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Abstract

Earthquake-induced structural pounding between buildings is an insurgent field of investiga-
tion since in metropolitan areas it is very common to construct buildings very close to each
other leaving small gap distances in between or even no space at all, increasing the likelihood
of structural collisions in an earthquake event. These impacts can provoke substantial struc-
tural damage or global collapse of building structures. The overall dynamic behavior is thus
greatly affected by this phenomenon and so importance should be given in the study of the
respective consequences. The most practical and simple approach is to model buildings as
SDOF lumped mass models considering elastic behavior. However, it has been verified previ-
ously that neglecting inelastic behavior in these situations can lead to significant overestima-
tions of the magnitude and number of impacts between the adjacent structures and
underestimations of the displacement responses, especially in flexible structures. In this sense,
the influence of inelastic behavior in SDOF structural systems is carried out using a smooth
hysteresis model, implemented in a Matlab-Simulink model, for different levels of hysteresis
degradation phenomena under cyclic loading. This parametric study will enable a further un-
derstanding of the inelastic behavior of structures under pounding forces.
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1 INTRODUCTION

Non-linear inelastic behavior and significant damage are usually observed in building
structures when subjected to earthquake events.

Loss of human lives, total or partial destruction of built patrimony, and human activity are
consequences that seismic design seeks to avoid and in the case of significant structural dam-
age to limit it to permit for possible repair and/or substitution of damaged elements in the
structures.

Seismic design of building structures can be performed using linear or non-linear, static or
dynamic analysis. When inelastic behavior is considered it is usually assumed to be lumped at
beam’s ends, critical regions, commonly called plastic hinges that require an adequate struc-
tural detail to possess acceptable ductility, while other zones should be kept in the elastic
range with overstrength, forming the strong links in the structural system, the case of columns
and the middle span of beams. Nevertheless, the behavior of columns should be assessed
since, in reality, these elements will suffer some inelastic deformation (due to redistribution of
forces within the structure) that should be evaluated by analyzing its lateral restoring forces.

To reproduce this inelastic behavior, the common assumption is to consider for plastic
hinges known constitutive behavior translated by a suitable hysteresis model capable of emu-
lating different physical phenomena such as stiffness degradation, strength deterioration, and
the pinching effect.

Hence, it is well known and expected that permanent damage will occur under moderate to
severe earthquakes. One phenomenon that has been progressively studied over recent years is
structural pounding between buildings that have very limited separation distance or no dis-
tance at all. Earthquake-induced structural pounding between buildings has revealed signifi-
cant negative effects that may lead to the global collapse of the structural systems. Large
ductility and energy dissipation demands are verified in buildings under earthquake-induced
pounding.

To emulate structural building pounding several approaches have been developed and are
present in the literature. The simplest approach is the consideration of impact models based on
some simplifications and assumptions that capture the essence of the impacts, i.e., its magni-
tude. This phenomenon is extremely or virtually impossible to emulate with perfect accuracy,
being associated with non-linear relationships between the contact area, stresses, and defor-
mations; local inelastic deformations; propagation of stress waves in the involved structures;
friction forces; vibrations resulting in thermal and acoustic effects; etc.

Due to these short-duration impulses, i.e., huge forces involving large masses in an incred-
ibly short amount of time, it is known to cause inevitable local and global structural damage
and thus, influencing the overall dynamic responses of the colliding buildings.

Thus, this paper intends to analyze how different kinds of hysteresis behaviors may influ-
ence the pounding-involved response of buildings under seismic events.

To achieve this the usual approach of assuming two single-degree-of-freedom (SDOF)
lumped mass models with very different dynamic behavior is considered. These structural
systems are connected by a zero-length element, an impact model.

A smooth hysteresis model is implemented to emulate the non-linear inelastic behavior of
the structures.

The elastic case and the inelastic behavior with different levels/cases of hysteresis degrada-
tion phenomena under cyclic loading and structural pounding are then simulated using a de-
veloped Matlab-Simulink model. The results are then presented in terms of graphs and peak
responses to enable a further understanding of the inelastic behavior of building structures un-
der earthquake-induced pounding forces.
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2  HYSTERESIS BEHAVIOR CASES

The relationship between the input and the output in the inelastic range is controlled by the
rate-independent memory effect concept, that is, a hysteresis operator, that takes in an input
function and returns an output function. This phenomenological concept is based on experi-
mental data relating the input-output pair.

The response of structural systems depends always on the rate of the applied load when
this needs to be considered viscosity is introduced along with the rate-independent restoring
force. Hence, the usual dynamic equation of motion is modified, including the lateral restor-
ing force (in this study) term, £, that depends on the displacements and velocities of the sys-
tem, to become

mi(t)+cx(t)+kx(t)=-mi, (1) < mi(t)+cx(t)+ak,x(t)+ [ (1) =—mi, (1) (1)

where m, k, and c are, respectively, the mass, the elastic stiffness and the viscous damping of
the structure, Xg(¢) is the earthquake’s acceleration, x(¢) is the structural displacement, x is the
structural velocity, and X(z) is the structure’s acceleration.

To account for the inelastic behavior several empirical hysteresis models were developed
by many researchers and can be broadly categorized into polygonal and smooth hysteresis
models. In the present study, a smooth hysteresis model is considered. This model was devel-
oped by Sivaselvan and Reinhorn [1] and is a subsequent modification of the original Bouc-
Wen model ([2]-[4]).

A schematic representation of the abovementioned hysteresis model is presented in Figure
1 which is capable of simulating different behaviors of a structural system under cyclic load-
ing, viz., strength hardening, the Bauschinger effect, stiffness degradation, strength deteriora-
tion, and the pinching effect.
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Figure 1: Sivaselvan and Reinhorn’s smooth hysteresis model schematic representation.

The following subsections describe the model in [1] and present different hysteresis behav-
ior cases that can be considered depending on the type of structural system and material used
for simulation. Three springs define the model and the different hysteresis cases: a post-yield
spring (Spring 1), a hysteresis spring (Spring 2), and a slip-lock spring (Spring 3) as can be
observed in Figure 1.
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2.1 Plain hysteresis

Plain hysteresis behavior is characterized by a case of hysteresis that can account for
strength hardening and possess no degradation features. In the present investigation, this will
be denominated by Case 0 of hysteresis behavior. This behavior is suitable for well-detailed
steel structures, e.g., special moment resisting frames (SMRFs) [5].

Upon the application of a load, the springs 1 and 2 in parallel undergo the same defor-
mation, although they share this force in proportion to their instantaneous stiffness,

k=k +k

post-yield hyst (2 )

in which the post-yielding stiffness, kposr-yield, 1s represented by a linear elastic spring (Spring
1), and the hysteresis spring, kays:, 1s represented by a pure elasto-plastic spring with a smooth
transition from the elastic to the inelastic range (Spring 2).

The previous stiffnesses terms, the elastic stiffness, and the non-degrading hysteresis stift-
ness are given, respectively, by the following expressions

ak, 3)

kpast -yield =

« |

ki = (1= a)k, {1 T

*
Y

[ ny sen(F dx)+ nz]} “)

in which a is the post to pre-yielding stiffness ratio, nw controls the smoothness of the transi-
tion from elastic to plastic stages, n1 and n2 are parameters that control the shape of the un-
loading curve, F' " and Fy" are the portion of the applied force shared by the hysteresis spring
and its respective yield value.

2.2 Stiffness degradation

Stiffness degradation is considered by the introduction of an additional parameter, Rk, a
positive parameter with the unity as its possible maximum value. This factor is given by the
following expression

_ F +oF,
kyx+aF,

®)

K

The stiffness degradation is implemented in the Matlab-Simulink model through the so-
called pivot rule [6]. This degradation phenomenon is observed in several structural elements
and systems under cyclic loading and occurs due to non-linear geometric effects [7] and the
elastic stiffness degrades with increasing ductility [1]. The degree of stiffness decay depends
on the characteristics of the structure, e.g., material properties, geometry, ductility capacity,
and connection type; and on the loading history, e.g., the intensity in each cycle, number of
cycles, and sequence of loading cycles [8].

In the case of reinforced concrete (RC) components under severe cyclic loading, this deg-
radation can be the result of cracking, loss of bond, or interaction with high shear or axial
stresses [8]. Reduced stiffness in steel elements can be attributed to the Bauschinger effect [9]
and is caused by accumulated damage or fatigue.

This type of hysteresis behavior in this study will be designated as Case 1. Hence, the hys-
teresis stiffness in Equation 4 is modified by including parameter Rx in Equation 5 which de-
pends on parameter o (measuring the degree of stiffness degradation), as follows
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* |

khyst = (RK —a)ko 1— —

Y

[ nysen(F dx)+m, | (6)

2.3  Strength deterioration

Two main types of strength deterioration can be identified: cyclic strength degradation and
in-cycle strength degradation [8]. Cyclic strength degradation refers to the loss of strength and
stiffness in subsequent cycles. As for the in-cyclic strength, degradation is characterized by a
reduction of strength during the current cycle, leading to a negative stiffness. This type of be-
havior occurs when a structural component subjected to increasing deformation reaches the
capacity boundary. Since a cyclic load-path cannot pass through this limit, the response con-
tinues along the boundary until unloading occurs, producing the in-cycle strength degradation.

According to FEMA’s report [8], cyclic reduction of lateral strength is based on the in-
creasing inelastic displacement and ultimately on the peak displacement, and on the total hys-
teresis energy demands of the system translated by the area enclosed by the hysteresis cycles.
On the other hand, in-cyclic strength degradation along with stiffness degradation may occur
due to geometric (P-delta effects) and/or material non-linearities. Material nonlinearities that
may cause in-cycle strength degradation include concrete crushing, shear failure, buckling or
fracture of longitudinal reinforcement, and splice failures for RC components; and for steel
components include buckling of bracing elements, local buckling in flanges of columns or
beams, and fracture of bolts, or welds. The first type of deterioration usually specifies this de-
cay in terms of the ductility ratio, and the second is the result of a single level of inelastic dis-
placement imposed many times (along with the cycles), reducing the lateral strength level as
the number of cycles increases.

The authors [1] considered in the current model a deterioration rule that reduces the capaci-
ty of the backbone curve. This rule of deterioration is based on a continuous energy-based
degradation, and on a backbone degradation which occurs when the maximum deformation
value attained in the past is exceeded and is given by the following expression

1
+/—- BT
FY+/_ =Fy+o/_ 1— xmjlf 1— B, E, (7)
Xy 1-B, E,

ult ult

where Fy"" is the positive or negative yield force, Fys*" is the initial positive or negative yield
force, xmax”~ is the maximum positive or negative displacement, xu”~ is the ultimate positive
or negative displacement, E is the hysteresis energy dissipated, Enut is the hysteresis energy
dissipated when loaded monotonically until the ultimate displacement without any degrada-
tion, P1 is a parameter based on ductility demands, and B2 is a parameter based on energy de-
mands. The second term on the right side of Equation 7 is related to strength deterioration
based on increased deformation and the last term is related to the hysteresis energy dissipated.

Stiffness and strength degradation will be considered together as Case 2 of hysteresis be-
havior for the present investigation.

2.4 Pinching effect

The pinching effect is another phenomenon observed in structural components and connec-
tions subjected to cyclic lateral load. The name pinching arises from the effect that has on the
hysteresis loops. Pinched or compressed hysteresis cycles are obtained by great reductions in
stiffness during reloading and stiffness recovery when the opposite displacement is imposed.
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This phenomenon is mostly observed in brittle materials, viz., RC elements, timber com-
ponents, and some types of masonry components. Some connections in steel structures also
exhibit this kind of effect. In RC elements, pinching is the consequence of cracks that open
when the element deforms in a certain direction. On load reversal, the deformation in the op-
posite direction closes the cracks and the stiffness is partially recovered. In timber structures,
the main cause of pinching is the opening and closing of gaps in bordering elements due to
nail pullout. Reinforced masonry also experiences pinching due to the opening and closing of
flexural cracks, gaps between the masonry infill and the bordering structural frame, and be-
tween plates in steel-end connections [8]. In addition, the degree of pinching essential de-
pends on the material properties, geometry, ductility, and connections of the structure, as well
as the loading history, in terms of the intensity and sequence of the loading cycles.

An additional spring (Spring 3) is thus implemented in the hysteresis model to simulate
pinching behavior [1]. A “slip-lock” spring is added in series to the hysteresis spring as illus-
trated in Figure 1. The combined stiffness now becomes

5 -1
kh stksli -lock 2 N 1 F* _F,:
k = kpost-yield + k - + kp Where kslip-lock = ; F* eXp _E F* (8)

hyst slip-lock o o

in which s is the slip length, Fs~ is a measure of the force range over which slip occurs, and
F»'" is the mean force level on either side about which slip occurs, being these three parame-
ters given, respectively, as follows

5= R (X} =Xy ) ©)
F. =cF, (10)
E =\F; (1D

where parameters Rs, 05, and As are parameters that control each of the resulting values of the
previous three equations.

Proper calibration of these hysteresis parameters presented in the present section (in Equa-
tions 2-11) can model different hysteresis behaviors depending on material properties and
structural systems.

This hysteretic model will be further implemented in this investigation to assess the inelas-
tic behavior of the structures under the earthquake-induced pounding.

Stiffness and strength degradation with the pinching effect will be denoted as Case 3 of
hysteresis behavior in the following sections.

3 STRUCTURAL POUNDING MODELING

Structural pounding involves complex phenomena making the problem of earthquake-
induced structural building pounding extremely difficult to model with high accuracy. How-
ever, in structural pounding, the estimation of the magnitude of pounding forces with satisfac-
tory accuracy is enough to verify its influence on the overall dynamic response of the
colliding structures.

Two possible ways of earthquake-induced structural pounding modeling are available in
the literature: the classical theory of impact and the use of impact or contact elements [10].

The classical theory of impact fails to describe transient stresses and to account for local
deformations at the contact point of the bodies assuming that a negligibly part of the initial
kinetic energy of the system is transformed into vibrations of the colliding bodies [11]. Addi-
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tionally, it does not consider the existence of the period of impact failing to directly assess the
evolution of the pounding forces during collision [12].

The coefficient of restitution (CR) is a parameter derived in the first approach of pounding
modeling. This parameter depends on the relative final (X2 — X1) and initial (X200 — X1,0) im-
pact velocities and represents the energy losses and degree of plasticity of the impact being
directly related with the kinetic energy loss during impact. CR is given by the following ex-
pression

X, —x
CR =211 (12)

X0 = X0

Impact models constitute the second approach to model building pounding, largely used in
many investigations to assess the detrimental effects of impacts in building structures. From
the consideration of two periods of impact, approach and restitution periods, to the penalty
method and establishment of parameters such as impact stiffness and impact damping ratio,
the impact models have been widely used providing relative satisfactory accuracy in replicat-
ing the pounding forces arising from the contact of buildings during earthquake events. Alt-
hough, the formulation of these elements is based on Hertz’s theory and oversimplified
assumptions making the problem simpler yet less accurate.

Among these simplifications, one can mention [13]: the stress wave propagation is ne-
glected and the state of stress in the structures at any instant can be considered approximately
uniform. This ignores the dynamic effects in the structures due to wave propagation, assum-
ing that structural pounding between buildings can be approximately quasi-static if the dura-
tion of the impact is long enough to allow stress waves to transverse the length of the body
many times, justifying in this way the use of spring-dashpot elements; the contact area is in
general elliptical and is assumed to be small in comparison with the principal dimensions of
the bodies; deformations are restricted to the vicinity of the impact; contact surfaces are non-
conforming, smooth, continuous and frictionless; and the contact regions are assumed to re-
main elastic and unaltered after impact events.

In these compression-only impact models with zero-length, the spring will control the re-
storing force and deformation, and the dashpot will account for the energy radiated due to im-
pact by wave motion. Hence, these two elements in the model represent the impact stiffness
(kimp) which depends on material properties and the contact geometry, and the impact damp-
ing ratio (&mp) that depends mostly on the CR being derived from energy considerations.

Different impact models have been developed. The simplest model is the consideration of a
spring, hence possessing only the elastic part of the impact correspondent to the impact spring
and lacking the ability to account for energy dissipation during a collision. Similarly, the non-
linear elastic model following Hertz’s contact law [14], describes the static compression be-
tween two isotropic elastic bodies and is also limited by the lack of energy dissipation during
impact. The spring non-linearity is capable of modeling the force-deformation relation more
realistically. The impact force increases with the interpenetration depth to the power of 1.5

fp(t): ﬂ[mp[S(l‘):P for 6(f)>0 (13)
0 for 8(¢)<0

in which fBimp 1s a parameter indicating the non-linear impact stiffness depending on material
properties and geometry of the colliding structures.
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The two impact models mentioned in the previous paragraph were the target of many mod-
ifications through the years, mostly to correct its drawbacks and increase the accuracy in
modeling pounding forces.

A central modification to the linear elastic model was carried out giving rise to the linear
viscoelastic or Kelvin-Voigt impact model [15], having now the ability to account for the loss
of energy during impact. Pounding forces are thus computed using the following expressions

|k, 8(2)+c,, 5(2), for 3(r)>0
fP(t)_{o for 8(1)<0 (1

where cimp 1s the damping constant of the pounding contact element computed by the follow-
ing expression ([16], [17])

cimp = 2 &imp kimp M Where &imp = — ln (CR) 5 (15)
Ny m, J7 +[In(CR)]

However, this modification revealed a tensile force at the end of the impact period due to
the uniform dissipation of energy on both periods of impact, which in reality does not happen
([10], [11]). This model further suffered different modifications to address this drawback.
Komodromos et al. [18] modified the linear viscoelastic model by eliminating the negative
force making it zero. Valles and Reinhorn [19], modified the Kelvin-Voigt model by assum-
ing that the damping term is activated only for positive velocities during impact, which means
only activated during the approach period. Mahmoud [20] addressed the drawbacks of the lin-
ear viscoelastic impact model with the same line of reasoning in [19] but redefining the ex-
pression of the impact damping ratio through energy considerations. Ye et al. [21] and Pant et
al. ([22], [23]) proposed different modifications providing a different expression for the im-
pact damping ratio. Following the research in [20], Mahmoud and Jankowski [24] suggested a
further modification to the linear viscoelastic model using a different approach to arrive at an
improved formula for the impact damping ratio.

Hertz’s model (Equation 13) was modified by Lankarani and Nikraves ([25], [26]), to ad-
dress the matter of the lack of energy dissipation properties by including in parallel with the
non-linear spring a non-linear damping proposed by Hunt and Crossley [27] to better repre-
sent impacts between mechanical systems. Similar to the previous modifications, this model
now becomes a non-linear viscoelastic impact model. Muthukumar and DesRoches ([28], [29])
considered the previous model applied to civil engineering structures being designated by the
“Hertzdamp” impact model. An important modification to the Hertzdamp model was carried
out by Jankowski [30] suggesting that the non-linear damping component becomes active on-
ly in the approach period where most energy is dissipated. Figure 2 presents a representation

of Jankowski’s non-linear viscoelastic model.
I
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Figure 2: Schematic representation of Jankowski’s non-linear viscoelastic model.

The pounding force can thus be calculated using the following system of equations [30]
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3

By [ 3(t) ]+, (1)8(¢) for 8(r)>0 and 5(¢)>0

f-(6)=18,,[8(1) for §(t)>0 and §(¢)<0 (16)
0 for 8(¢)<0

where the damping coefficient is determined as follows

ey (1)=28,, kl.mp% where k, =f, J5() (17)
1 2

and the impact damping ratio, which had to be redefined was approached by using two differ-
ent approximating functions in the process, leading to two expressions from which one was
found more accurate and is thus shown below [31]

95 1-CR?
2 CR[CR(9r-16)+16]

émw = (18)

Further modifications were carried out to the Hertzdamp impact model. Ye et al. [32]
based on the resulting relationship between the CR and the impact damping ratio developed a
new and more rational expression for the damping ratio.

More recent modifications to the core impact models presented in previous paragraphs
were carried out, mostly modifications to the relation between the impact damping ratio and
the CR, e.g., Naderpour et al. ([33], [34]) and Khatami et al. [35].

A different modification was carried out by Bamer et al. ([36]-[38]) to include damage
provoked by repetitive impacts which are known to happen in inelastic impacts translated im-
plicitly by parameter CR. This was made by the inclusion of a dry friction element in series
with the non-linear spring from the Hertzdamp model or the Jankowski’s non-linear viscoe-
lastic model (respectively, [36] and [37]).

Hence, most of the investigations concerning the development of impact models are based
on the correct establishment or calibration of the impact stiffness and impact damping ratio.
These parameters along with the coefficient of restitution, are the core of the impact models
and their accuracy depends on how accurate is the estimation of these parameters. Unfortu-
nately, these parameters are also subjected to great sources of uncertainties, viz., the geometry
of the region of impact, material properties, impact velocities, stiffness and mass properties of
the involved buildings, etc. These uncertainties may be addressed by performing validation
experimental tests and performing parametric sensitivity analysis, which allows for additional
information reducing the epistemic error in the models and understanding which parameters
are important and relevant to consider and the ones that have no or little influence in the mod-
el. Some experimental tests regarding impacts and the calibration of the abovementioned pa-
rameters have been carried out ([39]-[43]).

It should be referred that the previous models mostly addressed central impact, i.e., im-
pacts in one direction and a predefined location and geometry of impact. In reality, buildings
will have correlated translational and rotational responses which makes the location and ge-
ometry of impacts unknown being a more complex model to study. In addition, the neglection
of tangential forces and friction constitutes one of the assumptions of the previous models that
may have a substantial effect on the overall dynamic response of building structures under
earthquake-induced pounding. The work of Polycarpou et al. [44] addressed these situations
by using a rational three-dimensional spatial model supported by previous considerations of
impact models and by classical theory of contact mechanics considerations.
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4 NUMERICAL MODELING PROCEDURE

The numerical models consist of two SDOF systems that can have elastic or inelastic be-
havior. The inelastic behavior will be considered by four representative cases of frame behav-
ior. The two SDOF systems will represent two buildings with very different dynamic
properties and are assumed as lumped mass models as sketched in Figure 3.

() zp(t)

ki.ep,

kg.cq

Cap

(1) e ig(1)

Figure 3: Representation of the two SDOF lumped mass models separated by a certain distance.

Table 1 presents the considered dynamic properties of each SDOF structural system ac-

cording to [10].

Structural properties Flexible building | Stiffer building
Mass (kg) m=75000 mr=3000x103
Stiffness (KN/m) ki=2056 kr=1.316x10°
Natural period () Ti=1.2 Tx=0.3
Damping coefficient (kg/s) c1=39270 cr=6.283x10°
Damping ratio (%) E=5 Er=5

Table 1: Structural properties of the adjacent buildings.

Equation 1 is modified to include the pounding force according to Equations 16 to 18, be-
coming now, respectively, for the elastic and inelastic case as follows

mi (t)+cx(t)+kx(t)+ f, (1) =—mi, (1) (19)
mi (1) +cx (1) +akyx(¢)+ £ [ x(1).5%(¢) |+ £, () =—m, (1), (20)

These structural systems will be subjected to a seismic ground motion, the El Centro’s
earthquake, whose acceleration signal is presented in Figure 4.
3 T T T

T

20

10

—_——

——

LIRIENT: l”h\\ i
\ VM "WW |
AL

——

/_
—=
=

Acceleration (/1 &)
o

-20

3 © Max.= -%.7566 m

—__(Ground motion

0 5 10

15 20

Time (9

25 3C

Figure 4: NS component of El Centro seismic accelerations - Station: El Centro, CA - Sta9; Imperial Valley-02

[45].
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Equation 19 or 20 is used to emulate, respectively, the elastic and inelastic behavior of the
considered structural systems. The hysteresis cases presented in section 2 will be considered.
Table 2 presents the values considered to account for each case of hysteresis behavior. These
values were based on the considerations given in [5].

Case Hysteresis behavior o P1 P2 o5 Rs A
0 Plain 50 0 0 1 0 o0
1 Stiffness degradation 1 0 0 1 0 O
2 Stiffness and strength degradation I 03 03 1 0 O
3 Stiffness and strength degradation with pinching effect 1 03 03 02 0.1 0

Table 2: Non-linear hysteresis parameters for the structural system for different hysteresis behavior cases (in all
cases: 1= 12=0.5, ny=5, a=0.03, Fy=70 kN, xy;=3.4 cm, Fyz=7000 kN, xyz=0.53 cm, p=10).

The pounding will be considered between the buildings’ slabs and as implicitly mentioned
the impact model will be the non-linear viscoelastic model developed by Jankowski ([30],
[31]). The impact stiffness and the coefficient of restitution are, respectively, 2.75x10° N/m>?
and 0.65 [30].

A Matlab/Simulink [46] model was developed to simulate structural pounding between the
elastic and inelastic SDOF systems subjected to the El Centro Earthquake. The Simulink
model is represented in Figure 5 and contemplates the case of structural pounding between
SDOF systems. The gap between the adjacent structures was varied: 0 cm, 3 cm, 5 cm, 10 cm,
and 15 cm. To solve the differential equations of motion the Runge-Kutta of 4™ order was
used with a fixed time step of 5x10s.
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Figure 5: Layout of the macro Matlab/Simulink model using the non-linear viscoelastic impact model modified
by Jankowski for pounding between non-linear systems.
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5 RESULTS AND DISCUSSION

For convenience, only the results concerning the gap size between the adjacent buildings of
0 cm and 3 cm are presented in graphical form, except for the hysteresis cycles for the four
hysteresis cases in which only the worst case was presented, for the case of no gap distance.
The graphs of the acceleration time-histories are presented only for case 3 of hysteresis be-
havior compared with the elastic case for both the gaps of 0 ¢m and 3 c¢m. Nonetheless, Table
3 shows the peak values regarding displacements, velocities, accelerations, and pounding
forces for each building and for the hysteresis cases considered and every value for the gap
size studied. In addition, the number of impacts associated with each case is also presented.
The percentages of increase or decrease depending on the cases being compared are shown
below the peak values for better comparisons and understanding of the influence of the inelas-
tic behavior in earthquake-induced pounding between buildings.

Attention is drawn to the fact that the gap size of 10 cm when the structural system has ine-
lastic behavior does not appear in Table 3 since it didn’t produce any impact and thus the re-
sponses are exactly the same as for the gap size of 15 cm.

Figures 6 to 10 present the graphic results regarding the displacement time-histories of the
two colliding structures with no space in between and the corresponding resulting pounding
forces for the elastic case and the different hysteresis cases considered. In the same way Fig-
ures 11 to 15 present the same graphs mentioned but for the gap size of 3 c¢m.

The graphs of Figures 16 to 20 present relevant comparisons between the displacements
and pounding forces histories of the left structure, the most sensible to impacts and the ground
motion for the different hysteresis behaviors considered and the elastic case.

The pounding cycles in Figure 21 are presented for both the elastic case and the different
hysteresis cases considered.

Figure 22 shows the hysteresis cycles of each colliding building in comparison with the
case of no pounding.

Finally, Figure 23 presents the acceleration response histories of both buildings for case 3
of hysteresis cc())r?pared with the elastic case.
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Figure 6: Displacements and pounding forces time-history responses for the elastic case of the representative
structural systems with no gap in between.
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Figure 7: Displacements and pounding forces time-history responses for the hysteresis case 0 of the representa-
tive structural systems with no gap in between.
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Figure 8: Displacements and pounding forces time-history responses for the hysteresis case 1 of the representa-
tive structural systems with no gap in between.

As expected, it is possible to verify the sensitiveness of the flexible building to both pound-
ing forces and the ground motion. It is clear by the analysis of the results in Figures 6 to 15
that the inelastic cases present fewer impacts and the magnitude of the forces is smaller.
However, the amplitude of the inelastic displacements, generally, exceeds the displacements
in the elastic case, as can be validated by the peak values presented in Table 3. This is particu-
larly true when the responses involve pounding and for hysteresis cases with degradation fea-
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tures. When pinching is considered is possible to verify the largest inelastic displacements and
magnitude of the pounding forces.

Analyzing the graphs from Figures 16 to 20 regarding the flexible building, one can verify
that the case with no gap presents larger displacements and impact forces, as well as an in-
creased number of impacts.

In the graphs of Figures 7 to 10 and 12 to 20, it is possible to verify the permanent dis-
placements in the rebound direction caused by the action of the ground excitation and aggra-
vated by the in})p1act forces.
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Figure 9: Displacements and pounding forces time-history responses for the hysteresis case 2 of the representa-
tive structural systems with no gap in between.
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Figure 10: Displacements and pounding forces time-history responses for the hysteresis case 3 of the representa-
tive structural systems with no gap in between.
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Figure 11: Displacements and pounding forces time-history responses for the elastic case of the representative
structural systems separated by a distance of 3 cm.
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Figure 12: Displacements and pounding forces time-history responses for the hysteresis case 0 of the representa-
tive structural systems separated by a distance of 3 cm.

These permanent displacements are most visible in the flexible structure which proves
once more the sensitiveness of the flexible building to pounding forces.

The residual displacements increase as the gap between the adjacent structures decreases,
and since the number of impacts and its magnitude increases for these scenarios then it proves
and supports the influence that the pounding forces have when inelastic behavior is consid-
ered. Such a fact would not be noticed when elastic behavior is considered.
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Figure 13: Displacements and pounding forces time-history responses for the hysteresis case 1 of the representa-
tive structural systems separated by a distance of 3 cm.
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Figure 14: Displacements and pounding forces time-history responses for the hysteresis case 2 of the representa-
tive structural systems separated by a distance of 3 cm.

It is not clear for which case of hysteresis behavior the unrecoverable displacements are
bigger since it also depends on the separation distance between the adjacent buildings. Never-
theless, these tend to be slightly bigger in case 2 of hysteresis behavior, when stiffness and
strength degradation are considered.

Observing the graphs of Figure 21 regarding the pounding cycles, it is evident the differ-
ence between the magnitude of impacts when elastic and inelastic cases are considered. The
number of cycles for the elastic case is also bigger for the inelastic cases. The number of im-

2100



Folhento P. Pedro, Barros C. Rui and Braz-César T. Manuel

pacts is smaller for the hysteresis case 0 and bigger for the cases where stiffness degradation,
strength deterioration, and the pinching effect are considered. In addition, the increase in the
gap size decreased the magnitude of impacts as already mentioned by the observation of other
graphs. Hence, with a few exceptions within the inelastic cases, case 3 presented slightly
higher magnitudes for the impact forces.

The hysteresis loops for the different cases considered and for the scenario of no gap con-
firm the conclusions withdrawn previously, viz., the presence of permanent deformations in

the rebound direction in the left building.
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Figure 15: Displacements and pounding forces time-history responses for the hysteresis case 3 of the representa-
tive structural systems separated by a distance of 3 cm.
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Figure 16: Comparison of the displacements and pounding forces time-history responses for the elastic case of
the left building for different gap sizes.
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Figure 18: Comparison of the displacements and pounding forces time-history responses for the hysteresis case 1
of the left building for different gap sizes.

The hysteresis cycles also reveal that pounding has very little or no effect on the right
structure. The hysteresis loops when pounding is considered are almost coincident showing
very little deviation from the case with no pounding.

Table 3 also shows that the stiffer structure with inelastic behavior generally presents per-
centages of increase or decrease of the peak displacement with respect to the case with no
pounding, which are approximately zero concerning the hysteresis cases and the gap sizes
presenting impacts, viz., 3 cm and 5 cm. The exception is the scenario without space in be-
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tween the structures that present an increase of the peak displacement in every hysteresis case.
This increase corresponds to the case presented in Figure 22.

Table 3 also shows that in the elastic case the stiffer structure exhibits a reduction of the
peak displacements for every gap size when pounding is considered.

Regarding the acceleration responses in Figures 23 and 24, it is possible to verify the re-
duction of the number and magnitude of the acceleration spikes of both the left and right
structures when the inelastic behavior (Case 3 of hysteresis behavior) is considered with re-
spect to the elgsitsic case.
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Figure 19: Comparison of the displacements and pounding forces time-history responses for the hysteresis case 2
of the left building for different gap sizes.
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Figure 20: Comparison of the displacements and pounding forces time-history responses for the hysteresis case 3
of the left building for different gap sizes.
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Figure 22: Hysteresis cycles when the structural systems have no gap in between: (a) and (b) Case 0; (c) and (d)
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Figure 23: Acceleration time-history responses for the hysteresis case 3 of the structural systems with no space in
between.
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Figure 24: Acceleration time-history responses for the hysteresis case 3 of the structural systems separated by a
distance of 3 cm.

From the peak acceleration values presented in Table 3 with particular emphasis on the
flexible structure, it is possible to see the influence of the pounding forces in the large in-
creases of the peak acceleration values for both the elastic and inelastic cases (except for the
case 0 cm with 5 cm of gap size that presented no impact — see Figure 17). However, the ac-
celeration spikes are smaller when the hysteresis cases are considered as can be seen in the
percentages in green color that present negative values.
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T 3 (41%) (0%) (0%) (0%) (267%) (1%)
(10%) (-20%) (-47%) (-36%) (-60%) (-41%) (-62%) (-89%)
-0.210 0.018 0523 0.181 25.553 4.624 1713.191 2
0 (143%) (74%) (40%) (-8%) (643%) (1%)
(98%) (-59%) (-11%) (-39%) (-14%) (-40%) (-17%) (-93%)
15 -0.122 0.020 0.408 -0.313 -3.261 -4.387 0 0
-0.143 0.020 -0.483 0313 -10.777 -4.388 753.36 5
5 (17%) (0%) (18%) (0%) (230%) (0%)
Nondi (15%) (53%) (-30%) (0%) (-64%) (-45%) (-64%) (25%)
o -0.154 . 434 -0.314 -16. -4, 51. 7
|?1:|;:§:r 0.1 0.020 0.43 031 16.311 386 11516
3 (27%) (0%) (6%) (0%) (400%) (0%)
(Case 1)
(40%) (56%) (-38%) (1%) (-49%) (-44%) (-50%) (-22%)
0.223 -0.033 -0.550 0312 26.749 4374 1821.593 8
0 (83%) (63%) (35%) (0%) (720%) (0%)
(110%) (-24%) (-7%) (5%) (-10%) (-43%) (-12%) (-72%)
15 -0.134 0.035 0.394 0.276 3.252 4157 0 0
20.152 0.035 0.425 20275 5.068 4157 336.41 3
5 (13%) (0%) (8%) (0%) (56%) (0%)
) (22%) (162%) (-39%) (-12%) (-83%) (-48%) (-84%) (-25%)
Non-linear
o et -0.189 0.035 0.411 0276 ~16.098 4157 1136.4 3
P 3 (41%) (0%) (4%) (0%) (395%) (0%)
(71%) (167%) (-42%) (-11%) (-49%) (-47%) (-51%) (-67%)
-0.239 -0.041 -0.544 -0.281 26.419 -4.149 1799.359 4
0 (79%) (17%) (38%) (2%) (712%) (0%)
(126%) (-8%) (-8%) (-5%) (-11%) (-46%) (-13%) (-86%)
15 -0.163 0.031 0.368 -0.297 3377 4212 0 0
20172 0.031 0.394 0.298 17690 4212 1291.7 6
5 (6%) (0%) (7%) (0%) (424%) (0%)
) (39%) (132%) (-43%) (-4%) (-41%) (-47%) (-38%) (50%)
'\'I‘:‘:Ig:t‘::r 0.191 0.030 0387 0.299 17513 4212 1266.6 5
- 3 (17%) (-1%) (5%) (1%) (419%) (0%)
(73%) (133%) (-45%) (-3%) (-45%) (-46%) (-45%) (-44%)
-0.248 -0.043 -0.555 -0.300 -26.759 4.205 1855.221 6
0 (52%) (41%) (51%) (1%) (692%) (0%)
(134%) (-1%) (-6%) (1%) (-10%) (-45%) (-10%) (-79%)

a. The percentage below the values in blue color stands for the absolute percentage of increase or decrease regarding the corresponding
case with no pounding. The percentage below the values in green color stands for the absolute percentage of increase or decrease regard-
ing the corresponding linear elastic behavior case.

Table 3: Relevant results of the simulations carried out.

6 CONCLUSIONS

Earthquake-induced structural pounding between two SDOF structural systems was inves-
tigated. These systems can have elastic behavior or one of the four different types of hystere-
sis behavior considered with and without degradation features.
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Inelastic behavior was found to be very relevant when impacts between the SDOF struc-
tures occurred. Ultimately, elastic behavior overestimates the number and magnitude of im-
pact forces and underestimates the displacements and accelerations that the structures might
experience. These conclusions are particularly relevant for the case of the flexible structure.

It was found that the amplitude of the inelastic displacements, generally, exceeds the dis-
placements in the elastic case, particularly, when the responses involve pounding and for hys-
teresis cases with degradation features. Among the hysteresis cases, the case with pinching
presented the largest peak displacement and magnitude of the pounding forces for the scenario
without space between the structures.

Permanent displacements were verified in the rebound direction, viz., in the flexible struc-
ture, caused by the action of the ground excitation and aggravated by the impact forces. These
residual displacements increase as the gap between the adjacent structures decreases. Alt-
hough there is no clear understanding of which hysteresis behavior the unrecoverable dis-
placements are bigger since it also depends on the separation distance between the adjacent
buildings. However, these tend to be slightly bigger for the case where stiffness and strength
degradation are considered.

The hysteresis cycles revealed that pounding has very little or no effect on the right struc-
ture. The hysteresis loops when pounding is considered are almost coincident with the case of
no pounding, showing very little deviation from it.

Regarding the acceleration responses, it is possible to verify the reduction of the number
and magnitude of the acceleration spikes of both the left and right structures when the inelas-
tic behavior is considered with respect to the elastic case.

This study only comprises SDOF structural systems under a specific ground motion. Fur-
ther studies should include multiple DOFs, a three-dimensional spatial model, calibration of
the hysteresis model with experimental data, and the consideration of several different ground
motions to further validate the results presented in this study and add more relevant infor-
mation to the problem of earthquake-induced structural building pounding.
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