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. Building pounding has been recently studied by different researchers around the world
to evaluate impact between two adjacent buildings. Numerical studies are an important
part of impact, in which several researchers have tried to simulate the impact by using
different formulas. Estimation of the impact force and the dissipated energy depends sig-
nificantly on some parameters of impact. Mass of bodies, stiffness of spring, coefficient of
restitution, damping ratio of dashpot and impact velocity are some known and unknown
parameters to simulate the impact and to measure dissipated energy during collision.

In this paper, a mathematic part of steady state response of single degree of freedom sys-
tem due to the external force has been evaluated. Impact damping ratio due to viscose
damping was calculated to simulate nonlinear viscoelastic model and the results of im-
pact were compared with other similar impact damping ratios, suggested in previous
studies. Here, a new equation of motion is presented to get the best available estimation
of impact damping ratio and is also simulated to compute impact force during seismic ex-
citation.
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INTRODUCTION

In the introduction to the paper, the author(s) will specify the present stage of the branch
researches (by quoting the adequate bibliography) and will specify the purpose of the pa-
per. Building pounding has been a stimulating research topic during the last few decades
in earthquake engineering. This phenomenon describes impacts under two adjacent build-
ings under seismic excitations. If adjacent buildings were not separated suitably from
each other, impact forces could cause damage to buildings even if structures were well
designed. Unfortunately, enough attention is not being paid to the building pounding ef-
fects in the codes. However, several researchers have tried to investigate the effects of
such collisions worldwide. Anagnostopolos [1] was among the first researchers, who ex-
plained the possible dangers due to building pounding. The 1985 Mexico City earthquake
was one of the source of excitation which caused severe damages to the buildings. Several
reports showed that in at least 15% of buildings damages were due to impact of adjacent
buildings [2]. Investigation of the building pounding has been divided into two parts, ex-
perimental tests and numerical analyses. In this regard, Papadrakakis and Mouzakis [3]
conducted shaking table experiments on pounding between two-story reinforced concrete
buildings without separation distance under the earthquake records. Two steel buildings,
having three and eight stories have been tested by shaking table (Filiatrault [4]). The tests
were carried out with two different gaps, zero and 15 mm. The experimental results were
compared with analytical predictions based on linear elastic spring theory. The compari-
sons showed that acceleration at the contact level was not well predicted. Watanaba and
Kawashima [5] have investigated pounding of distributed masses to model colliding
bridge decks. They showed that five elements were used per deck; the collision element
stiffness would be five times greater than that of the diagram stiffness. Cole et al. [6] have
indicated that building pounding and its impact would depend upon the structural proper-
ties and collision velocity of both buildings. A theoretical maximum collision force has
been determined by them, for a system with two distributed masses. Velocity, mass and
stiffness at the time of impact have an equation, and the number and magnitude of the im-
pacts depend on these three options mentioned. Barros and Khatami [7] addressed some
common misrepresentations in building codes on the issue of separation distance required
between two adjacent concrete buildings under near-fault ground motions. In numerical
analyses, link elements are located between two buildings investigated. Komodromos et
al also took advantage of link elements extensively in his research [8]. Barros and
Vasconcelos [9] investigated building pounding between two adjacent concrete buildings
by numerical analyses. They presented the results of analyses using different stiffness and
damping ratios. Two concrete buildings with 8 and 10 stories have been modeled by Raj
Pant and Wijeyewickrema [10]. Different types of springs with different stiffness or vari-
ous dampers with different damping ratio have also been used in recent numerical studies
at FEUP by Cordeiro [11] and by Vasconcelos [12], in their parametric studies of pound-
ing between adjacent buildings. Barros and Khatami [13] estimate the effect of damping
ratio on the numerical study of impact forces between two adjacent concrete buildings
subjected to pounding. In yet another study, Barros and Khatami [14] compare results of
two SDOF frames with different link elements based on mathematic equations. In some
of their analyses, structures were modeled as single degree freedom systems and collision
was simulated using linear viscoelastic models of impact force.

In this study, a new equation of motion is suggested to calculate the impact force in the
nonlinear viscoelastic model. By using a mathematic equation and developing the men-
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tioned equation, damping impact ratio is simulated and the behavior of nonlinear viscoe-
lastic model is compared with other suggested formula.

Building Pounding

Investigation of previous earthquake around the world shows specific characteristics re-
lated to building pounding. Pounding is one of the primary reasons of many building
damages in earthquake. This phenomenon has been reported in many earthquakes be-
tween two adjacent buildings. Seismic pounding occurs during earthquake, in building
with different dynamic characteristics, adjacent buildings vibrating out of phase and in
buildings by having insufficient separation. Past studies and reports about building
pounding have shown three cases of impact between adjacent buildings. The classifica-
tion mentioned collisions are:

2,A- Adjacent buildings with the same heights and the same floor levels.
2,B- Adjacent buildings with different total height and with different levels.
2,C- Row of buildings.

2,A 2,B 2,C
Fig 1. Different types of pounding between buildings

Previous investigations have shown that the pounding hazard depends significantly upon
four factors:

-building construction type based on relative height, period and story mass;
-ground acceleration;

-soil condition;

-distance between buildings.

The most important parameters are buildings height and distance between buildings.
Since different buildings have various behaviors during seismic excitation, insufficient
gap size between structures can provide damages for collided buildings. In order to evalu-
ate pounding between two buildings and measure impact force and dissipated energy, an
un-real link element between two bodies is assumed. Mentioned link element is included
spring and dashpot, which are located parallel to each other. Dashpot is used to calculate
the value of dissipated energy during impact.

Dissipated Energy in Viscous Damping and Rate Independent Damping

Pounding occurs when buildings have different dynamic characteristics, height, mass,
number of stories and buildings materials. This phenomenon between adjacent buildings
could cause severe damage and even collapse during seismic excitation.
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To measure energy absorption due to impact, an un-real link element is assumed between
adjacent structures. This link element can be obtained by spring and dashpot, which are
located parallel with each other. Dashpot absorbs energy when the relative displacements
exceed the available seismic gap. So, determination of impact force depends upon two
different terms, which are mentioned as:

Ep = [ fod5 = [(cd)ddt = [csdt o
()

It means, Impact force is calculated by stiffness of spring and damping of dashpot. It is
simplified to be:

Eq = [ f,d5 = [ (ko)et

fs =k ang fo =00 )

Where k is stiffness of spring and ¢ denotes damping coefficient. 9 and S are lateral dis-
placement and velocity, respectively.

When there is collision, both terms should be added with each other to measure the im-
pact force. The impact force is considered to be:

f == fS + fD (4)
It means, the impact force could be written as:
f =kd+co (5)

It is assumed that the lateral displacement becomes5 = 5, sin(wt —¢) , then impact force
by using dashpot would be defined as:

f o= co(t) = owd, cos(wt — ¢) (6)

fo = CW\/502 —502 sinZ(Wt—¢) (7)

fD = CW\/502 _[5(t)]2 (8)

It could be an estimation that new equation would be represented as:

-G
— | + =1
0, CWo, )
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Impact Force

-1 05 0 05 1
Lateral Displacement

Fig 2. Hystresis loop by spring and dashpot

Three available terms of impact are depicted. Blue line shows a linear behavior by fS,
which is included a spring. It is obviously shown that impact force by using spring is

fo = ké, and dissipated energy is zero. Green line is an important curve in this figure. In

fact, the curve is an ellipse, where energy is dissipated in this area and the value of dissi-

2
pated energy is 7N S . When two different terms of impact joint with each other, ellipse
rotates and red line is provided and is demonstrated a complete impact. Red ellipse is di-

Esoang Eo

vided by two parts, —s°and

Two different damping coefficients are explained by viscous damping and rate independ-
ent damping. Both mentioned damping are developed as:

_ 2
Ep = cwo, (10)

AoWS2 = 218 kS
o (11)

In terms of viscose damping, it is recommended to use ¢ for impact damping factor as:
_2k¢g
o (12)

This equation of motion shows that impact damping coefficient depends significantly on
damping ratio, frequency and stiffness of system.

In order to solve equation (12) to get impact damping coefficient with rate independent
damping, it could be written as:

W, =Wy1-¢ (13)
2kg

c
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Defining ¢ from equation (14)
. _ 2¢km
1-¢ (15)

The calculated equation shows a relation between damping coefficient system and rate
independent damping.

Nonlinear Impact Models

Impact model between two bodies during earthquake has been shown by a spring and
damper, which are located parallel with each other. The explanation of the impact model
focuses on two structures next to each other when they collide during seismic excitation.

Er

-

C

Fig 3. Hertz Damped Model

The impact force between two bodies depends significantly on collided masses, velocity
and acceleration. In this part, some available models are demonstrated to get better image
from contact.

In order to calculate value of the energy dissipation, some researchers have suggested dif-
ferent equations to simulate the damping ratio. They have tried to get the most appropriate
assumption for evaluating dissipated energy during collisions. A summary of previous
studies about impact damping ratio of pounding shows that the suggested formula by An-
agnostopolus [1], and two represented formulas by Jankowski [15] are based on coeffi-
cient of restitution (CR) and calculate the impact damping ratio by mathematic equations.
Coefficient of restitution is a factor, which simulate an equation between velocity before
and after collision. This equation could be written as:

\/before
0<CR= <1
Vaﬂm (16)

As it is shown, coefficient of restitution is calculated to be in the range of 0 and 1. If CR
becomes equal to 0, collision is perfectly plastic and if CR becomes equal to 1, collision
shows an elastic behavior.

Non-Linear Viscoelastic Model
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In order to improve the impact model, Jankowski [15] presented an idea that a nonlinear
viscose damper located parallel to the spring for absorbing the energy. The equation of
nonlinear viscoelastic model can be written as:

F. (t) =k,.0(t)"° +c,0(t) (17
C, = 25\/kh mﬂ
m, +m, 18)
‘- 9.5 1-CR?
2 CR(CR(97 -16) +16) 19)

Another formula in terms of non-linear viscoelastic model was developed by Seyed
Mahmoud [16]. He suggested a new equation to determine impact damping ratio, which
absorbs the energy less than that simulated by Jankowski model. The equation could be
written as:

1-CR?

¢ = CRCR(z-2)+2) 20)

Proposed Non-Linear Viscoelastic Model

To calculate impact damping ratio and develop the linear and nonlinear viscoelastic mod-
el using a mathematic process [15], a steady state response of single degree of freedom

system due to the external force, P =P S'n(Wt), was evaluated. Based on mentioned
force, dissipated energy due to viscose damper in a harmonic excitation can be written by
the following the equation:

T
AE = [ f5d5 = [ (c,5)at
0 (21)
And also by focusing strongly on damping term of equation of motion:
(Smax .
AE = Icko”dé
0 (22)
Based on equations on dynamics of structure [17]:

AE = 2727 Y ks?
W (23)
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The equation between W and Wn could be assumed to be 1. Considering final velocity
and masses, it could be written as:

2r,

[fods= ﬂcks)a"dt =0.5ms?
0

final

(24)
Where Ona denotes the final velocity and m is an equivalent of two masses
— m1m2 )
( m, +m,

Solving the equation of 24 for 0

m

Oy, = +|——-
4ck

Sﬁnal

(25)
For each value of deformation during impact, as the energy transfers from elastic strain
energy to kinetic energy, the relative velocity can be calculated as follows:

2 ~2 G2
272'41(5 + 0-5m5 - O-Smé‘final (26)

Solving equation 26,

0.5ms? = 0.5mo?3, , — 27k 27)
Consequently, velocity would be:
2
= |- B
m (28)
Defining the equation 17 and considering displacement of zero (5 =0) , It is an assump-

tion that equation 28 can be changed increasing velocity to determine the velocity during
collision for >0 and 6 <0,

2
S \/ s 4kEns |
m for 5 < 0

. . 2 (5 - 5 ina )(5max - 5)
S— \/5ﬁna| _ 4kémo L% ‘ final |
m Omax foro >0 (29)
By using dissipated energy from damper and using equation 22, it could be calculated by:

AE =2¢km[&ds

(30)
Considering above equations and substituting the equation 29 into equation 30:
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é‘0 _‘5fina| ) 5]‘“(5”]3)( —5)d§)
0,
max 0 (31)

Considering the equation 25 into equation 31:

AE =2£/km (j\/ 52 447::52d5+(

2 5 - 5ina
e zgd_(j \/4@1«3 R \Zf I
m (32)
The equation is simplified to equation 32:
O 5 - 5 ina
AE = 2¢Jkm[( @)j 52 —52d5+%.5m]
m % (33)
AE = 4Kz j J8%, —6%ds+2¢km ‘ s
(34)

Solving the equation 34, it can be concluded that dissipated energy will be:

‘ final

AE = 4ky/7 £ (0.25752,, )+2g\/_ S

max

(35)

As kinetic energy loss was noted in equation 32, it can be equal to dissipated energy from
damper during impact as:

;mmm (L= CR?)(5mp)? = (4k/7 £ (0.25752,.))
‘ final m .
+ (24\/_ '§fina|)
\ 4k (36)

2
Modifying “ma from equation 25 into equation 36:

1 m,m, 15 2
2 e, R )(Sim)* = (4kN/7¢(0.257 — Wk S na
+ (é/\/_(é‘ ‘5fmal )1 flnal)
(37)

The equation 38 could be written as:

05\/;

E(l—CRZ)(aimp)z = 0.25\/_4/0555nal - 7(50 _‘5ﬁnal )'5ﬁnal)

(38)

And finally, the equation for giving ¢
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(1-CR?)

)2
CR(/7(0.5CR+ 1)~ CR)
T

¢ =(

(39)

Proposed non-linear impact model is considered based on coefficient of restitution, (CR).
Selecting different CRs and calculating various results in terms of impact damping ratio,
impact forces and dissipated energies is changed. Proposed impact damping ratio shows a
curve based on different CRs, from zero to 320 using CR=0.9 and CR=0.1, respectively.
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Fig 4. Comparison of different coefficient of restitution to calculate impact damping ratio

The value of & , calculated by coefficient of restitution is listed in the Table 1, as:

CR

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.9

320.71 78.59 32.74 16.39 8.74 4.62 2.26 0.90

0.21

Table 1: Value of impact damping ratio using different coefficient of restitution

Conclusion

In this paper, building pounding between two adjacent structures was discussed and effect
of pounding was studied. During earthquake, two buildings collide with each other and it
could provide damage for structural elements. To investigate the pounding and impact be-
tween buildings, a non-real element is considered to calculate the value of impact and en-
ergy absorption. Mathematic equation of motion of impact force needs to define some
parameters such as stiffness of spring, damping of dashpot, lateral displacement and ve-
locity of bodies. Impact damping coefficient of dashpot is determined by using coefficient
of restitution. Three previous models of this equation were evaluated by using linear vis-
coelastic model of impact and a new equation was suggested to calculate the damping of
dashpot. A steady state response of single degree of freedom system due to the external
force was considered and a new equation of motion was presented. To investigate the ac-
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curacy of suggested formula, the results of an experiential analysis were used and the re-
sults of formula were calibrated. Comparison of results showed good accuracy between
experimental and numerical results. Finally, by using a SDOF system and an earthquake
record and considering the proposed equation of motion, impact force of three investigat-
ed models were calculated. By focusing on suggested formula, impact force could be de-
termined and dissipated energy shown by hysteresis loop.
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