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Abstract

In the present study the effect of impact modeling on the seismic response of multi-storey 
structures placed on the top of a rocking storey is examined. For this purpose, two impact 
models are introduced, where the energy dissipation is treated using the angular momentum-
impulse theorem combined with different assumptions regarding the post-impact state of the 
superstructure. The effect of the examined impact models on the dynamic response of nine 
typical multi-storey podium structures is assessed using synthetic pulse-like ground motion 
records. The superstructures are divided in three classes based on the lateral displacement 
profile of their fundamental vibration mode. Thus, the effect of the impact model on the max-
imum rocking rotations and elastic seismic demands as a function of the superstructure’s dy-
namic properties is investigated. The study concludes that the impact model presents a minor 
effect on the rocking response of the podium structure. On the contrary, it might substantially 
affect both the magnitude and the distribution of the seismic demands, especially in cases of 
stiff superstructures with flexural displacement profile.
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1 INTRODUCTION
The dynamic response of rigid blocks rocking on a rigid ground was first studied by Hous-

ner [1], who highlighted the parameters that affect the stability of rigid bodies which can be 
uplifted under horizontal excitations. Since then, with the recognition of the remarkable prop-
erties of the rocking response, various forms of rocking systems have been studied, such as 
flexible rocking oscillators on solid [2-6] and flexible ground [7, 8], rocking structures on the 
foundations [9], rocking bridge piers [10-12], rocking frames[13-17], coupled conventional 
structures with rocking walls [18-20]. Regarding the seismic isolation by forming a rocking
floor at the base [21-24], the first analytical study was carried out by Bachmann et al. [21]. 
Subsequently, Bantilas et al. [22] investigated the structural and the ground motion parame-
ters that affect the elastic demands of rocking podium structures (RPSs), while Bantilas et al. 
[23] examined the effect of the higher vibration modes of multi-storey superstructures on the 
dynamic response of RPSs. 

Due to the strongly non-linear behavior of the rocking motion, small changes in both the 
rocking system and the ground motion parameters can lead to large variations in the response, 
so that the study of the phenomenon under a probabilistic framework yields more reliable 
conclusions [24]. To this end, except of the investigation of the influence of ground excitation
characteristics on the dynamic response of rocking systems [25-30], the effect of modeling 
assumptions on the rocking response is of great interest.

In the rocking response of rigid blocks, energy dissipation occurs during impact when the 
tilt angle of the rocking columns reverses the sign. Although different models for energy dis-
sipation have been proposed [31-33], Housner's coefficient of restitution [1] has been widely 
used. Regarding the energy dissipation during impact, various conservation rules have been 
proposed in order to evaluate the post impact state of a rocking system. In the case of deform-
able rocking cantilevers, such approaches involve the conservation of the horizontal momen-
tum [34], conservation of the moment of momentum [35] and conservation of kinetic energy 
at the horizontal direction [6] combined with the assumption that the vertical velocity of the 
model is completely dissipated. The above conservation rules led to an increase in the elastic 
demands especially when applied to stiff systems [6, 36]. Due to this fact the conservation of 
horizontal momentum combined with the assumption that the relative velocity between the 
deformable oscillator and the base is constant during impact were introduced by Oliveto et al. 
[36]. Since then, the assumption of constant relative velocity has been adopted by other re-
searchers to study the response of both deformable rocking cantilevers [2-3]. Later studies of 
Giouvanidis and Dimitrakopoulos [37] prove that the relative velocity of a deformable rock-
ing cantilever before and after the impact does not remain constant.

Regarding the podium structures, assuming instantaneous impact and all the impact forces 
concentrated at the pivot points, the system can be considered isolated and conservation of 
angular momentum can be applied. Bachmann et al. [21] and Bantilas et al. [23] examined the 
response of sdof and mdof RPSs respectively, assuming that the relative horizontal velocity of 
the superstructure with respect to the cap beam of the rocking frame before and after the im-
pact remains constant. Moreover, Bantilas et al. [22] assumed constant absolute horizontal 
velocity of the superstructure during impact, in order to investigate the effect of the impact 
modeling assumption on the response of sdof RPSs. In the present study the effect of the two 
aforementioned impact assumptions on the response of multi-storey RPSs is investigated. 
Thus, nine multi-storey RPSs are examined under a set of synthetic pulse-like ground motion 
records, in order to assess the effect of the energy dissipation model on the response of the 
rocking base, as well as the elastic seismic demands.
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2 DYNAMIC RESPONSE OF ROCKING PODIUM STRUCTURES
In the present section, the analytical model of the dynamic response of frame structures, 

seismically isolated using a rocking story, is presented. The model is based on the assumption 
that the superstructure is described by a mdof elastic oscillator, fixed on the top of a rigid 
rocking frame. The rigid frame consists of a cap beam with mass mb and N freestanding col-
umns with mass mc, semi-diagonal length 2 2R H B , rotational moment of inertia around 
its center of mass Icm, and slenderness α = atan(B/H). During the dynamic response, the rock-
ing columns are considered to be in contact with the cap beam and the ground, while the fric-
tion coefficient at the contact surfaces is large enough to prevent any sliding. The schematic 
representation of the model is illustrated in Figure 1. 
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Figure 1: Schematic representation of the analytical model of multi-storey rocking isolated structures (a) and 
interaction of the rocking base with the superstructure (b).

The analytical presentation of the assumptions related to the model used herein is provided 
by Bantilas et al. [23]. The equations of motion of the sub-system of the rocking base, as well 
as the superstructure are given by Equation (1) and (2), respectively. 

2 2
o

g
tot

I 4 4 sin ( ) R 2 R sin 2( )

V(1 2 2 )gsin( ) (1 2 ) cos( ) 2 cos( )
M

(1)

bb

g

uu

2R sin( ) sin( ) 2R cos( )t t t (2) 

where γ is the mass ratio of the cap beam (mb) divided by the total mass of rocking columns 
(Nmc); η is the mass ratio of the superstructure (Mtot) divided by the mass of cap beam (mb);

2
o o cI I m R and oI is the rotational inertia of the column with respect to the pivot point; ,

 and are the title angle, the rotational velocity and the rotational acceleration of the rock-
ing columns; tu , tu  and tu are the floor displacements, velocities and accelerations with respect 
to the undeformed configuration of the system; M, K and C are the mass the stiffness and the
damping matrix of the superstructure; is the influence vector of the ground motion ( =1); αg

is the ground acceleration; ub and vb the horizontal and vertical  displacements of the center of 
mass of the cap beam; and the base shear of the superstructure (V) is given by:
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b bV u ut t (3)

The terms buK and buC correspond to the dynamic loads applied to the superstructure 
due to the continuous displacement of the cap beam of the rocking base. The upper and lower 
signs in Eqs. (1)-(3) define rocking around the right (θ>0) and left (θ<0) pivot points of the 
rocking columns respectively. 

Until uplift occurs, the rocking base is assumed to remain inactive ( 0 ). Thus the su-
perstructure behaves as a fixed base mdof oscillator, and the equations of motion are given by 
Eq. (2), considering b bu u 0 . When the horizontal overturning actions overcome the restor-
ing forces of the podium structure, uplift occurs, and the rocking story starts to roll. The uplift 
criteria can be summarized as follows:

g

tot

2 21 tan V
g 1 2 1 2 g

(4)

where V is the superstructure’s base shear given by Eq. (3) considering b bu u 0 . The upper 
and lower signs define rolling initiation around the right (θ>0) and left (θ<0) pivot points.

3 IMPACT MODELING
In the present study, in order to evaluate the influence of the adopted energy dissipation 

model on the elastic response of multi-storey RPSs, two different assumptions regarding the 
velocity of the superstructure during impact are examined. 

Due to the constant relative horizontal velocity (CRV) of the superstructure with respect to 
the cap beam of the rocking frame before and after the impact assumption, the coefficient of 
restitution (CORCRV) and post-impact horizontal velocities of the floors of the superstructure
are given by Eqs. (5.a) and (5.b), respectively.  

2
CRV

o

1 4 (1 )COR 1 2sin
I 4 (1 )

(5.a) 

t t CRV2R cos( ) (1 COR )u u (5.b) 

Additionally, the solution of the impact problem adopting the constant absolute velocity
(CAV) assumption results in the coefficient of restitution of the rocking base (CORCAV) as 
well as in the post impact velocities of the superstructure as follows:

2
CAV 2

o

1 4 4COR 1 2sin ( )
I 4 4 sin ( )

(6.a) 

t tu u (6.b) 

where -
tu and +

tu are the superstructure’s absolute velocity vectors before (-) and after (+) im-
pact, respectively.

In contrast to the CRV assumption (Eq. 5.b), the CAV assumption (Eq. 6.b) implies that no
horizontal impulsive loads are developed on the superstructure which might be crucial for the 
elastic deformation of the superstructure [36]. In the limit case of an extremely flexible super-
structure (Tt→∞) the CAV assumption seems well-founded. On the contrary, in the case of a 
quasi-rigid superstructure (Tt→0) the relative velocity between the superstructure and the cap 
beam cannot change and as a consequence the CRV assumption is more appropriate. 
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4 SYNTETIC GROUND MOTION RECORDS
Near-fault ground motions often contain distinct velocity and acceleration pulses, caused 

primarily by the rapture forward directivity effect [38]. The impulsive characteristics of such 
ground motions are quite destructive for most civil engineering structures [39] as well as 
rocking systems [1]. Due to the limited number of recorded pulse-like ground motions, the 
Mavroeidis and Papageorgiou [40] procedure was adopted to generate synthetic ground mo-
tions for a wide range of moment magnitude–distance scenarios (Mw-Re). According to the 
model, a pulse-like ground motion can be synthesized by properly superimposing low and 
high-frequency signals that simulate the coherent directivity pulse and the incoherent seismic 
radiation, respectively.

The low-frequency component of the synthetic ground motion is modeled using the 
Mavroeidis and Papageorgiou [40] wavelet. In terms of velocity, the closed-form expression 
of the analytical pulse is given by: 

p p p
0 0 p 0 p 0 p

p p p

A T T2 21 cos t t cos t t v ,  t t t
v(t) 2 T T 2 2

0            ,  otherwise

(7) 

where Ap controls the amplitude of the signal envelope; Tp is the prevailing period of the sig-
nal; vp is the phase; γp is a parameter that defines the oscillatory character of the signal (γ>1), 
and t0 defines the epoch of the peak of the envelope. For every magnitude–distance (Mw-Re) 
scenario, a certain low-frequency signal is assumed using the mean values of the Mavroeidis 
and Papageorgiou pulse parameters (Ap, Tp, vp, γp). The mean values of the parameters vp and 
γp are 1.93 and 1.83, respectively [41]. Moreover, the mean values of the velocity amplitude 
(Vp) and the prevailing period (Tp) of the pulse are given by Eqs. (8) and (9) [27]. The enve-
lope parameter Ap of Eq. (7) is calculated using the velocity amplitude and the phase of the 
signal. 

2 2
p w w e plog V 5.17 1.98min M ,7 0.14min M ,7 0.10log(R 0.562),   V  in cm / s  (8) 

p w plog T 2.87 0.47M , T  in s (9) 

The high-frequency component of the synthetic ground motion is modeled using the sto-
chastic method. In this approach, the Fourier amplitude spectrum of a windowed white noise 
is fitted on a "target" amplitude spectrum Y(Mw, Re, f). The "target" spectrum is expressed as 
a product of quantities which represent the earthquake source radiation E(Mw, f), the propaga-
tion path effects P(R, f), the site response G(f), and the type of motion I(f). The fitted ampli-
tude spectrum is transformed back to the time domain, yielding the synthetic high-frequency 
signal. A detailed review of the method can be found in Boore [42]. In the present study, the 
model parameters of Atkinson and Silva [43] is adopted to generate high-frequency synthetic 
time histories for different Mw-Re scenarios.

According to Mavroeidis and Papageorgiou [40], the simulation of a pulse-like synthetic 
ground motion requires the evaluation of the low and high-frequency components for a given 
Mw-Re scenario. Subsequently, the Fourier amplitude spectrum of the high-frequency compo-
nent is subtracted from that of the coherent pulse. Then, the resulting "residual" amplitude 
spectrum is transformed back to the time domain by considering that its phase coincides with 
the phase of the Fourier transform of the high-frequency component. Finally, the "residual" 
high-frequency signal and the low-frequency component are superimposed, yielding the syn-
thetic pulse-like time history. 
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In the present study, magnitudes Mw in the range 5.5–7.5 with a step of 0.5 and distances 
from the fault Re in the range 5–20km with a step of 2.5 km were considered [27, 28]. For 
every Mw-Re scenario, 100 simulations of pulse-like synthetic ground motions were generated 
using the aforementioned procedure. For the scope of this study a specific low-frequency sig-
nal is assumed for every Mw-Re scenario, using the mean values of the pulse parameters, in 
order to restrict the ground motion variability and as such to minimize the dependency of the 
time history analysis results on the characteristics of the signal.  

5 EVALUATION OF IMPACT ASSUMPTIONS
The effect of the assumptions regarding the velocity of the superstructure during impact on 

the response of multi-storey RPSs is examined in the present study. The considered multi-
storey podium structures are divided into three classes, based on the lateral displacements pro-
file of the fundamental vibration mode of the superstructure. For this purpose superstructures 
with flexural, shear and triangular lateral displacement profile are considered (Figure 2). Con-
sidering that in typical multi-storey structures the distribution of floor masses is constant and 
that the fundamental vibration period of the superstructure is Tt,1 = n/10, where n is the num-
ber of the floors, the definition of the mass (M) and stiffness (K) matrices are defined, given 
the lateral displacement profile [23, 44].The damping matrix (C) of each structure is assumed 
to be proportional to the mass and stiffness matrices (Rayleigh damping) considering critical 
damping ratio ξ = 5% for the first two vibration modes. In total nine different superstructures 
are examined. Specifically, for every displacement profile superstructures with n={3, 6, 9} 
floors are considered. All the structures are assumed to be fixed on the top of a typical rocking 
frame which consists of rectangular columns ο(Ι =4/3) of size R = 1.5 m, slenderness tan(α) = 
0.15, γ = 10 and cap beam mass mb equal to the mass of the standard floor m (η = n).
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Figure 2: Lateral displacement profiles of the examined multi-storey structures [44]. 

The values of the coefficient of restitution as obtained by CAV and CRV assumptions are 
presented in Figure 3. The only feature of the superstructure that affects the coefficient of res-
titutions is the mass ratio η. The values of the coefficient of restitution obtained by the CAV 
assumption are much smaller than the corresponding values under the assumption of CRV. 
Additionally, the superstructure’s mass ratio (η) seems to significantly affect the coefficient of 
restitution under the assumption of CAV. On the other hand the coefficient of restitution un-
der CRV assumption is saturated if the term “γ(1+η)” of Eq.(5.a) takes values greater than 10. 
Thus, for typical RPSs with γ=10, the coefficient of restitution using CRV assumption is iden-
tical for η ≥ 1.
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Figure 3: Values of the coefficient of restitution, calculated by the two examined assumptions, as a function of 
the slenderness (α) of the rocking columns for different values of the superstructure’s mass ratio (η). 

Figure 4 illustrates the responses of three RPSs under free oscillation of the rocking base 
with initial conditions θο/α = 0.9 and superstructure’s relative deformation ut,ο- ub,ο=0. The
mDOF elastic oscillators correspond to superstructures with n={3, 6 and 9} floors and shear 
displacement profile. The results are presented comparatively between the CAV and CRV 
impact assumption. The dynamic response of the rocking base is similar in both models. De-
spite the different values of the coefficient of restitution between the CAV and CAR assump-
tions, the energy loss during impact is comparable in both models. In the former case energy 
is dissipated exclusively by the rocking base while in the latter case energy is dissipated by 
the rocking base and the superstructure. Regarding the response of the superstructure the 
CAV assumption results in slightly larger elastic deformations. 

Figure 4: Response time histories under free rocking oscillations of the rocking base.

The maximum rocking response (θmax/α) for each of the examined structures considering 
CRV and CAV assumption, under the set of the synthetic pulse-like ground motions, are pre-
sented in Figure 5. It can be observed that the majority of the data follows a trend. However, 
there are many cases where RPSs considering CRV assumption overturns, while assuming 
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CAV assumption survives and vice versa. That fact is more intense in case of the 3-storey su-
perstructure. As the flexibility of the superstructure increases, the dispersion between the re-
sponses seems to be significantly decreased. However, the displacement profile of the 
superstructure seems not to affect the developed rocking rotations.  

Shear Displacement ProfileFlexural  Displacement Profile Triangular Displacement Profile

Figure 5: Comparison of the maximum rocking rotation calculated by the CRV and CAV assumption under the 
pulse like synthetic ground motions.

In order to examine the effect of the adopted assumption regarding the velocity of the su-
perstructure during impact on the elastic seismic demands of mdof oscillators, the maximum 
shears developed on the multi-storey superstructures are presented in Figure 6. The seismic 
demands normalized to the horizontal base shear (Vst), required to activate the rocking base 
under static conditions [22], as calculated using both impact assumptions are presented com-
paratively. The results obtained by ground motions that cause overturning of the rocking base 
are omitted. As emerged by the results of the tilt angles, the responses of the stiffer super-
structure present higher dispersion. Moreover, the displacement profile of the superstructures 
seems to affect the estimated maximum shear. Specifically, the increase of the effective mass
of the superstructure’s first mode (from flexural to shear displacement profile) results in high-
er correlation between the maximum responses obtained by the two energy dissipation models. 
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Shear Displacement ProfileFlexural  Displacement Profile Triangular Displacement Profile

Figure 6: Comparison of the maximum normalized shear calculated by the CRV and CAV assumption under the 
pulse like synthetic ground motions. 

In addition to the seismic demands in terms of maximum shear forces, their distribution 
throughout the superstructure is also of particular interest. Figure 7 presents the storey shears 
(Vi) of the nine podium structures. The solid and dashed lines correspond to the average and 
maximum values of the storey seismic demands, respectively. In the same figure, the seismic 
demands of the superstructures considering CRV and CAV assumptions are presented com-
paratively. The results obtained by ground motions that cause overturning of the rocking base 
are omitted. The differences of the maximum values of the storey shears between the two im-
pact assumptions seems to be important. However, regarding the mean values slight differ-
ences are depicted. In general, the CAV assumption results in increase of the shear in the 
lower floors. In upper floors the shears seems to be identical. The distribution pattern of the
mean seismic demands presented by podium structures, regardless the impact assumption, in-
dicates the excitation of higher modes of the superstructure during impact [23]. 
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Shear Displacement ProfileFlexural  Displacement Profile Triangular Displacement Profile

Figure 7: Average and maximum storey shear profiles (Vi). 

In order to statistically assess the effect of the impact assumption on the dynamic response 
of the RPSs, following Bachmann et al. [45], empirical cumulative distribution functions 
(ECDFs) are constructed. In Figures 8 and 9 the ECDFs of the maximum rocking rotations of 
the base, as well as the maximum elastic seismic demands are presented, respectively. In each 
figure the ECDFs considering both CRV and CAV impact assumption is depicted. Moreover, 
the 95% confidence interval is reported for the ECDF calculated by the response results as-
suming CRV assumption. These plots illustrate the probability that the maximum response is 
smaller than a specific value of the response, in terms of tilt angle of the base (|θmax|/α) or 
maximum shear of the superstructure (|Vmax|/Vst).

The ECDFs of the response of the rocking base considering CRV and CAV assumption are 
almost identical (Figure 8). Thus, statistically the two different assumptions regarding the ve-
locity of the superstructure during impact do not affect the rocking response of RPSs. The ef-
fect of the superstructure’s flexibility and lateral displacement profile on the response of the 
base can be observed throughout Figure 8. It has to be mentioned that the ECDFs of the 9-
storey superstructure indicate the lack of rocking initiation under a large amount of ground 
motion excitations (>15%).
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Shear Displacement ProfileFlexural  Displacement Profile Triangular Displacement Profile

Figure 8: Cumulative distribution functions of the normalized maximum tilt angle max/ for the synthetic pulse 
like ground motions.

In Figure 9 the ECDFs of the maximum superstructure’s shear forces are presented. Unlike 
the response of the rocking base, the ECDFs of the seismic elastic demands considering the 
two impact assumptions present considerable differences. The variance of the responses is 
more intense in the 3-storey superstructure. As the flexibility of the superstructure increases 
the differences are diminished. The differences between the two impact models also tend to 
decrease as the effective mass the of the superstructure’s first vibration mode increases. The 
ECDF by the CAV assumption is inside the confidence interval of the CRV assumption
ECDF only in case of the 9-storey superstructure. In general, it is evident that CAV assump-
tion results in increased elastic seismic demands. That fact is more intense in case of stiff su-
perstructures.
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Shear Displacement ProfileFlexural  Displacement Profile Triangular Displacement Profile

Figure 9: Cumulative distribution functions of the normalized base shear Vmax/Vst for the pulse like synthetic 
ground motions. 

6 CONCLUSION
In the present study, the effect of the adopted energy dissipation modeling during impact 

on the response of multi-storey rocking podium systems are examined. Thus, two different 
assumptions regarding the velocity of the superstructure during impact is examined. Specifi-
cally, the assumptions of constant relative horizontal velocity and constant absolute horizontal 
velocity of the superstructure with respect to the cap beam of the rocking frame before and 
after the impact were considered. 

The response time histories indicate that the assumptions regarding the impact model may 
result in diverging estimates of the tilt angle, especially in case of stiff superstructures. How-
ever, the response of the rocking base in terms of empirical cumulative density functions is 
not affected by the assumptions regarding the velocity of the superstructure during impact.

The effect of the impact assumption on the elastic seismic demands depends on the stiff-
ness and the lateral displacements profile of the fundamental vibration mode of the super-
structure. As the flexibility and the effective mass of the first mode of the superstructure
increases, the effect of the two impact assumptions on the superstructure’s response tend to be 
less notable. Examining especially stiff superstructures the CAV assumption results in higher 
elastic demands. 
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