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Abstract. The movement characteristics of a rolling-damper isolation system were analyzed to
obtain a numerical analysis approach. Computer programs were compiled to analyze the influence
of factors such as rolling friction coefficients and damping constants on the earthquake response
of the isolation system. The rolling friction and the damper can efficiently decrease the relative
displacement of the isolation system, and can considerably increase the acceleration of the
isolation system. However, they cannot regularly affect the residual displacement of the isolation
system. Therefore, when subjected to design earthquakes, it is desired to obtain a reasonable
combination of damper and rolling friction that can decrease the relative displacement of the
isolation system to the best while keep the acceleration of the isolation system in an allowable
range. This paper provides suggestions on the optimized combination of damper and rolling
friction for seismic design of isolation systems.
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1. Introduction

Seismic damage has been commonly observed in general structures such as buildings and
bridges [1-4]. Isolation devices have been considered as an effective method to mitigate the
seismic damage and thus are widely used all over the world. However, there are limitations for
the traditional isolation devices, e.g. laminated rubber bearing and lead rubber bearing. When the
actual earthquake differs from the design earthquake, which is true for most of the cases,
traditional isolation devices may cause a significant deformation and transmit a large force to the
isolation structure. Therefore, seismic damage still appears in the isolation structure and even
sympathetic vibration may happen [5].

To improve the isolation performance, many researchers have paid attention to the rolling-
based isolation methods. In India, Jangid and Londhe developed a theoretical formulation to obtain
seismic responses of a multistory building supported by elliptical rolling rods in 1998, which were
quite effective in reducing the seismic response of the system without undergoing large base
displacements [6]. In 2000, Jangid investigated the stochastic response to the earthquake motion
of flexible multi-storey shear type buildings isolated by rolling rods with a re-centering device,
indicating that the rolling rods were quite effective in reducing the stochastic response of the
structure against the earthquake excitation [7]. In USA, George C. Lee proposed a roller seismic
isolation bearing for use in highway bridges in 2010, which utilized a rolling mechanism to
achieve the seismic isolation and had a zero post-elastic stiffness under horizontal ground motions,
a self-centering capability, and unique friction devices for supplemental energy dissipation. After
investigating seismic behaviors of the proposed bearing through parametric studies, George C.
Lee suspected there were something wrong with the calculation method in AASHTO
Specifications and suggested further investigations [8, 9]. In Portugal, Luis Guerreiro carried out
a seismic test and a numerical modeling of a rolling-ball isolation system to protect some light
structures in 2007, and the results showed an effective reduction of the acceleration levels induced
in the isolation structures [10]. In Japan, Kurita developed a new device for seismic response
reduction, and the peak acceleration amplitude was decreased by about 50-90 % [11]. In UK,
Monfared investigated many base isolation systems from the historical evidences up to 2012,
which presented a comparative perspective of different methods based on their compatibility,
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efficiency, benefits and weaknesses of each base isolation system, and the results showed that the
effectiveness of a base-isolated system depended on the characteristics of the input excitations as
well as the properties of the isolation devices and the superstructure [12]. Also in 2012, Nanda in
India considered that the base isolation in the form of pure friction (P-F), among all other isolation
methods developed so far, was the simplest one, which could be easily applied to low cost brick
masonry buildings. Furthermore, the P-F isolation was one of the best alternatives for reducing
earthquake energy transmission to superstructure during strong earthquake [13].

In all these studies, the seismic force of structure was controlled as a small value by setting the
rolling-friction isolation device, which was usually the friction force. In 2012, Wei Biao presented
a calculation method of a pure-rolling isolation system, and obtained the optimum performance
for isolation [14-16]. However, the relative displacement was large. Therefore, restoring-force
devices, e.g. spring or sloping surface, were considered to add to the pure-rolling isolation device,
which could decrease the relative displacement and the residual displacement of the isolation
structure. However, if the ratio of the restoring-force device to the pure-rolling device isn’t
reasonable, there will be some limitations as well as the traditional isolation devices. On the other
hand, as the damper can decrease the relative displacement and have no natural vibration period,
it is worth studying to improve the isolation performance instead of adding the restoring-force
devices.

With a rolling-damper isolation system as the object of study, a numerical analysis method is
advanced based on its movement characteristics. And then a computer program is compiled to
analyze the influence of rolling friction coefficients, damping constants and other factors on the
performance of the isolation system.

2. Movement characteristics

The movement characteristics of a roller-footing isolated single-pier system are analyzed in
this section. As shown in Figure 1, the rolling ball isolates the horizontal earthquake besides
supporting the structure. Moreover, it transmits a friction force besides dissipating the earthquake
energy. Similarly, the oil damper, which has the linear dependence between the damping force
and the relative velocity, transmits a damping force besides dissipating the earthquake energy.

M: Structure mass

C': Damping
constant
a0 /] M: Rolling friction

coefficient

—t——t——t——F——+——+—»
-3 -2 -1 0 1 2 3

Absolute displacement coordinate system

Fig. 1. A rolling-damper isolation system

Although the rolling ball and the damper can all dissipate the earthquake energy, there are
remarkable differences between the two devices:

(1) The damping force offered by the damper is related to the relative velocity.

(2) The friction force offered by the rolling ball is related to the structural mass, the rolling
friction coefficient, and the relative motion or the tendency of relative motion between the
structure and the ground.

Moreover, the damper and the rolling ball don’t offer the horizontal stiffness, therefore, the
force-displacement relationship of the isolation system is not determined, and the isolation system
doesn’t have the natural vibration period. In theory, no matter what earthquake happens,
sympathetic vibration does not appear.
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Noted that shear keys are needed to meet the normal requirement and their failure is only
allowed under large earthquakes. This paper mainly studies the performance of the rolling-damper
isolation system after the failure of shear keys.

3. Mathematical model and computer program
3.1. The mathematical model

The seismic response of the rolling-damper isolation system is very complex, as the ground
and the structure are both moving. In order to describe the motion of the ground and structure in
math expressions, the absolute displacement coordinate system is defined in Figure 1. Moreover,
ae, Ve, d, are defined as the acceleration, the absolute velocity and the absolute displacement of
the ground, respectively. In the same manner, a,, v, dg are defined accordingly for the structure.

Based on the balance between v, and v;, the seismic response of the rolling-damper isolation
system is categorized into three cases:

(1) v, > v, indicates that the relative motion appears between the structure and the ground.
The force acting on the structure is [umg + C(v, — v,)].

(2) v, < v, indicates that the relative motion appears between the structure and the ground.
The force acting on the structure is [—umg + C(v, — vg)].

(3) v, = v indicates that the relative motion doesn’t appear between the structure and the
ground. There are two phenomena for it: i) the structure and the ground are all immobile, which
usually exists when the earthquake just starts; and ii) the structure and the ground are both moving,
and sometimes they have the same absolute velocity. However, the two phenomena are only
superficies. In order to forecast the next motion of the structure, it is necessary to compare |a,|
and ug:

(a) When |a,| < ug, the structure subjected to the inertia force doesn’t move relative to the
ground, and the structure acceleration ay is equal to the ground acceleration a,.

(b) When |a,| > ug, the structure subjected to the inertia force moves relative to the ground.
The force acting on the structure is [+umg + C(v, — v,)], in which the sign + depends on the
direction of the ground acceleration a,.

In summary, the motion states are divided to the rolling state and the non-rolling state. The
former including three cases of (1), (2) and (3) (b), and the latter only includes the case of (3) (a).
They are calculated as following:

(1) When the rolling state is concerned, the isolation structure is subjected to the force of
[tumg + C(v, — v,)]. Based on the Euler-Gauss method, the relationship between the structural
acceleration, the structural velocity and the structural displacement can be easily obtained. Finally,
the structural movement of the next time can be calculated based on that of the previous time.

(2) As for the non-rolling state, the structure moves along with the ground. The acceleration,
the velocity and the displacement increment of the structure are the same as those of the ground
motion, which can be easily obtained.

Moreover, the transforming relationship between the rolling state and the non-rolling state is
shown as following:

(1) For the case of v, > v, or v, < v;: when |(vg — v,) + C(v, — v5)At; /m| < ugAt; and
la, — C(v, — v5)/m| < ug, next time the structure will move along with the ground, i.e. v, = v,
where At; =t; — t;_, and t; is the ith time of the ground motion input.

(2) For the case of v, = v,: when |a,.| > ug, next time the structure will move relative to the
ground, i.e. v, > vg or v, < vg.

3.2. Computer program

Based on the mathematical model, the computer program is compiled by Tcl/Tk language

1 506 © VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. SEPTEMBER 2013. VOLUME 15, ISSUE 3. ISSN 1392-8716



1063. SEISMIC PERFORMANCE OF A ROLLING-DAMPER ISOLATION SYSTEM.
B1A0 WEI, RUIBO CUI, GONGLIAN DAI

according to the computer block diagram in Figure 2. The computer program is an independent
program to calculate the seismic response of the rolling-damper isolation system.

The computer program is composite of five modules, including building the structure model,
inputting the ground motion, calculating the rolling state, calculating the non-rolling state and
recording the calculation results. After the validation by a model test [14], the computer program
is used to analyze the seismic performance of the rolling-damper isolation system in the following
sections.

4. Numerical calculation
4.1. The structural model

The structure in Figure 1 is analyzed by the computer program in Figure 2. The structural
model is built as one rigid body since the stiffness of the isolation device is much less than the
stiffness of the structure [5], and the structural mass is set to be 300 t. The damping constants
adopt 0, 100, 200, 300, 400 and 500 kN-s/m, respectively. The rolling friction coefficients adopt
0.002~0.030, and the interval is 0.002.
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Fig. 3. Earthquake input profiles
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4.2. Ground motion

For each elastic response spectrum of the soil profile I, II, III, and IV in Chinese criteria
(JTJ 004-89) as shown in Figure 3(a) [17], one accelerogram is generated by Simgke procedure
to be the ground motion of the computer program [18]. One representative accelerogram out of
four is shown in Figure 3(b). Other accelerograms are not presented due to the similarity to
Figure 3(b).

4.3. Numerical simulations

A total of 90 cases are obtained by combining 6 damping constants and 15 rolling friction
coefficients. As for each case, 4 accelerograms are input as the ground motion, whose peak ground
accelerations (PGA) are adjusted to be 0.2, 0.4, 0.6 and 0.8 g, respectively. Thus, 1440 cases are
generated, and each case is calculated by the computer program.

As for the case of the damping constant of 0 kN-s/m, it is the pure-rolling isolation system,
and Wei Biao has investigated a calculation method of the isolation system by the theory analysis
and a shake table test [14]. Based on the calculation method of the pure-rolling isolation system,
this paper adds the calculation of a damper to obtain the computer program in Figure 2 by the
theory of structural dynamics.

The results of the computer program are the accelerations, relative displacements and residual
displacements of the structures. The structural acceleration directly indicates whether the
earthquake destroys the structure. The relative displacement indicates if the structure leaves from
its foundation, and if the structure collides with other things. The residual displacement relates to
the post-earthquake restoration. Therefore, the following sections discuss those results, but only
classical and common results are discussed in detailed manner due to space limitations while other
results are considered but not listed.

5. Numerical results and discussions
5.1. Structural accelerations

Figure 4 represents the influence of the rolling friction coefficient on the maximum
acceleration of the structure. The accelerogram of the soil profile I is input as the ground motion.
The damping constant adopts 100 kN-s/m and 200 kN-s/m, respectively. The rules are shown as
follows:

(1) The structural acceleration becomes larger as the rolling friction coefficient increases.

(2) By comparing Figures 4(a) and (b), the structural acceleration increases as the damping
constant increases.

Figure 5 represents the influence of the damping constant on the maximum acceleration of the
structure. The accelerogram of the soil profile I is input as the ground motion. The rolling friction
coefficient adopts 0.01. The rules are shown as follows:

(1) The structural acceleration becomes larger as the damping constant increases.

(2) As for decreasing the structural acceleration, the less the damping constant the better. When
the damping constant adopts 0, the maximum acceleration of the structure remains a constant of
ug, where u is the rolling friction coefficient.

As the structure is simplified as a rigid body, its maximum acceleration happens along with
the maximum force applied to the structure, which contains the damping force which is a variable
to the relative velocity of the structure, and the friction force which is a constant. The severer the
earthquake is, the larger the relative velocity of the structure should be, and the larger the damping
force should be. However, the rolling friction force always maintains a constant of umg.
Therefore, the maximum accelerations of the structure in Figures 4 and 5 are obtained by adding
a damping-induced acceleration to pg induced by the rolling friction force.
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According to the theory of structural dynamics, when the period of a structure is close to the
predominant period of an earthquake, increasing the damping ratio decreases the structural
acceleration. However, when the period of a structure is much larger than the predominant period
of an earthquake, increasing the damping ratio increases the structural acceleration. When the
rolling-damper isolation system is concerned, it doesn’t have a determined period, i.e. its period
is much larger than the predominant period of the earthquake. Therefore, increasing the damping
ratio of the isolation layer increases the structural acceleration, i.e. Figure 5 is reasonable.
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(the rolling friction coefficient is 0.01)

5.2. Relative displacements of the structure

Figure 6 represents the influence of the rolling friction coefficient on the maximum relative
displacement of the structure. The accelerogram of the soil profile I is input as the ground motion.
The damping constant adopts 100 kN-s/m and 200 kN-s/m, respectively. In Figure 6, y axis
indicates the ratio between the structure’s maximum relative displacement and the ground’s
maximum absolute displacement. In this way, all calculation results can be clearly drawn in one
figure, and the influence of the rolling friction coefficient can be better expressed.

Based on Figure 6, rules are stipulated in the following:

(1) As a whole, the maximum relative displacement of the structure decreases as the rolling
friction coefficient increases. Moreover, when PGA is little and the rolling friction coefficient is
large, there are some fluctuations for the maximum relative displacement of the structure as the
rolling friction coefficient increases.

(2) By comparing Figures 6(a) and (b), when the damping constant increases, the maximum
relative displacement of the structure increases.

Figure 7 represents the influence of the damping constant on the maximum relative
displacement of the structure. The accelerogram of the soil profile I is input as the ground motion.
The rolling friction coefficient adopts 0.01. The rules are shown as follows:

(1) As a whole, the maximum relative displacement of the structure decreases as the damping
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constant increases. Moreover, the maximum relative displacement of the structure decreases faster
when PGA is larger.

(2) The larger the damping constant is, the less the influence of PGA on the ratio between the
structure’s maximum relative displacement and the ground’s maximum absolute displacement is.

In order to explain the rules above, the generation mechanism of the maximum relative
displacement of the pure-rolling isolation system is analyzed firstly, and is divided into 3 stages:

Stage (1): when PGA is very little, the structure, subjected to the inertia force induced by the
ground motion, doesn’t move relative to the ground since the inertia force is less than the friction
force. Therefore, the isolation system doesn’t have the relative displacement.

Stage (2): when PGA is large, the structure, subjected to the inertia force induced by the ground
motion, moves relative to the ground since the inertia force is larger than the friction force. Under
the action of the friction force, the isolation structure has an acceleration and moves around. If the
duration time of the earthquake isn’t very long, the relative velocity and the relative displacement
of the isolation system are not very large.

Stage (3): when PGA becomes very large, the structure, subjected to the inertia force induced
by the ground motion, significantly moves relative to the ground since the inertia force is much
larger than the friction force. Under the weak action of the friction force, the acceleration of the
isolation system is much less than PGA. Therefore, the relative velocity and the relative
displacement of the isolation system become very large in a short time.
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Therefore, when a certain PGA is concerned, the movement of the pure-rolling isolation
system can be changed from the stage (3) into the stage (2), and even into the stage (1) by
increasing the rolling friction coefficient. And thus, the maximum relative displacement of the
structure decreases as the rolling friction coefficient increases.
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After adding the damper on the pure-rolling isolation system, the following effects are obtained:

(1) For the stage (3), the relative displacement is decreased obviously by the damper since the
large relative velocity makes the great damping force.

(2) For the stage (2), the relative displacement is also decreased by the damper. However, the
decreasing trend is not obvious since the little relative velocity only makes the small damping
force.

(3) When the stage (1) is concerned, the damper doesn’t work as there is not any relative
velocity.

In summary, the maximum relative displacement of the rolling-damper isolation system is
decreased by increasing the damping constant. When PGA is large and the damping constant is
little, the decreasing trend is obvious. As the results of other soil profiles obtain the similar rules,
they are not presented here due to space limitations.

5.3. Residual displacement of the structure

Figure 8 represents the influence of the rolling friction coefficient on the residual displacement
of the structure. The accelerogram of the soil profile I is input as the ground motion. The damping
constant adopts 100 kN-s/m and 200 kN-s/m, respectively. The rules are as follows:

(1) As the rolling friction coefficient increases, there is no definite trend or even very disorder
for the residual displacement.

(2) By comparing Figures 8(a) and (b), as the damping constant increases, there is no definite
trend for the envelope value of the residual displacement.

Because the damper and the rolling ball can’t offer the restoring force, they can’t effectively
decrease the residual displacement.
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Fig. 8. Influence of the rolling friction coefficient on the residual displacement
6. Conclusions

In this paper, a computer program is compiled, which is then used to analyze the influence of
rolling friction coefficients, damping constants and other factors on the seismic performance of a
rolling-damper isolation system. The conclusions are summarized as following:

(1) Generally, increasing the rolling friction coefficient and the damping constant decreases
the relative displacement of the structure. However, it increases the structural acceleration, and
has no obvious influence on the residual displacement of the structure.

(2) Under a certain range of design earthquakes, an appropriate combination of the damping
constant and the rolling friction coefficient, efficiently decreases the relative displacement, and
keeps the structural acceleration around the theoretical minimum value.

For different bridges and buildings subjected to different earthquakes, it is better to give a
formulation to choose the appropriate combination of the damping constant and the rolling friction
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coefficient, which can make the isolation systems achieve the best seismic response. And it needs
further investigation.
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