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Abstract. During strong earthquake excitations, base-isolated buildings may collide, either
with the surrounding moat wall or with adjacent buildings. This unfavorable possibility has
been recently investigated through numerical simulations and parametric studies. A very im-
portant issue regarding these numerical studies is the modeling of impacts, which are typi-
cally simulated using various types of force-based impact models. This paper parametrically
investigates the effects of impact modeling characteristics on the overall structural response
of a base-isolated building that is subjected to seismic pounding. Specifically, the Kelvin-
Voigt impact model and various other modifications of this linear viscoelastic impact model
are considered in the performed analyses. In order to effectively and efficiently conduct this
investigation, a specialized software application, which has been specifically developed to
simulate buildings subjected to pounding, is employed. A smooth bilinear (Bouc-Wen) model
is used for the simulation of the seismic isolation system. The influence of particular impact
parameters, as well as the width of the seismic gap, on the dynamic response of the structure
under strong excitations is quantified. Furthermore, the effect of using different impact mod-
els for the calculation of the impact forces on the overall seismic response during pounding is
simulated and discussed, since a reasonable question arises regarding the accuracy of an im-
pact model, which is a simplification of the actually very complicated impact phenomenon.
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1 INTRODUCTION

Seismic isolation is widely considered as an efficient technology to improve the seismic
performance of structures [1-3]. Although base isolation decreases the possibility of damage
to a building, it induces large relative displacements at the isolation level. To accommodate
the expected large relative displacements, a wide seismic gap must be provided around the
building. This requirement imposes, a practical constraint for the utilization of seismic isola-
tion, considering that there are often certain restrictions to the size of the available clearance
around seismically isolated buildings, especially in cases of retrofitting of existing buildings
in densely resided civic centers. Therefore, a reasonable concern is the risk of structural
pounding with the surrounding moat wall or adjacent structures during strong earthquakes.

Earthquake-induced structural pounding on base isolated structures has been studied by
several researchers the last few years. Nagarajaiah and Sun [4] observed that the response of
the base-isolated Fire Command and Control Building in Los Angeles during the 1994 North-
ridge earthquake was altered significantly due to the occurrence of impact in the one direction,
reducing the effectiveness of base isolation in that direction. Malhotra [5] and Tsai [6] exam-
ined the response of a base-isolated structure pounding against the surrounding moat wall.
The superstructure was idealized as a rigid shear beam structure colliding on an adjacent re-
taining wall modeled as a spring element. Matsagar and Jangid [7] investigated the seismic
pounding of a multi-storey building supported on various base isolation systems during im-
pact with adjacent structures, while impacts were assumed to happen only at the base of the
building with the moat wall. Komodromos efal.[8] and Komodromos [9] investigated,
through parametric studies, the effects of poundings of a base isolated building with the sur-
rounding moat wall, revealing the potentially detrimental effects of structural impact on the
effectiveness of seismic isolation. Limited research works have been conducted considering
three-dimensional (3D) earthquake-induced structural pounding, apparently because of the
involved complexities and the consequently excessive computational cost. Pant and Wijeye-
wickrema [10, 11] studied seismic pounding of a typical 4-storey base-isolated building with
retaining walls at the base using 3D finite element analyses. More recently, Polycarpou et al.
[12] presented a novel methodology for simulating earthquake-induced pounding of buildings
that are modeled as 3D multi-degree of freedom systems.

A critical aspect in numerical simulations of structural pounding is the impact model that is
employed and the values of the associated parameters, which may affect the computed results.
In most research studies on structural pounding, force-based impact models are used, exerting
impact forces to the colliding structures whenever their separation distances are exceeded.
Anagnostopoulos [13], Jankowski [14], Komodromos et al. [8], Ye et al. [15], Pant and Wi-
jeyewickrema [10] and others [16-18], have proposed various methodologies using either a
linear or a non-linear impact spring together with an energy dissipation mechanism to model
structural pounding.

This paper describes four linear impact models that have been proposed in the literature
and contrasts their performances through dynamic analyses of a typical 3-storey seismically
isolated building, which is subjected to a set of near-fault ground motions. Simulation results
are presented while varying several parameters, such as the size of the seismic gap and impact
characteristics. The objective of this research work is to investigate how the peak seismic re-
sponse of base isolated buildings during pounding may be affected by the type of the incorpo-
rated impact model. Therefore, a discussion on the deviation of the peak absolute floor
accelerations and inter-storey deflections during poundings is presented, considering as base
values the peak response predicted by the classical linear viscoelastic (Kelvin-Voigt) model.
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2 MODELING AND SIMULATION ASSUMPTIONS

It is a common practice to consider structural impacts using force-based approaches, also
known as penalty methods. These methods allow some interpenetration between the colliding
structures, which can be justified by local deformability at the contact point. Contact springs
are automatically formed as soon as an impact is detected, kept active while the colliding bod-
ies remain in contact and removed once the bodies are detached from each other. At each time
step, the interpenetration depth, J(?), is used together with the stiffness of the contact spring to
assess, according to the adopted impact model, the contact forces that should be applied to the
structures. In this research work, various linear impact models proposed in the literature are
used, in order to investigate the effect of the impact model selection on the peak seismic re-
sponse considering pounding incidences. Specifically, the classical Kelvin-Voigt model has
been selected as a base reference, using the formulas provided by Anagnostopoulos [13] for
the estimation of the impact damping coefficient. In addition, three variations of the Kelvin-
Voigt model are discussed and compared with each other with respect to the computed peak
responses through parametric studies under strong earthquake excitations with low frequency
content.

2.1 Impact modeling

The classical Kelvin-Voigt model is commonly used to model the impact force generated
between two colliding structures. The Kelvin-Voigt model consists of a linear spring and a
damper, acting in parallel, in order to simulate the energy loss due to permanent deformation
at the contact point, as shown in Figure 2(a). The forces in the contact element, which has
been used by Anagnostopoulos [13], can be calculated through the equation:

F,,(t)=k -6(t)+c,-6(t) (1)

Considering two impacting masses, a relationship may be found between the dashpot con-
stant ¢, and the coefficient of restitution e. The resulting mathematical expression for the
damping coefficient according to this linear viscoelastic model can be assessed as:

¢, =2-& |k, - (2)

where the impact stiffness ki is determined based on the axial stiffness of the colliding bodies
and the impact damping ratio & is given by the following expression:

L 3)

T+ (ln 6)2

The viscous impact damper of the Kelvin-Voigt element dissipates energy throughout the
approach and restitution phases, but in reality, most of the energy dissipation takes place dur-
ing the approach period and less energy is dissipated during the restitution phase. Furthermore,
this model exhibits an initial jump in the impact force values due to the viscous damping term,
while the damping force at the end of the restitution phase causes negative (i.e. tensile) impact
forces that pull the colliding bodies together, which is unrealistic. However, due to its sim-
plicity this model has been widely used to simulate structural pounding [19-21].

The generation of tensile forces after the detachment of the colliding bodies can be recti-
fied through a slight adjustment of the linear viscoelastic impact model, proposed by Ko-
modromos et al., 2007 [8], as shown in Figure 2(b). The modified viscoelastic impact model
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prevents the tensile forces, while introducing permanent plastic deformations, by zeroing the
impact force when the contact is lost at the end of the restitution phase of the impact as:

k,-6(t)+c, 5(t) for F, ()20

F,, (1+Ar) = @)
0 for F,, (1)<0

Ye et al., 2009 [15] proposed a different modification to the Kelvin-Voigt impact model,

as shown in Figure 2(c), noting that the Kelvin model cannot reasonably reflect the physical

nature of structural pounding. That proposed model preserves the convenience in determining

the linear impact spring stiffness as in the classical Kelvin-Voigt model, while the damping

coefficient ¢, and the damping constant Ek are given by the following equations:

_ > - 3 k -(1 —e)
(1)=5-0(1).  &=7 P 5)
Another variation of the Kelvin-Voigt model was proposed by Pant and Wijeyewickrema,
2012 [10] to be used for the seismic pounding between reinforced concrete moment-resisting
frame buildings (Figure 2(d)). The main difference with this modified Kelvin-Voigt model
lies on the usage of a dashpot, in parallel with the spring in the contact element that is only
activated during the approach period, according to the following expressions:

k,-6(t)+c.-o(t) for &(t)>0 and 5(t)>0

F,,(1)=1k.-5(1) for &(t)>0 and 5(t)<0 (6)
0 for o (t) <0
The following formulas are used for the damping coefficient and the damping constant:
2
B _ _ 3 ke(1-€7)
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Figure 1: The linear viscoelastic impact models of (a) Anagnostopoulos, and the corresponding modified impact
models proposed by (b) Komodromos et al., (c) Ye et al., and (d) Pant and Wijeyewickrema.
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Two colliding masses and a range of values of the coefficient of restitution are used in or-
der to assess the accuracy of the aforementioned impact models. For each predefined value of
the coefficient of restitution, each of the impact models is used to perform an impact simula-
tion, compute the impact velocity after impact and, thus, the corresponding computed value
for the coefficient of restitution. Figure 2 compares the pre-specified (nominal) and the com-
puted values for the impact models under consideration, which ideally should coincide. The
results show that the assumption of a direct relationship between the impact velocity and the
indentation is reasonable for pre-specified coefficients of restitution larger than 0.5. Consider-
ing that for most practical purposes the coefficient of restitution for structural impact varies
within the range of 0.5 to 0.75 [14], the accuracy of the proposed formulas is satisfactory.
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Figure 2: Comparison of the pre-specified (nominal) and computed coefficient of restitution.

2.2  Modeling of seismically isolated buildings considering poundings

In this study, the dynamic analyses of the simulated buildings, taking into account struc-
tural pounding, are performed in two dimensions, while the superstructure of the seismically
isolated building is modeled as a shear-type structure mounted on LRBs with one lateral de-
gree-of-freedom at each floor and the masses lumped at the floor levels, as shown in Figure
3(a). Poundings are assumed to happen between the moat wall and the base mat at the isola-
tion level, which is the most common case of structural impact for a base isolated building
due to the large relative displacements at the isolation level.

The seismically isolated MDOF system is subjected to horizontal components of near-fault
ground motions, while it is assumed that the superstructure maintains a linear elastic behavior
during the induced earthquake excitations. A typical 3-storey base-isolated building with 340
tons lumped mass at each floor level and a roof mass of 250 tons is used in the simulations,
while a finite seismic gap on either of its sides is considered, in order to compare the estima-
tions of the aforedescribed impact models. An additional mass of 340 tons is assumed to be
lumped at the seismic isolation level. Each storey has a horizontal stiffness of 600 MN/m,
whereas a viscous damping ratio equal to 2.0 % is assumed for the superstructure.

A smooth bilinear inelastic model is used to simulate the base isolation system (Figure
3(b)), with an isolation period based on the post-yield stiffness of 2.0 second, normalized
characteristic strength Fyi/W = 10.0 % and yield displacement equal to 1.0 cm. For all per-
formed dynamic analyses, the values 1.0, 0.5, 0.5 and 2 are adopted for the Bouc-Wen mod-
els’ parameters A, f, y and n, respectively [22]. In addition to the hysteretic damping of the
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isolation system, a 5.0 % viscous damping ratio has also been considered assuming non-
classical damping.
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Figure 3: (a) Configuration of a 3-storey seismically isolated building, and (b) smooth bilinear inelastic model
for the behavior of the seismic isolation system.

3 PRACTICAL APPLICATION

The linear viscoelastic model and its modifications that have been proposed in the litera-
ture are used to compare the response of a 3-storey base-isolated building due to poundings
with the surrounding moat wall, under the Loma Prieta (UCSC 16 LGPC Station: Comp FN)
and the Northridge (DWP 74 Sylmar - Converter Station: Comp FN) earthquakes. The impact
stiffness is considered to be 2500 MN/m, the coefficient of restitution is taken as 0.7 for all
cases, while the mass of the surrounding moat wall is set to 500 tons.

Table 1 presents the peak responses of the base isolated structure with the separation gap
equal to 20 cm for both excitations, considering the four aforedescribed impact models. The
maximum impact velocities (both sides) and the impact incidences are also provided. It shall
be noted that the number of impacts may deviate between the various models considered. In
general, the differences in the computed responses for the linear viscoelastic and the Ko-
modromos et al. models are very small. As expected, the two models have almost identical
responses due to the fact that their only difference is in the tensile force during detachment.
Nevertheless, there is a considerable variation of the peak base-floor acceleration computed
considering the classic Kelvin-Voigt model and the corresponding results of the Ye ef al. and
the Pant and Wijeyewickrema models.

Loma Prieta earthquake Northridge-01 earthquake
Peak Response 1989-10-18 1994-01-17
1 2 3 4 1 2 3 4
Base displacement (cm) 20.47 2047 2045 2039 |21.12 21.13 21.06 2091
Top-floor displacement (cm) 23.60 23.60 23.60 23.56 | 28.14 28.15 28.11 28.01
Interstorey deflection (cm) 1.82 1.82 1.77 1.77 | 414 414 402 397

Base-floor acceleration (m/sec?) 3420 3420 38.08 4271 | 71.88 71.99 80.57 92.07
Top-floor acceleration (m/sec”) 22.57 2257 2230 22.13 | 49.51 49.51 4856 47.60

Remaining plastic deform. (cm) - 0.04 - - - 0.11 - -
Max impact velocity (m/sec) 048 048 048 048 | 1.06 1.06 1.06 1.07
Left 0 0 0 0 2 3 2 3

Number of impacts (#)

Right 2 2 2 2 2 2 2 2

1: Kelvin-Voigt model (Anagnostopoulos, 1988); 2: Modified Linear viscoelastic model (Komodromos et al., 2007);
3: Ye et al., 2009, 4: Pant and Wijeyewickrema,2012.

Table 1: Peak seismic responses of the 3-storey base isolated building with a seismic gap equal to 20 cm, consid-
ering the 4 different impact models, under the Loma Prieta and the Northridge earthquakes.
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The origins of the observed variations can be clarified through Figure 4 and Figure 5. Spe-
cifically, these two figures present the impact force-indentation diagrams and the time-
histories of the impact force at the base of the isolated building for the 4 different impact
models, subjected to the Loma Prieta (Figure 4) and Northridge (Figure 5) excitations. Solid
lines represent impacts on the left side of the building whereas dashed lines correspond to
poundings on the right side. It is observed that the values of the maximum impact force calcu-
lated through the Kelvin-Voigt model and the modified version proposed by Komodromos et
al. are essentially equal. This observation is also valid for the Northridge earthquake re-
sponses where the peak response occurs due to the second impact. However, the maximum
impact force for the models proposed by Ye ef al. and Pant and Wijeyewickrema is signifi-
cantly higher. This deviation justifies the higher discrepancies among model responses ob-
served in the base acceleration results (Table 1). Despite the large differences in the calculated
impact forces the displacement response of the structure is found to be relatively insensitive to
the actual model used.
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Figure 4: Plots of the impact force in terms of indentation and time-histories of the 3-storey base isolated build-
ing, under the Loma Prieta earthquake with a seismic gap equal 20 cm, considering the 4 impact models.
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These simulations reveal that the utilization of the Ye ef al. model does not always avoid
the appearance of tensile force immediately before separation, which is consistent with the
observations of Pant er al. [23]. The existence of tensile forces in the case of the Loma Prieta
earthquake, as shown in Figure 4 (third row), is possible due to the activation of the dashpot
element, which by definition is included in the restitution phase of contact. It should be noted,
however, that in the case of the Northridge excitation (third row of Figure 5) the model does

not produce tensile forces.
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Figure 5: Plots of the impact force in terms of indentation and time-histories; of the 3-storey base isolated build-

ing under the Northridge earthquake with a seismic gap equal 20 cm, considering different impact models.

4 PARAMETRIC STUDIES AND NUMERICAL RESULTS

A parametric study has been performed in order to examine the effects of the excitation
characteristics on the dynamic response of the simulated base isolated building during pound-
ings. Table 2 shows the five near-fault ground motions that have been used. The selected
seismic accelerograms have been taken from the NGA database [24] and are expected to in-
duce large displacements to the seismically isolated building, since they are characterized by
low-frequency content, which is one of the most decisive factors for the occurrence of pound-
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ings in such structures. The response spectra of the five earthquakes’ fault-normal component
that has been used in this study are plotted in Figure 6.

NGA# Event Station Mw PGA (g
779  Loma Prieta 1989-10-18 UCSC 16 LGPC 6.93 0.944
821  Erzican, Turkey 1992-03-13 95 Erzincan 6.69 0.486
828  Cape Mendocino 1992-04-25 CDMG 89156 Petrolia 7.01 0.615
1084 Northridge-01 1994-01-17 DWP 74 Sylmar - Converter Sta 6.69 0.594
2627  Chi-Chi, Taiwan-03 1999-09-20 CWB 99999 TCUQ76 6.2 0.524

Table 2: Earthquake records that have been used in the performed simulations.

2.5 140
Loma Prieta, USA (1989)
Erzican, Turkey (1992) 120
— — — Cape Mendocino, USA (1992)
X B bbbt Northridge—01, USA (1994)
1.5 B af Jetburs| e Chi—Chi, Taiwan—03 (1999)

)
S

Spectral Acceleration (g)
Spectral Displacement (cm)

05 f"

Period, T (sec) Period, T (sec)

Figure 6: Acceleration and displacement response spectra of the fault normal components for the five earthquake
records, considering a viscous damping ratio of 5 %.

4.1 Effect of the gap size and the characteristics of the earthquake excitation

The seismic gap width is systematically varied in the range of 10 to 35 cm with a step of
0.5 cm, in order to investigate its effect on the overall response. The 3-storey base isolated
building is analyzed under the selected near-fault ground motions, while the moat wall is as-
sumed to be present on both sides of the building. Figure 7 shows the peak floor accelerations
and the maximum inter-storey drifts of the base isolated building under the Loma Prieta
earthquake as a function of the seismic gap width considering the four impact models. Each
subplot corresponds to the response of a particular floor, or inter-storey response for the case
of inter-storey deflections. It is apparent that the most severe peak floor accelerations occur at
the base level where poundings occur. Subsequently, the maximum inter-storey deflections
occur at the 1-0 interface.

The simulation results indicate that the peak absolute acceleration of the 3-storey base iso-
lated building increase significantly due to structural impact, reaching values that are several
times the PGA and can be more than 10 times the corresponding peak accelerations without
pounding. The amplification of the inter-storey deflections due to structural poundings reach-
es values higher than 6 for a seismic gap of 10 cm. Specifically, in that case the peak inter-
storey drifts exceed what the corresponding fixed-supported superstructure would experience
(0.026 m). Furthermore, as the seismic gap increases, both peak floor accelerations and inter-
storey deflections of the superstructure significantly decrease. In particular, for relatively nar-
row gap widths the response is increasing with the width of the available clearance and, after
a certain value, the response of the seismically isolated building begins to decrease as the
seismic gap increases.
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Figure 7: Maximum responses of the 3-storey base isolated building, under the Loma Prieta earthquake in terms
of the width of the seismic gap, which varies from 10 to 35 cm.

Figure 8 presents the peak values for indentation, impact velocity and impact force on both
sides of the seismically isolated building for the Loma Prieta excitation, in terms of the width
of the seismic. It is observed that the trends of the parameters under examination are very sim-
ilar with the corresponding peak absolute floor acceleration at the impacting floor of the seis-
mically isolated building, indicating that the amplification of the response due to impact is
proportional to the impact velocity. It is also observed that, although the maximum impact
velocity is relatively consistent between all four impact models considered, the predicted im-
pact forces considering the modified contact models proposed by Ye et al. and Pant and Wi-
jeyewickrema are consistently higher.

Maximum Indentation

2 15 o 45
Anagnostopoulos E 2
Komodromos et al. § U? N
1 = 7 Yeeul 32 1\ g 30ﬁ
A~ Pant and Wijeyewickrema a 3 \ %/‘\ |
K £z (b
5 E 05 \\ 215 e
£ 2 X
0 = 9 \ =
0.1 0.15 0.2 0.25 03 035 0.1 0.15 0.2 0.25 03 035 0.1 0.15 0.2 0.25 03 035
Gap size (m) Gap size (m) Gap size (m)

Figure 8: Maximum indentation, impact velocity and impact force of the seismically isolated building induced to
the 3-storey structure subjected to Loma Prieta excitation, in terms of the width of the seismic gap.

The variation of the response of the 3-storey seismically isolated building due to the char-
acteristics of the excitation is provided in Figure 9, where the envelope of peak responses is
plotted for all considered earthquake excitations. It is observed that, in general and for a range
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of values of the width of the seismic gap near the maximum induced displacement, i.e. the
critical gap size, the response is decreasing rapidly with the increment of the gap size. Overall,
the four linear impact models that have been examined provide similar trends for the peak re-
sponse of the superstructure.
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Figure 9: Maximum responses of the base isolated building, in terms of the width of the seismic gap, for the five
selected earthquakes considering the 4 impact models under consideration.

In order to compare the results among the four impact models, all peak responses are nor-
malized with respect to the classical Kelvin-Voigt model (i.e. using the formula provided by
Anagnostopoulos for the estimation of the impact damping coefficient). Figure 10 presents
the normalized peak absolute floor accelerations, showing that the Kelvin-Voigt impact model
and the modified linear viscoelastic model proposed by Komodromos et al., in which a per-
manent deformation is allowed, lead to almost identical responses. The interstorey drifts are,
in general, underestimated up to 7.5 % for relatively narrow gap sizes, when the modified lin-
ear models proposed by the Ye ef al. and Pant and Wijeyewickrema are used, compared to the
corresponding peak responses computed using the classical Kelvin-Voigt model. In general,
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the underestimation of the peak response while using the two modified models tends to de-
crease with the increase of the width of the seismic gap. Additionally, for a seismic gap 15 %
smaller than the maximum unobstructed displacement under each one of the selected near-
fault ground motions the deviation of the peak response is similar. The overestimation of the
peak accelerations fluctuate around 10.0 and 25.0 % when the contact elements proposed by
Ye et al. and the Pant and Wijeyewickrema, respectively, are used.
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Figure 10: Peak response using the modified linear impact models normalized to the corresponding peak re-
sponse obtained with the classical Kelvin-Voigt model in terms of the width of the seismic gap.

4.2 Effect of the impact parameters

In order to examine the effect of the impact stiffness and the coefficient of restitution on
the peak seismic response of the base isolated building during poundings, another series of
parametric studies is performed. For this investigation the 3-storey base isolated building is
simulated, assuming a seismic gap 15 % smaller than the maximum unobstructed displace-
ment under each one of the selected near-fault ground motions, in order to ensure structural
pounding. The widths of the seismic gap size that have been used in the simulations have
been marked in Figure 9. The impact stiffness, ki of the linear impact spring is varied in the
range of 500 to 5000 kN/mm, while the coefficient of restitution is varied between 0.3 and 1.0.
The variation of the amplification of peak floor accelerations and peak inter-storey deflections
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of the 3-storey base isolated building that are computed considering the classic Kelvin-Voigt
model in terms of the two impact parameters, are presented in the next graphs.

The peak absolute floor accelerations due to pounding of the seismically isolated building
with the moat wall under each one of the selected near-fault ground motions, as presented in
Figure 11(a), tend to increase for high values of the impact stiffness. Please note that there is a
correspondence between the line-type used to plot Figure 11(a) with the excitation shown in
the subplots of Figure 11(b). The results indicate that when the impact stiffness ranges up to
the value of ~1200 kN/mm, which corresponds to 2 times the superstructure’s storey stiffness,
the inter-storey deflections increase rapidly, while for the rest of the examined range the peak
response remain almost insensitive to this parameter. The simulation results also reveal that
the excitation characteristics influence considerably the amplification of the peak response.
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Figure 11: Influence of the impact stiffness on the (a) peak response considering the Kelvin-Voigt contact ele-
ment and (b) normalized peak response considering modified linear impact models, for each earthquake record.
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Figure 11(b) shows the normalized peak response of the modified linear impact models
considering as reference model the linear viscoelastic widely used by Anagnostopoulos. The
results indicate that the peak responses from the classical Kelvin-Voigt and the modified by
Komodromos et al. models are similar. Furthermore, the peak inter-storey drifts considering
models proposed by Ye et al. and Pant and Wijeyewickrema, although they use different
methodologies to represent impact, lead to an underestimation of the response of 2.5% for
impact stiffness higher than 1200 kN/mm. On the other hand, using the aforementioned mod-
els lead to an overestimation of the peak absolute acceleration up to 15 and 33%, respectively.
It can be generally observed that the peak floor accelerations are directly proportional to the
impact stiffness for low values of k; (approx. kx<1000 kN/mm). As the impact stiffness in-
creases this dependency fades away and the peak floor accelerations tend to become constant
for all floors with the exception of the base floor response, which maintains a strong depend-
ency. These reported characteristics appear to hold for both Loma Prieta and Northridge exci-
tations, which are presented in Figure 12. Furthermore, these results shed light on the origin
of the kinks appearing in Figure 11(b), which relate to an interchange between the floors that
dominate the global structural response, i.e. for low values of k; (Loma Prieta excitation) the
third floor appears to deliver the peak floor acceleration, whereas as k; increases the response
is dominated by the base floor accelerations, which is the level impact occurs.

Linear viscoelastic model modified Kelvin-Voigt model modified Kelvin-Voigt model
(Anagnostopoulos, 1988) (Ye etal., 2009) (Pant and Wijeyewickrema, 2012)
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Figure 12: Influence of the impact stiffness on the peak floor accelerations under near-fault ground motions.

Figure 13 presents the first impact incidence obtained from the time-history analysis car-
ried out for the Loma Prieta ground motion considering different linear contact elements for
various values of the impact stiffness. It should be noted that for this particular excitation the
first impact incidence delivers the peak responses. The results highlight the significant influ-
ence of the impact stiffness on the peak impact force due to pounding with the adjacent moat
wall. In general, large peak forces are coupled with higher values of the impact stiffness and
small deformations across all three impact models. It is apparent that the models proposed by
Ye et al. and Pant and Wijeyewickrema, produce higher magnitude impact forces than the lin-
ear viscoelastic model mainly due to the damping of the contact elements.
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Linear viscoelastic model modified Kelvin-Voigt model modified Kelvin-Voigt model
(Anagnostopoulos, 1988) (Ye et al., 2009) (Pant and Wijeyewickrema, 2012)
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Figure 13: Plots of impact force introduced to the 3-storey seismically isolated building during the first incidence
in terms of indentation considering different impact stiffnesses.

The variation of peak responses of the 3-storey base isolated building in terms of the coef-
ficient of restitution under the five ground motions is presented in Figure 14(a). It is observed
that for values lower than 0.4, the peak floor accelerations increase, reaching their maximum
values when the impact becomes highly overdamped. In general, the excitation characteristics
influence considerably the magnitude of the response. Figure 14(b) shows the normalized
peak response of the linear impact models with respect to the classical Kelvin-Voigt model.

The results indicate that the minor modification proposed by Komodromos et al. does not
significantly influence the accuracy of the impact model. Furthermore, the peak inter-storey
drifts computed while using the models proposed by Ye ef al. and Pant and Wijeyewickrema,
lead to an underestimation of the response up to 7.5 and 5.0 %, respectively, with respect to
the peak responses computed using the classical Kelvin-Voigt model. For all cases, the under-
estimation of the peak inter-storey deflections tends to decrease with the increase of the coef-
ficient of restitution. On the other hand, employing the aforementioned models lead to a
significant overestimation of the peak absolute floor acceleration.

The enclosed areas between the loading and unloading curves of an impact-force vs. inden-
tation curve, define the amount of energy dissipated during the impact. As we can see from
the first subplot in Figure 15, the coefficient of restitution does not influence considerably the
peak impact force for the linear viscoelastic model. On the other hand, the peak impact force
considering the recommended modifications by Ye ef al. and Pant and Wijeyewickrema de-
pends significantly on the coefficient of restitution (as shown in the second and third columns
of Figure 15). Such a deviation of the peak impact force, especially for lower values of the
coefficient of restitution, lead to an overestimation of the peak absolute floor acceleration, i.e.
of the magnitude of 2.75 and 1.6 for e=0.3, when utilizing the Ye et al. and Pant and Wijeye-
wickrema models, respectively.
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Figure 14: (a) Peak response considering the Kelvin-Voigt contact element and (b) normalized peak response
considering modified linear impact models, in terms of coefficient of restitution, e.
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Figure 15: Plots of the impact force introduced to the 3-storey seismically isolated building during the first inci-
dence in terms of indentation, under the Loma Prieta earthquake considering different coefficients of restitutions.
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S CONCLUSIONS

The seismic performance of a typical 3-storey seismically isolated building with the sur-
rounding moat wall has been evaluated using near-fault pulse-like ground motions. Three re-
cently proposed variations of the linear viscoelastic contact model have been compared
considering as a base model the classical Kelvin-Voigt model using the formula provided by
Anagnostopoulos for the estimation of the impact damping coefficient. The relative perform-
ance of the structure has been evaluated based on the peak absolute floor accelerations and
inter-storey drifts for various gap sizes and different impact parameters.

The following conclusions are drawn for the building and the ground motions considered
in this research study:

Although the modified linear viscoelastic model by Ye et al. was introduced to provide
a reasonable physical explanation of the pounding mechanism, it does not always pre-
vent the appearance of tensile force just before the end of the contact.

The minor modification proposed by Komodromos et al. for the linear viscoelastic
model does not influence considerably the peak response values.

The maximum impact forces obtained using the linear impact models proposed by Ye et
al. and Pant and Wijeyewickrema are much higher than those obtained using the linear
viscoelastic model with the formula provided by Anagnostopoulos, leading to a signifi-
cant overestimation of the peak absolute accelerations.

The inter-storey deflections of the building are, in general, underestimated when the
impact models proposed by Ye et al. and Pant and Wijeyewickrema are used. Moreover,
the normalized response ratios of the inter-storey drifts appear to increase with a de-
creasing gap size and coefficient of restitution.
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