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ABSTRACT

Seismic pounding between adjacent buildings with inadequate separation and different dynamic
characteristics can cause severe damage to the colliding buildings. Therefore, the earthquake resistant design
of structures due to pounding needs the knowledge of maximum pounding force. Efficient estimation of the
maximum pounding force is required to control the extent of damage in adjacent structures. In this paper, an
analytical approach on the basis of statistical relations is presented for the approximate computation of
maximum pounding force between two adjacent single-degree-of-freedom (SDOF) systems subjected to
stationary and non-stationary excitations. The pounding effect has been simulated by applying the nonlinear
viscoelastic model. The proposed approach can significantly save computational costs by obviating the need
for performing dynamic analysis and accurately estimating the maximum of pounding force. Accuracy of the
proposed approach in comparison with the exact method isinvestigated using nonlinear dynamic analysis.

INTRODUCTION

Among different cases of structural damage, seismic pounding of the buildings with inadequate
separation distance has been identified as the cause of severe damage in past earthquakes. Such poundings
can be expected in maor cities which have valuable under-construction lands and contain many buildings
with small distances in between. Pounding between adjacent structures can produce large acceleration
demands on the floors which are directly involved in collisions (Cole et al., 2010). So, efficient estimation of
the maximum pounding force would help engineers in the seismic evaluation processes of closely-spaced
structures to control the extent of damage.

Researchers have proposed numerous pounding models in order to model the poundings between
buildings, such as linear elastic (Maison and Kasai, 1992), linear viscoelastic (Anagnostopoulos, 1992),
nonlinear elastic (Chau and Wei, 2001) and nonlinear viscoelastic model (Jankowski, 2006). The linear
elastic model consists of a linear spring that does not take the energy loss during contact. The linear
viscoelastic model is a more precise model than the linear elastic model and considers the energy loss during
collisons. Anagnostopoulos, (1992) used this model for simulating the pounding between adjacent SDOF
systems in series. Maison and Kasai, (1992) smulated pounding between a light high-rise building and a
massive low structure. In that study, a single linear spring was placed at the roof level of the lower structure
for pounding force modeling procedure. The linear elastic model was also used by Anagnostopoulos and
Spiliopoulos, (1992) on adjacent lumped mass models of 5 and 10-storey buildings with bilinear force
deformation characterigtics. For modeling of the pounding force more realistically, a nonlinear elastic model
was employed by a number of researchers. Davis, (1992) used this model to simulate pounding of SDOF
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system against infinitely rigid adjacent system. Also, Jing and Young, (1991) as well as Chau and We,
(2001) used nonlinear elastic model to analyze the pounding between two adjacent structures of different
dynamic properties. But in these researches, the structural models were linear SDOF systems and
furthermore the main limitation of nonlinear elastic model is that it cannot consider the energy dissipated
during impact. But, the nonlinear viscoelastic model may be considered somewhat more accurate than the
other mentioned ones. High efficiency of the nonlinear viscoelastic model in terms of simulating structural
responses to the pounding effect has been indicated in the previous studies. Jankowski, (2006) used this
model to determine pounding force response spectrafor closdly-spaced SDOF systems.

In spite of the fact that the research on pounding between adjacent systems has been recently much
advanced, the studies didn’t propose a closed form solution for pounding force because the vaue of
pounding force depends on different parameters such as damping ratio, mass of structures, gap distance and
specialy characteristics of the chosen ground motions which could change the value of pounding force.
Therefore, the earthquake resistant design of structures due to pounding needs the knowledge of maximum
of the pounding force with considering record-to-record uncertainties. For this purpose, nonlinear dynamic
analysis is considered. However, this method is very time consuming with high computational cost, because
many dynamic analyses should be done in applying the record-to-record uncertainties. Therefore, this paper
aims at proposing a closed form algorithm to achieve maximum impact force between two adjacent systems
with considering record-to-record uncertainties by using probabilistic methods. To propose a reliably exact
comprehensive relation considering the maximum pounding force, severa systems with Bouc-Wen (BW)
hysteresis model (including a variety of hysteretic patterns) have been studied under input excitations with
spectral density as a representative for arange of recordsin a particular area. Using the proposed relationship
can obviate the essential need for performing dynamic anaysis to evaluate the pounding phenomena and
help in finding its more accurate characteristics in a less computational time. This relation is verified by
nonlinear dynamic analysis for two adjacent nonlinear systems under records which are smulated for a
specified spectral density as stationary and non-stationary excitations.

MODELLING OF SDOF SYSTEM

In this study, a single degree of freedom system is smulated by an oscillator with a classc Bouc-Wen
modd of hyseresis (Wen, 1967). One of the features of this modd is the ability to consider different hysteresis
mode sfor astructure by changing including parameters. The model’s differential equation is as follows:

mX(t) + cX(t) +akx(t) + (1-a )kz(t) = P(t) (1)
2= Ak-b|X2" z-g X" (2

Thefirst equation isthe differential equation for the motion of a SDOF system which is a function of x
and z, and z is a virtual displacement with differentia equation as Eq. 2. In order to solve a problem, the
mentioned equations haveto be solved simultaneoudly, so that by changing the existing parameters, e.g. y and
B, n, o and A different hysteresis models could be extracted (Fig. 1). The difference between these models
and multi-linear ones presented by others like Clough and Takeda is that later models could not be expressed
by one specific equation, while the Bouc-Wen model is a smooth model expressed by only one equation so
that in these problems containing loading and unloading, the state of response would be determined easier.

+y >0, y-B <0 — = -
B+y>0, y-B B+y>0, y-B =0 B+y>y-B >0 B+y=0,y-p<0 0> B+y > y-B

Figure 1. Classic Bouc-Wen models for different values of B, y(Wen, 1967)

INPUT EXCITATION

Contact is a complex dynamic phenomenon that strongly depends on the input excitation. Therefore,
interpreting the contact phenomenon could not be confined to a limited number of earthquakes and large
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number of records would be needed. But, this issue is somehow difficult to do, since the variety and numbers
of the existing processed or recorded accelerations are low, and there is an initial need for making artificia
acceleration time history. Which are produced by Tajimi-Kani approach is adopted herein (Tgimi, 1960).
Tajimi-Kana model is a filtered white power spectral density (Go) that has been passed over a layer of soil
with anatural frequency of (wg) and damping ratio of (&g). The spectral density function of this model is:

Wy +4xFwiw?
S, W) =—; S (3

2y\2 2\0121\ps2
(Wg —w?)* +4x5ww

Using the Elghadamsi’s results, constant values for &, Go (cn/sec?), wy(rad/sec), are respectively
considered as 0.34, 94.76, 18.34 for alluvial terrain (Elghadamsi et al., 1988).

DISPLACEMENT VARIANCE UNDER STATIONARY RECORD

For determination of standard deviation, frequency response of the system hasto be detected by using
of the system’s equation of motion (Eq 1, 2) which isinitially as partia derivative equations. Solving these
equations is mainly nonlinear with no exact solution. In some cases, approximate solutions are derived by
simple methods as linearization method.For this purpose, the governing differential equations of the BW
model have to be converted into linear form. The parameters for the equivalent linear Classic BW are
introduced by adopting the theory of minimizing least square error as follows (Wen, 1980). An equivalent
linear equation will be looked for in the form:

z=c,x+k, z (4)
The values of coefficient are:
Ce:A_bFl_gF27ke:_bF3_gF4 (5)

where functions F;, i=1, 2, 3, 4 are given by:

_p2y(n/2
F1= zl—*(n+2j 2n/2|s’ F _ z r(n+1j 2n/2l F3:nsxsz r(n+2]2nlzx{2(l r)‘(z) +rles}
p 2 v L2 p 2 n

J1-r12
F, = n 1F[n+1}2"’2 ZI sn"qdq , | =tan1[ > XZ] (6)

f XZ X z r

:\/@vsx:\/ﬁ, ruZ:ﬂ
€] E[7°]

Based on the linear coefficients, the frequency response function for linear BW is:

Xz

1

[H) =

Standard deviation of system’s response would be calculated by Eq. (8):
s,/ =E[u’]=[S,W)dw= [[HW)" S,w)dw (8

In this equation, standard deviation of displacement depends on the frequency response function H(w)
and input excitation density function S(w) (Eq.3). In this research, to obtain statistical information of
response, a large number of dynamic analyses were performed. Using sensitivity analysis, statistical
properties of the analyzed responses from 200, 300 and 400 records have the appropriate converge.The
convergence criterion is the standard deviation of the response obtained from the records. A difference in the
standard deviation of between 300 records and 200 records is equal to 1.5 percent and between 400 records
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and 300 records is equa to 0.6 percent. Due to the small difference, in this study, 300 records were used to
determine the statistical information of exact results.

DISPLACEMENT VARIANCE UNDER NON-STATIONARY RECORD

A general approach isto model the non-stationary excitation as:
F(t) = Alt) W(t) €)

whereA(t) is a deterministic, modulating function and W(t) is a stationary random process. The letter is
usually taken to be white noise, or filtered white noise. When a modulating function is introduced in
connection to the Tajimi-Kanai filter, non-stationary model of seismic action is produced. The modulating
function employed in this caseisthat of Shinozuka and Sato, (1967) given by:

Alt) = é(e—E‘lt —e % | C=max(e® -e B (10)

The parameters B;=0.085 and B,=0.17 have been used, which correspond to a long duration
earthquake. The variance of non-stationary excitation can be found by following numerical approximations

developed by Michaelov et al. (2001), for the simple oscillator with natural frequency w,, and damping ratio
X and the excitation modulation givenin (11):

sZt)~s, 02{Xi[exp(—zslt)—exp(—2>wvot)]+xi[exp(—282t) — exp(-2xw,t)]

1 2

) (1)
— 2= [exp(-2B,t) — exp(-2xw,t) }
Xm
B, B, X1 +Xo B, +B,
X{=X——, Xy =X——2% Xy =——% , B ,=——%
1 W, 2 W, m 2 m 2 (12)

And s )2(00 denotes the variance of the stationary response of the oscillator to stationary filtered white
noise. To avoid this computational hurdle, the authors considered approximations of the above function as:

sz(t)~A*(t)s Z, (13)

The approximate procedure can significantly facilitate the utilization of non-stationary models in
engineering practice, since it avoids computational difficulties. The method is based on the approximation of
anon-stationary process by an “‘equivalent’” stationary process. The variance of this “‘equivalent’” stationary

process isS ezq , and the process must be considered for the time interval [0, Teq] in order to create the same

probability as the origina non-stationary process X(t). The formulas of the equivalent variance and the
equivalent duration of the non-stationary process developed by Michaglov et al., (2001) are:

2 Iy +1) Iy Ctoom
S =13 Teq(nl)—séqn(m, I(m)—{sx (t) dt (14)

CONTACT BETWEEN TWO ADJACENT SYSTEM
Herein, the seismic pounding force between two adjacent SDOF systems, as shown in Fig. 2, is

presented. It is worth noting that the left and right structures are called structures 1 and 2, respectively.
Dynamic equation of motion which includes pounding force during impacts can be written as follows:
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Figure 2. Model of interacting structure

In this equation, x; (t), % (t), % (t),C; and K;are the values of horizontal displacement, velocity,
acceleration, damping coefficient and stiffness coefficient for the structures 1, 2 respectively (i=1, 2).
Moreover, X (t) denotes the acceleration input ground motion and F(t) accounts for the value of pounding
force. In order to solve the above equation numerically, the value of pounding force should be determined

using an appropriate pounding model. A nonlinear viscoelastic model is used for simulating the interacting
structure by the following formula:

F@t)=0 for d(t)<0
(nocontact)
3
Ft)=bd2(t)+cd(t) for d(t)>0 and d(t)>0
(contact — approach period)
3 (16)
F(t)=Dbd2(t) for d(t)>0 and d(t)<0
(contact — restitution period)

{d () = x () =%, (t) - d
d(t) =% (t) — % (t)

whereb is the impact stiffness parameter that depends on the materia properties of the pounding structure
and the geometry of the contact area and ¢(t) is the impact element’s damping, which at any instant of time
can be obtained from the formula:

o _ mm, _9\/6 2 (1-¢€%)
C(t)_th\/bm(mﬁmz)'xh_ 2 (@ e)e(e(gp —16) +16) (7

where the coefficient of regtitution, €, is defined as the ratio of separation relative velocities of the bodies
after impact,d; , to their approaching relative velocities before impact (d,):

e=‘d.—‘ (18)
dO

Based on the energy laws, maximum deformation isequal to:

2
_[5mimy(d)* | (19)
"4 (mprmy)b

Asthe maximum deformation (d,,, ) only depends on the relative velocity after pounding (d;) and
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according to Eqg. 18, the velocity after pounding is a coefficient of reative velocity before pounding;
therefore, by only knowing the expected extreme value of relative velocity before the pounding, the expected
extreme value of pounding forceis equal to:

alw

FzgazzqéﬂlkE%ﬁ} (20)
© € 4 (m, +m,)b

whered, is the expected extreme value of relative velocity before pounding and F, is the expected extreme
value of pounding force.

EXPECTED EXTEREME VALUE OF RELATIVE VELOCITY

Adjacent structural systems 1" and "2" are modelled as SDOF systems, the seismic excitation isa
Gaussian, zero mean excitations and the relative velocity response process v, (t) isgiven by:

Vre (1) = Vi (1) =V, (1) (21)

The mean square response of Eq. 21 isegual to:

s¢_ = E{VZ )= E{M O -V, = E{v2®}+ E{VZ )} 2E{V, )V, (t) }

=s ¢ +sy —2E{V,()V, (1)} (22)

whereE{} is the expected value and S Vzl S 52 are the standard deviation of displacement of systems 1 and 2.
Thestandard deviation of the velocity of the system “i” is equal to:

sy’ =EV*]= [w’s, w)dw = [w?|H,W)[* S (w)dw (23)
and the expected value of velocity of two systemsis equal to:
EVAOVe O} = [W?H o) SgwW) He )" dw (24)

For a zero-mean stationary Gaussian processV, (t) , Davenport has shown the mean of extreme-values
of relative velocity are given by the approximate relation:

d.=(@InuT)*® +—9 s,

((2InUT)) 2in (uT))°'5) Ve (25)
S

u=—"¢_ g=05772 , T=time duration (26)
PSx,

For a zero-mean non-stationary process, the mean of extreme values of velocity for non-stationary
processesis equal to:

; ) g
de = ((2INUT)*® +W)S eav rdl (27)

6 I [nternational Institute of Earthquake Engineering and Sdsmology (IIEES) 720



SEE 7

In order to determine the maximum pounding force, two adjacent SDOF systems with the BW model
and different periods (T;=1.2 sec, T,=0.4, 0.6, 0.8 sec) were anayzed under 300 stationary and non-
stationary records with Tgjimi-Kanai spectral density and then, the average value of the maximum pounding
force of these records were obtained. Also, the maximum of pounding force was investigated on the basis of
statistical relations and the proposed closed-form method without any need to perform exact dynamic
analysis.Figure. 3 shows different steps to find out the value of maximum pounding force from the exact
solution and the proposed method. Comparisons between expected extreme values of pounding forces
obtained from the performed analyses by use of 300 stationary and non-stationary records and from the
proposed algorithm are presented in Tables 1 and 2.

Exact solution Proposed method
{300 nonlinear dynamic analvses) {frequencyv domain)
Prooiing s heial eathopakes fon Determining the properties of two

stuctures (m_Z k.o f, y.n. A), and

e i raE Pt pounding force parameters

Determining the properties of two Linearization of classic BW of two
structures (m. 2 k.o, P, v.n, A), and structures subject to Tajimi-Kanai
pounding force parameters spectrum (c, .k.) accordingto Eq. 5
Calculation of displacement and Determining the relative velodty
velocity for the structures by using variance between two structures from
Runge-Kutta method from Eq.15 s

Computing the expected extreme value
of velocityunder stationary and
nonstationaryrecord (Eq. 25,27)

Determining the relative displacement
and relative velocity

Calculation of the value of maximum Calculation of the value of maximum
pounding force from Eq. 16 pounding force from Eq. 20

Comparisons between expected extreme
values of pounding forces

Figure 3.different stepsto find out the value of maximum pounding force from exact and proposed method

Table 1. Expected extreme value of pounding force between SDOF systems under stationary records

No. T, T, (s50) 300 nonlinear dynamic Frequency domain
’ analyses (exact method),(kg) (proposed method) ,(kg)
1 12,04 48873 49249
2 1.2,0.6 44496 43563
3 1.2,0.8 37979 36573

Table 2. Expected extreme val ue of pounding force between SDOF systems under non-stationary records

No. T, T, (se0) 300 nonlinear dynamic Frequency domain
’ analyses (exact method) ,(kg) (proposed method) ,(kg)
1 1.2,04 34888 36968
2 12,06 31599 31767
3 12,08 27639 27329

According to Table 1 and 2, the proposed agorithm has the capability of estimating the expected
extreme val ue of the pounding force of two adjacent systems under stationary and non-stationary excitation.
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CONCLUSIONS

The expected extreme value of pounding force between two single degree of freedom systems subject
to stationary and non-stationary excitation was investigated on the basis of statistical relations and a closed-
form method was presented to approximately detect the expected extreme value of pounding force without
any need for performing exact dynamic analysis. Adjacent buildings with ssimilar or different BW hysteretic
behaviours can be easily modeled using the proposed approach. Compared to the exact dynamic analysis
procedure, the proposed approach had acceptable probabilistic results in analytical terms for the expected
extreme value of the pounding force of SDOF systems under stationary and non-stationary Gaussian
excitations.
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