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International seismic codes, give some requirements for building separations, as a result
of sever damage due to pounding. The Codes ignore the in-phase vibration between
adjacent buildings, which are subjected to the same earthquake excitation. The
requirements of codes for building separation are examined in this research. A close
insight to the behavior of adjacent Multi Degree of Freedom systems (MDF) is highlighted.
A model of two adjacent Single Degree Of Freedom systems (SDF) is used to conduct this
study. The systems have a fundamental time period ranging from 0.1 to 1.0 seconds with
step equal to 0.1 seconds. They have five different height ratios (0.1, 0.25, 0.50, 0.75, &
1.0) of the main height. The nonlinear time step dynamic analysis was used to determine the
required separation between each building pair "Sas” to avoid pounding under different design
levels of earthquakes. The estimated distances Sap between SDF systems versus the
corresponding ratios of their fundamental time periods were plotted. The curve was used to
estimate the required separations between MDF systems by using the correlation between
few selected modes of vibrations of both buildings. :
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1. Introduction

Structural pounding refers to the lateral
collisions between buildings during earth-
quakes. It occurs when adjacent buildings vi-
brate out of phase and when the separation
distance is not sufficient to allow them to
vibrate freely. Each time a collision occurs,
the buildings are subjected to impact forces,
which are not accounted for in the design
process and can amplify the dynamic
response of the buildings. That is, neglecting
the effects of pounding leads to non-
conservative building design because the
story drifts, shear and overturning moments
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in the stories above the pounding level will be
underestimated.

As a result of sever seismic events in the
last twenty years, the interest of pounding
has become important due to large amount of
structural damage such as what had
happened in Mexico city 1985 and Loma

. Prieta 1988 [1,2].

In order to account for these forces, some
seismic codes, Uniform Building Code (UBC-
1988) and National Building Code of Canada
(NBCC-1990) give some requirements for
building separations as follows.

UBC code requires the minimum separa-
tion between adjacent buildings to be at least

721



A.S. Aly et al. / Pounding analysis of buildings

equal to the value obtained by the absolute
sum rule as: :

S (U 0 g, Sl

Sap is the Separation distance required to
preclude pounding U Ao & U g is the peak
lateral displacements at the possible
pounding location under the no parading
condition in buildings A & B.

The NBCC code requires the minimum
separation between buildings be equal to:

Sas = R [Ua+Ug]. (2)

R is the force reduction factor.

It is obvious that both of the codes
ignored the in-phase vibration of the two
adjacent buildings that are already subjected
to the same earthquake excitation. Therefore,
most recent researches indicate the need for
more studies to examine and recheck the
code requirements. This is because the codes
require separations, are large and unaccept-
able from the technical view, i.e. the difficulty
in using the expansion joints [1,3,4].

This paper uses the time history dynamic
analysis, PC-ANSR program ref. [5], to
perform that kind of analysis. Models of two
adjacent Sigle Gegree of Freedon (SDF)
systems that have different fundamental time
periods and/or different height ratios, were
used to conduct this study. The model is used
to determine the required separation to avoid
pounding between adjacent multi degree of
freedom buildings. In the following brief
descriptions of ground motion records,
methods of analysis will be presented.

2. Ground motion records

Ten ground motions records were used
in this study. Their peak accelerations are
within the range of 0.179g to 0.4898g. The
characteristics of the chosen ground motions
are presented in table 1.

3. Structural models and assumptions
Ten single degree of freedom systems

of reinforced concrete water towers are
used to conduct this study. Their

fundamental time periods range from 0.1
to 1.0 second with step equal to 0.1
second. They were designed to carry the
dead load and live load according to
Egyptian code of 1993. In this study, the
building, which has fundamental time
period equal to 1.0 second, is chosen as
the main building. Then, the other
buildings were put adjacent to it, to form
the required building pairs to conduct
this study. The layout of the water tower,
member properties, and the fundamental
time period are presented in fig. 1 and
table 2, respectively.

In order to study the effect of heights' variations
on the minimum required separation "Spg"
between adjacent buildings, when both
buildings have similar and/or different
fundamental time period. The bm7d'mgs of 0.4
and 0.8 second fundamental time period were
redesigned with different height ratios (.0.10,
0.25, 0.50,  0.75, & 1.0) of their main height.
Table 3 contains the member properties, masses
and time period for each height ratio for the
building of 0.8-second time period.

Two dimensional computer models were
developed for pair of adjacent buildings. It was
based on gross section and nominal material
properties. The model incorporates lumped
masses at the floor level. Fig. 2 shows the basic
two-dimensional model which is used for each
pair buildings.

4. Methods of analysis

Two methods of analysis were used during
this study, the static analysis (Double
Difference Combination rule, (DDC), and the
time history dynamic analysis (PC-ANSR
program).

5. Static analysis (DDC)

This method was suggested by [1,6,7] to
estimate the maximum relative displacement
between two linear multiple degrees of
freedom systems. It is based on the response
spectrum method, [8]. This method has an
advantage over other methods (The Absolute
Sum Rule, The Root Squares of Sum of
Squares) because it accounts for the
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Table 1

Characteristics of earthquake ground motions
Earthquake  Date of Peek accel.  Ground vel. Ground Duration
records earthquake (%) of g) (in/sec) displ. time

(in) (sec)

Elcentro- 5/8/1940 0.348 13.15 4.88 55.76
ELC-SO0E
Taft -TAF - 7/21/1952 0.179 6.97 4.13 55.76
S609
Olympia 4/29/1965 0.198 5.12 1.65 83.62
OLY-S86 W
Old Bridge 2/9/1971 0.315 6.73 2.01 62.92
Oldb-N 21 E
South Olive ~ 2/9/1971 0.241 8.58 5.71 56.8
Soll- SS3 E
South Olive ~ 2/9/1971 0.196 7.28 5.71 57.96
Sol2- S37E
Cholame 6/27/1966 0.489 30.71 10.31 45.66
Shandon
Par-N 6515
Park field 6/27/66 0.434 10.00 2.72 45.10
Par3- N85 E
Loner 12/30/1934  0.182 4.53 2.44 89.96
California
Loc-N90 W
Hollywood 2/9/1971 0.211 8.31 5.79 81
HWDN90E

Note : The cross sectional area “A”, moment of inertia “T” and the stiffness "K" equal ( 6.28m?
12.565m* and 9423.75 ton/m’ ) respectively .

]

K=3g 1.}

SDF Model

Outer diameter = 3.5 m

Cross section X-X

C.GJ ¥

ol

=20m

The elevated water tank

L 2

Note : youngs modulus for reinforced concrete E = 2x10°%/m
DL + LL = 1600 Tons, at time period (T) = 0.8 second.

M = weights ( DL+LL)/ Gravity acceleration "g" .

Fig. 1. The general layout for the SDF building.
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Table 2

Members properties for the used SDF system
Building No. 1 2 3 4 53 6 b 4 8 9 10
Masses (M= 239 193.4 152.8 117 85.94 59.68 38.19 21.98 9.55 2.39
Weight/g

(ton.sec? /m)

Fundamental time 1.0 0.9 0.8 0.7

period(T), (sec)

0.6 0.5 0.4 0.3 0.2 0.1

Jeng [6], estimated the minimum building
separation to prevent seismic pounding based
on the difference of the relative motions
between two particular points in the adjacent
buildings, where pounding is expected. They
simplified the problem by wusing the
fundamental mode only as an approximation
for the multi degree of freedom response of
both buildings. Finally, the minimum required
separation Sag is given by:

Sas =SQR.[ Ua? + Up2- 2 § ag Ua Ug). (3)
Where Ua&Ug are the maximum
displacements of buildings A & B, respectively,

which are obtained from the first mode
spectral analysis.

{as = AA/ BB, 4)
where;

AA=[8(1+Te / Ta)(Ts /Ta)3?,

and

BB = [1-(Ts /Ta)?]2
+4 @ (1+(Ts /Ta))2(Ts /Ta)).

Ta& Ts are the fundamental elastic periods of
buildings A&B respectively,

14 is the modal viscous damping ratio ,
assumed common for both buildings,
and

4 aB is the cross correlation coefficient

between fundamental modes.

In 1993, A. Filliatrault [7] proposed a
simplified spectral difference method possible
inclusion in future cede editions. In his
procedure, the fundamental m shape is
obtained approximately by using the Canadian

code static analysis procedure, for regular
buildings. The static lateral deflections of each
buildings was calculated under the inverse
triangular distribution of design seismic loads.
Then, the obtained lateral floor displacements
are normalized to obtain the approximate
fundamental mode of vibration.

The maximum displacement for each
adjacent building under each design level
excitation, at the floor level where pounding is
expected is given by:

Umax=Ap1*a;* Spy. ()

Where;

Ap is the first mode components at the level
where pounding is expected (usually at
the roof of the shorter buildings),

a is the first mode participation factor, and

Spiis the first mode spectral displacement.

The minimum required separation between
each two buildings under each designed
ground motions is finally obtained by
substituting egs. (4) and (5) into eq. (3). This
method was used to estimate the required
separation between adjacent SDF buildings,
which are shown in fig. 2, cases 2&3. The
obtained results were compared to those
obtained by the dynamic analysis. They were
found match with each other.

4.2. Dynamic analysis (PC-ANSR)

The basic structural models considered to
study the effect of pounding on adjacent
structures are ten SDF buildings that have
different fundamental time periods, as
illustrated in table 2. Two - dimensional
computer models as shown in fig. 2, for each
SDF building pair was developed. It is based
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IT vl o

Case ()
Ha&Tp#Ta
“The effect of time
period variation on Sys”

Case (2)
He#HA&Tp=TA
“The effect of height
variation on S,g”

Case (3)

Hg# HA&Tp#Ta
“The effect of both
height and time period
variation on S,g"

Fig. 2. The two dimensional structural model.

Table 3

Members properties at different height ratios when the fundamental time period equal to 0.8 second

Height Area , A(m?) Inertia, A ( m?) Stiffness, K (ton/m) Mass, M Time period
ratio Hs (ton.sec?/m) T=2n/VK/M
/Ha
0.1 0.126 0.0013 975 15.30 0.7867
0.25 1.57 0.05 2400 38.22 0.7925
0.5 3.14 0.785 4710 76.45 0.80
0.75 4.71 3.976 7068.44 114.678 0.7999
1.00 6.28 12.566 9424.5 152.90 0.79989
Fi=K8 8<0.0
Tension F=00 3>00
Fia 8=U, - Us -Spp
(K=K [ 1] -I]
-1 ]
F, = Impact force
San
<>

/ ‘ v

> Elongation

Compression

“Force Deformation Relation”

Fig. 3. Nonlinear elastic axial gap element.

on gross sections, nominal material properties
and lumped masses at the floor level.

In this study, the pounding effect through a
non-linear elastic axial gap element is
considered. It was used to introduce a linear
compressive spring between adjacent nodes
where pounding is expected as shown in fig. 3.
Each pair is subjected to the ten ground
motions. The dynamic analysis is performed
through the nonlinear time step method. It
should be noted that the Newton-Raphson

iteration with stiffness reformation every one
time step, a time step equal to 0.01 second
and Rayleigh damping based on 5% critical
damping in the fundamental modes of
vibration for both adjacent buildings were
specified during this study. A time step
dynamlc analysis program (ANSR-1, PC-ANSR)
[5], is the tool to perform that.

The program was used in determining the
required separation to avoid pounding
between each adjacent building under each
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design level excitation. An initial separation
between building pair was assumed and the
program was run. If there is any impact force
between adjacent mnodes, the separation
distances is increased and re-' run the
program again. This sequence continues until
the impact force equal to zero. Finally, the
required separation between  adjacent
buildings under each design level excitation is
obtained

The dynamic analysis included the effect of
mass and stiffness of both adjacent buildings.
The analysis does not include the energy
dissipation resulting from building damage at
the pounding locations as well as, the soil-
structure interaction.

5. The proposed model concepts

In past researches, [2,9], the pounding
analysis between adjacent buildings was
idealized as having two states of vibrations. In
state "1" (no pounding case), both buildings
vibrate by themselves. In state "2" (pounding
case), both buildings vibrate in contact. The
fundamental time period of the taller building
was found progressively approach the state "1"
fundamental time period of the shorter
building, as the mass increases. As concluded
in [8], the spectral displacement was found
mainly generated from the first and the
second modes of vibrations, when the
building has close proximity time periods. In
ref [10], the fundamental periods of both
adjacent buildings was used, as an
approximation, to estimate the minimum gap
distance "Sag" between them to preclude
pounding.

In this study, the correlation between the
first two modes of vibration of adjacent
buildings will be used to estimate the gap
distance "Sag", when they have close
proximity fundamental time periods. But,
when they have widely spaced fundamental
periods, the correlation between the first two
modes of the shorter building and the first
four modes of the taller buildings will be used
to estimate the " Sas ". This may be explained
as follows.

During contact period, the fundamental
period of taller building will approach the
state "1" fundamental period of the shorter

building. That is, the first and the second

modes (in state 2- pounding case) will equal

approximately the third and fourth modes (in

state 1- no pounding case) of the taller

building. The proposed simplified model, fig.

2, takes into consideration the effect of the

following parameters.

1) The effect of time periods variations on the

required "Sap". (Ta # Ts & Ha = Hp)

2) The effect of height variations on the
required "SaB". ( Ha # Hp & Ta = TB)

3) The effect of both time periods and height

variations on the required "Sagp".

For studying the effect of these
parameters on the required “Sag”, three cases
of adjacent SDF buildings, as shown in fig. 2,
were used to conduct this study. The
obtained results were compared to both UBC-
code and DDC-rule results.

5.1. The effect of time periods variations on
the required “Sag”, (Ta #Ts & Ha — Hp)

'To recommend the minimum gap distance
"Sap", the building with fundamental time
period equal to 1.0 second was chosen as the
main building. Then, the other buildings,
that illustrated in table 2, were put beside it
to form ten buildings pairs, as shown in fig.
2. For each pair of buildings, the PC-ANSR
program was used to obtain the required gap
distance between them to prevent pounding
under the chosen ground motions records.
The obtained gap distances were normalized
to 1.0 g (the acceleration gravity). They are
presented in fig. 4. Their mean and the mean
plus standard deviation values were plotted
versus the time period ratios TB/TA in the
same figure. They were also illustrated in
table 4. From fig. 4, the minimum separation
increases gradually till the fundamental time
periods ratio Tg/Ta is up to 0.8. It also
reduces sharply to zero, when Tg/Ta ratio is
between 0.8 and 1.0.

5.2. The effect of height variations on the
required "Sap". (Ha #Hp & Ta = Ts)

To study the effect of height variation on the
minimum gap distance "Sag ", the building
with fundamental time period equal to 0.8
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Table 4

The mean and the mean plus standard deviation for the minimum gap distance between adjacent
SDF Systems, normalized to 1.0g, damping=5%"

Ta /Ta 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.00
Mean 8.26 8.46 8.92 9.23 9.96 10.57 1031 10.12 7.24 0.00
M+St.de. 1129 11.4 11.87 1149 12.06 1457 13.69 13.91 9.96 0.00

second was chosen as the main building.
Then, the other buildings, which have the
same time period with different height ratio,
that illustrated in table 3, were put beside it
to form five buildings pairs, as shown in fig.
2, case 2. For each pair of buildings, the PC-
ANSR program was used to obtain the
required gap distahce between them to
prevent pounding under two ground motions
records, (EL Centro,1940 and Taft, 1952),
that illustrated in table 1. The obtained
results are presented in fig. 5, as well as the
obtained results by both the DDC rile and
UBC-88 code. It was found that, the
minimum separation " Sag " decreases as the
height ratio Hg/Ha increases for the results
obtained by both time history analysis and
DDC-rule, as shown in fig. 5.

According to DDC rule, eq. (3), if both
building have the same time period of
vibration, the correlation coefficient “Yap “ eq.
(4) , will equal to 1.0 and the required “SAB”
will equal to the difference between the
spectral displacement of both buildings (Sap=
Ua-Ug). If additionally the buildings have the
same height, the "Sag" will equal to zero.
According to UBC-88 code, eq. (1), the
correlation between modes of vibrations is not
considered.

5.3. The effect of both time periods and height
variations on the required "Sas"

To study the effect of both height ratio and
time period ratio variations on the minimum
gap distance "Sag", the buildings with
fundamental time period equal to 1.0 second
was chosen as the main building. Then, the
buildings, which have 0.8 and 0.4 second
fundamental time period with different height
ratios, that illustrated in table 3 for the
building with 0.8 second for example, were
put beside it to form five buildings pairs for
each time periods ratio, as shown in fig. 2,

Alexandria Engineering Journal Vol. 41, No. 4, July 2002

case 3. For each pair of buildings, the PC-
ANSR program was used to obtain the
required gap distance between them to
prevent pounding under two ground motions
records, (El Centro, 1940 for Ts/Ta =0.8 and
Taft 1952 for Tg/Ta =0.4), that illustrated in
table 1. The obtained results are presented in
fig. 6, as well as the obtained results by both
the DDC rule and the UBC-code. It was found
that, the minimum separation "SAB" increases
as the height ratio HB/HA increases for all
methods, as shown in fig 6. It was also
recognized that, the results of DDC-rule are in
close proximity to the time history analysis
results.

According to DDC rule, eq. (3), if both
buildings have widely spaced time period of
vibration, the correlation coefficient“T ap , eq.
(4), has a minimum value and the required
"Sap" will equal approximately to the square
root of sum of squares of the spectral
displacement of both buildings .i.e., Spg = (Ua
2+Up ?) . If additionally the buildings have the
same height, the "Sag" will be maximum.

It is recognized that, the gap distance has
a maximum value, when the adjacent
buildings have the same height and- different
fundamental time periods. Thus, the obtained
values for Sap in fig. 4 are the maximum gap

distance between adjacent buildings.
Therefore, they
Five steel moment resisting frame

buildings, (have two, four, six, seven and eight
stories), were used, in ref, [11], to recommend
need to be corrected according to the height
ratio Hg/Ha of adjacent-buildings.

6. The correction factor

From studying the effect of both time
periods and height variations on the required
"Sas", it was found that the maximum "Spg"
occurs, when the adjacent buildings have the
same height (He/Ha=1.0) and different time
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14.00

NORMALIZED GAP DISTANCE 1N
INCHES
]
8

To/ To RATIOS

BUILDING 8"

BUILDING "A"

Fig. 4. The mintmum gap distance between adjacent SDF systems, normalized to 1.0 g, damping = 5%.
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] 8
5.5, 8.5
Hy / Hy RATIO

" |\

1\“\1 —%__:L NODE"A
} l lieoon

BUILDING "B* BUILDING "A*

THE FUNDAMENTAL TIME PERIOD T,~T4> 0 8 SEC.

Fig. 5. The effect of height ratios variation on the GAP distance between adjacent SDF systems of similar fundamental
time periods, TA=Ts = 0.8 Second, damping = 5%.

——TBAA =08
ELC.

— & — TB/TA=08-
DDC RULE
(Ele.)
c® - TBTA=08-
UBC-code (Elc.)

O~ TB/TA = 0.4-
TAFT.
= & = TBTA=04.

ODC RULE
(Taf).

3% 8§ ;

Hy/ H, RATIO

- © « - TB/TA = 04-
i UBC-code (Taft)

Fig. 6. The Effect of height ratios variations on the requred GAP distance between adjacent SDF systems of different fund
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periods. The obtained results, in fig. 6, by
both PC-ANSR and the DDC rule were found
match with each other approximately.
Therefore, the DDC rule was used to obtain
the required correction factor. The
computation procedure will be explained in
the following.

Data

Ta= 1.0 sec., Tg = 0.8 sec., Hg/Ha = 0.75

Solution
Use the response spectral method to
determine the maximum relative

displacement, assuming 5% of the critical
damping and maximum ground acceleration
equal to 0.348g, ref. [10]. Hence, UA
(He/Ha=1.0) = 5.22 inches, Ua (Hp/Ha=3/4) =
3.915 inches and UB=4.42 inches.

From eq. (4):

{aB=0.1656.
From eq. (3):

Sas (Hs/Ha=1.0) = 6.2564 inches,
Sas(Hs/Ha=3/4) = 5.3974 inches.

The required correction factor equal to:

Sas(Hs/Ha=3/4) / Sas (Hs/Ha=1.0)

5.3974/6.2664 = 0.8627.

The correction factor is illustrated in table
5, for most cases of different time periods and
height ratios. In the following, the obtained
relations between the height ratio and time
periods ratio, fig. 4, will be used with the
correction factor to estimate the minimum gap
distance between adjacent MDF buildings.

Application

Five steel moment resisting frame
buildings, (have two, four, six, seven and eight
stories), were used in ref. [11], to recommend
the minimum separation between adjacent
MDF buildings. The gap distance, which was
obtained from ref. [11], were plotted in fig. 7
and table 6. In the present study, the
proposed model is applied on the same pairs

of buildings. The method procedure will be
explained in the following example.

Table 5
the suggested correction factor, based on DDC
rule eq. (3)

Hs/Ha  0.10 0.25 0.50 0.75 1.00

Ts/Ta
0.1 0.10 0.25 0.50 0.75 1.00
0.2 0.12 0.26 0.50 0.75 1.00
0.3 0.23 0.32 0.53 0.76 1.00
0.4 0.30 0.37 0.555 0.77 1.00
0.5 0.40 0.455 0.6 0.79 1.00
0.6 0.54 0.57 0.675 0.825 1.00
0.7 0.57 0.60 0.69 0.83 1.00
0.8 0.7 0.7 0.76 0.86 1.00
0.9 0.9 0.875 0.836 0.89 1.00
Table 6

The mean and the mean plus standard deviation of the
required separation between buildings to avoid pounding,
normalized to 1.0g , based on dynamic analysis,
damping= 5% , ref.[14]

Ts /Ta 0.25 0.50 0.75 0.88 1.00

Mean 12.93 15.36 20.28- 14.77 0.00

Mean plus

atd Diew. 17.25 " 18:86~ 2728 20.01 7'0.00
Example

There are two cases of adjacent buildings:
(a) Closely spaced fundamental time periods
(TB/TA >0.80). (b) Widely spaced fundamental
time periods (TB/TA < 0.80). In the following a
numerical solution will be given for each case.

Case (a): Seven stories building beside eight
stories buildings

The calculated first and second time
periods for both buildings are:

TB1 =0.68 sec. TAl =0 77 sec.
TB2 = 0.23 sec. TA2 = 0.26 sec.

The correlation between the modes of
vibrations gives the following time periods
ratios:

TB1/TAl1 =0.88 TB2/TA2 =0.88
TB2/TAl1 = 0.30 TA2/TB1 = 0.38

From table 4 or fig. 4, the mean values
and the mean plus standard deviation values,
which are corresponding to TB/TA ratios
(HB=HA), are obtained. From table 5, The
correction factor, which are corresponding to
TB/TA ratios, are obtained. Table 7 contains
the corresponding obtained values versus the
time period ratios. By multiplying the obtained
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values to the correction factor. Then, using the
Square Root of Sum of Squares to obtain the
suggested values for gap distance between
adjacent MDF buildings.

SAB(Mean) =[(7.36) 2 *2+(7.85) 2 +(8.10) 2 ] %
=15.384 inches

SAB(Mean+S.D.) =[(10.12) 2
2+(10.22) 2] %2 =20.456 inches.

*2+(10.45)

Table 7

The corresponding mean values, the mean: plus standard
deviation values and the correction factors versus the
time periods ratios

0.30
8.92

0.38
9.168

0.88
7.816

0.88
7.816

Ts/Ta
Mean
values
Mean plus
Std.
Deviation
values
The
correction
factor

10.75 10.75 11.87 11.566

0.942 0.942 0.88 0.884

Case (b): Two stories building beside eight
stories buildings

The calculated first and second time
periods for shorter building and the first four
time periods for taller building are:

TB1 =0.24 sec. TAl =0.77 sec.
TB2 = 0.09 sec. TA2 = 0.26 sec.
TA3 = 0.16 sec. Tas = 0.12 sec.
The correlation between the modes of

vibrations gives the following time periods
ratios.

TBl/TAl = 0,31
Tg2/Ta1=0.12
Taz2/Te1 = 0.67
Taa/Ts1 = 0.50,

Tg1/Taz = 0.92

Tua/Taz.= 0.35

TBQ/TA:; = 0.56
Toz/Tas = 0.75.

From table 4 or fig. 4, the mean values
and the mean plus standard deviation values,
which are corresponding to Ts/Ta ratios
(He=Ha), are obtained, as above. From table 5,
the correction factor, which are corresponding
to Ta/Te ratios. are obtained, as above. By
multiplying the obtained values to the
correction factor. Then, using the Square Root
of Sum of Squares to obtain the suggested
values for gap distance between adjacent MDF
buildings.

Samean)=[(2.90)2+(2.09)2+(3.13)2+(5.21)2+(5.4
6)2+(6.17)2+(6.64)2+(4.53) 2 | 1/ 2=13.50
SABMeanss.p)=[(3.84) 2+ (2.85)2 + (4.03)2
+(7.17)2+ (7.11)2 + (8.25)2 + (8.97) 2 +(5.48) 2]
1/2=17.88

Finally, the obtained results, for each pair
of buildings, by the proposed model and
dynamic analysis, is presented in table 8. As
shown in table 8, the obtained results by the
suggested model are generally 5 to 10 percent
above the time history analysis results.

7. Conclusions

Models of two adjacent SDF systems,
which have different fundamental time period
and/ or different height ratios, were used to
conduct this study. The model is used to
determine the required separation to avoid
pounding between adjacent multi degree of
freedom buildings. This research examines
and rechecks the requirements of codes for
building separation and gives a close insight

Table 8
The comparison between the proposed method and time history dynamic analysis for adjacent MDF buildings
X::Ees of _Mean values Mean+standard deviation Notes
adjacent Proposed ' Dynamic Proposed/ Proposed Dmamic Propqsed /D
buildings method  analysis, dynamic method analysis, ynamic %
ref.[14] % ref.[14]
2-8 15.50 12.93 1.04 17.88 1725 1.04
4-8 17.10 15.36 1.11 22.85 18.86 1.21
6-8 21.92 20.27 1.08 29.569 27.27 1.084 *
7-8 15.35 14.766 1.04 20.46 20.00 1.02 +k

*The correlation is between the 1%t and2nd modes of the shorter buildings and the first four modes of the

taller buildings, (TB/TA <0.80).

**The correlation is between the 1 an 2nd modes of both buildings,(TB/TA >0.80 ) .
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Fig. 7. Minimum separation between buildings to avoid punding pounding, normalized to 1.0 g, based on dynamic
analysis, damping=5%, ref. [14].

to the behavior of adjacent Multi Degree of
Freedom (MDF) systems. It was found that the
UBC-88 code requirements give overestimated
values than those predicted by both the time
history analysis and the DDC-rule.

The nonlinear time step dynamic analysis
was used to determine the required separation
between each building-pair "SAB" to avoid
pounding under different design levels of
Earthquakes. The estimated distances SAB
between SDF systems versus the
corresponding ratios of their fundamental time
periods were plotted and figs. (4,5 and 6).
These curves were used to estimate the
required separation between Multi Degree of
Freedom systems by using the correlation
between few selected modes of vibrations of
both systems.

The obtained results by the proposed
model and dynamic analysis, as shown in
table 8, are generally 5 to 10 percent above
the time history analysis results. In one case,
it is 21% above the time history analysis
results. Finally, it was recommended to use
the proposed model in the future Egyptian
code editions for estimating the minimum gap

distance between adjacent buildings to

preclude pounding.
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