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Restrainers, along with isolation bearings, are often installed in bridges to avoid upper girders falling off
their piers during large earthquakes. In this study, a novel energy dissipation restrainer was developed.
The energy dissipation restrainer remains elastic and provides a reaction force to restrain the displacement
of the girder during small earthquakes, maintaining the functionality of the bridges. When large earth-
quakes occur, the restrainer can yield and dissipate energy, thus reducing the deformation between the su-
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Bn’{l‘ge perstructures and piers, and protecting the piers from server damages. To verify the performance of the
Restrainer restrainer, five specimens were designed and subjected to physical loading tests. The test results suggest

that when appropriately designed, the restrainer has satisfactory deformation and energy dissipation ca-
pacities. The thickness of the side flange and width of the energy dissipation plate have significant effects
on its performance. Because the number of physical tests was limited, finite element models were built
using the general finite element program ABAQUS to supplement the results, and a parametric study focus-
ing on the effects of the side flange thickness and restrainer width was conducted. Based on the test and
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analysis results, a formula for estimating the restrainer strength was derived.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The unseating of superstructures is the most common failure mode
for bridges when subjected to strong ground motion [1-3]. To prevent
superstructures from dropping off piers, restrainers with adequate
strength are usually installed in bridges to restrain the displacement
of the superstructure [4]. Post-earthquake investigations suggest that
bridges equipped with restrainers sustain only minor damage in earth-
quakes and there is no disruption to traffic [5,6].

Investigators have developed many types of restrainers, e.g., steel ca-
bles, concrete walls, steel plates, and shape memory alloy (SMA) de-
vices. Numerical models of bridges with restrainers have been built
and their response during earthquakes was analyzed [7,8]. The results
obtained from the studies indicate that restrainers can effectively pre-
vent the unseating of the superstructure and reduce the damage to
the bridge.

There are mainly three types of restrainers, namely rigid, yielding,
and SMA restrainers. The rigid restrainers, which are commonly made
of concrete walls, are designed to completely restrain the displacement
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of the superstructure of the bridge. Bridges with rigid restrainers have
inadequate energy dissipation capacity; therefore, the acceleration of
the superstructures and the shear of the piers in those bridges are great-
er than those of bridges with yielding and SMA restrainers during large
earthquakes [9]. Moreover, rigid restrainers do not have good deforma-
tion capacity, leading to a brittle failure when large earthquakes occur,
which requires difficult and lengthy repairs [5].

Much research on SMA restrainers has been carried out [10-13].
SMA restrainers can reduce the residual displacement of the superstruc-
ture and can dissipate large amounts of energy to reduce damage to the
bridge. However, the properties of SMA materials are not necessarily
stable when they sustain cyclic thermal or mechanical loading [14,15].
In addition, the costs of restrainers made of SMA are much higher
than those made of most common metals.

Yielding restrainers, usually made of steel, have stable mechanical
performance and are cost-effective. The response of bridges with yield-
ing restrainers is very close to that of bridges with SMA restrainers [9].
Yielding restrainers made of reinforced concrete and steel have also
been proposed [16,17]. These studies showed that properly designed
yielding restrainers have good and stable mechanical properties and
are suitable for engineering applications.

In this study, a novel energy dissipation restrainer for a bridge is pro-
posed. The energy dissipation restrainer remains elastic and provides a
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reaction force to restrain the displacement of the girder during small
earthquakes, maintaining the functionality of the bridges. When large
earthquakes occur, the restrainer can yield and dissipate energy, thus
reducing the deformation between the superstructures and piers, and
protecting the piers from server damages. To achieve the two-stage per-
formance goals, the strength and deformation capacity of the restrainer
are key parameters. In this paper the structure of the novel restrainer is
presented first. Five specimens were designed and tested to investigate
the mechanical properties of the restrainer. The test results indicate that
an appropriately designed restrainer performs well mechanically. Be-
cause the number of specimens in our tests was limited, finite element
(FE) analyses were carried out to supplement the physical tests. Finally,
based on the tests and analysis results, a design formula for estimating
the ultimate strength of the restrainer is proposed.

2. Structure of the restrainer

The restrainers are commonly installed with the isolation bearings
between the upper girders and lower piers. As shown in Fig. 1, the re-
strainer consists of an energy dissipation plate and two horizontal
locking blocks. The energy dissipation plate is fixed on the lower piers
while the horizontal locking blocks are bolted to the bottom of the gird-
er by high-strength bolts. Note that following the installation (Fig. 1,
left) the restrainer only takes effect along the transverse direction of
the bridge and does not provide resistance in both vertical and longitu-
dinal directions. This is beneficial for easy installation and to guarantee
the performance of the restrainer. The restrainer can also be used in the
longitudinal direction by changing the installation angle (Fig. 1, right).
When a superstructure is displaced relative to the piers, the horizontal
locking blocks will force the energy dissipation plate to deform. During
a small earthquake the energy dissipation plate remains elastic and pro-
vides reaction forces to restrain the displacement of the upper girder.
When a large earthquake occurs it yields and dissipates the energy,
thus reducing the responses of the bridge. The energy dissipation
plate can be easily replaced if damaged, so the bridge can be quickly
repaired after an earthquake. Small gaps, which is commonly about
2 mm, are set between the energy dissipation plate and the horizontal
locking blocks for the convenience of installation and replacement.
The horizontal locking blocks are designed to be rigid so that the defor-
mation is concentrated in the energy dissipation plates; therefore, this
study mainly focuses on the performance of these plates.

The details of the restrainer are shown in Fig. 2. The dimensions of
the horizontal locking block are shown in the lower right corner of
Fig. 2. A semi-circular piece of steel is welded onto the connection
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plate to accurately determine the height of the contact point. To design
the horizontal locking block we adopt a simple formula

fyA>AF, (1)

where f, is the yield strength of the material and A is the area of the
cross-section of the horizontal locking block. F,, is the total reaction
force of the energy dissipation plate and A is a conservative factor
which should be larger than 1 to guarantee the horizontal locking
block remaining elastic during an earthquake. We assume the maxi-
mum F, to be 600 kN and f; is set as 310 MPa. Setting A = 4, A should
be larger than 5655 mm?. In Fig. 2, A = 10,500 mm?, which meets the
requirement of Eq. (1).

The web area of the dissipation plate is the main area for energy dis-
sipation, outlined in bold in Fig. 2. The width and height of the web (w
and h, respectively) are the main parameters relating to energy dissipa-
tion. The top flange and the side flange are welded to the web. A stiffen-
er is added to prevent out-of-plane buckling of the web. Fillet welding,
6 mm thick, is used to weld the stiffener and flanges to the web. The en-
ergy dissipation restrainer works in a manner similar to that of shear
panels, which are commonly used as steel dampers in building
structures [18-20]. However, the vertical free mechanism and force
concentration at the contacts between the energy dissipation plate
and the horizontal locking blocks require the energy dissipation plate
to have a different structure. To this end, we carried out physical tests
to investigate its optimal design.

3. Testing procedure

The width of the energy dissipation plate w, the thickness of the top
flange t, and the thickness of the side flange b were the main parameters
in the tests. Five specimens were designed as shown in Table. 1. S1 is the
standard specimen in the study. The stiffeners of S1 were designed by
following the requirements of a steel shear panel damper. S2 has thin
side-flanges that are 6 mm thick. S3 has a thinner top flange which is
10 mm thick. In S4 the width of the web was reduced to 150 mm, and.
S5 has additional horizontal stiffeners. The web plates of all the speci-
mens are 300 mm high and 6 mm thick. The stiffeners are 100 mm
wide, and the side flanges are 200 mm wide.

The loading setup, consisting of an actuator and a loading frame, is
shown in Fig. 3. The loading frame was fixed to the ground with anchor
bolts. The horizontal locking blocks and the energy dissipation plate
were connected to the upper loading frame and the lower base using
high-strength bolts. The horizontal locking blocks, which are in contact
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Fig. 1. Installation diagram of the restrainer.
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Fig. 2. Details of restrainer.

with the side flange of the energy dissipation plate, are 305 mm high.
The loading frame has four pin connections at the beam to column con-
nections, so that the frame can rotate freely. As the loading amplitude
increases, the upper loading frame moves down slightly. In the test,
the maximum loading amplitude was 54 mm, and the corresponding
displacement of the upper loading frame was no more than 1 mm;
therefore, the effect could be ignored. The forces exerted by the actuator
are taken to be equal to the restoring forces provided by the restrainer.

The loading uses displacement control and the loading scheme is
shown in Fig. 4. The restrainer is loaded to amplitudes of 3 and 6 mm
for three cycles. The loading displacement amplitude increases in
steps of 6-54 mm. For each loading amplitude the restrainer is loaded
for three cycles.

Five displacement transducers, designated D1 to D5, are installed on
the specimen (Fig. 5). D1 measures the relative displacement of the top
flange to the base, which is expected to be the loading control displace-
ment. D2 and D3 are installed on the left and right sides of the energy
dissipation plate to record its bending deformation. The distance from
D2 to D3 is I, and the bending deformation can be calculated using
Eq. (2).

D,—D
2l 3 (2)
2

Rb:

where R, represents the bending deformation angle of the energy dissi-
pation plate. The shear deformation can be calculated using Eq. (3) [21].

Table 1
Parameters of five specimens.

No. b (mm) t (mm) w (mm) Stiffener (vertical = horizontal)
S1 20 40 300 11
S2 6 40 300 11
S3 20 10 300 11
S4 20 40 150 0+1
S5 20 40 300 12

7R
= 4

Rs _TllD _D5> (3)

where R; represents the shear deformation angle and D4 and D5 mea-
sure the diagonal displacement to obtain the shear deformation of the
energy dissipation plate. h is the height of the web, and [; is equal to
the width of the web. Thus, the ratio of shear deformation to total defor-
mation rs can be calculated as
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Fig. 3. Details of test setup.
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Fig. 4. Loading scheme.
4. Experimental results
4.1. Deformation and failure modes

The deformation modes of S1 to S5 are shown in Fig. 63, c, e, g, and i.
Based on the data measured by transducers D2-D5 the shear deforma-
tion angles and bending deformation angles of the energy dissipation
plates are plotted in Fig. 6b, d, f, h, and j.

S1 is the standard specimen. Buckling occurred on the side flange of
S1, as shown in Fig. 6a. Because of the vertical free mechanism, the side
flanges of the energy dissipation plate sustain large compressive and
tensile forces during an earthquake. To avoid buckling, the side flanges
must have good stability. In our tests, the web and the bottom of the
side flange cracked in the first cycle of loading at an amplitude of
42 mm. The reaction force decreased in the first cycle of loading at
48 mm because of the low-cycle fatigue damage to the web and side
flange. Fig. 6b shows the shear and bending deformation angles of S1.
The horizontal axis represents the loading steps. S1 is dominated by
the shear deformation, which takes up to 90% of the total deformation.
Because of the buckling to the left side flange, S1 had a tendency to
bend to the left, as shown in Fig. 6b. Unlike the standard specimen S1,
S2 has side flanges that are 6 mm thick. The thinner side flanges of S2
could not resist the large axial force and it buckled significantly, reduc-
ing the height of the energy dissipation plate. The deformation mode of
S2 is shown in Fig. 6¢. Because of the buckling of the side flanges, the re-
action force of S2 decreased in the first cycle of loading at an amplitude
of 30 mm. Fig. 6d shows that the shear deformation of S2 takes up about
76% of the total deformation.

Unlike the standard specimen S1, the top flanges of S3 are 10 mm
thick. Under the large concentrated load from the horizontal locking
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Fig. 5. Instrument of displacement transducers.

blocks, significant local buckling occurred on the top flanges of S3
(Fig. 3e). Because of the buckling of the top flange, the reaction force
of S3 decreased sharply. In the second cycle of loading at an amplitude
of 24 mm, S3 could not provide an adequate reaction force. In addition,
because of the local buckling of the top flange, the displacement trans-
ducer D2 dropped in the second cycle of loading at 18 mm. Fig. 6f
shows that the shear deformation of S3 takes up about 87% of the total
deformation.

In specimen S4, the web was 150 mm rather than 300 mm wide. The
deformation mode of S4 was similar to that of S1, as shown in Fig. 6g.
The side flanges buckled after sustaining large deformation. S4 lost its
force capacity because of the low-cycle fatigue damage at the web and
at the bottom of the side flanges. The shear and bending deformations
of S4 are shown in Fig. 6h. The shear deformation of S4 dominated
88% of the total deformation, which was similar to the proportion of
shear deformation for S1.

Specimen S5 had two horizontal stiffeners to strengthen the stability
of the side flanges and web. As shown in Fig. 6i, this effectively sup-
pressed the buckling of the side flanges. The comparison between the
shear and bending deformations is shown in Fig. 6j for S5. Because of
the strengthened side flanges, the shear deformation dominated 93%
of the total deformation. The failure mode of S5 is similar to that of S1.
Low cycle fatigue damage appeared at the bottom of the side flanges
and web, as shown in Fig. 6i. The reaction force of S5 decreased at the
third cycle of loading at an amplitude of 48 mm, showing that S5 has
the best deformation capacity of the five specimens.

According to the above observations for the deformation and failure
modes, we conclude that the side flanges require adequate stiffness to
maintain stability under huge axial forces. To avoid local buckling, the
top flange should be made of a steel plate of adequate thickness. Shear
deformation is still dominant even for an energy dissipation plate with
an aspect ratio of 2. Horizontal stiffeners are beneficial in improving
the stability of the side flanges and web, thus increasing the deforma-
tion capacity of the restrainer.

4.2. Hysteretic performance

The hysteresis curves of the five specimens are summarized in Fig. 7.
In the figures, the horizontal axis shows the displacement measured by
displacement transducer D1, while the vertical axis is the reaction force
exerted by the actuator. The hysteresis curve of S1 (Fig. 7a) is stable and
saturated. The observed yield strength and ultimate strength of S1 were
270 and 568 kN, respectively. The reaction force decreased at the first
cycle of loading at an amplitude of 48 mm because the web and bottom
of the side flange cracked as a result of low-cycle fatigue damage.

Fig. 7b shows the hysteresis curve of S2, which was stable and satu-
rated when the loading amplitude was less than 24 mm. However, the
reaction force of S2 decreased sharply because of the significant buck-
ling of the side flanges. The yield strength and ultimate strength of S2
were 250 and 462 kN, respectively. S2 could not be loaded further
after the first cycle of loading at an amplitude of 30 mm.

The hysteresis curve of S3 is shown in Fig. 7c. Because of the local
buckling of the top flange, the maximum loading displacement for S3
was 24 mm. The yield strength and ultimate strength of S3 were 272
and 515 kN, respectively.

Fig. 7d shows the hysteresis curve of S4, which was stable and satu-
rated. The yield strength and ultimate strength of S4 were 176 and
332 kN, respectively. The web of S4 was 150 mm wide, which was ex-
actly half the width of S1, while the strength was more than half that
of S1. The results indicate that the side flanges provide part of the reac-
tion force.

The hysteresis curve of S5 was stable and saturated, as shown in
Fig. 7e. The yield strength and ultimate strength of S5 were 287 and
629 kN, respectively. The ultimate strength of S4 was obviously larger
than that of S1. The results indicate that the horizontal stiffeners im-
prove the stability of side flanges and increase the ultimate strength of
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i) Deformation mode of S5 j) Shear and bending deformation ratio of S5
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Table 2
Results of tests.

No. Stiffness (kN/mm) Yield strength (kN) Ultimate strength (kN)
S1 233 270 568
S2 223 250 462
S3 236 272 515
S4 134 176 332
S5 244 287 629

the energy dissipation plate. S5 lost its capacity at the third cycle of load-
ing at an amplitude of 48 mm.

In Fig. 7a-e, except Fig. 7d, small sharps in the curves appear when
the loading direction changes. This is a typical feature of the reversal
of the diagonal tension field in shear panels [22-24]. The webs of S1,
S2, S3, and S5 are twice as large as that of S4 and the diagonal tension
field is easier to form. Hence, these small sharps did not appear in the
hysteresis curves of S4.

Table 2 shows the stiffness, yield strength, and ultimate strength of
the five specimens. To exclude the influences of buckling, the data mea-
sured for the second cycle of loading at an amplitude of 6 mm are select-
ed for the calculation of the stiffness of the specimens.

We noted that except for S4, the stiffness and yield strength of the
four specimens were very close. The stiffness and yield strengths were
mainly controlled by the width of the web, while the thickness of the
side flanges had little effect.

However, the ultimate strengths of the five specimens all differed.
The side flanges of S2 and top flange of S3 buckled severely. The ulti-
mate strengths of S2 and S3 were significantly smaller than that of S1.
S5 had two horizontal stiffeners and its ultimate strength was greater
than that of S1. Thus, we conclude that the horizontal stiffeners improv-
ing the ultimate strength and deformation capacity.
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Fig. 8. Finite element model of energy dissipation plate.
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5. Finite element analyses

5.1. Verification of the FE model

Because the number of specimens was rather limited, finite element
(FE) analyses were carried out to supplement the physical tests. The
general FE software ABAQUS was adopted for the simulation of the re-
strainer. The FE model is shown in Fig. 8. The energy dissipation plate
was simulated with an 8-node reducing integration with an hourglass
controlled linear brick element (C3D8R). The FE model had 24,329
nodes and 18,150 elements.

In this study, the specimens were all made of LY225 steel, which has
arelatively low yield stress and good low-cycle fatigue performance [25,
26]. As in a previous study, the mechanical performance of steel under
cyclic loading was different from that under monotonic loading [27,
28]. The performance of steel under cyclic loading depends on the
type of steel, maximum loading amplitude, and loading reversals. Iso-
tropic hardening of low yield point steel is more significant than that
of ordinary steel. ABAQUS provided a constitutive model for metal
under cyclic loading, see details below.

o= is—: (1_(”31). (5)

k=1

Eq. (5) is the back stress and hardening stress formula in the mate-
rial model. arepresents the back stress, which indicates the movement
of the yield surface. 8" is the equivalent plastic strain (PEEQ). C and Y
are the parameters. This model is the sum of an exponential strain-
stress curve. Y Ci/y, was the ultimate kinematic hardening stress of
the model. In the model, three curves were used to describe the behav-
iors of steel as shown in Fig. 9. The isotropic hardening was defined by
tabular data (Table 3). According to the coupon test the yield stress
was 205 MPa. The Young's modulus and Poisson ratio were 206 GPa
and 0.3, respectively.

Using the parameters given in Table 3, FE analyses were carried out,
and the results obtained were compared with those obtained from the
physical tests. The comparisons are as shown in Fig. 10. Fig. 10a, d, g, j,
and m compares the hysteresis curves obtained from the physical
tests with those of the FE analyses for S1, S2, S3, S4, and S5, respectively.
The deformation modes were also compared for the five specimens. The
FE analysis results agreed very well with those obtained from the

Table 3

Data for isotropic hardening in numerical material law.
PEEQ 0 0.54 1.113 1.86 2.8 43
Hardening stress (MPa) 0 15 20 25 30 35
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m) Hysteresis curve of S5
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physical tests, demonstrating the effectiveness of the FE models. It
should be noted that the numerical model was designed to obtain the
quantitative macroscopic mechanical properties of the restrainer, thus
the accuracy of the numerical model is insufficient to clearly present
the features of the reversal of the diagonal tension field. Hence, the
small sharps in the hysteresis curves do not appear in the numerical
model.

Note that for Fig. 10m, the experimental strength decreases in the
last cycle, which is significantly different from the results of the FE
model. The main reason is that there is no low-cycle fatigue damage
that was not included in the material properties simulated in the FE
model. In the FE analysis the restoring force would not decrease when
the low cycle fatigue damage occurred, as in the physical test. Therefore,
the PEEQ can be taken as a quantitative characterization of the amount
of low-cycle fatigue of the restrainer.

The low-cycle fatigue performance had a positive relationship with
PEEQ [29,30]. Fig. 10c, f, i, 1, and o shows the PEEQ distribution of the en-
ergy dissipation plates for S1, S2, S3, S4, and S5, respectively. The loca-
tions of the maximum PEEQ obtained from the FE analyses coincided
with those of the low cycle fatigue cracks initiated during the physical
tests for S1, S4, and S5. The FE analyses also show that the maximum
PEEQs of S1, S4, and S5 are 6.66, 6.66, and 6.56, respectively, when the
analyses attempted to simulate the physical loading process. The maxi-
mum PEEQs of S1, S4, and S5 are very close, showing that the low cycle
fatigue damage will appear when the maximum PEEQ reaches 6.66 for
this type of LY225 steel.

5.2. Parametric study

Because the number of specimens in the physical tests was rather
limited, FE analyses were conducted to quantitatively analyze the effect
of the width of the web and thickness of the side flanges. According to

Table 4

Parameters of supplementary FE models.
No. b (mm) w (mm)
SF8 8 300
SF12 12 300
SF14 14 300
SF16 16 300
SF18 18 300
W200 20 200
w225 20 225
W250 20 250
W275 20 275

the physical test results, S5 had the best deformation capacity and
greatest strength, showing that having two horizontal stiffeners was
helpful in preventing the local buckling of the energy dissipation plate.
Therefore, in the supplementary analyses the FE models all had two hor-
izontal stiffeners. Because the results of the buckling analysis are sensi-
tive to the type and size of the element, loading pattern, and numerical
parameters, the accuracy of the buckling analysis is difficult to verify. In
a conservative approach the thickness of the top flange remained
40 mm, which was shown to be reliable in the physical tests. Based on
practical engineering considerations, the space for the restrainer is
about 400 mm. therefore, the web cannot be too high. On the other
hand, reducing the height of the web would lead to a weak deformation
capacity of the restrainer. Therefore, in the parametric analysis the web
height of the restrainer remained 300 mm. The FE models also adopted
the same height for the web and the same thickness for the top flange in
the supplementary specimen. The parameters focused on were the
thickness of the side flange and width of the web (Table 4). The loading
scheme was the same as in the physical test, with a maximum loading
displacement of 48 mm.

The hysteresis curves and deformation modes of the supplementary
FE models are shown in Fig. 11. In Fig. 11a, the hysteresis curve of SF8
degrades significantly. The strength of SF8 decreased to 83% of the max-
imum strength when the loading displacement reached 42 mm, and the
side flange buckled significantly, as shown in Fig. 11b. The analysis
shows that the maximum PEEQ of SF8 was 21.98, and the plastic strain
was concentrated on the side flanges. This was because the thickness of
the side flanges was inadequate.

The other eight FE models, i.e., SF12, SF14, SF16, SF18, W200, W225,
W250, and W275, had satisfactory hysteresis curves. These eight FE
models together with S5 were used for the parametric analysis and to
obtain a quantitative formula for estimating the ultimate strength of
the restrainer. Table 5 shows the ultimate strength, the loading step
when the maximum PEEQ reached 6.6, and the maximum PEEQ after
three cycles of loading at an amplitude of 48 mm for the nine models.
Note that these nine specimens all have adequate strength and defor-
mation capacity.

The results indicate that the ultimate strength of the restrainer is
mainly controlled by the width of web. The thickness of the side flanges
b also has some effect on the ultimate strength. Eq. (6) provides a simple
means to estimate the ultimate strength of the restrainer. f,, is the ulti-
mate stress of the steel and t,, is the thickness of the web. Note that
Eq. (6) assumes that the web sustains pure shear deformation.

_ futy(w+2b)

="
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Fig. 11. Hysteresis curve and deformation mode of supplementary models.
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Fig. 11 (continued).

Table 5 compares the results obtained using Eq. (6) with those
obtained from the FE analyses. We found that the relative error
was large. This was mainly because the side flanges could buckle

Disp (mm)
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and the energy dissipation plate may not sustain pure shear defor-
mation, consequently Eq. (6) overestimated the ultimate strength
of the restrainer.

Table 5
Results for nine models.
Ultimate strength (kN) Loading step for PEEQ = 6.6 Ultimate PEEQ Eq. (6) (kN) Relative error Eq. (7) (kN) Relative error

S5 583.68 1st cycle of 48 mm 7.71 690.32 18.27% 57723 —1.10%
SF12 538.93 1st cycle of 48 mm 9.06 690.32 28.09% 545.00 1.13%
SF14 559.22 1st cycle of 48 mm 7.91 690.32 23.44% 554.53 —0.84%
SF16 565.97 1st cycle of 48 mm 7.64 690.32 21.97% 562.92 —0.54%
SF18 575.10 1st cycle of 48 mm 7.60 690.32 20.03% 57043 —0.81%
W200 407.69 1st cycle of 48 mm 8.08 487.28 19.52% 407.46 —0.06%
w225 447.40 1st cycle of 48 mm 7.97 538.04 20.26% 449.90 0.56%
W250 487.04 1st cycle of 48 mm 7.85 588.80 20.89% 492.35 1.09%
W275 526.54 1st cycle of 48 mm 7.74 639.56 21.46% 534.79 1.57%




94 K. Deng et al. / Journal of Constructional Steel Research 101 (2014) 83-95

Table 6
Comparisons of Eq. (7).

NO. b (mm) w (mm) Ultimate strength (kN) Eq. (7) (kN) Relative error
AD1 15 240 438.66 443.79 1.17%
AD2 17 260 487.66 490.10 0.50%

The side flanges have an influence on the deformation mode of the
restrainer. Therefore, Eq. (7), which considers the slenderness of the
side flanges, was proposed. In the equation, (b/h) considers the buck-
ling of the side flanges, and « is a coefficient.

Q- a(%)ﬁf bt 7)

Based on the data from Table 5, a parameter fitting analysis was car-
ried out. It was established that o« = 1.134 and 8 = 0.1125. R-square,
which is the square of the correlation between the actual and predicted
response values, was equal to 0.992. A value close to 1.0 indicates that a
large proportion of variance can be accounted for by the model [31]. The
accuracy of Eq. (7) was satisfactory, with relative errors of no more than
1.6%. To investigate the effectiveness of Eq. (7), two additional models,
AD1 and AD2, were created in ABAQUS. The parameters and the analysis
results of the two models are presented in Table 6. The estimations fol-
lowing Eq. (7) are presented in Table 6. The maximum relative error is
1.17%, demonstrating the effectiveness of Eq. (7).

Finally, the design procedure for the energy dissipation plate can be
derived. First, choose the thickness of the web, side flanges, and top
flange. We conservatively suggest that the thickness of the top flange
and side flanges should be larger than 40 and 16 mm, respectively. Sec-
ond, determine the height of the web based on the installation space
available and practical engineering factors. Third, calculate the width
of the web according to Eq. (7). We also recommend that the spacing
of the stiffener does not exceed the value of S5.

6. Conclusions

A novel energy dissipation restrainer is proposed in this study. Phys-
ical tests were conducted to investigate its performance. The results
show that the novel restrainer with a reasonable structure had good
strength and deformation capacity. As a supplement, FE analyses were
carried out. Formulas for the ultimate strength of the restrainer were
proposed and improved based on the tests and FE analysis results. The
major conclusions are as follows:

(1) Arestrainer with a reasonable structure has a stable and saturat-
ed hysteresis curve and appears similar to a shear panel damper.
However, the vertical free mechanism and large concentrated
force from the horizontal locking device require the side flanges
and top flanges of the energy dissipation plate to have a sufficient
thickness to avoid instability failure during earthquakes.

The vertical free mechanism may lead to instability failure at the
side flanges. The horizontal stiffener of the energy dissipation
plate restricts the buckling of the web and side flanges at the
same time. Therefore, the energy dissipation plate needs more
stiffeners than the common steel shear panel damper, especially
in the horizontal direction.

With the help of finite element analysis the quantitative for-
mula for the ultimate restoring force was obtained and the
design procedure of the restrainer was derived. Some impor-
tant suggestions about the structure of the stiffener and
flanges are proposed.
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