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This paper presents a theoretical and experimental evaluation of the application of lead
rubber dampers (LRD) in the chevron bracing of structures. This device consists of a circular
lead core with several layers of steel and rubber plates that are sandwiched together. This
damper was manufactured at the earthquake engineering laboratory of Urmia University
and installed inside a SDOF steel frame. The frame was placed on a shaking table, and its
responses under several earthquake excitations were recorded. A 3D finite element model
was created for the device, and hyper-elastic properties were determined for the rubber
layers. To check the effectiveness of the device in mitigating the responses of multi-story
frames, several nonlinear time history analyses were conducted on the structures using
three earthquake excitations. The results indicate that significant reductions in the stories'
drift can be achieved by installing lead-rubber dampers in the chevron bracing.

© 2017 Politechnika Wroctawska. Published by Elsevier Sp. z o.0. All rights reserved.

1. Introduction

lead to structural damage or even collapse. The higher
the intrinsic or natural damping in the structures is, the
lower the probability is that damage will occur. For frames

The majority of buildings undergo dynamic loading, which
may originate from wind loads, seismic excitation or
various other sources. In several instances, particularly
upon being subjected to strong earthquakes, vibrations can

under strong seismic loads, the intrinsic damping is not
sufficient to alleviate structural responses, in which case
additional damping can be employed. The supplemental
damping can be classified into three groups: passive control
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systems, active and semi-active systems, and base isolators
[1-3].

The joints of these systems all require power to produce
forces to control the structural responses. However, the power
source is distinct in each system. In passive systems, the
controlling forces are generated at the points of attachment to
the structure, and the power required to extend such forces
originates from the motion of these points. The direction and
amplitude of these forces are specified by the relative motion
of the points. In active systems, a controller is annexed to the
structure to develop the motion control forces. The direction
and magnitude of these forces are specified based on the
controller input data, which are obtained through a wide range
of sensors. Several features of semi-active systems are similar
to those of passive devices, but semi-active systems use
battery power controllers to regulate the mechanical proper-
ties of the dampers. The forces in both purely passive and
semi-active devices expand from the motion of sticking points
[4-6].

Base isolation is another system used for structural
control. Seismic isolation is other design mechanism that
suggests decoupling a structure or a portion of it from the
damaging effects of ground accelerations [7,8]. The Foothill
Communities Law and Justice (FCLJC) in 1984 was the first
structure in the United States with high damping rubber
bearings [9]. The Emergency Operations Center (EOC) in Los
Angeles County employed 28 high-damping rubber bearings
[10]. Nonlinear time history analyses of isolated systems
have usually been carried out by using bounding analysis to
determine the response of the isolated structures. Perform-
ing a bounding analysis accounts for the history of the
loading and heating effects [11]. However, most of the
differences between the upper and lower bound properties
emerge due to heating effects [12]. Passive control dampers
can be classified into two groups: permanent and disposable
devices (although adjustments might be required after
dissipation) [13]. This paper presents the results of an
experimental and theoretical evaluation of the application
of lead-rubber dampers in the chevron bracing of structures.
This device is a passive control system and requires no
external power to dissipate seismic energy. In this proposed
damper, yielding of the lead plug is the energy dissipating
phenomenon. The lead-rubber damper falls in the perma-
nent systems category.

2. Structural system components
2.1. Rubber layers

Rubber has numerous properties that make it beneficial in a
difference of engineering applications, such as in tire
technology, structure foundations, dampers and base iso-
lators. Rubber can deform elastically with large deformations
and then return to its initial shape after loading. Rubber has
been used extensively in structures for seismic protection,
such as viscoelastic dampers or base isolation systems [14].

In the current proposed lead-rubber isolation system,
rubber is used between the steel layers to allow them to slip
over each other and resist lateral loading.

2.2. Lead core

The purpose of concatenating a lead core into steel-rubber
layers is to attach an elastic perfectly plastic element to the
hysteresis loop of the device. The lead core will have a
certain yield level, which is a function of the theoretical yield
limit of lead (10.5 MPa) and the degree of its confinement [10].
As the confinement of the lead core increases, the hysteresis
loop of the core will move more toward an elastic-plastic
system.

Confinement of the lead core is provided by the following
three mechanisms:

1. Internal shims hold the lead from the structure into the
rubber layers.

2. Restricting plates are used at the top and bottom of the lead
core.

3. A vertical compressive load is applied on the lead core.

The successful operation of the device depends on the
quality of the lead, which recovers and re-crystallizes rapidly.
For long-term forces, lead will creep, and the maximum force
in the core will be less than the yield force subjected to applied
forces. For structures such as bridges, where non-seismic
displacements are applied to the bearings, this property will
change the maximum transmitted force because of creep,
shrinkage and temperature influences.

3. Mechanical characteristics of lead-rubber
damper

Lead rubber dampers consists of a circular lead core and
several alternatinglayers of rubber and steel plates. The rubber
layers are sandwiched between steel layers. The device is
shown in Fig. 1.

The steel layers move over each other through the exertion
of the external loading. The lead core resists the displacement
of the steel layers and undergoes plastic deformations, which
result in the dissipation of seismic forces by the system.

The lead-rubber damper has a nonlinear load displacement
relation, similar to the lead-rubber isolators. This one, termed
a hysteresis loop, describes the effective stiffness and
hysteresis damping provided by the system. Fig. 2 shows a
typical hysteresis loop for the lead-rubber damper.

Lead-plug bearings are always simulated as bilinear
elements with properties based on the three parameters K;,
K,, and Q, as shown in Fig. 2. The elastic stiffness K; is not easy
to measure and is generally taken as an empirical multiple of
K», the post-yield stiffness, which can be measured from the
shear modulus of the rubber and the bearing design. The
feature strength Q is the intercept of the hysteresis loop along
the force axis and is exactly measured from the yield stress of
the lead and lead-plug area [10].

In terms of the basic parameters K, K», and Q, the effective
stiffness of the lead-plug bearing is given by Eq. (1).

Q
Ky =Ko+ D=Dy (1)

where D, is the yield displacement.
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Fig. 1 - Schematic figure of the lead-rubber damper.
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Fig. 2 - Schematic hysteresis loop of lead-rubber damper.

The effective damping B¢ for D 2 Dy is defined as:

A

_ 2
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where A is the area of hysteresis loop. There are various
parameters that can be manipulated to control the behavior
of the system. These variables are:

e The dimension (I) and thickness (t) of the steel and rubber
layers and the diameter (d) and height (h) of the lead core.

e The length (1), thickness (H) and width (b) of the device.

e The hysteresis behavior and mechanical properties of the
lead core.

The SngsPbs; lead/tin alloy was tested under compressive
loading by Jeng et al. [15]. Kalpakidis and Constantinou [12]
presented experimental results of the tensile tests on lead
specimen under various strain rates and temperatures. In the
device, the SnesPbs; alloy was used for the lead plug. The
properties of the alloy at room temperature are available in
the works above. The 63% tin 37% lead solder alloy leads to the
maximum of the tensile strength, shear and impact strength,
and creep strength. The tin-lead alloy has a lower melting

point and higher tensile strength than pure lead. Once the tin/
lead alloy becomes semi-solid due to vibrations, it solidifies
immediately after the elimination of the excitation without
the pasty phase such as other alloys. This permits soldering
and fast cyclic times. Therefore, after the excitations, the lead
plugin the damper solidifies, and the structure remains stable.

4. Finite element analysis

Finite element analysis was conducted to determine the
behavior of the system. Hyper-elastic properties were consid-
ered for the rubber layers, and the plastic behavior of the lead
core was simulated using the Von Misses yield criterion. The
lead rubber bearing was modeled using ABAQUS based on [16].
Eight-node linear brick, three dimensional hexahedral, reduced
integration, and hourglass control solid elements were used to
model the components. This element has three translations
and three rotational degrees of freedoms at each node. Solid
elements of 2 mm and 5 mm size in length were used to mesh
the lead core model and the other parts of model respectively.
The finite element model of the system is shown in Fig. 3.

To define the hyper-elastic behavior of the rubber layers,
the stored strain energy function U was incorporated, which
defines the stored strain energy in a material per unit volume.

The stress-strain relationship of a hyper-elastic material
can be calculated using Eq. (3).

aU(e)
361')'

o = 3)
where oj; and ¢;; represent the stress and strain components,
respectively.

Various models can be employed to simulate the hyper-
elasticity, such as Van der Waals, Arrude-Boyce, Neo-Hookean,
Mooney-Rivlin, Ogden, Reduced polynomial, Polynomial, and
Yeoh models [17-20]. Most of these models are composed of
polynomial equations.

Raos [21] investigated the feasibility of estimating the test
results using the Van der Waals, Mooney-Rivlin, Neo-Hookean
and Ogden models. The test results were captured from the
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Fig. 3 - Finite element model of the device.

conducted uniaxial and biaxial tensile and compressive tests
on the SBR rubber vulcanizate. These experimental tests
covered a vast range of deformations (extension ratio A from
0.5 to 4.0). Based on the results of this investigation, it was
concluded that the Neo-Hookean and Mooney-Rivlin models
can estimate the test results in compression and moderate
tension only at extension ratios A less than 1.8, whereas the
Van der Waals and Ogden models can estimate test results
with satisfactory approximation for full assumed range.

The Ogden model is described below, and it was used in this
work to model the hyper-elastic behavior of the applied
viscoelastic material in the device.

The strain energy function of the Ogden model is defined as

€

< 2,“" T T o 1 2i
U:Za__;(xl + 0y +h—3) + 5i(j‘-"—1) @)
i=1 71 i
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N

where yu; and o; are the temperature-dependent material vari-
ables that describe the shear behavior of the material and D;
are the temperature-dependent material variables that de-
scribe the compressibility and 2; is the deviatoric principal
stretches that can be calculated from Eq. (5),

xi=J" (5)
where ] is the total volume ratio expressed by Eq. (6),

_ MAads

J Vo

(6)

where Vj, is the original volume of the rubber block and J¢is the
elastic volume ratio given by Eq. (7).
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in which Jth is the thermal volume ratio calculated from Eq. (8).

Jh= (14 ey’ ®

where ¢ is the linear thermal expansion strain. To model the
incompressibility and isothermal response of the assumed
materials, the second term in the strain energy function
was set to zero. Therefore, the strain function for the Ogden
model was obtained from Eq. (9).
o 2Wi | e o
UZZy(M + 7y +25-3) ©)
i-1 %i

Uniaxial and biaxial tension-compression test results are
essential to model the hyper-elastic behavior of rubber.
Yoshida et al. [22] presented the test results of uniaxial and
biaxial conducted tensile experiments on high damping
rubber (HDR-A). However, the results of compressive tests
on the high-damping rubber samples are required to better
model the hyper-elastic behavior of the rubber block. Amin
et al. [23] showed the results of uniaxial compressive tests on
high damping rubber. The experimental results, which have
been employed in this paper to model the hyper-elastic
behavior of rubber blocks, is shown in Fig. 4 [22,23].

To model the plasticity, the true stress and true strain
should be used instead of the nominal stress and strain. The
true strain, ¢, can be obtained from Eq. (10).

€= 11'1(1 + €y|om) (10)

where &,om is the nominal strain. The relationship between the
true stress and nominal stress is defined as

o= Unom(]- + 6rlom) (11)
3

2.5

Stress (Mpa)
- oo

o
W

0 1 2 3 4
Strain (%)

Fig. 4 — Results of the conducted experimental tests on rubber from the literature [22,23].
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Fig. 6 - Engineering stress-strain curve of lead [18].

The calculated true strain from the above equations is a
composition of the elastic and plastic strain. Accordingly, the
plastic strain may be calculated from Eq. (12).

o
€pl = €t—€q = €t— = (12)

E
in which e is the true plastic strain, ¢; is the true total strain, o
is the true stress and E is the modulus of Yang [17].

To obtain the stress—strain properties of the lead core, a
series of experiments have been previously conducted on
several specimens [24]. The true strain curve, which was
considered for the lead core in this work, is shown in Fig. 5. The
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i

Lateral Bracing
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applied engineering stress—plastic strain curve to obtain the
true stress-plastic strain curve is shown in Fig. 6.

An isotropic hardening model was employed to model the
hardening effect of the lead core. This model assumes that the
center of the yield surface remains unchanged in the stress
space. However, the size of yield surface varies uniformly in all
directions from the yield stress that changes based on the
plastic strains. This modelis generally used for metal plasticity
and is helpful in problems involving gross plastic straining [17-
20]. The Newton's method is used to solve nonlinear equations
of LRD model in ABAQUS. Also, the Newmark method is
employed to solve the equation of motion in the direct
integration time history analysis in the finite element models
that conducted by SAP2000.

5. Shaking table and the superstructure

The shaking table of Urmia University has one degree of
freedom which consists of a deck, an actuator which applies
the excitation and a computer unit which controls the
actuator, and the details of its superstructure are shown in
Fig. 7.1t is a three dimensional frame which has been installed
over the shaking table. In one direction, the excitations are
applied and along the other direction, the frame is braced. The
weight of the roof is 115 kg but four point loads can be also
applied at the corners by using steel sinkers. The entire mass
of the roof was 443 kg. The base excitations are applied by
using horizontal computer-controlled actuator. The actuator
can produce a stroke of +125mm and its velocity is 300
millimeter per second with 1.5 g maximum acceleration. The
horizontal acceleration was measured by accelerometers at
the bottom and top of the frame. The relative displacement
between the bottom and top of the superstructure and shaking
table was measured using a LVDT. The dynamicbehavior of the
superstructure was recorded with a digital data logger, and
Fig. 8 shows the shaking table unit. To avoid out of plane
movements of the frame, it is laterally braced by four steel
sticks at the back and the front faces (Figs. 7 and 8).

6. Designing of the lead-rubber damper

Considering the number and dimensions of the rubber and
steel layers and the sizes of the lead core, a trial and error
method was considered to obtain the required seismic
performance. Several finite element models of the damper,
whose configurations are shown in Table 1, were created first

825 mm

22 mm

1015 mm

24 mm

Q& . .
6\/ {—=Excitation

Fig. 7 - Details of the SDOF superstructure.
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Table 1 - Configuration of the models.

(LVD
. i

on top of the superstructure

Aluminum Box Profile

Model ts (m) tr (m) Ng ng DL (m) NE NN

M1 0.002 0.002 12 11 0.014 1544 2378
M2 0.002 0.002 12 11 0.03 1544 2378
M3 0.002 0.002 23 22 0.03 2000 2856
M4 0.002 0.002 12 11 0.04 1544 2378
M5 0.002 0.002 23 22 0.04 2000 2856
M6 0.002 0.002 12 11 0.05 1544 2378

Table 2 - Ground motion records for the SDOF analysis and experimental study.

Earthquake Station Magnitude Latitude Longitude
Tabas (1978-09-16) Iran, 9101 Tabas 7.35 33.5800 56.9200
Imperial Valley (1940-5-19) Array #9, El Centro 6.95 32.7940 —115.549
Kobe, Japan (1995-01-16) 99999 TOT 6.90 35.4850 134.2400
where tg is the thickness of the steel plates, ty is the thickness .
( ° p R 7. Experimental work

of the rubber plates, ns and ng are the number of steel and
rubber layers, respectively, D; is the diameter of the lead core,
N is the number of elements and Ny is the number of nodes in
finite element model). Then, these models were analyzed
under a zigzag top displacement loading, as shown in Fig. 9, to
determine their load-deflection curves. The results are shown
in Fig. 10 for all models. The model of frame was created using
each of the dampers in Table 1, and the models were analyzed
numerically under several earthquake excitations, as listed in
Table 2. The ground motion records were scaled to produce the
spectral accelerations of 0.3 g, 0.75g and 0.9 g based on the
fundamental period and assumed damping ratio, as shown in
Table 3.

By comparing the results, model M; was chosen to be
manufactured and installed in the frame. The subsequent
experimental tests were conducted on the system.

2.5
2
1.5
1
0.5
O &
-0.5 0.1 0.2 0.3 0.4 015
-1
-1.5
-2
-2.5

Displacement (cm)

Time (sec)

Fig. 9 - Zigzag loading of the damper.

The frame without the damper system experienced three
earthquake excitations, as listed in Table 2, and its drifts were
recorded. Then, the frame was equipped with the lead rubber
damper, as shown in Fig. 11, and tested under the same
excitations. Fig. 12 shows the location and installation details
of the LRD in the SDOF structure, and a detailed description of
the device is shown in Fig. 13. The results of the frame in both
equipped and unequipped conditions are shown in Figs. 14-16.

It should be noted that in seismic design of structures the
displacement value plays an important role, so in this paper,
maximum value of displacement has been adopted as a key
parameter which may not be occurred at the same time,
necessarily.

The effectiveness of these dampers subjected to the scaled
El Centro, Kobe and Tabas earthquakes is listed in Table 4. This
table shows a comparison of the peak displacement responses
of the structure with and without the lead-rubber damper
under the three earthquakes. It can be observed that the
damper provides significant additional damping to the
structure so the displacement of the frame decreases and
the structure remains elastic.

8. The comparison of numerical and
experimental results

Fig. 17 shows the comparison of numerical and experimental
displacements of the frame without the damper under the 0.58 g
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Fig. 10 - Displacement-force curves.

Table 3 - Peak earthquake intensity and the displacement of the structure.

Earthquake Spectral acceleration (g) Maximum displacement of the shaking table (mm)
W/O damper With damper
M1 M2 M3 M4 M5 M6
Tabas, Iran (1978-09-16) 0.30 10.85 2.26 0.89 1.95 0.59 0.81 0.213
0.75 27.13 5.384 222 5.02 1.47 2.03 0.53
0.90 32.55 5.77 2.67 5.66 1.76 243 0.64
Elcentro, Imperial Valley (1940-5-19) 0.30 10.89 1.43 0.7 1.33 0.43 0.74 0.25
0.75 27.21 3.58 1.75 3.33 1.08 1.84 0.62
0.90 32.64 441 21 4.00 1.29 221 0.75
Kobe, Japan (1995-01-16) 0.30 9.62 0.92 0.4 0.8 0.28 043 0.164
0.75 24.04 2.29 0.997 2.00 0.70 1.074 041

0.90 28.84 2.75 1.20 2.40 0.84 1.29 0.492
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Fig. 12 - Location of the lead-rubber damper in the SDOF frame and details of the installation of the LRD in the frame.

El Centro earthquake. It can be observed that the two curves are
in good agreement. Fig. 18 indicates good agreement between the
numerical and experimental displacement time histories at
the frame with the lead-rubber damper under the 0.7 g El
Centro earthquake. The average value of the predicted

time-displacement curve was found to be nearly the same as
that obtained from the experiment with a maximum variation of
7%. Thus, a reasonably good match was also noticed between the
experimentally obtained and predicted curve of time-displace-
ment behavior of the specimen and the model.
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Fig. 15 - Roof displacement histories, Kobe 0.9 g, with and without the damper.

o. Numerical analysis of multi-story structure
with a lead-rubber damper

To specify the influence of the LRD on the responses of multi-
story structures under seismic excitations, the model of the
Lead-rubber damper was inserted in the model of a four-story,

three-bay, moment-resisting steel frame. The configuration of
this steel frame, equipped with the lead rubber devices, is
shown in Fig. 19(b). The typical story height and bay width
were 3.20 m and 4 m, respectively. The dead and live gravity
loads considered in the design were selected according to the
Iranian National Building Code: Part 6. The dead and live loads
of the first through 3rd stories were 2.4 Ton/m and 1 Ton/m,
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Fig. 18 - Time-displacement curve of the roof of the structure with the lead-rubber damper.

Table 4 - Displacement peaks and reduction rates under several earthquakes

Earthquake Peak ground acceleration (g) Displacement
Bare structure With damper Reduction
(mm) (mm) percentage (%)

Elcentro, Imperial Valley (1940-5-19) 0.77 12.51 6.171 50.67

0.9 13.95 6.58 52.83
Kobe, Japan (1995-01-16) 0.62 14.87 4.73 68.19

0.88 16.47 5.6 67
Tabas, Iran (1978-09-16) 0.8 14.32 6.09 57.47

0.9 14.98 6.29 58.01
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Fig. 20 - Link element properties of the LRD-M4 in the 4-story steel frame.

Table 5 - Ground motion records for the nonlinear analysis of the multi-story frame.

Earthquake Station and direction Magnitude Duration(s)
Imperial Valley-02, 1940 El Centro, Array #9-270° 6.95 53.43
Kobe, Japan, 1995 Kobe university-90° 6.90 31.97
Tabas, Iran-1978 Sedeh-L1 7.35 39.94

Table 6 - The frame designed sections.

Section name hw (mm) tw (mm) bf (mm) tf (mm)
W16x100 431 15 265 25
W16x77 420 12 262 20
W14x48 350 10 204 15
W12x30 314 6 166 12
BOX100x6 B (mm) t (mm)

100 6
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Fig. 21 - Effect of using one LRD per floor on the response of
the 4-story steel frame under the Imperial Valley 0.1 g
earthquake.

and those for the 4th story were 2.20 Ton/m and 0.6 Ton/m,
respectively. The designed sections are shown in Fig. 19(b). The
typical frame cross sections are shown in Fig. 19(c). The
sections of the frame, shown in Table 6 were made from
structural steel ST52 (based on DIN standard) with a 345 MPa
yield strength and 500 MPa ultimate strength. To model the
nonlinear response of the structure, the SAP2000 software was
employed, and the FEMA356 code provided the hinge
specifications. The periods of the first and second modes of
the structure were 1.168 and 0.426s, respectively. A 3%
damping was assumed for each mode.

This 2D steel frame was analyzed based on the nonlinear
time history under the scaled El Centro, Kobe and Tabas
earthquake records, including the P-delta plus large
displacement effects. A description of these earthquakes
is shown in Table 5. Multi linear plastic link elements were
used to model the hysteretic behavior of the damper. The
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Fig. 22 - Effect of using one LRD per floor on the response of
the 4-story steel frame under the Imperial Valley 0.25 g
earthquake.

model M4 from Table 1 was chosen to be installed in the
frame. Fig. 20 shows the link element properties that were
used as the LRD.

The response of the steel frame equipped with the devices
was compared to that of the unequipped frame, and the results
are shown in Figs. 21-30. The proposed device can be installed
on top of the chevron brace of a frame, as shown in Fig. 19(a).
Actually, under high values of the peak accelerations (for
example 0.75 g and 0.9 g) the MDOF model experiences very
large demands and the structure collapses. For comparison the
efficiency of proposed device during total time of earthquake,
the MDOF was subjected to low peak accelerations.

Based on these results, the effectiveness of the LRD in
mitigating the structural vibration is clear. The comparison of
the roof displacements indicates that the structure with the
LRD remains elastic, whereas the structure without the
damper experiences residual drift due to plastic deformations.
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10. Conclusions

In this research, LRDs have been utilized in chevron bracing to
protect structures against earthquake excitations. In this
regard, experimental works and a detailed finite element
model of the system were expanded. Finally, a four-story,
three-bay steel frame equipped with the LRD was examined
numerically under three scaled seismic excitations. The
conclusions are as noted below:

1. According to the results of these analyses, the lead-rubber
device can significantly improve the response of the frame,
and the results indicates that the structure with the LRD
remain elastic. In this configuration, the device is in a hand

reaching position and can be surveyed or even replaced
much easier than the other devices can.

. The lead-rubber damper can reduce the story drifts and
displacements. The average amount of the displacements
in the 4-story steel frame under the El Centro, Kobe and
Tabas earthquakes was decreased by 48%, 30% and 15%,
respectively.

. The LRD exhibits high reliability and proper functioning
due to its simple producing and monitoring processes
during manufacturing. Because the lead core is under
hydrostatic pressure, the fatigue failure will not occur,
and the damper will remain stable. Additionally, the
construction cost is much lower than other dampers
because there is no need for high technology manufactur-
ing.
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