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ABSTRACT

Human has always searched for solutions for mitigating the destructive effects of earthquakes
on structures. One of the solutions to this problem that is currently under attention is the use of
seismic isolation. In this method, a base isolation system is used to increase horizontal flexibility
and the fundamental period of the structure so as to escape the range of earthquake destructions.
The low damping rubber bearing used in this study demonstrated a linear behavior and adequate
stiffness, but low energy dissipation. On the other hand, the sliding bearing demonstrated a high level
of energy dissipation and a lack of ability to return to the initial state. The aforementioned isolators
are both easy to build. Hence, a combination of these two bearings will yield an economic highly-
efficient isolation system. This study was conducted on four- and eight-story structures with 3- and
5-span steel moment-resisting frames with an aim to find the optimum combination of the rubber
and sliding bearings. SAP 2000 was used for the purpose of the nonlinear response history analysis.
Two series of seven-piece accelerograms including near-source and far-source accelerograms were
used. The combination of bearings was determined on the basis of far-source accelerograms while
the performance of the combination was examined based on near-source accelerograms.
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INTRODUCTION

Seismic isolation systems are a proper
solution for reducing the adverse effects of
earthquake on structures. When the objective is to
protect structural members or important equipment
in a building, it is possible to use seismic isolators to
limit the transfer of the energy produced by ground
vibratory motions to the building. In this method, as
an earthquake occurs, structural deformations are
concentrated on highly flexible bearings and the
structure experiences vibrations as a rigid object with
small deformations. The isolation system is effective
for low-rise and relatively rigid structures and is less
effective for high-rise and soft buildings. Installation
of seismic isolation systems in buildings leads to a
substantial increase in the fundamental period of

structures. Hence, using isolation systems somehow
all the demand for structural seismic deformations
is concentrated on these systems. As a result, a
drastic decrease is observed in the earthquake force
acting on the main structure. In the studies of sliding
bearings, a suitable friction coefficient will control the
force transferred to the superstructure and lateral
displacements of the structure. In order to generate
a restoring force in systems with sliding bearings
it is recommended to simultaneously use rubber
and sliding bearings. This way the restoring force in
the system is supplied by the rubber bearing while
the energy dissipation process is run by the sliding
bearing. In developing numerical models of the
behavior of the system of interest it is necessary to
consider the combination of the behaviors. However,
research results along with relevant codes and
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regulations clearly reflect the effect of using isolators
on the seismic behavior of structures. The system
using a combination of rubber and sliding bearings
demonstrates the following behavior:

A) Use of rubber bearings to increase the natural
period of the structure;

B) Use of sliding bearings to control the maximum
force transferred to the superstructure, to
dissipate the energy at the bearing, and to
limit displacements of the bearing

The results of the present study are
expected to provide a suitable framework for
assessing the effect of simultaneous use of rubber
and sliding seismic isolators on the seismic behavior
of steel structure. The combination of the two
isolators is expected to have the capacity to absorb
energy and return to the initial state (restore).

METHODS

Structural Modeling and Specifications of
Accelerograms

For the purpose of this study, the two-
dimensional analytical model of 4- and 8-story three-
span steel moment-resisting frames was used. The
performance of these frames was examined using
rubber and sliding bearings with friction coefficients
of 1, 2 and 4. The length of the frame spans was 6
meters and the height of main stories was 4 meters.
The frames were modeled, analyzed and designed in
SAP 2000 V16. Steel frames with average plasticity
were used for type 2 soils and were loaded according
to the 2800-84 Standard in a location relatively prone
to earthquake [01]. The frames were designed using
the limit method introduced in section ten of the
national building regulations. Figure (1) shows the
sections of columns and beams used in this study.

Dynamic analysis was carried out using
the nonlinear response history analysis method
and 14 accelerograms obtained from the California
Department of Mines and Geology (CDMG).
Earthquakes suitable for modeling buildings with
seismic isolation systems were selected considering
their near-source and far-source effects. The
specifications of these accelerograms are presented
in tables (1) and (2) along with their intensity and
location information [04].
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Analytical Model

Flat sliding isolation systems are analyzed
with a simple procedure compared to other isolation
systems as their performance is not a function of
their size. Two parameters are used to define the
characteristics of these isolation systems:

1. Characteristic strength which is shown by W4
where % is coefficient of friction for the sliding
surface and W is the total seismic weight.

2. Post-yielding stiffness is assumed to be zero
for a flat sliding bearing.

In sliding bearings a fully elastic plastic
element with a high initial stiffness is used. The
yield point of this element is a function of velocity
and vertical pressure. Any possible uplift will be
accompanied by a gap element and the shear
strength during the uplift will be zero. In this study,
invariant friction coefficients of 1, 2 and 4 were
used.

Plastic systems are modeled as linear
elastic springs with a very large yield point. Both
isolation systems were calculated based on the
effective weight of the structure during earthquake
and results for the internal and external isolation
systems are different [05].

RESULTS AND DISCUSSIONS

In this section, the parameters influencing
the uplift of isolated structures such as the effect of
far-site and near-site earthquakes, the number of
stories, number of structural spans, and the effect
of isolator period. A comparison was also made
between systems with and without isolation systems
with regard to the aforementioned parameters.

Dynamic Characteristics of Frames

Table (3) presents dynamic characteristics
of four- and eight-story frames (with 3 and 5 spans)
in the absence or presence of isolators with friction
coefficients of 1, 2 and 4. The dynamic characteristics
presented in this table include the structural period
and modal participating mass ratios in the main
three modes. The presence of the isolator led to an
increase in the modal participating mass ratio in the
first mode.
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Restoring Force Control

According to UBC, with a displacement
three times the design displacement it is necessary
to design systems without restoring forces. This
significantly influences P-A forces, separation
distance, isolation costs and other components.
Systems should be designed to generate restoring
forces if possible.
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The restoring force is defined as the design
displacement force that is at least 0.025W times the
force generated half way through the displacement.
The restoring force condition is a complete condition
and does not solely apply to earthquakes. Hence,
when the overall force is small as part of the
seismic weight, problems may be caused in zones
with low seismicity. In such zones, it is sometimes
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Fig. 1: Specifications of sections of the 4- and 8-story three-span frames with bearings
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Fig. 2: The effect of variations of isolator period on the building base shear
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impossible to incorporate sliding bearings into the
isolation systems and follow the UBC requirements
for restoring forces. However, in zones with low
seismicity, it is possible to carry out designing and
detailing procedures for a displacement three times
the calculated seismic displacement [06].
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The Effect of Isolator Period
The Effect of Isolator Period on the Building
Base Shear

Figure (2) shows the results of dynamic
analyses of an 8-story three-span frame, an 8-story
five-span frame, a 4-story three span frame and
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Fig. 5: The effect of isolator period on inter-story drift
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Table 3: Dynamic characteristics of frames:

Nbdal Participating Mass Ratios Mipdal Participating Mass Ratios
Without | Mode Period " Without Mbde Period ar
isolabr | # (Sec) i isolator  # (Sec) i

1 1.78065  0.69300 1 1.19673 | 0.76500
S3F | 2 0.66558 015700 43FIX _ 2 0.44820 [ 0.14400
3 038372 003900 3 0. lﬁifﬂ] 0.05500
z 0.91400 0.96400
Nbdal Participating Mass Ratios Mvipdal Pﬂﬂlﬁpﬁhﬂg M ss Ratios
With | Mode  Pened 7 With Mpde  Period "
izolabr | # (Sec) o izolator  # (Sec) -
1 200001  0.80300 1 1.99700 | 0.97167
83T=2| 2 0.76451  0.14200 43T=2 2 0.60069 | 0.02467
3 042902 003100 3 0.31303 | 0.00234
3 0.97600 X 0.90887
Nbdal Participating Mass Ratios Mipdal Participating Mass Ratios
With | Mode  Period ” With Mopde  Period i
izolapr | % (Sec) = izolator  # (Sec) &
1 208086 096300 1 206000 | 0.99447
B83T=3 2 097641  0.02900 43T=3 2 0.65151 | 0.00468
3 0.48097 00020 3 032058 | 0.00033
Z 0.99920 z 0.99973
Nbdal Participating Mazs Ratios Modal Participating Maszs Ratios
With | Mode  Period i With Mpde  Period ”
1zolator # (Sec) & 1solator = (Sec) &
1 392573 099033 1 3.90693 | 0.99300
83T | 2 1.02999  0.00897 4314 2 0.66457 | 0.00152
3 048855 000056 3 032266 | 0.00011
3 099086 2 0.99063
Mbdal Participating Mass Ratios Modal Pasticipating Maszs Ratios
With | Mode  Period a; With IMpde  Period o
izolaior = [Bec) - 1zolator = (Sec) -
1 48318¢ 099367 1 480543 | 0.99900
43T=5 2 1.05211  0.00377 43T=3 2 0.67037 | 0.00066
3 049140 000022 3 032335 | 0.00003
z 0.90066 X 0.90071
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a 4-story five span frame in near-site and far-site
experiments.

According to the results it can be concluded
that variations of the isolation system period leaves
a considerable effect on the building base shear.
However, an increase in the number of spans does
not have a significant effect on the performance of
the isolated structure.

The Effect of Isolator Period on Base Level
Displacements

Figure (3) shows the results of dynamic
analyses of an 8-story three span frame, an 8-story
five span frame, a 4-story three span frame and
a 4-story five span frame in near-site and far-site
experiments.

The Effect of Isolator Period on Roof Level
Displacements

Figure (4) shows the results of dynamic
analyses of an 8-story three span frame, an 8-story
five span frame, a 4-story three span frame and
a 4-story five span frame in near-site and far-site
experiments.

As seen in the above figures, the maximum
roof displacement in the 4-story isolated building is
very close to the base level in near-field earthquake
and is below the base level in far-field earthquakes.
The maximum roof displacement in the 8-story
isolated building is also very close to the base level in
near-field earthquakes and is much below the base
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level in far-field earthquakes. Hence, it is conclude
that in mid-rise buildings an increase in the duration
of employment of the combined isolator can lead
to a decrease in the maximum roof displacement.
Evidently, with an increase in the number of stories,
the combined isolation system will reduce maximum
roof displacements in relation to the base level.

Excessive displacements shall be prevented
to be able to obtain a proper structural design. In
addition, one of the factors leading to the destruction
of structures is the P-A effect. Hence, an increase
in the displacements of the level above the isolator
will increase the P-A effect on the isolator and
lead to destruction of the isolator. Therefore, in
order to obtain the ideal design the designer shall
find a logical relationship for the increased design
structural period which will reduce the base shear
and will increase displacements.

The Effect of Isolator Period on Inter-Story
Drift

Figure (5) shows the results of dynamic
analysis of an 8-story five span frame and a
4-story five span frame in near-site and far-site
experiments.

As seen in Figure (5), the inter-story drift
in rigid structures (the 4 story building) declined
about 60%. This result can be very helpful in the
design of such structures because the isolator can
distribute the drift among all stories and therefore
reduce the overturning moment of the structure. Itis

Table 4: Specifications of the restoring force control

Values presented in this table show the difference between the force induced with the
design displacement and the force generated half way through the displacement
Restaori a-story structure 4-story structure
ng
force Mear-site field Far-site field Mearsite field Far-zite field
control
Period 1% | 2% 4% 1% | 2% 4%
FEGEEEEELEE 229 219 200 POFED 16468
5 1 T i i 3 3 5
190. | 175. 176, P 103,
a g 3 668 | 775 752
1852' “58' 1;':" 1112' 63.0 3?.9|4?.4 468
0.028W 190.0156848 94 362996

*The =olid cells produce restoring force
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worth mentioning that according to the above figures,
isolators have a smaller effect on inter-story drift in
less rigid structures.

According to the above figures, the
reduction in the inter-story drift (in relation to the base
level) in isolated structures in far-site earthquakes is
significantly higher than the inter-story-drift in near-
site earthquakes. However, the difference observed
in the performance of structures with different isolator
periods is negligible for both the far- and near-site
earthquakes.

Examination of an Ideal Design

As mentioned, a period ranging between
3 and 4 seconds along with a combination of the
bearings under study give an ideal design for the
structure. An increase in the design period will
lead to a near-site reduction in the base shear, a
reduction the inter-story drift, an increase in the
base level displacements, a decrease in the roof
level displacements, a decline in the inter-story
acceleration, and generation of restoring forces.

CONCLUSIONS

Findings of this study can be summarized
as follows:

1. In the 4- and 8-story structures, the shear
force transferred to the base declined and the
reduction in the shear force observed in the
more rigid structure (4-story structure) was
drastic. That is to say, the transferred base
shear force in the structure with an isolation
system declined from about 50% to 80% as
compared to a typical frame. This trend was
seen in all of the accelerograms. Although the
reduction was not this drastic in the 9-story
frame, the reduction in the base shear force
was negligible.

o An increase in the isolator period in far-site
earthquakes leads to a larger increase in
the shear force transferred to the base as
compared to near-site earthquakes.

o An increase in the coefficient of friction of
the sliding bearing leads to the growth of the
shear force transferred to the base.

2. Based on the results obtained by using
isolators in the structures, it can be said
that the increase in the period leads to an

increase in structural drift. Moreover, the less
the increase in the period is, the smaller the
displacements from the restrained state will
be.

The increase in the isolator period in far-site
earthquakes is almost invariant for the base
level drifts. However, base level drifts in near-
site earthquakes grow significantly as the
period escalates.

An increase in the coefficient of friction of
the sliding bearing leads to a decrease in the
base level drifts.

Seismic isolation led to an increase in lateral
displacements as compared to the restrained
state.

With an increase in the isolator period the
near-site increase in lateral displacements will
be more than far-site lateral displacement. Use
of seismic isolators in far-site earthquakes is
more effective than its use in near-site
earthquakes.

An increase in the coefficient of friction of the
sliding bearing will lead to the rise of lateral
displacements in buildings.

The maximum roof displacement in the
4-story isolated building in the near-field
earthquake was very close to the base level
but was below the base level in the far-field
earthquake. Similarly, the maximum roof
displacement in the 8-story isolated building
in the near-field earthquake was very close
to the base level but was below the base level
in the far-field earthquake.

In the mid-rise buildings, with an increase in
the period it is possible to use this isolation
combination to reduce maximum roof
displacements. Evidently, with an increase
in the number of stories, the use of this
combined isolation system will reduce
maximum roof displacements in relation to
the base level.

An increase in the coefficient of friction of
the sliding bearing leads to the growth of
maximum roof displacements.

Inter-story drifts in rigid structures (4-story
building) declined about 60%. This finding
can be very useful for the design because
the isolator distributes the drift among all the
stories and therefore reduces the structure’s
overturning moment. In softer structures the
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isolator leaves smaller effects on inter-story
drifts.

An increase in the isolator period in far-
site earthquakes leads to a considerable
reduction in the inter-story drifts as compared
to near-site earthquakes.

An increase in the coefficient of friction of
the sliding bearing will lead to the growth of
inter-story drifts.

In this study, the structural behavior somewhat
differed from the behavior of the isolated
structures with an increase in the number
stories, especially in high-rise buildings with
over 8 stories. As a result, the characteristics
of these buildings became similar to those of
restrained buildings.

As mentioned, a period ranging between
3 and 4 seconds along with a combination
of the bearings under study give an ideal
design for the structure. An increase in the
design period will lead to a reduction in the
base shear, a reduction the inter-story drift,
an increase in the base level displacements,
a decrease in the roof level displacements,
and a decline in the inter-story acceleration.
A friction coefficient of 4% results in a more
idealistic behavior for the combined system.
Isolated steel structures with maximum number
of 4 stories demonstrated relatively rigid
behaviors regardless of their superstructure
systems. Therefore, the performance level
of these structures is very high and they
are considered ideal for the use of isolation
systems. As a result of an increase in the
number of the superstructure stories the
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