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Abstract— This paper introduces an improved simplified numerical model which adopts local damping to simulate the
rocking response of a rigid block. The improved simplified numerical model is implemented in OpenSees and is
compared with a conventional model incorporating global viscous damping in simulating existing tests of free rocking
objects. The results show that the improved simplified numerical model can better simulate the rocking response.

I. INTRODUCTION

The seismic response of a solitary rigid block that rocks
on a rigid base is typically addressed using the framework
proposed by Housner more than half a century ago [*. Over
the years, many researchers have completed numerical
simulation of rocking responselI/EIFIIIEANS] - and many
have completed corresponding experiments!I4IEIe],

The equivalent single degree-of-freedom (SDOF) models
with a negative-stiffness rotational spring at the base of a
beam element with properties consistent with the geometry
of the block are presented by Diamantopoulos and
Fragiadakis to simulate the rocking response of a rigid
block*!l, A damping force which is assumed continuous
and proportional to the velocity is adopted when considering
energy dissipation and damping. There are also many
models adopted continuous damping (global damping),
although they are not consistent with reality (local damping)
when it is assumed that energy is only dissipated during
impact®/7],

This paper introduces an improved simplified numerical
model which adopts local damping to simulate the rocking
response of a rigid block. The improved simplified
numerical model is implemented in OpenSees and is
compared with a conventional model incorporating global
viscous damping in simulating existing tests of free rocking
objects.

Il. SIMPLIFIED NUMERICAL MODEL

A. The rigid block

The homogeneous rectangular rigid block has dimensions
2b x2h, mass m, and its moment of inertia about the pivot
point O, or O’, is I, = (4/3)mR?(Fig.1.). We assume that
the coefficient of friction between the block and its rigid base
is always big enough so that the block does not slide.a =
atan(b/h) is the block slenderness angle and R = vb? + h?
is its size parameter™, The block will start a rocking motion
only if the ground acceleration ii, exceeds a threshold value,
ie, when ii; > gtana = (b/h)g,where g is the acceleration
of gravity.
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Fig.1. Geometry of the rigid block

B. SDOF model

The equivalent SDOF model is shown in Fig.2.If the
seismic force is F,, = —mii; , only the component
F,qcosa = —miigcosa is considered in the model. The
SDOF model (Fig.3.) with a nonlinear rotational spring that
has a negative stiffness moment-rotation relationship (Fig.4.)
is presented!**..we assume that all the mass m is lumped at
node 3, and the lumped mass also has a rotational moment
of inertia (mR?)/3. The “yield” moment of the nonlinear
spring should be equal to Mo=mgRsina, which is the moment
required for setting a rectangular block from its rest position
to a rocking motion. The moment at 8 = 0 is Mo, but once the
block is set to rocking motion, the restoring moment
decreases (negative stiffness) reaching a zero moment at 6 =
o (overturning). For simplicity and convenience, this paper
adopts the linear M-6 relationship to the bottom spring. The
first branch of the available material models is linear elastic
and is followed after yielding by a hardening (or a softening)
branch. Since our M- relationship is not zero at § = 0, we
assume a very small “yield” rotation,da.
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Fig.2. SDOF model for rigid
block modelling

Fig.3. SDOF model
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Fig.4. Moment-rotation relationships of the nonlinear rotational spring

C. Local damping and global damping

Housner developed the concept of the coefficient of
restitution () to idealize the energy loss that occurs during
rocking™, this concept is not easy to implement in finite
element software. Some researchers use equivalent viscous
damping instead of the coefficient of restitution,however,
there are difficulties to determine the appropriate damping
ratio. The above equivalent viscous damping are all global
damping, which means, assuming that energy dissipation
occurs during the entire rocking process. This paper presents
a SDOF model with local damping based on
ElasticBilinDamped material which is proposed by Qu in
OpenSees, which means, energy dissipation occurs only
during “yield” rotation(da), not the entire rocking process.

The equation of motion describing the free rocking
behavior of the SDOF model with local damping is

I0+cd+k =0 —Sa<6<da 1)
1,6 + k6 =0, otherwise

The damping coefficient c is obtained with the aid of the

principle of conservation of angular momentum as
. -20a . 2
1091_C97=1092 ( )

Where 8 is average angular velocity during “yield”

rotation(da).

2mR? . s 3)
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Where 7 is the coefficient of restitution proposed by Housner.

A stiffness-proportional Rayleigh model is used as global
damping model in this paper. The damping ratio of SDOF
model with global damping is calibrated by rocking
experimental which had been completed by Aslam et all.

Two models with different damping types are used to
simulate free rocking response of a rigid block. The moment-
rotation relationships of two models are depicted in
Fig.5.For the model with local damping, obviously , energy
dissipation occurs only during “yield” rotation(Sa).When
the rotation @ beyond the “yield” rotation(d«),there is no
energy dissipation. However, for the model with global
damping, energy dissipation occurs during the entire rocking
process.
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Fig.5. Moment-rotation relationships

I111. COMPARISON BETWEEN MODEL AND TEST

The above two models are used to simulate free rocking
and compared with rocking experimental which had been
completed by Aslam et al'?’. The results are depicted in Fig.6.
The local damping model can better simulate the free
rocking of the test, compared with the global damping model.
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Fig.6. Free rocking time history

IV.CONCLUSIONS

(1) The SDOF model with a nonlinear rotational spring that
has a negative stiffness moment-rotation relationship can
simulate the rocking response of a rigid block well.

(2) Local damping model is more in line with reality than
global damping model when it is assumed that energy is only
dissipated during impact.
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