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Abstract—In areas of low to moderate seismicity many building
contents and equipment are not positively fixed to the floor or tied to
adjacent walls. Under seismic induced horizontal vibration, such
contents and equipment can suffer from damage by either overturning
or impact associated with rocking. This paper focuses on the
estimation of shock on typical contents and equipment due to
rocking. A simplified analytical model is outlined that can be used to
estimate the maximum acceleration on a rocking object given its
basic geometric and mechanical properties. The developed model
was validated against experimental results. The experimental results
revealed that the maximum shock acceleration can be underestimated
if the static stiffness of the materials at the interface between the
rocking object and floor is used rather than the dynamic stiffness.
Excellent agreement between the model and experimental results was
found when the dynamic stiffness for the interface material was used,
which was found to be generally much higher than corresponding
static stiffness under different investigated boundary conditions of the
cushion. The proposed model can be a beneficial tool in performing a
rapid assessment of shock sensitive components considered for
possible seismic rectification.

Keywords—Impact, shock, earthquakes, rocking, building
contents, overturning.

1. INTRODUCTION

N regions of high seismicity, the intention is to ensure that

all building contents and installations are secured in
position, and preferably fully restrained from movement in the
event of an earthquake. The required strength of the restraint is
normally specified as the product of the component mass and
the peak acceleration developed in the component according
to the basic principles of mechanics (e.g. [1]-[3]). On the
other hand, in regions of low to moderate seismicity where
building contents are typically fiee-standing, the provisions in
contemporary codes of practice for the design of structures
have not given realistic models for evaluating the seismic
performance behavior of such objects. This is because of
limitations with the commonly used quasi-static and dynamic
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modal analysis methods for modeling the motion behavior of
an object that rotates (or “rocks”) within the limits of
overturning. Numerous investigations have been undertaken
by different research groups over many years to analyze the
rocking and/or sliding motions of free-standing objects [4]—
[16]. Simplified simulation algorithms have accordingly been
developed to model the displacement time-history of rocking
motion [17], [18]. Simplified hand calculation methods based
on linearization have also been proposed to relate the
maximum displacement limit of rocking to certain base
motion parameters [16] and [19], [20]. Thus, much of the
attention in the various cited articles has been devoted to
motions and the risk of overturning.

Past investigations and developed methods cannot model
the damage, if any, that is sustained during rocking. Impact-
tolerance, or the ability to safely withstand rocking (or
overturning), drops and bangs in projected earthquake
scenarios, is becoming an increasingly important aspect of the
reliability of contemporary built facilities [21], [22]. The
safety and well-being of the community can also be
compromised by damage of this nature, and more so if the
equipment carries a post-disaster recovery function.

This paper is concerned with estimating the impact
acceleration that is generated by the impact of a rocking object
on the floor, or on an adjacent obstacle, when excited into
rocking motion in an earthquake. Sliding is assumed not to
occur, implying that the base horizontal acceleration has not
surpassed the coefficient of friction between the base of the
object and the flooring surface. A steel cabinet for housing
electronic/computer equipment was the subject of the
investigation. Accurate prediction of the shock level is
important in terms of modeling damage to the cabinet and its
contents. Two types of impact have been considered in the
investigation, namely(i) impact generated by the overturning
of an object, or the rocking of a squat object (Figs. 1 (a) and
(b)) and (ii) impact generated by rocking motion of a slender
object as its base repetitively pounds on the floor (Fig. 1 (c)).
The illustrated case study features the use of rubber pads that
were attached to the underside of the cabinet to cushion the
impact. This modeling technique would allow for further
investigations on other available flooring products (e.g.
carpets, vinyl, etc.). Given that the floor supporting the cabinet
was without any floor coverings, the rubber pads were by far
the most deformable parts, and hence they absorbed most of
the energy generated by the pounding. The cabinet itself was
assumed to be rigid, so that any energy loss associated with its
deformation can be neglected. Importantly, results from
physical full-scale experiments on the cabinet have been used

413



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:7, No:6, 2013

to verify the proposed analytical model (Section IIT). Results
of a parametric investigation into the static and dynamic
stiffness properties of the rubber cushion are also presented to
guide the selection of input parameters (Section IV). The
proposed methodology can be readily adapted to cases where
there are floor coverings, and it can be further developed for
modeling damage in other types of containers as well as
gravity structures.

The impact model proposed is applied in Section V for
generating Shock Spectra Curves (SRS) for building contents
experiencing rocking motion due to seismic-induced
horizontal vibration. These curves can be directly used for
estimating the level of acceleration developed at the edge of
the impact between an object and the floor by simply defining
the object’s dimensions (i.e. height and width).

II. MODEL FOR DETERMINING IMPACT ACCELERATION

This paper is concerned with estimating the impact
acceleration generated by the impact of a free-standing object
on the floor, or adjacent obstacle, when excited into rocking
motion in an earthquake.

The objective of the modeling approach to be introduced in
this section is to estimate the impact acceleration a,ge.
generated in a free standing object experiencing one of the
impact scenarios shown in Figs. 1 (a)-(c). By considering the
objects as being “rigid”so that any energy loss associated with
its deformation can be neglected, and that the nearby media in
contact is much more flexible than the objects themselves, the
key unknown to solve is the dynamic stiffness £ of any
cushion material that is in place between the objects and the
floor, or an adjacent obstacle. The material properties of the
cushion material used for floor coverings (e.g., carpet or
vinyl), are not well documented as they are nottypical
engineering materials. Accordingly, experiments would need
to be conducted for estimating the potential impact
acceleration generated by impact on these materials. For any
type of cushioning material, a simplified experiment
represented by dropping a rigid lumped mass (m) from a
height Ah., as shown in Fig. 1 (d) can be used.

The value of maximum impact force (F) generated by the
three scenarios shown in Fig. 1 is a function of the amount of
energy absorbed by the cushion. This amount of energy
absorption can be equated to the amount of loss in potential
energy at the instant of impact. The maximum acceleration
force (F) experienced on impact by the vertically dropped
object as well as the impact scenarios shown in Figs. 1 (a) and
(b) (where the overturning motion of the object is halted by
the impact) are relatively straightforward to analysein contrast
to the impact scenario shown Fig. 1 (c), where the overturning
motion of the object continues after impact. Provided that the
mass (m) and dropped height (4h,,) of the vertically dropped
lumped mass is equal to that of the overturned objects, the
equation of moment equilibrium taken about the pivotal edge
of the object at the instance of impact is

F.d=m.a.d=1,0 (1)

where d is the distance between the pivotal edge and the point
of impact,

Iy =2 .m.R? ©)

B = aygge/d 3

F would have been the reaction force had the rotation been
halted by the impact as for the impact scenarios shown in Figs.
1 (a) and (b). The value of the impact force under the rocking
motion scenario (Fig. 1 (c) is different as a smaller force Fjis
developed so that the rotation continues).

Assuming linear elastic behavior of the cushion stiffness
(k), it can be shown that:

F?/2k _ FZ
F2/2k=ﬁ=1—R12)$F=FS/w/1—RLZ) 4)

where1l — R s the proportion of kinetic energy retained in the
cabinet following the impact and Rp(= 6,/6,) is the ratio of
the angular velocity prior to and immediately following the
impact.

Substituting (2)-(4) into (1) and rearranging the terms, gives

Qedge = %J:_Rg(%)z a )

Equation (6) below, which estimates the value of Rp as a
function of d/R, has been derived by [23]. It was originally
derived as a function of the coefficient of restitution [9]. The
expression, which is based on equating the angular momentum
of the rotating object prior to and immediately following the
changeover of the pivotal point at the instance of impact, is

) 0

Using equation (6), the impact acceleration (d.q,.) generated
at the edge of an overturned cabinet can be inferred from
results taken from an experiment that simply involves
dropping a lumped mass m onto the cushion material.

With situations of low-moderate intensity impact, where the
stiffness properties of the cushion material can be taken as
linear-elastic, the value of a that is required for input into (5)
can be estimated by equating the amount of energy absorbed
in the form of strain energy and the loss of potential energy of
the object at the point of impact [23].This gives

_ [zgang
a= /—m @)
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Fig. 1 Types of impact scenarios

In summary, for any of the impact scenarios considered in
this paper (Fig. 1), the impact acceleration (a.4.) generated at
the edge of the cabinet can be inferred from the value of a
measured from the experimental results of a vertically dropped
lumped mass using (5) and (7).When the rotation motion is
halted by the impact (i.e. 6, = 0 = R, = 0), as for the cases
of impact scenarios Figs. 1 (a) and (c), (5) can be simplified to

_ 3 (ad\?
aedge—z R a

III. EXPERIMENTAL VERIFICATIONS

®)

Full-scale physical impact tests have been carried out on a
cabinet. The cabinet used was of dimensions 2.3m (height) x
0.9m (width) and 0.6m (depth). The cabinet was made up of a
rigid steel frame covered by metal sheets. The cabinet, which
was displaced in the direction of the “depth”, was fitted
(glued) with four rubber pads each of which was placed on the
underside of its four corners as shown in Fig. 2. Given that
these rubber pads were more deformable than the cabinet and
the floor, most of the energy was absorbed by the pads. Five
experiments were conducted, where the cabinet was raised to a
pre-determined value of vertical displacement (4h,,) as listed
in Table I. Two accelerometers were mounted on the cabinet
and directly above the corners where impact was made with
the floor and cushioned by the rubber. Measurements were
taken as the cabinet was dropped for rocking. An example
time trace of the measured acceleration is shown in Fig. 3. The
peak values taken from the two accelerometers were recorded

and averaged. The averaged results are listed in the far right
hand column of Table I. Calculations were performed to
predict the value of the emulated acceleration a using (7) for
each of the given value of A4k, and for m = 140kg. The
dynamic spring constant of the attached pads was taken as
4380N/mm (i.e. 2190N/mmper pad) based on results from
dynamic testing to be described in Section IV. The impact
acceleration value a.q4,. Was calculated for each case using (5).

TABLE I
COMPARISON OF PREDICTED AND MEASURED ACCELERATION VALUES
Test Ahgg a (g) Aedge (g) Aedge (g)
no. (mm)  from (7) from (5)  from direct measurements
1 16 10.1 4.6 4
2 16 10.1 4.6 4.1
3 27 13.1 59 6
4 27 13.1 59 6.3
5 32 143 6.5 7

IV. EXPERIMENTAL INVESTIGATION OF STIFFNESS
PROPERTIES OF RUBBER CUSHION

In the experimental study presented in Section III, the
dynamic stiffness value of the square rubber pad (cushion)
was taken to be 2190N/m per piece, which measured 78mm x
78mm x 20mm thick. This stiffness value was based on results
derived from an experimental investigation involving both
static and dynamic testing. Details of the investigation are
described in this section.
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Fig. 3 An example of measured acceleration at impact

In the static experiments, the square rubber pad was laid flat
on a hard surface and then subjected to a monotonic increase
in uniform pressure applied from above. The statically applied
force measured by the load cell was correlated with the
displacement measured on LVDT transducers.

In the dynamic experiments, the rubber pad was pounded
from above by a 12mm thick steel plate that weighed 365
grams. The amount of shock impact acceleration experienced
by the steel plate was logged by accelerometers attached to its
upper surface. The displacement time-history of the
compression of the rubber was obtained by double-integration
of the accurately recorded (and baseline corrected)
acceleration values. The acceleration-displacement and
dynamic force—displacement relationships were obtained using
this technique.

Rubber pad specimens were tested repetitively with both
static and dynamic loads based on the following boundary
conditions that controlled the degree of restraints on the
rubber:(i) the rubber pad was secured to the flat surface by

glue (consistent with conditions on the cabinet), (ii) the rubber
pad was simply placed on the flat surface without the use of
glue and (iii) lubricants were applied onto the surface of the
rubber pad, which was then placed on the flat surface without
the use of glue. The objective was to eliminate frictional
restraining forces on the rubber.

The initial set of static and dynamic tests was conducted
with a square rigid steel plate as an impactor. In the second set
of tests, the steel plate was replaced by a rigid metal sphere of
19mm radius weighing 365 grams.

The force-displacement relationships obtained from the
static tests are shown for comparison in Fig. 4 (a) and (b). The
static stiffness properties of the rubber cushion was shown to
be sensitive to the boundary conditions of the rubber pad and
the nature of the impactor. It is shown by the comparative
plots that the restraining actions generated by the glue and the
frictional forces developed between the rubber and impactor
both contributed to a notable increase in the static stiffness
values.

The dynamic force-displacement relationships obtained
from the two sets of impact experiments are presented in Figs.
5 and 6, respectively. The observed dynamic stiffness values
of the rubber cushion for given boundary conditions and
impactor type were generally much higher than the
corresponding static stiffness values. Previous studies related
to polymeric structural foams under compressive impact
loading showed that dynamic stiffness becomes higher as the
rate of deformation increases [24]-[27]. Dynamic stiffness
values of twice the static stiffness values were recorded with
some tests. Thus, the dynamic stiffness properties of the
rubber could also be affected by the restraining actions of both
the glue and friction as observed with the static experiments.
However, the ratio of the dynamic/static stiffness could not be
generalized given that the value of this ratio is highly variable
across the different scenarios. Linear-elastic behaviour of the
rubber cushion may be assumed for the flat plate impact
scenarios. A dynamic spring constant of 2190 N/m has been
identified for conditions that were consistent with that of the
metal cabinet (Fig. 6 (a)).

Trends observed from tests employing the flat plate as
impactor were similar to those employing the rigid metal
sphere as impactor but non-linear (Hertzian) behavior was far
more pronounced with the second set of test results (Fig. 6 (a)-

(©)).
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V.SHOCK RESPONSE SPECTRA CURVES FOR FREE STANDING
OBIJECTS

The impact model proposed and verified in this paper is
applied in this section for generating Shock Response Spectra
(SRS) curves for building contents experiencing rocking
motion due to floor seismic-induced horizontal vibration.
These curves can be simply used for estimating the level of
shock a4, developed at the edge of impact between an object
and the floor by defining the object’s dimensions (i.e. height
and width).

SRS curves have been developed from the Uplift Response
Spectra (URS) curves of building contents. The URS
represents the maximum uplift displacement experienced by
objects subjected to floor excitations as shown in Fig. 6. The
URS curves were generated by using the non-linear time
history analysis rocking model [12], and they are a function of
the object’s height, thickness and the floor excitation. By
applying the impact model procedure for calculating the level
of shock developed in the rocking object (Section II), URS
curves can be converted to SRS curves. Fig. 7 shows examples
of SRS curves for objects considered to be mounted at mid-
height and roof levels of a generic 30-storey building. A
synthetic accelerogram simulating a 500 year return period
earthquake in Melbourne, Australia, for a class D site was

used as the input motion at ground level. In addition to the
object’s geometry and the base applied excitations, the
stiffness of the flooring material at the vicinity of impact
between the object and floor (including the stiffness of the
object’s supporting legs) and the mass of the object are
required to be defined for obtaining such curves. In this case
study, the mass of the object was taken as 150kg and the
stiffness of the flooring material at the pivotal edge was taken
as 4380N/m, which is a typical value for a rubber pad
material. From Fig. 7, the maximum acceleration level (deqq.)
induced into the free standing objects, installed at the mid-
height of the building, can be estimated at about 3.5g, while
objects located at the roof level could reach a maximum
acceleration level of 5g. These values can be compared with
the tolerance levels of various components to examine the
potential for malfunctioning. SRS curves also indicate the
risks of overturning for the rocking objects, as was predicted
to be the case for a 200mm thick object, with height more than
1500mm and located at the roof level of the modeled building.
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VI. CONCLUSION

Relationships have been derived for predicting the amount
of impact acceleration (a.4.) that is generated by the impact of
a steel cabinet on the floor, or on a neighboring obstacle, when
excited into rocking motion in an earthquake. Equation (5) in
conjunction with (7) enables the value of a.4,. to be predicted
for any given geometrical ratio #/R of the cabinet and the value
of a, which is the impact acceleration emulated by simply
dropping a lumped mass onto the cushion material. For low-
moderate intensity impact in which linear-elastic behavior
may be assumed, the value of a can be determined once the
values of the spring constant £ (characterizing the dynamic
stiffness of the rubber cushion) and the initial potential energy
of the lifted cabinet are known. The results of a parametric
investigation provided insight into the sensitivity of the value
of the static and dynamic stiffness to changes in boundary
conditions and the type of impactor used. The dynamic
stiffness values were generally much higher than the static
stiffness values for the same boundary conditions, but the ratio
of dynamic/static stiffness could not be generalized. As an
application for the proposed model, Shock Response Spectra
(SRS) curves are presented, which can be simply used to
assess the level of shock induced damage onto free-standing
objects in an earthquake.
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