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Tension-Resisted Steel Base Isolation for Reducing Seismic Responses on Steel Frame
Models Using Time History Analysis and One-Direction Shaking Table Test
Considering the Different Amounts of Sliding Roller Rods
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Abstract: Although much research has been focused on seismic isolation, there is very limited research on
steel-made base isolation to minimize structural building damage. The purpose of this research is to design a new
steel base isolation instead of three previous models that are lead rubber bearing (LRB), high damping rubber bearing
(HDRB), friction pendulum system (FPS). A new tensile-resisted base isolation system support model that also
utilized inserted sliding roller rods to improve earthquake resistance has been proposed. These new models also utilize
the returning curvature scheme to deliver roller rods into their original positions. The steel frame models of 5, 10, and
15 storeys will be used as structures under seismic load to examine the model response. The 1940 El Centro earthquake
time history data also verified their performance using 1, 2, and 3 sliding roller rods. Software analysis and shaking
table testing were performed to analyze and test under the real vibration. An android-based accelerometer is used to
measure the ground floor base motion and steel frame model roof acceleration. The optimum reduction was achieved
by three sliding roller rods and likely tends to be better with a larger amount of sliding roller rods' utilization in further
research. The optimum seismic responses were significantly reduced by this new steel base isolation system that only
works with low-level steel-frame models.

Keywords: tension-resisted steel base isolation, shaking table, time history, steel frame model, sliding roller
rods.
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1. Background

Earthquake is one of the natural disasters due to the
movement of the earth's plates [1]. Advances in research
and technology have improved the quality and
availability of active fault information and made it
possible to understand seismic fault activity better [2].

An earthgquake's impact is quite diverse. Earthquake
magnitude is an effective proxy for representing seismic
hazard intensity and has been used in earthquake disaster
damage models [3]. As a result of the damage to these
buildings, earthquake force is one of the most important
factors in designing a building, especially multi-storey
buildings. Together with partitions and the roof, all
factors have to be tied collectively to act as an included
unit for the duration of earthquake shaking, shifting
forces across connections, and stopping separation [4].

In recent years, isolation, energy dissipation, and
control systems have been increasingly widely used.
Base isolation as a popular and powerful technology can
drastically reduce the seismic response of the structure
and prevent the structure from damage [5]. Currently,
there are nearly 6,500 structures with isolation and about
3,000 structures with passive energy dissipation or
hybrid control in China [6].

2. Materials
2.1. Base Isolation Systems

2.1.1. Elastomeric Rubber Bearing

It is a high-strength rubber cushion installed between
the foundation and building. This system works by
keeping the structure above it as a unit. When an
earthquake occurs, each building structure will vibrate
due to the ground movement, which affects the building
foundation. Because the ground movement is random,
the vibrations that enter the structure are also not
aligned,; this causes a rigid building to collapse easily. In
buildings with a base isolator, the vibrations that occur
in the foundation will pass through the rubber pads first
before entering the structural system. Because the rubber
is elastic, the direction of vibration that occurs randomly
will only affect the base isolator, while the structure
above it will vibrate or move as a single structure [7].

Fig. 1 Base isolator elastomeric rubber bearing [8]

Many experiments concerning seismic reduction
systems have been conducted to find the ideal isolation
design [9-15]. An experimental study on the
effectiveness of a prototype seismic isolation system
made from polymeric bearings was performed by
Falborski and Jankowski [9]. They stated that the
application of the prototype polymeric bearings led to
significant improvement in seismic response by
reducing the lateral acceleration. Other researchers [5]
also statistically investigated the dynamic response of
the Nuclear Island building with and without isolators
under a typical safe-shutdown earthquake. They found
that the results highlighted the drastic reduction of
considered floor accelerations as the base isolation
major effect [5]. An advanced numerical model of
elastomeric seismic isolation bearings was also
conducted [10]. The researchers presented the
mathematical models of the bearings for the analysis of
base isolated structures for design and beyond design
basis shaking.

An additional seismic response study [11] concerned
the sliding equipment and contents in base-isolated
buildings subjected to broadband ground motions. The
authors found base isolation to be generally effective in
reducing seismic demands on sliding, although, for low
friction coefficients and high earthquake intensities, it
also increased demands.

Another model was proposed using a
magnetorheological elastomer base isolator, in which a
second order sliding mode controller was designed and
applied to the device to provide real-time feedback
control of smart structures [12].

Many analyses and discussions regarding the base
isolation system were examined by several researchers
[13-17], while a combination of base isolation and tuned
liquid column damper and magnetorheological damper
was researched in two other studies [18-19].
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2.1.2. Friction Pendulum System

A friction pendulum system works like a simple
harmonic pendulum with recentering capabilities. One
of the main advantages of the friction pendulum system
is its ability to return the structure to its original position
after the earthquake ends, due to the articulated slider
that moves on a concave-shaped stainless-steel surface
with a specific curvature value. With the presence of
friction resistance on both surfaces, the structure above
the basic isolation system will still behave like a fixed-
base structure under light lateral load conditions [20].

Additional research has been conducted on the
friction pendulum system [21-23]. For instance, one
study concerned the restoring capability of friction
pendulum seismic isolation systems [21]. Regression
analysis was performed to derive the dependency of the
residual displacement from the parameters governing
the dynamic response of FPS. Other researchers [22]
considered different soil conditions to optimally design
the friction pendulum system properties for isolated
structures. They obtained multi-variate regression
expressions for the optimum values of the friction
coefficient to  minimize  the  superstructure
displacements.
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Fig. 2 Triple friction pendulum bearing components [23]

(a)

Several shaking table tests also have been conducted
[24] regarding the restoring capability of double
concave friction pendulum seismic isolation systems.
Three different conditions of sliding surfaces
corresponding to low, medium and high friction were
considered.

2.2. Mechanical Properties of the Friction
Pendulum System

The natural period (T) of the friction pendulum
bearing is selected simply by choosing the radius of
curvature of the concave surface (R) by [25] as

T=2.T[.\/§ (1)

where g is the gravitational acceleration. It is
independent of the mass of the supported structure. The
lateral stiffness (K) of the bearing provides the restoring
capability of the system.

Ky =7 )
where W is the weight of the structure. As a result, the
torsional motions of the structure are minimized since
the stiffness center of the bearings coincides with the
center of mass of the supported structure.

%/J/_EJ

Fig. 3 Concept of sliding pendulum motion [24]

The movement of the slider generates a dynamic
friction force that provides the required damping for
absorbing the energy of the earthquake. The lateral loads
(i.e., the base shear), V, transmitted to the structure as
the bearing slides to a distance, u, away from the neutral
position include the restoring forces and the friction
forces as

u

v=(3+u)w 3)
where p is the coefficient of friction. Typical hysteretic
loops of the lateral force of FPS in cyclic motion are
shown in Fig. 4. The energy (Ep) dissipated for one cycle
of sliding with amplitude D is [25] estimated as

Ep =4uWD 4)

The coefficient of friction depends on the contact
pressure between the Teflon-coated slider and the
stainless steel surface. The coefficient decreases as the
pressure increases. For the FPS to be effective, it is
thought that the value of ux should lie between 3% and
10% [25].

— — &
s | displacement

dissipated energy

Fig. 4 Hysteresis of lateral load [25]

A brief explanation of this concept also appears in
[26]. Research most similar to the steel rolling isolation
proposed here was presented in [27], which also
reviewed the historical development of and possible
future directions for rolling-type seismic isolation.

A previous experimental study [28] used a steel
frame and base isolation modeling form by reworking
the sliding one-roller concept proposed in [27]; sliding
rollers were connected between the foundation and the
column as rods. However, previous works still suffer
from a disadvantage, namely tensile pull-out force.
Hence, it is necessary to improve isolation so as to
slightly reduce earthquake energy using the tensile
resistance offered by different numbers of inserted
sliding roller rods.

2.3. Structural Loading Analysis

2.3.1. Dynamic Analysis

Typically, investigations evaluating the seismic
response of base-isolated structures are conducted as
follows:
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a) Dynamic analysis using a response spectrum: This
analysis is conducted under the assumption that the
requirements of the code are addressed such that the
isolation system can be modeled in terms of equivalent
linear elastic behavior.

b) Nonlinear dynamic analysis: A dynamic analysis
is performed using seismic time—history accelerograms
as the input. It is assumed that the adopted recorded
accelerograms are compatible with the reference elastic
response spectrum according to the code [29].

Nonlinear dynamic analysis considering damper
failure is performed to evaluate seismic responses of
steel frames. Moreover, incremental dynamic analysis is
employed to ascertain seismic fragility [30].

2.3.2. Static Equivalent Analysis

In the equivalent static force method, the magnitudes
of the horizontal loads are computed based on the (first)
natural period of the structure. In design practice, the
natural period is most commonly determined using the
Rayleigh method [31].

2.4. Earthquake Intensity

An earthquake is a physical phenomenon
characterized by the shaking of the earth with various
intensities [32]. Table 1 shows the intensity of the
earthquake as sourced from Indonesian seismic data.

Table 1 Earthquake intensity scale of BMKG [32]

BKG Color Simple Detalled Description MMI PGA
El Description Scale (mvs?)

Scale
1 White

NOT FELT Not felt or felt by only a few I <0,029

people but recorded by the tool.

Felt by the crowd but caused no n-v 0,029 -
damage. The light objects that were 0,88
hanging shook and the glass

windows shook.

The non-structural part of the Vi

n Green FELT

m  Yellow SLIGHT

DAMAGE

0,.89- 1,67
building suffered minor damage,
such as hair cracks on the walls,
roof tiles were sliding down and
some fell.
IV Omnge MODERATE Many cracks occurred in the walls VII- 1,68 -5,64
DAMAGE of simple buildings, some i
collapsed, broken glass. Part of the
plaster of the wall came off. Most
of the tiles slide down or fall. The
building structure suffered minor to

Most of the permanent building IX- >564
walls collapsed. The building X1

structure suffered heavy damage.

Curved railroad tracks.

v Red HEAVY
DAMAGE

2.5. Degree of Freedom

In structural dynamics, the number of independent
coordinates necessary to specify the configuration or
position of a system at any time is referred to as the
number of degrees of freedom. In general, a continuous
structure has an infinite number of degrees of freedom.
Nevertheless, the process of idealization or selection of
an appropriate mathematical model permits the
reduction to a discrete number of degrees of freedom.
There are some examples of structures that may be
represented for dynamic analysis as one-degree-of-
freedom systems; that is, these structures are modeled as
systems with a single displacement coordinate [33].

2.6. MDOF Forced Vibration Equations

According to Paz and Kim [33], the following
equations of motion for a three-storey shear building are
obtained by equating the sum of the forces acting on
each mass to zero. Hence,

m1d1 + KiUa — Ko(Uz — u1) — F1(t) = 0 (5)
Mais; + k2(Uz — Ur) — Ka(Us — Uz) — Fa(t) =0 (6)
Msiiz + Ka(Uz — Uz) — F3(t) =0 (7

This system of equations constitutes the stiffhess
formulation of the equations of motion for a three-storey
shear building. It may be written conveniently in matrix
notation as

M3} + (KU = €F) ®)

F:(i.El D F3(®) 'Ej' _—

1 dey(uy — my)
R e

5 uy r,-'}:i Rpuy — uy)
e CTm

it /,.’; (RN

m:::

Fig. 5 Modeling as a single column with three DOFs [33]
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(b)

Fig. 6 (a) Multimass-spring model representation of a shear; (b) free
body diagram [33]

2.6.1. MDOF Free Vibration Equations

The problem of free vibration requires that the force
vector {F} be equal to zero [33], namely,

M{i} + K{u} =0 9)

The free vibrations of an undamped structure are
expressed as the solution of Eq. (10), namely in the form
vector notation seen below.

{ui} = {ai} sin(wt —a) (10)
where g; is the amplitude of motion of the ith coordinate,
and n is the number of degrees of freedom. The
substitution of Eq. (10) into Eq. (9) gives

—0’[M{a;}sin(wt — a) + [K]{a;}sin(owt — a) =0 (1)

By factoring out sin(wt — a) and rearranging the
terms, we see that

[[K] — »*[M]{a} = {0} (12)
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Eqg. (12) is an eigenproblem. It is a nontrivial solution
and requires the determinant of the matrix factor of {a}
to be equal to zero; hence,

K] — @*[M]| =0 (13)

2.6.2. MDOF Seismic Excitation Equations

a. Synchronous Ground Motion

The equation of motion of the system depicted here
can be formulated by means of the d’ Alembert principle;
thus, F + T = 0 is applied to each mass [34].

¥, = X0+ Fu, +u
§, = K(t)+iiy(1)
T, = -m¥, =

—m, (X +1ii;)

= -k(u, +ul)—clul+mEg ‘
+tky(ug, tuy—u ) +ep(iy, —ig)

F, = —(k; + ky)u; + kyu,— (¢ + ey, Ty,
¥, = }l(l}+|I +u5|+lz+uﬂ+u2(t)
§a = K(1) +iig(t)

T, = -m,j, = —my(k +ii,)

F, = -ky(u, tuy—up) —ey(u,—-0)) +myg

F, = ku, —k,u; +c,1, —cjl,

vy
Fig. 7 Equations of motion of the system from the d'Alembert
principle [34]

The system of equations governing the motion of the
system is expressed as

F1+T1=0 (14)
Fo+T2=0 (15)
—my (% + i) — (¢1 + ¢2) U+ Co0; — (kg + k) +kpu,  (16)
—m,(X + Ui,) + ¢y — o0, + kyuy —Kyu, an

The equation of motion of a system subjected to a
base excitation is written as

Mii, + Ca+ Ku=0 (18)
where {i, is vector of the absolute accelerations of the
DOFs of the system, while 11 and u are the vectors of the
relative velocities and relative displacements of the
DOFs of the system, respectively.

u, =ug+u (19)
where ug denotes the displacements of the DOFs due to
the static application (i.e., it is negligible so that no
inertia and damping forces are generated) of the ground
motion, and once again, u is the vector of the relative
displacements of the DoFs of the system.

The “static displacements” ug(t) can now be
expressed as a function of the ground displacements
ug(t) as follows:

us () = ug(t) (20)
Eqg. (18) can now be rewritten as

M(ilig + i) + Ca+ Ku=0 (21)
Mii + Cu + Ku = — Muiig(t) (22)

b. Influence Vector (System with Translation
Motion)

In this case, all the DoFs of the system undergo static
displacements ug(t), which are equal to the ground
displacement ug (t) [34]; hence,

1
L= H —1 23)
1

where 1 is a vector of order (i.e., the number of DoFs)
with all elements equal to 1.

I I
=11
NH
|

[
U= L
"@—@

. .“s|=|.

I
I
|
I
|

, -]
Fig. 8 Planar system with translational ground motion [34]

3. Method

The steel frame models will be tested numerically
based on the time—history data of the 1940 EI Centro
earthquake, with a peak ground acceleration (PGA) of
3.47 m/s?, as depicted in Fig. 9.

1940, El Centro Site, 270 Deg
0.4
0.3
0:1
0
-0.1
-0.2

Acceleration (g)

-0.4 .
Time (s)

Fig. 9 1940's El-Centro earthquake time history graph

The steel frame models will be analyzed as beam and
plate elements, with 5, 10, and 15 storeys representing
low-, moderate-, and high-rise buildings, respectively,
as depicted in Fig. 10.

(a) (b) (c)
Fig. 10 Three steel frame STAADPro model prototype for (a) 5
storeys; (b) 10 storeys; (c) 15 storeys
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3.1. Multi-Storey Building Steel Frame Model
Prototype

The design of the object consists of a steel frame
structure with 5, 10, and 15 storeys using ST-37 (fy of
240 MPa steel) of 1 cm x 1 cm square dimension (Fig.
11). Steel base isolation support using spring parameter
model, 1, 2, and 3 sliding rollers adopts a friction
pendulum system with a curvature angle of 7° (Fig. 12).

Fig. 11 Three steel frame model prototype specimens for ©)
5 storeys; (b) 10 storeys; (c) 15 storeys

3.2. Steel Base Isolation

Steel base isolation support (using the spring
parameter model) uses three different amounts of sliding
rollers (1, 2, and 3 rollers) (Fig. 11). This support will be
connected by bolts to existing steel support in the steel
frame model.

(a) (b) (©
Fig. 12 Visualization of steel base isolator using (a) 1 roller; (b) 2
rollers; (c) 3 rollers

The testing setup scheme was illustrated in Fig. 13,
and the shaking table setup was described in Fig. 14.

Android Phone  ——

CSVFie Record sent 1o Emal

o) (S Androdd Phone o

Shaking Table | <. |

i | Floor
——

Fig. 13 Steel frame testing scheme using shaking table

Shaking table equipment is depicted in Fig. 14 with
steel base isolation embedded in the support on the
shaking table. Shaking direction is one direction
shaking.

Fig. 14 The shaking table was attached to the base isolator supports
through bolted connection

3.3. Dynamic Loads Input from Accelerometer
The following are the parameter of dynamic loads
that will be inputted into the structures using time history
data from the accelerometer.
Load & Definition

Time History Definitions (DT 0.02) ~
D TYPE 1 ACCELERATION
D ARRIVAL TIME
D DAMPING 0.05
Wind Definitions
Snow Definition
Reference Load Definitions
Seismic Definitions:
Pushowver Definitions
Direct Analysis Definition
Cases Details
1:DL
o SELFWEIGHT X -1
B SELFWEIGHT Z -1
ee SELFWEIGHT Y -1
w5 GROUND MOTION X 11 1.000000
o GROUND MOTION Y 11 1.000000
m® GROUND MOTION Z 11 1.000000
e PRGY-60 kN/m2
Load Envelopes v

New... Add... Edit ... Delete...

-5

EEEEEE

;

Flé 15 Time history setting in STAAD Pro V8i
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4, Results and Discussions
There are two kinds of analysis carried out: natural
structural response analysis and dynamic analysis.

4.1. Natural Structural Response Analysis

The natural response of structures can be obtained by
first inputting the geometry, the spring supports, and
structure specification, then inputting the structural
loads, including EI Centro time history data into the
software. From the analysis carried out, the natural
frequency and mode shape on each frame were obtained
as follows:

4.1.1. 5-Storey Steel Frame Model

From the calculation, obtained the frequency and
natural period of the frame (2n/w) as follows:

®1=71,400 rad/dt T1=0,088 detik

2 = 118,551 rad/dt T.= 0,053 detik

w3 = 128,228 rad/dt T3 = 0,049 detik

ws = 241,661 rad/dt Ts= 0,026 detik

s = 314,159 rad/dt Ts = 0,020 detik

Based on the natural frequency values above, the
mode shapes were obtained that represent each
frequency (Fig. 16).

<]

N

a
V%

<<_/

=T
L4

b

LT

pa
VAl

2% mode 3" mode

4™ mode
Fig. 16 Mode shapes on the 5-storey frame with roll support

th
5™ mode

Generally, the second mode was translation shape
behavior, but the second mode occurred abnormally in a
rotation shape because the four columns base is not
fixedly supported, but they can slide depending on the
shaking direction. However, for higher-level storeys

(e.g., the 10th and 15th storeys), they behave normally
as the second mode was the translational shape, and the
third mode was the rotational shape (Fig. 17 and 18).

4.1.2. 10-Storey Steel Frame Model
From the analysis, obtained the frequency and natural
period of the frame (2n/w) as follows:

w1 =52,360 rad/s
w2 =62,832 rad/s
w3 = 63,467 rad/s
o4 = 142,800 rad/s
s = 169,816 rad/s
e = 190,400 rad/s

T1=10,120 second
T, =0,100 second
T; = 0,099 second
T, =0,044 second
Ts=0,037 second
Te = 0,033 second

Based on the natural frequency values above, the
mode shapes were obtained that represent each
frequency as follows:

n\_.
Q.

T

‘\I.

IV Vv

%

/\\L'\/\.‘L'\//\l\ \ ﬂ\\ \/\ 3

‘\.\ ‘\..‘4

i

PAWAWA

fé\/\_

]

1** mode o

AR
o *
4™ mode 5™ mode 6™ mode
Fig. 17 Mode shape on 10-storey frame with roll support

4.1.3. 15-Storey Steel Frame Model
From the analysis, obtained the frequency and natural

period of the frame (2n/w) as follows:
o1 =36,319 rad/s T;=0,173 second
w2 =39,026 rad/s T,=0,161 second
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w3 = 43,036 rad/s
w4 =99,733 rad/s
ws = 112,200 rad/s
e = 128,229 rad/s

Ts=0,146 second
T4=0,063 second
Ts= 0,056 second
Te = 0,049 second

Based on the natural frequency values above, the
mode shapes were obtained that represent each
frequency as follows:
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5y Bl
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Varay:

A

v

aravawiy
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| avinva

27

o

6™ mode

nt

5% mode

4™ mode
Fig. 18 Mode shape on 15-storey frame with roll support

4.2. Displacement Results

From the analysis results using El-Centro time
history data, a table of the percentage ratio of
displacement and acceleration on the frame roof was
obtained.

Table 2 shows the roof displacement on each frame
using base isolation with 1, 2, and 3 rollers. Fig. 19 also
depicts the displacement results of each frame using
base isolation for 1, 2, and 3 rollers. As described in
Table 2, although the roller steel base isolation system
was not effective enough for the 15-storey frame model
for reducing the displacement, all rollers were the most
effective base isolation for the 5-storey and 10-storey
frame models using 3 rollers of this proposed steel base
isolation type.

Table 2 Roof displacement ratio to 1 roller

Number of Number of Roof displacement
frame storeys  rollers (mm) Ratio to 1 roller
1 1,05 100%
5 storeys 2 0,53 50,93%
3 0,38 36,42%
1 2,60 100%
10 storeys 2 1,89 72,61%
3 1,71 66,02%
1 6,72 100%
15 storeys 2 6,57 97,79%
3 6,48 96,47%

The displacement graph using all rollers is also
depicted in Fig. 19 for 5, 10, and 15 storeys, clearly
showing that 3 rollers give the best contribution to
reducing displacement.

15

+
E e %
b W 50 50
B
]
13 Time (5}
1-Rolles ——2-Rollera 3-Raollera
@
3
2
£
S
£ 0 Zo=
a 40 50 &0
B
m -1
Qa
2
3 S
Time ()
1-Roller == 2-Rollers 3-Rollers
(b)

Drsplacernent (mm)
2 & L oo N & o »

Time ()

1-Roller  =——2-Rollers 3-Rollers

(©
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Fig. 19 Roof displacement of (a) 5-storey (b) 10-storey (c) 15-
storey steel frame model using EI-Centro

The 3-roller base isolation was suitable for the low
level of the steel frame model. Ground floor
displacement using the support of 1, 2, and 3 rollers is
described in Fig. 20.

In Fig. 20, for a low-level steel frame such as the
ground floor, the best displacement reduction was given
by 3, 2, and 1 roller. But all the rollers fully contribute
to reducing ground floor displacement.

0.8

0.6

Displocement (mn

Time (s)

1-Roller ==2-Rollers 3-Rollers

@

Displacement (mm)

Time (s)

—— L-Roller ——2-Rollers ——3.Rollers

(b)

Displacement {mm)

Time (s)

1-Roller = 2-Rollers 3-Rollers

(©
Fig. 20 Ground floor displacement of (a) 5-storey (b) 10-storey (c)
15-storey steel frame model

4.3. Acceleration Results

The comparison of the average roof acceleration on
each frame using base isolation with 1, 2, and 3 rollers
is described in Table 3. All roller types of the steel base
isolation system are not effective enough for the 15-
storey frame model for reducing the acceleration; all
rollers, in fact, also give a non-significant reduction for
the 5-storey and 10-storey frame models using this
proposed steel base isolation type.

Table 3 Average roof acceleration ratio to 1 roller
Acceleration (m/s?)

Number Ratio to 1
of frame I’}‘OL:{:rbSer of Avg. Ratio to 1 roller Max. roller
storeys
1 2,2.10° 100% 2,46 100%
5storeys 2 1,7 .10° 79% 2,28 93%
3 2,0.10° 73% 1,70 69%
10 1 3,2.10° 100% 4,47 100%
storevs 2 2,5.10° 78% 3,83 81%
4 3 2,5.10° 7% 3,53 74%
15 1 8,7.10° 100% 7,79 100%
storevs 2 8,2.10° 94% 8,41 108%
Y 3 7,7.10° 88% 8,37 108%

The maximum acceleration is depicted in Fig. 19 for
1, 2, and 3 rollers. But still, however the 3 rollers
contribute most to reducing the acceleration.
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Fig. 21 Maximum roof acceleration on 5, 10, and 15 storeys: (a) 1
roller; (b) 2 rollers; (c) 3 rollers

3-sto1y

4.4. Axial Force and Bending Moment Results

The comparison of axial force on 5-storey, 10-storey,
and 15-storey steel frame models using base isolation
with one, two, and three rollers are shown in Fig. 22.

In Fig. 24, amazingly, the axial force that occurred
can be reduced for 5 and 10 storeys due to the
transformation of seismic lateral force into the damped
horizontal movement. However, in the 15 storeys, the
reduction did not have too much impact because the



624

huge dead load was significantly increased, hence :
locking the roller from sliding movement. S

-
-z

— 0 01 02 03 04 ©5 06 07 03 09 |

a (©)
@ Fig. 23 The Bending Moment Y on (a) 5-storey frame; (b) 10-storey
frame; (c) 15-storey frame

::-:E::"_. Fig. 23 shows that bending moment Y can be reduced
—— in frames using base isolation best with 3, 2, and 1 roller,

——3—— respectively. The bending moment Z on the 5, 10, and at
iy S the low level of 15-storey steel frame models using 1-,
——— 2-, and 3-roller base isolation is shown in Fig. 24.
B N
(b) £
wfom i
— : B
::.—-_E-;:__-:- 015 o1 Z';’;F‘*:LIV‘S :j:}) 01 01§
.——:-‘.:_____4 o 1Reller —o—2Rollers == IRollers
(c) H
Fig. 22 Axial force in 5-, 10-, 15-storey steel frame using (a) 1 -
roller; (b) 2 rollers; (c) 3 rollers
The bending moment Y on 5-, 10-, and 15-storey -
steel frame models using base isolation with one, two, TR e
and three rollers is shown in Fig. 23. (0)

Hevation
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Fig. 24 The Bending Moment Z on (a) 5-storey frame; (b) 10-storey
frame; (c) 15-storey frame

As shown in Fig. 24, it can be said that 2 and 3-rollers
Vo R Ll e can be slightly reduced by bending moment Z value that
occurred on 5 and 10 storeys, but not significant in 15-
storey steel frames.
The inter-story drift values can be depicted
in (c)

—+—|-Relle —&—2-Rollers —e—3-Rollers

(b)
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Fig. 25 onthe 5, 10, and 15-storey frame model, which
shows that the 3-roller support is effective only to reduce
the drift ratio in low-level storeys, but at the roof, the
values get close to one another.

Elevation {m

1
03
06
04
02

000%% 0.05% 0107

015 1
Drift Ratio (%)

—a—]-Roller

(b)

2-Rollers

—o—3-Rollers

Fig. 25 Inter-story drift ratio of a) 5- b) 10- c) 15-storey steel frame
using different amounts of sliding roller rods

The inter-story drift values can be depicted
in (c)

Fig. 25 that occurs on the 10-storey and the 15-storey
steel frame model and shows that the number of sliding
rollers did not affect inter-story drift too much such as
the ground floor inter-story drift ratio depicted by Fig.
26.

020%
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o
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003% l 1
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Fig. 26. The ground floor inter-story drift ratio

4.5. Shaking Table Dynamic Analysis
All three steel frame model structures’ vibration test
is carried out by using a shaking table. Similar to those

in time history analysis, the acceleration ratio was found
using 1, 2 and 3-rollers for shaking table and roof
acceleration such as shown in Table 4 and 5.

Table 4 Shaking table acceleration ratio to 1 roller

Number

Acceleration (m/s?)

of lglfumber Ratio Ratio
frame Avg. tol Max. tol
rollers
storeys roller roller
1 0,17 100% 4.457 100%
> 2 007 43% 4156 93%
SIOTeYS 3 003 20%  3.816 86%
10 1 0.04 100% 5.071 100%
storeys 2 0.02 52% 4280 84%
3 0.03  58% 5.196 102%
15 1 0.04 100% 3.246 100%
storeys 2 013  317% 4756 147%
3 0.12 278% 4,612  142%

The roof acceleration on each frame using 1, 2 and 3-
rollers is in Table 5.

Table 5. Roof acceleration ratio to 1 roller

Number Acceleration (m/s?)

Number -
of of Ratio to Ratio
frame rollers 1 roller Max. tol
storeys roller
5 1 0,320 100% 5,848 100%
storeys 2 0,259 81% 4,242  73%

3 0,199 62% 3,802 65%
10 1 0,667 100% 6,220 100%
storeys 2 0,531 80% 6,298 78%

3 0,417 63% 6,314 101%
15 1 0,373 100% 6,314 100%
storeys 2 0,407 109% 7,492 119%

3 0,624 168% 7,136 113%

From the results obtained from Tables 4 and 5, it can

be stated that all the rollers were suitable only for low
levels such the 5th storey and one portion of 10 storeys
by using 3 storeys indicate by lesser roof acceleration
but getting higher at moderate to the high level of storeys
such as the 10th (using 1 and 2 rollers) and 15th storeys.

The main cause of this behavior was in the moderate
to high-level storeys (i.e., the 10th and 15th storeys) the
dead load becomes significantly increased, hence it

tends to lock the roller from sliding movement.
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(©
Fig. 27 Roof acceleration for (a) 5-storey; (b) 10-storey; (c) 15-
storey steel frame models

The acceleration graph for steel frame models with
respectively 5, 10, 15 storeys using different amounts of
sliding roller rods was also depicted in Fig. 27.

In Fig. 27, the acceleration of 1 roller was too high
compared to 2 and 3 rollers for all frame models.
However, three rollers best contribute to reducing
displacement and acceleration, especially this support
type becomes the most effective in low-level storeys,
such as the 5-storey frame model.

5. Conclusion

1) The obtained response ratio to withstand the
model under EI-Centro time history data:

a) Support with two rollers for the 10-storey frame
having an average and maximum acceleration of 78%
smaller and 81% smaller, respectively, and a maximum
displacement of 73% smaller than those using 1-roller
base isolation support.

b) Support with three rollers for the 5-storey frame
model having an average and maximum acceleration of
73% and 69% smaller, respectively, and a maximum
displacement of 36% smaller than those using 1-roller
base isolation support.

2) The obtained response ratio to withstand the
model under experimental shaking table test:

a. Inmoderate shaking vibration, support with two
rollers for the 10-storey frame having an average and
maximum acceleration of 48% smaller and 84% smaller
than those using 1-roller base isolation support.

b. In moderate shaking vibration, support with
three rollers for the 5-storey frame having an average
and maximum acceleration of 62% smaller and 65%
smaller than those using 1-roller base isolation support.

3) The optimum reduction was achieved by 3-
roller sliding rods and likely tends to be better with a

larger amount of sliding roller rods utilization with
further research.

4) The optimum seismic responses reduction was
significantly reduced by these new steel base isolation
systems that only work with low-level steel frame
models. The full-scale application is further needed
considering the different returning curvatures for the
appropriate amounts of the roller rods.
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