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Abstract

During strong earthquakes, base isolated systems (buildings, bridges, strategic facilities,
equipment etc.) can impact against the surrounding moat wall because of the deformation of
the isolator if the available separation distance is limited. A possible mitigation measure is
the interposition of shock-absorbers (bumpers). In this work some of the results of an experi-
mental laboratory campaign are presented. The experimental tests were carried out to inves-
tigate the dynamic response of a base-isolated single-degree-of-freedom (SDOF) oscillator,
excited by a harmonic base acceleration and symmetrically constrained by two unilateral de-
formable and dissipative bumpers. Three different peak values of table acceleration (A), four
amplitudes of the total gap between mass and bumpers (G) and four types of bumpers (B)
were considered. In this work the attention is focused on some characteristics of the dynamics
with impact, such as force and time of contact between mass and bumpers, coefficient of resti-
tution and energy dissipated by the bumpers during the impact. The results of the experi-
mental tests were used to identify the parameters of stiffness and damping of a numerical
model able to simulate the behavior of the system by using a general-purpose computer code.

Keywords: Shaking table test, Numerical model, Base-isolated SDOF, Bumpers, Base excita-
tion, Impact parameters.
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1 INTRODUCTION

Base-isolated structures can undergo large displacements when subjected to severe earth-
quakes, because of the lengthening of their fundamental periods induced by seismic isolation
[1,2]. These large displacements, confined at the isolation system, can damage the isolators
themselves or can lead to poundings with the surrounding moat wall or adjacent structures, if
the width of the available seismic gap is not sufficient. The problem of pounding doesn’t con-
cern only structures, but also bridges and equipment [3,4]. The consequences of such pound-
ing, that can range from damage of acceleration-sensitive equipment housed in the structure to
severe structural damage, can be mitigated by reducing the impact stiffness. This can be done,
for example, by introducing shock absorbers (bumpers), made of deformable and dissipative
material, between the structure and the obstacle.

The dynamic response of a nonlinear base-isolated single-degree-of-freedom (SDOF) os-
cillator subjected to a harmonic base acceleration and constrained by two symmetrically ar-
ranged unilateral bumpers has been numerically investigated by Andreaus and De Angelis in
[5], where possible scenarios of the system’s response have been highlighted. Subsequently,
the experimental response of a physical model of the SDOF has been studied in [6,7].

In this work, some of the results of an experimental laboratory campaign of tests, concern-
ing the study of the SDOF oscillator, are presented. In particular, the evaluation of the impact
parameters (time and force of contact, coefficient of restitution and energy dissipated by the
bumpers during the impact) was made on the basis of the experimental data (times and veloci-
ties immediately before and after contact). Three different peak values of table acceleration Ai
(i=1, 2, 3), four amplitudes of the total gap between mass and bumpers Gj (j =1, 2, 3, 4) and
four types of bumpers Bk (k = 1, 2, 3, 4) were considered.

The results of the experimental tests were also used to identify the parameters of a numeri-
cal model able to simulate the behavior of the system by using a general-purpose computer
code.

The paper is organized as follows: the experimental setup is described in Sect. 2; the im-
pact parameters, calculated from the experimental data, are reported in Sect. 3; a numerical
model able to simulate the behavior of the system is presented in Sect. 4; the main conclu-
sions are drawn in Sect. 5.

2 EXPERIMENTAL SETUP

The physical model of the SDOF system consists of a rigid body, composed of six plates of
mild steel jointed through bolts, that can be treated as a lumped mass M, an elastomeric isola-
tor (damper) and a couple of elastomeric shock absorbers (bumpers) symmetrically installed
on steel stands which are bolted onto the base plate. The damper is bolted to the lower plate of
the mass in a central position. The mass is supported by four spherical bearings, rotating with-
in unidirectional guides (Figure 1).

The experimental campaign was performed using a shaking table, and the measured pa-
rameters were absolute accelerations and displacements of the table and of the mass.

Four different values of the distance between bumpers and mass (total gap, defined as the
sum of left and right gaps), obtained by adjusting the screws at the fronts of the stands, were
considered (G1 = 15 mm, G2 = 20 mm, G3 = 25 mm, G4 = 30 mm).
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Accelerometer on the mass

Figure 1: Experimental setup: a) side view and sensors; b) perspective view.

Four different types of bumpers were employed (B1, B2, B3, B4), with different contact
lengths and obtained from three types of cross section (Figure 2).
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Figure 2: Cross sections of bumpers: a) B1 and B2: MB 60x52 mm, B1: L = 100 mm, B2: L =400 mm; b) B3:
MB 40x22 mm, L = 400 mm; ¢) B4: AP 65x52 mm, L = 400 mm.

The system was excited by a step-wise forward and backward Sine Sweep signal in dis-
placement control, in the frequency range f = 0.5 — 5.0 Hz with step 4f = 0.1 Hz, in order to
impose three different values of peak table acceleration (A1 = 0.03 g, A2 =0.04 g, A3 =0.05
g, where g is the gravity’s acceleration), with a sufficient number of cycles to reach steady
state.

3 EXPERIMENTAL EVALUATION OF IMPACT PARAMETERS

Among the various aspects investigated, in this work the attention is focused on the results
obtained in the presence of bumpers which were used to identify some characteristic parame-
ters of the dynamics with impact, such as force and time of contact between mass and bump-
ers, coefficient of restitution and energy dissipated by the bumpers during the impact. These
parameters were evaluated from the experimental data, considering the steady-state in corre-
spondence to the resonance frequency. In case of rigid body impact, the contact time is very
small, and the contact force prevails over other involved forces [8].

By analyzing the time histories of absolute acceleration in steady-state resonance condition
(Figure 3), it was possible to identify the times of beginning and end of contact (respectively t;
and to), and thus calculate the duration of the contact interval:

Ate = to - t; (1)
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Figure 3: Time histories of absolute acceleration and relative velocity in steady-state resonance condition (B4-
G4-A3).

The coefficient of restitution s describes the loss of kinetic energy due to wave propagation
and deformation of the contact area caused by the impact. It is defined as the ratio between
the relative velocities immediately after, vo, and immediately before, vi, the contact (Figure 3):

S = - Vol @)

It depends on material, geometry of impact bodies and relative velocities of the colliding
solids [9,10]. The coefficient, so defined, varies within the range s € [0, 1]. The limit values
correspond to perfectly inelastic and perfectly elastic impact, respectively.

Using the impulse momentum law, with reference to the time interval 4z, the mean contact
force, acting on the mass, con be evaluated as follows:

where | is the change in momentum during impact:
| =M (1+5) vi 4)

Finally, the energy dissipated during the impact, equal to the difference between the kinetic
energies of the mass M immediately before (Exi) and immediately after (Exo) the contact with
the bumper, can be calculated from the coefficient of restitution through the following expres-
sion [11]:

Eq=(1-5?) Ex ®)

In the following figures, the trends of the impact parameters are depicted as a function of
the peak table acceleration A (Figure 4), the amplitude of the total gap G (Figure 5) and the
stiffness of the bumper (Figure 6). Missing values correspond to combination of the parame-
ters A-G-B for which the impact has not occurred.
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To each bumper B corresponds a color (red for B1, blue for B2, black for B3 and green for
B4); to each value of total gap G corresponds a marker (square for G1, diamond for G2, trian-
gle for G3 and circle for G4); to each value of peak table acceleration A corresponds a line
style (dotted for A1, dashed for A2 and solid for A3). From Figure 4 it can be observed that
all the impact parameters increase with the peak table acceleration A. While bumpers B2 and
B3, and often also B4, behave in a similar way, bumper B1 exhibits quite different trends. As
concerns the coefficient of restitution s, from Figure 4a it can be observed that it always as-
sumes values lower than 1. The lowest values are those associated with the bumper Bl1,
whereas the curves corresponding to the other three bumpers are very close to each other, es-
pecially for large values of A. Consequently, it is expected that, for those three bumpers, the
influence of the total gap G on s decreases with increasing of A.
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Figure 4: Impact parameters vs. A with the variation of B and G: a) coefficient of restitution; b) contact time; c)
contact force; d) dissipated energy.

As concerns the contact time Az (Figure 4b), it is very short, of the order of milliseconds.
The increase of A¢ with A is due to the fact that the higher A, the greater the penetration of
the mass in the bumpers. Furthermore, in the case of bumper B4, it is worth noting that not
only the contact time does not vary significantly with A, but also G does not influence too
much the duration of contact because the curves, corresponding to the four values of G, are
very close to each other. As the stiffness of the bumper decreases, the influence of A increases,
and it is more evident the difference in 4z when varying G, especially for bumper B1. Bump-
ers B2 and B3 exhibit values of 4t very close to each other.
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As concerns the mean contact force Fc, from Figure 4c it can be observed that it increases
almost linearly with A. The lower values are those associated with the more deformable
bumper B1, whereas the larger values are those corresponding to the stiffer bumper B4. B2
and B3 are placed in an intermediate position. As concerns the energy dissipated during im-
pact Eq, from Figure 4d it can be observed that, except for some cases, it increases with A.
The values of Eq associated with the bumper B1 are always larger and differ significantly
from the other bumpers, especially for large values of A. The curves corresponding to the oth-
er bumpers are very close to each other.
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Figure 5: Impact parameters vs. G with the variation of B and A: a) coefficient of restitution; b) contact time; c)
contact force; d) dissipated energy.

From Figure 5 it can be observed that also the amplitude of the total gap G influences the
impact parameters. The coefficient of restitution (Figure 5a) does not vary significantly with
G, especially for large values of A. As concerns At (Figure 5b), it is not significantly influ-
enced by G for bumpers B2, B3 and B4, whereas it decreases with G for bumper B1. The
curves associated with bumper B4 are very close to each other, indicating a small influence of
A. This influence increases as the stiffness of the bumper decreases. The mean contact force
Fc (Figure 5¢) does not vary significantly or increases slightly with G. The higher values are
associated with the pair B4-A3. The energy dissipated (Figure 5d), attains value in the range
0.5-3.5 kN mm for all values of G. The curve corresponding to the pair B1-A3 distances itself
significantly from the others and it is associated with the larger values of Eq. The same pair of
parameters corresponds to the greater value of Az.
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Figure 6: Impact parameters vs. B with the variation of G and A: a) coefficient of restitution; b) contact time; c)
contact force; d) dissipated energy.

As concerns the influence of the stiffness of the bumper B, from Figure 6a it can be ob-
served that, as it increases, the coefficient of restitution first increases and then it stands at a
constant value or decreases. The reduction increases as A decreases. Only the curve corre-
sponding to the pair G2-Al gradually diverges more and more from the others as B increases.
Passing from B1 to B4, that is increasing the stiffness of the bumper, the penetration of the
mass into the bumper decreases. Consequently, At decreases (Figure 6b) because the mass
remains in contact with the bumper for a shorter time. It is worth noting that all the curves are
gradually closer to each other as B increases. The mean contact force F¢ increases with the
stiffness of the bumper (Figure 6¢) and the larger values are associated with the higher values
of peak table acceleration. As concerns the energy dissipated during the impact (Figure 6d), it
is not significantly influenced by B for small values of A. With increasing of A, Eq first de-
creases with B, with a reduction that is all the more significant the greater is A, then stands at
a constant value or does not vary significantly. Finally, as previously observed, also from it
can be noticed that bumpers B2 and B3 correspond more or less the same values of the pa-
rameters
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4 NUMERICAL MODEL

The results of the experimental tests were used to identify the parameters of stiffness and
damping of a numerical model able to simulate the behavior of the SDOF system, by using a
general-purpose computer code (Sap2000 v.20). The model, depicted in Figure 7a, consists of
a mass M, a nonlinear isolation damper, in the following text denoted by the subscript “d”,
and two bumepers, in the following text denoted by the subscript “b”.
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Figure 7: a) Numerical model; b) Trilinear constitutive law of damper.

D4 and Dyj (j = R, L) denote the relative displacement of mass, right and left bumper re-
spectively with respect to the table; in the following equations the superimposed dot denotes
derivation with respect to time. The gap, that is the distance between the mass M and the sin-
gle bumper, is denoted by 4;(t) (j = R, L). The system is subjected to a harmonic base acceler-
ation Ag(t) = Ac sin(Qt).

The experimental and numerical results where compared considering the combination of
investigated parameters B4-G4-A3. The piece-wise linear elastic behavior of the damper [12]
(Figure 7b) was modeled with stiffness Keq1 = 38 kN/m between Dgq = 0 and Dg = Dg1 = 8 mm,
Ked2 = 18 KN/m between Dy = Dg1 = 8 mm and Dg = Dg2 = 40 mm, Kegz = 2 KN/m for Dq > Dq2
= 40 mm; the linear viscous behavior of damper was identified by the damping coefficient Cq
= 1.1 kKNs/m. The linear elastic behavior of the bumper was modeled with a stiffness Ken =
2200 kN/m; the linear viscous behavior of the bumper was identified by the damping coef-
ficient Cp = 5 KNs/m.

The dynamic response of the system is governed by the following equations of motion.

Three situations exist, when the mass is oscillating, and they can be described as follows:
¢ the mass is not in contact with any of the bumpers

M Dg + CqDg + Rq=-M Ag sin(Qs)

(62)
Cpj Dpj + Kep Dpj =0
e the mass is in contact with the right bumper (RB)
M Dg + C4 Dg + Rq + Cpr DR + Kep Dpr = -M Ag sin(€¢) (6b)

CpL DpL + Keb DpL =0
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e the mass is in contact with the left bumper (LB)

M bd +Cy Dd +Rg + CpL DbL + Kgp DpL = -M Ag sin(Q) (60)
C

CbR DR + Kep Dpr = 0
The definition of Rq appearing in Egs. (6) above will be given in the Eqgs. (7) below.

The piecewise-linear restoring force of the damper obeys the following constitutive law in
the (Dg > 0, Rq > 0)-region (Figure 7b):

Rd = Ked1 Dg 0 <Rd¢ <Ra1 1% elastic branch (7a)
Rd = Ra1 + Ked2(Dd — Da1) Ra1<Rd¢ <R 2" elastic branch (7b)
Rd = Ra2 + Kegs(Dg — Da2) Rd2< Rg 3 elastic branch (7¢)

where Dg, Rq are the current values of displacement and force; Dg1 and Dq. are the dis-
placements corresponding to Rq1 and Rq2, Figure 7b. Analogous laws hold in the (Dg <0, Rg <
0)-region.

It is worth noting that each bumper relaxes to its original state after the impact and it may
not be at rest when a new contact occurs. This depends on the ratio between the relaxation
time of the bumper and the time interval between two subsequent impacts.

The comparison between experimental and numerical results, corresponding to the combi-
nation B4-G4-A3, was made with respect to the hysteresis loop of inertia force (Figure 8a)
and the phase portrait (Figure 8b) in steady-state resonance condition. The solid lines repre-
sent the experimental results, and the dashed lines the numerical ones. The two vertical
dashed lines identify the position of the bumpers. It can be observed that there is a good
agreement between numerical and experimental results.
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Figure 8: Numerical vs. experimental results at resonance (B4-G4-A3): a) hysteresis loop; b) phase portrait.
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5 CONCLUSIONS

In this paper the experimental dynamic response of a base-isolated SDOF system, con-
strained by two symmetrically arranged deformable and dissipative bumpers and subjected to
harmonic base excitation, is investigated. Three different peak values of table acceleration A,
four amplitudes of the total gap G between mass and bumpers and four types of bumpers B
were considered. The impact parameters (force and time of contact, coefficient of restitution
and energy dissipated by the bumpers during the impact) were calculated from the experi-
mental data. It was observed that they are influenced by the investigated parameters (A, G, B).

In particular, all the impact parameters, for almost all B-G pairs, increase with the peak ta-
ble acceleration A. While bumpers B2 and B3, and in some cases also B4, behave in a similar
way, the values of the parameters associated with B1 differ significantly.

Slightly different trends with the amplitude of the total gap G were observed; G appears to
influence the impact parameters to a lesser extent, except for some combination B-A, that
show quite different trends.

Finally, the more the bumper is rigid (from B1 to B2), the lower the penetration of the
mass into the bumper. Consequently, both the contact time and the energy dissipated decrease,
while the contact force increases. As concerns the coefficient of restitution, it shows an in-
crease passing from B1 to B2 then it stands at a constant value or decreases.

The experimental results were used to identify the parameters of a numerical model that
has been shown to reproduce in a sufficiently accurate manner the results obtained experimen-
tally.
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