore in this research such types of dampers can be used to connect the
adjacent building models.

4- GENERAL EQUATION OF MOTION (DYNAMIC BEHAVIOR OF
STRUCTURES)

Let building 1 and building 2 have n + m stories and n stories, respectively, as shown in Fig
2. The mass and shear stiffness for the i" story are m, , K, for building 1 and
m,,, K, for building 2. The damping coefficient of the damper at the n floor is cd, and the
stiffness coefficient of the gap element is Kd . The dual-structure dynamic model is taken to

be 2n+m degree of freedom system (Xu. Y et. al, 1997), hence the equations of motion of the
system can be put in the following matrices form:

[MIY-+[C]Y+[K]Y ={M]Y, 0

Where; [M] is the mass matrices of the whole system. [C] is the damping matrix including
the damper damping coefficient, and [K] is the global stiffness matrices of the system
including the stiffness of the gap element between both buildings, and can be presented as
follows;

M mn+m,n+m 0n+m,n o)

[ ]_ 0n,n+m mnn ( )
[CT=[Ci]1+[Cy] 3)
[K]Z[Kb]+[Kgap] (4)

Where; m ..., and m . are the mass matrices of building 1 and building 2

respectively, and [C;]is the inherent damping matrices of both buildings; [C,]is the
additional damping matrices of the installed damper, [K,] is the global stiffness matrices of

the adjacent buildings, and [K is the additional stiffness matrices due to the installation of

oo ]

the fluid damper, Yg is the applied acceleration at the foundation of the building. Y is the

relative displacement vector with respect to the ground for and building 1 and building 2, and
given as follows; The details of each matrix are listed as follows:

YT = [yll b y21 ERRAA] yn+m—1,1 b yn+m,1 H y12 ° y22 EA yn—l,Z’ yn2] (5)
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For the time domain analysis, the above equations can be used directly for any given time
history record of ground motion. Cosmos/M (1993) finite element package was utilized
through out the present study to solve the dynamic equilibrium equations

5. PARAMETRIC STUDY

5.1 Mathematical models

Generally adjacent buildings can have different structural systems with different layouts and
parameters, because of the complexity of the pounding behavior that depends on several
parameters, a simple adjacent building model was assumed in this study. The adjacent
building models were assumed to be consisted of typical frames spaced equally by 6 m for
both adjacent buildings with all floors aligned at the same level. Hence only a typical frame
from each building was considered in the study.

Two models of pounding were used in the parametric study; the first model was a ten storey
frame that was constructed closely to a five storey frame with different separation distance.
The second model was represented by replacing the ten-storey frame in first model by a
fifteen storey frame. The general layout of the two pounding models is illustrated in Fig. 3.
All frame members used in both models were designed according to the Egyptian Code for
Design and Construction of Concrete Structures, 2001, under the action of loads given by the
Egyptian Code for Calculation of Loads and Forces in Structural and Masonry Works. The
resulted dimensions of all frame members used in this study are given in Table 1.

Both models incorporates rigid beam-column connections, with all column fixed at base, since
the models were subjected to moderate earthquakes, all frame members were assumed to
behave linearly elastic. Floor masses were assumed to be lumped and distributed at the beam-
column joints of each floor and to be acting in the horizontal direction. However the lumped
masses were changed in the parametric study to produce different dynamic characteristic of
the frames. Such change of masses can be resulted from changing the spacing between frames
in the longitudinal direction of the building and/or considering different dead and live loads in
each building. Five different cases of total masses were considered for the 5-storey frame,
while three different cases of total masses were considered for the 10-storey frame and only
one case of total masses was considered for the 15-storey frame. The values of the different
masses and the periods of the first five vibration modes for the 5, 10 and 15 storey frames are
given in Table 2.

However, a survey of the actual pounding incidents shows that the damage is typically
concentrated at the roof level of the shorter building (Maiso. B, Kasai. K, 1992). This suggests
that the major impact force typically occurs at the roof level, and that a single-contact-point
assumption may be reasonable approximation to the actual condition (Maiso. B, Kasai. K,
1992 & Embaby. A, Mourad. S, 2000). Accordingly, in this study the interaction between the
adjacent buildings is accounted for by using an elastic gap element connecting the two
buildings at the top level of the lower building. This element introduces a linear elastic
compressive spring, which transmits forces due to building collision if the contact at its level
is detected. It worth to mention that, the results of analysis are not so sensitive to the changes
of the stiffness of the impact elements simulating the collisions (Anagnostopoulos. S,1992,
Anagnostopoulos. S,1988, Pantelides. C, & Ma, X. 1998 & Jeng. V, and Tzeng, W. 2000).
Rayleight damping coefficients corresponding to a damping ratio of 5% for the first two
modes (Clough and Penzien, 1993) were adopted. A damper with different damping
coefficients was placed on the top floor of the 5-storey frame and connected to the same level
of the other frame (10-storey or 15-storey), as shown in Fig. 3, that is represented by a dash
pot. The investigated buildings were analyzed utilizing the time-history dynamic analysis
under the excitation of three generated earthquakes having a response spectrum that matches
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that of the UBC-1994, with a peak ground acceleration of 0.2 g. Figure 4 shows the three

generated earthquakes GEN1, GEN2 and GEN3 with different duration, 20, 30, and 40

seconds respectively. A comparison between the computed response spectrum of the three

generated earthquakes & the target response spectrum of UBC-1994 are shown also in Figure

4, which indicates that a very good agreement is achieved.

In order to investigate the effect of the separation distance to the pounding behavior of

buildings and the effect of introducing dampers on the pounding behavior of the frames as

well as determining the efficient value or the effective range of damping coefficient that can

mitigate pounding significantly, three parametric studies were conducted as follows: -

1- No damper presented in the first parametric study while different separation distances
were considered between the two frames in both pounding models.

2- In the second parametric study, a damper was placed between the two buildings for both
pounding models.

3- Different damping coefficients of the dampers and different mass & period ratios between
the adjacent frames were investigated throughout the third parametric study using only the
10 storey-5 storey pounding model.

For each of the above cases, a time step equal 0.02 sec. was found to be reasonable for the

analysis. COSMOS/M (1993) finite element package was used throughout the analysis.

5.2 Discussion of Results
5.2.1 Pounding Effects on Buildings with Different Separation Distances

The pounding behavior of buildings is greatly affected by the available separation distance
provided between the two buildings, therefore it was decided to investigate the different
pounding effects on buildings with different separation distance, and to determine the
recommended separation distance to be provided between buildings in order to minimize or
prevent pounding effects. Usually the separation distance between two adjacent buildings is
expressed as a ratio from the Square Root of the Sum Squares (SRSS) of the maximum floor
displacements of both buildings at the same level of the top floor of the lower building as if
there is no pounding.

The different separation distances used in this study were chosen as follows:
a) Zero gap distance

b) 0.25 SRSS

¢) 0.50 SRSS

d) 0.75 SRSS

e) SRSS

f) a wide gap distance that is sufficient for no pounding.

Where: SRSS =4/S] +S; (1)

S1: maximum deflection of the 5" floor level of the tallest frame in case of no pounding
S2: maximum deflection of the top floor level of the 5- storey frame in case of no pounding

Figures 5 represents the displacement-time history for the 10-storey frame at the 5" floor level
and the 5-story frame at the top floor level under different gap distances subjected to Gen.1
earthquake for the 10 storey-5 storey pounding model. The vertical lines in the figures
represent the time that the two frames pound to each other causing impact force on each
frame. Generally it was observed, that the number of impacts between the adjacent frames
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decrease with the increase of the separation distances. It was also noted that, for both
pounding models under the three generated earthquakes, no pounding occur between the two
adjacent frames at separation distance equal to SRSS.

The maximum storey shear produced from pounding of both frames as result from each of the
three generated earthquakes, were computed at different levels in both frames, where;

F1: maximum storey shear force of the 6™ floor of the tallest frame.

F2 : maximum storey shear force of the 5" floor of the tallest frame.
F3 : maximum base shear force of the tallest frame

F4 : maximum storey shear force of the top floor of the 5-storey frame.
F5 : maximum base shear force of the 10-storey frame.

The average maximum storey shear at different levels resulted from the three generated
earthquakes were computed for each separation distance and compared to that of the case of
no pounding, results are plotted for the 10 storey -5 storey pounding model and 15 storey -5
storey pounding model in Figure 7 and 8 respectively.

As can be noticed, that there are no significant change in the storey shear forces F1, F2, F3 of
the tall frames by increasing the separation distance greater than 0.25 SRSS for both pounding
models. However, increasing the separation distance has a significant effect on reducing the
storey shear force of the top floor of the lower frame (F4), such result was also reported by
Jeng. V, Tzeng. W, 2000 and Embaby. A, Mourad. S, 2000.

The base shear of the 5-storey frame (F5) was also not significantly affected by increasing the
separation distance greater than 1/2 SRSS, however a remarkable reduction in the base shear
(F5) can be resulted by providing a separation distance equal to 1/4 SRSS.

5.2.2 Effect of placing a damper between the buildings on the pounding behavior

Pounding effects can be greatly mitigated by reducing the dynamic response of both
buildings. Increasing the inherent damping of the building can significantly reduce such
dynamic response. However it is difficult from practical point of view to increase the inherent
damping of the building to a level that reduces its dynamic response. It is decided to
investigate the effect of placing an elasto- viscous damper at the top floor of the lower
building to connect the two buildings at that level, and mitigating the pounding effects of both
buildings. Both pounding models, 10 storey -5 storey and 15 storey -5 storey models, were
investigated under the three generated earthquakes when both adjacent frames were separated
by different separation distances. Three damping coefficient (C) for the viscous damper were
used in this study (C=100, 200 and 300 t.sec/m) in order to high light the effect of such
damper on the pounding behavior, the results were compared with those obtained without
placing any dampers.

For both pounding models, the average maximum shear force at different levels of the two
buildings resulted from the three generated earthquakes and the corresponding maximum
value were determined for different separation distance when using different damping
coefficient and were compared to those obtained from cases of not using any dampers in Fig.
13 and 14 respectively. It can be noticed that the shear forces of the 10-storey frame and the
15-storey frame F1, F2 and F3 are slightly reduced by placing dampers; however such
reduction is not greatly affected by increasing the damping coefficients. With regard to the
shear forces F 4 of the 5 storey frame it is noticed that it is significantly reduced for cases of 0,
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0.25 SRSS, 0.50 SRSS, and 0.75 SRSS and this reduction increase with the increase of the
damping coefficients in case of 0, and 0.25 SRSS.

While the shear force F4, in case of separation distance equal to 0.50 SRSS, 0.75 SRSS and
SRSS, was noticed to be slightly increased by increasing the damping coefficient from 100 to
300 t. sec./m. It is worth to mention that for the cases of separation distance equal to 0.75
SRSS and SRSS, there were no impact forces at all amount of damping coefficients, as
discussed previously, however, the shear force F4 was increased slightly by adopting dampers
with high values of damping coefficients. Such slight increase in shear force F4 is attributed
to the fact that for the case of large separation distances and high damping coefficients, the
damper acts as a rigid link connecting the light 5-storey frame to the heavy 10-storey frame
which tends to increase the displacement of the 5-storey frame to produce high shear forces.
The base shear of the 5-storey frame F5 was significantly reduced even when using small
values of damping coefficients; however, increasing the damping coefficient has insignificant
effect on reducing the base shear F5, as can be noticed from Figs 13 and 14.

5.2.3 Efficient Value of Damping Coefficient

It was found that the pounding behavior is greatly affected by the value of damping
coefficient of the damper especially the impact forces and the shear forces at the top floor of
the lower building. Therefore it was decided to determine the efficient value or the effective
range of damping coefficient that can mitigate pounding significantly.

To investigate the effect of the periodic time ratios and the masses ratios between the adjacent
buildings, into the damping coefficient of the damper, the first pounding model that consists
of 10-storey frame & 5-storey frame was used in this investigation but with different ratios of
periodic times and different mass ratios. The studied cases are summarized in Table, it was
decided to maintain the same ratios of period and masse in case 3 and case 4, but with heavier
masses in case 4, to investigate the effect of heavier masses on the effective range of damping
coefficient to reduce both the impact forces and story shear F4. Only case 1 was subjected to
the three generated earthquake Gen. 1, Gen. 2 and Gen. 3, while all the other cases were
subjected to only one earthquake Gen. 1, since it was found from case 1 that there was a
similar behavior under the three generated earthquakes specially for large values of damping
coefficients.

For each of the five cases, different damping coefficients (C) were used from C=0 (case of no
damper) up to 1000 t.sec/m”, and with a gap distance equal to zero which is considered as the
most sever case of pounding as was previously demonstrated.. The variation of the maximum
shear forces at the top storey of the 5-storey frame (F5) for all five cases, resulted by
increasing the damping coefficient of the damper is shown in Fig 16. It can be observed that
the minimum shear forces F5 occurred at damping coefficient ranging from 100 to 500 t.sec’.
/m, even for case 3 and case 4, except that higher shear force F5 was observed in case 4
because of the existing of higher mass as compared to case 3.

6. VERIFICATION OF RESULTS AS COMPARED TO DIFFERENT
INTERNATIONAL CODES

It was concluded from the previous parametric study that providing a separation distance
equal to SRSS of the maximum floor displacements of both frames at the top floor of the
lower frame, will result in producing no pounding effects on both frames. It was of interest to
compare the resulted separation distances (SRSS) obtained from the studied pounding models
with those computed from the different international codes, in order to investigate its
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application on the studied cases to examine its conservation. The required separation distances

specified by some international codes are presented as follows: -

a) National Building Code of Canada (NBCC 1990) specifies that, Buildings shall be
separated by the sum of their anticipated maximum deflections.

b) International Building Code (IBC-2003 Specifies that, adjacent buildings on the same
property shall be separated by at least S_; where:

St =+S2 +S2,; S, and S, are the lateral displacements of the adjacent buildings.

¢) Euro Code No0.9.2003 specifies that, the minimum separation between two buildings shall
not be less than the square root of the sum square for the lateral displacements of the
adjacent buildings in case of no pounding. If the adjacent buildings have the same storey
heights the separation distance may be reduced by a factor equal to 0.7

d) Egyptian Code for Calculating Loads and Forces in Structural and Masonry Works,
2004 specifies that, the separation distance must be equal to the absolute sum of the
maximum displacement of both buildings (ABS) for adjacent buildings having unequal
storey height. If the adjacent buildings have the same storey heights the separation
distance may be reduced by a factor equal to 0.7 where;

ABS =S +S,; S| and S, are the maximum horizontal displacements of the adjacent

resulted from either elastic time history analysis or from the designed base shear after
multiplying it by the force modification factor (R).

The resulting obtained separation distances for the two pounding models that was found to be
equal to the SRSS value of the maximum floor displacements of both frames at the level of
the lower frame (S1 and S2 ), as well as the required separation distances specified by the
provisions of some different international codes for preventing the occurrence of pounding are
given in Table 4. The values of separation distances specified by the NBCC-1990 are over
estimated as compared to the SRSS values by about 40%.

As can be noted that the separation distances specified by IBC-2003 are equal to the resulting
values for different earthquakes, since the IBC-2003 Code specifies a minimum separation
distance equal to SRSS. Such comparison implies that the IBC-2003 specifies values of
separation distances, which was verified from the parametric study that will be sufficient to
avoid any pounding effects. The values of Eurocode-2003, are under estimating the resulting
separation distances, however, the specified distance of the Egyptian code 2004 are slightly
less than the resulting separation distances.

7. CONCLUSIONS

In the case of adjacent buildings with unequal heights, pounding can create serious problems,
especially at the top floor of the lower building. Pounding effects are more pronounced in
such cases because of large difference in total mass and periods of both buildings that can
penalize greatly the smaller building. However, providing an at-rest building separation
distance equal to the Square Root of Sum Square (SRSS) of peak building displacements
resulted from the non-pounding condition was found to be an effective way to avoid pounding
effects for new constructed buildings. Both the impact forces and the top story shear of the
lower frame are significantly reduced by increasing the separation distance, however the high
impact forces that results from small separation distance are mainly converted to high inertia
forces at the top floor of the lower frame to produce high floor accelerations that affect the
frame dynamic response. It is also noted that introducing dampers between two adjacent
buildings significantly reduce both the impact force and the storey shear force at the top of the
lower building, especially for cases where the existing separation distances are not sufficient
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to avoid pounding. Therefore, introducing dampers with appropriate damping coefficients
between two existing buildings can be an effective way to mitigate pounding effects. For the
buildings models presented in this study, it was found that, the efficient damping coefficient
of the damper ranged from 100 to 500 t.sec’’m. It was found that such range of damping
coefficients was applicable to buildings with mass ratios ranging from 1.10 to 2.03 and period
ratios ranging from 1.30 to 1.79, even if both buildings have higher values of masses and
maintaining the same mass ratios. According to the results of the parametric studies that were
carried out in this research, it was found that IBC-2003 specifies the same values as were
obtained from this study, while the Eurocode-2003 underestimates the separation distances by
a bout 30% and the NBCC-1990 was overestimating the separation distance by values that can
reach up to 40%. It was noticed that the separation distance obtained by the provisions of
Egyptian code-2004 are slightly less than those required for no-pounding effects. Therefore,
applying such values may cause slight pounding effects on the buildings with minor damage.
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Table (1) : Dimensions of members for the studied frames

Exterior Interior

Floors column column F(;ce;;:;l
(cm) (cm)

5- Story Ground to second 30 x 60 30 x 80 30 x70
frame Third to fourth 30 x 50 30 x 70 30 x 70
Ground to first 30x80 | 35x110 | 30x70
2"t 31 30x70 | 30x100 | 30x70
1(};?:::y 4% 0 6" 30x60 | 30%x90 | 30x70
7% to 8™ 30 x 50 30 x 80 30 x 70
9t 30 x 50 30 x 70 30 x 60
Ground to first 40x120 | 40x150 | 30x70
214 o 3 35x110 | 40x140 | 30x70
4 ¢ 5t 30x100 | 40x130 | 30x70
15-story 6" to 70 30x90 | 40x120 | 30x70
frame 8" to 9™ 30x80 | 35x110 | 30x70
10" to 11™ 30x70 | 30x100 | 30x70
12 to 13 30 x 60 30 x 90 30 x 70
14™ 30 x 50 30 x 80 30 x 60

Table (2) : The period of vibration of the first five modes for studied frames

total Period of vibration (sec.)
Frame [.D masses 1t ond 3ud 4 5t
(ton) mode | mode mode | mode | mode
FR; 456.6 0.787 | 0259 | 0.142 | 0.099 | 0.073
FR, , 640.0 094 | 0310 | 0.168 | 0.116 | 0.085
Sf:;‘l’;:y FR , 840.0 1.08 | 0.355 | 0.193 | 0.133 | 0.098
FR, , 1100.0 | 1.238 | 0.406 | 0.220 | 0.152 | 0.112
FR, | 1860.0 | 1.608 | 0.528 | 0.287 | 0.198 | 0.145
10-storey FR,_, 925.5 141 | 0452 | 0257 | 0.18 | 0.135
frame FR,., 1400.0 | 1.842 | 0.594 | 0335 | 0.236 | 0.176
FR,. . 2360.0 | 2392 | 0.771 | 0.435 | 0306 | 0.228
15- storey FR., 1394.0 1.92 | 0632 | 0351 | 0.236 | 0.179
frame
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Table (3): Ratios of periods and masses for the studied cases

10-storey frame 5-storey frame
Periodic Total mass Periodic Total mass
: . TJ/T M,/M
time (Ty) M) time (T,) (M) 2 R
(sec) (ton) (sec) (ton)
Case 1 1.41 925.5 0.79 456.6 1.79 2.03
Case 2 1.41 925.5 0.94 640.0 1.49 1.45
Case 3 1.84 1400.0 1.24 1100.0 1.49 1.27
Case 4 2.39 2360.0 1.61 1860.0 1.49 1.27
Case 5 1.41 925.5 1.08 840.0 1.30 1.10
Table (4): Comparison between the resulting separation distances (SRSS) with
international codes
—_ e D 1
= o E —~ 1 = = =
cE | 2|2z |g8% 5% |sEgdse
g .= . Ko |l@g2e e |28Q8 282
m Z. (I)H * @v = ~ 2 ~ 549 - 22 ~
%) — = =
. &0 | Genl | 95 82 | 125 17.9 12.5 8.75 12.5
wn -2
é E E é Gen.2 | 7.2 7.1 10.1 14.3 10.1 7.07 10.0
3 Gen3 | 94 | V,A 122 17.2 12.2 8.54 12.0
o &0 | Gend | 6.1 v,V 9.8 13.8 9.8 6.86 9.7
[To! = 2
ﬁl E E E Gen.2 | 59 | V) 9.2 12.95 9.2 6.44 9.1
2 Gen3 | 62 | V,A | 10.0 14 10.0 7.00 9.8

* §p is the maximum displacement of the 5™ floor for the 10-storey frame
#3S, is the maximum displacement of the 5™ floor for the 5-storey or the 15-storey frame
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Fig. 2: Model Idealization
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Dash — pot represents the damper with a
damping Coefficient equals C.

a) 10 -5 storey pounding model b) 15-5 storey pounding model
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Fig. 3 : Studied Pounding Models
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Fig. 4: The three generated earthquakes and the corresponding computed spectrum
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storey model



Y
A

Proceedings of the 6t ICCAE Conf. 16 -18 May, 2006  BFAD5

&
0

300 F1 =0 @C=100 ©OC=200 HC=300
250

200 T T T T

150
100

Shear Force (t)

50

T

D=0 SRSS D=0.25 SRSS D=0.5 SRSS
Separation Distance

O
o
u
a
%]
a
9]
%]

D=1 SRSS

350
300
250
200
150
100

=

T T

=4

Sheer Force (t)

F2 Cc=0 O c=100 O c=200 8 C=300

|

D=0 SRSS D=0.25 SRSS D=0.5 SRSS D=0.75 SRSS D=1 SRSS

Separation Distance

F

C=0

350
300 - T
250
150
100

50

o :

T
D=0 SRSS D=0.25 SRSS D=0.5 SRSS D=0.75 SRSS D=1 SRSS

Separation Distance

w

Shear Force (t)
N
o
o

250

200

150

100

Shear Force(t)

50

D=0 SRSS D=0.25 SRSS D=0.5 SRSS D=0.75 SRSS D=1 SRSS

Separation Distance

‘3‘28 F5 C=0 ©C=100 O C=200 B C=300

300
250
200
150
100

50

Shear Force (t)

D=0 SRSS D=0.25 SRSS D=0.5 SRSS D=0.75 SRSS D=1 SRSS

Separation Distance

Fig. 9 : Average maximum and maximum maximum shear forces at different levels of
frames for different separation distances and different damping coefficients for the 15-5
storey mode



SexFace@®

SexFace=®

v

Proceedings of the 6t ICCAE Conf. 16 -18 May, 2006 BAD5 |

350

300

Genl —e— GenZ2 ——Gen3

250
200
150
100

o 100 200 300 400 500 600 700
Damper Damping Coefficient (t.sec /m)

300

250
00 Case 2
150

100

o 100 200 300 400 500 600 700

Damper Damping Coefficient (t.sec /m)

350
300
250
200

150
100
50

Shear Force(®)

500 600 700
Damper Damping Coefficient (t.sec /m)

500

400

300

200

SeaxFace®

100 -

o 100 200 300 400 500
Damper Damping Coefficient (t.sec /m)

250

200

150

100

Seax Faoc=@®)

600 700
Damper Damping Coeffient (t.sec /m)

Fig. 10 : Relation between shear force F4 and different damping coefficients for different

cases



