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Abstract: Buckling Restrained Bracings (BRBs) are widely used to improve the seismic behavior of
buildings. They are employed for bridges as well, but their application in this respect is limited. BRBs can
also be used as a function of the individual damper rather than the structural component or the bracing,
in which case the device may be called a Buckling Restrained Damper (BRD). Yet, such application has
not been explored much. There are quite a few bridges designed according to the old design codes in
Japan. Their seismic resistance may not be satisfactory for the current seismic design codes. Against this
background, the behavior of a steel truss bridge under a large seismic load was investigated by nonlinear
dynamic finite element analysis. Some members were indeed found to be damaged in the earthquake.
Retrofitting is needed. To this end, the application of BRD was tried in the present study: a parametric
study on the seismic behavior of the truss bridge with BRD was conducted by changing the length,
the cross-sectional area, the location and the inclination of BRD. The effectiveness of BRD was then
discussed based on the numerical results thus obtained. In all the analyses, ABAQUS was used.

Keywords: buckling restrained damper; energy absorption; truss bridge; retrofit; seismic behavior;
nonlinear dynamic analysis

1. Introduction

Earthquakes are the biggest threat to bridge structures, and design codes have been revised after
each natural disaster. For example, in Japan, the design specifications for highway bridges was revised
several times right after Hyogoken-Nanbu (1995) and Tohoku (2011) incidents which include the
capacity loss of bridges [1,2]. Currently, many existing bridges which were designed by old design
codes exist. The seismic performance of those bridges needs to be assessed by the new seismic design
code criteria. If the seismic performance is not satisfactory, existing bridges should be retrofitted [1].
To that end, many dampers are being developed such as fluid viscous dampers, solid viscoelastic
dampers, friction dampers, added damping and stiffness dampers (ADAS), and buckling restrained
braces (BRBs). In these, the design process of BRBs is the most familiar to design engineers due to
its material behavior [3]. It is also important to note that BRBs have been proved to be superior in
durability and long-term reliability.

BRBs have only been focused on seismic-resistant building designs, and have been gradually
developed for bridge application since first being reported in 1988. BRBs are new for bridge structures [4],
and their application in the domain is discussed in the literature [5,6]. Usami et al. [6] conducted an
analytical study on a steel arch truss bridge in which diagonal members and lateral brace members
were replaced by BRBs. Based on the result, the authors highlighted that the employed approach could
be an efficient solution not only for earthquake-resistant new designs but also for retrofitting existing
steel truss bridges. As can be seen in previous studies, BRBs are usually used in such a way that they
replace members of truss bridges.
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Generally, buckling restrained braces (BRBs) have been considered as part of a bracing system, rather
than as part of a damping system in seismic-resistant designs [3]. Therefore, we propose the idea of using
BRB as an additional individual member or an external damper, not as the structural component or bracings.
In this case, the device may be called a buckling restrained damper (BRD). The damper ‘BRD’ and the
bracing ‘BRB’ are identical in terms of behavior and the design. They belong to the metallic damper that
works based on the inelastic behavior of steel, and typically consist of a steel core and buckling restrainer
case (i.e., concrete filled tube; Figure 1). During seismic load, the steel core or the yielding member of the
damper undergo plastic deformation and dissipate the seismic energy by hysteretic behavior [3–11].
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In order to enhance the seismic behavior of bridges using BRD, design parameters such as
the length, the cross-sectional area, the location, and the inclination of BRD shall be taken into
account. Regarding the length of BRDs, some studies are available in the literature, for example, [7–11].
Razavi et al. [10] have conducted analytical and experimental studies on the entire model of the BRD
with a yielding part and a rigid part. The ratio between the length of the yielding core and the total
length (Lc/Ltotal) of the BRD was taken to be 0.2 to 0.4, and the axial strain was shown to be higher than
3%. For common BRBs, the length ratio typically varies from 0.6 to 0.8, and the axial strain is 1% to 2%.
Therefore, they investigated the buckling load of the BRD in two cases: (i) the yielding core was placed
in the middle of the BRD, and (ii) the yielding core was placed at the one end of the BRD. The authors
also compared the energy dissipated by the BRD with a reduced length of the yielding part and the
energy dissipated by a conventional BRD. The study showed that higher buckling capacity is achieved
when the short yielding core is placed at the one end of the BRD; therefore, the BRD with the short core
has a higher energy absorption capacity of 1.3 times than that of the conventional BRD.

Other reports [7–9] highlighted that as the core length decreases, the plastic strain demand on the
BRD increases, and consequently, its energy absorption becomes greater. Therefore, the BRD could
efficiently sustain the seismic performance of the structure. Although the effectiveness of the core
length of the BRD has been studied previously, its influence on the seismic performance of the actual or
the existing bridge under real earthquake conditions has not been assessed. Moreover, the effectiveness
of other parameters such as the inclination and the cross-sectional area of the BRD yielding core has
not been evaluated yet. Thus, this study will consider the effectiveness of the BRD design parameters
such as the length, the cross-sectional area, the location, and the inclination of BRD on the seismic
performance of an existing steel truss bridge.

In summary, the aim of the present study is to propose an option to enhance the seismic behavior
of an existing truss bridge under a large earthquake using BRDs, and to investigate the influence of the
aforementioned design parameters of the BRD on the seismic performance of the bridge.

2. Analysis Model

2.1. Model of the Existing Bridge

The existing truss bridge is a single-span simply supported bridge with a span length of 74.40 m.
It has a reinforced concrete upper deck with a width of 10.60 m and a thickness of 200 mm. The schematic
of the bridge is given in Figure 2, and the member details, including the steel grades, are shown in
Table 1. Steel grades, employed for the truss bridge, are SM490Y (yield stress, σy = 355 N/mm2) and
SM400 (yield stress, σy = 235 N/mm2). The mass density, Young’s modulus, and Poison’s ratio of
each steel are taken to be ρ = 7.851 × 10−9 t/mm3, E = 2.0 × 105 N/mm2, and ν = 0.3, respectively.
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Moreover, beyond the yield stress, the material stiffness is assumed to be E/100, and the elastic-plastic
behavior of von Mises type with kinematic hardening rule is assumed.

For the concrete deck, the mass density, Young’s modulus, and Poison’s ratio are taken to be
ρ = 2.35 × 10−9 t/mm3, E = 2.1 × 104 N/mm2, and ν = 0.2, respectively. The damage in the concrete
deck slab is not taken into account in this study; therefore, the simplified elastic model is employed to
consider its spatial stiffness and inertia in the dynamic analysis.
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ABAQUS [12] is used for all the analyses in the present study. A three-dimensional beam-element
of type B33 is employed. Ten finite elements are used in the modeling of each member of all the lateral
bracings (27–30, 2–3, 1–28, 5–32, etc. in Figure 2), and five finite elements are used for other members
of the truss. The joints of each truss member are modeled to be the fully rigid connections since the
difference in any types of joints has little effect on the dynamic response of the stress [13]. The concrete
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deck is modeled by the shell element of type S4R. Floor beams are rigidly connected to the concrete
deck; 1180 beam-elements and 168 shell-elements are used in total.

The dynamic implicit method is employed in which the maximum time increment used in the
numerical integration of the equation motion in the dynamic analysis is taken to be ∆t = 0.03 s.
Rayleigh damping is employed in which coefficients α and β are determined assuming damping ratio
ζ (damping ratio: ζ = 0.03 for concrete deck; ζ = 0.02 for steel members) for the first two dominant
vibration modes of the bridge model [14].

The live and traffic loads are not considered in this study, and the distributed dead load is taken into
account in accordance with the Japanese Code, in which load factors 1.7 and 1.5 are applied to consider the
mass of non-structural components of the bridge and the mass of bolts and other details, respectively [15].
Therefore, the defined mass density is employed for the material properties of the model.

The Niigata Chuetsu (2004) earthquake acceleration wave with a maximum acceleration of 1.164 g
(Figure 3) is employed to evaluate the seismic resistance because it is much stronger compared to the
recommended accelerogram for Level 2 (Type II) earthquake ground motion [16]. It is also important to
note that in Level 2 (Type II) ground motion specified in [16], there are three earthquake ground motions
that have been commonly utilized for seismic design of highway bridges (the maximum acceleration is
0.828 g).
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Figure 3. Niigata Chuetsu earthquake wave.

2.2. Safety Evaluation of the Truss Bridge Members

The existing bridge was initially designed according to the old design codes considering the
moderate earthquake before the 1995 Hyogoken-Nanbu earthquake, and has not been seismically
retrofitted so far. The seismic behavior of the bridge is evaluated by the acceleration wave of the Niigata
Chuetsu earthquake mentioned above and the criteria of the current Japanese design codes [15,17].
To this end, a nonlinear time history analysis is carried out. It is important to note that the nonlinear
time history analysis has the potential to provide much better information for predicting the amount of
damage, and hence for evaluating any risk due to earthquake, and the nonlinear time history analysis
is also recommended in evaluating the dynamic response of structures to Level 2 earthquakes [17].

The seismic behavior only in the longitudinal direction of the bridge is considered herein, and the
analysis is therefore arranged with two steps, considering the material and geometrical non-linearity of
the bridge members. The safety of the bridge members is examined by the following two conditions [15]:

• when the normal stress of the member is positive (in tension):

Rt =
σidm
σi, yd

< 1.0 (1)

• when the normal stress of the member is negative (compression):

Rc =
σidm
σi, rd

< 1.0 (2)



Appl. Sci. 2019, 9, 2791 5 of 12

where Rc and Rt are the demand-capacity ratio, and σidm is the axial stress value of the i-th member,
obtained from the dynamic time history response (i.e., Figure 4). σi, rd and σi, y are the design local
buckling stress of the member and the material yield stress of the member, respectively.

The member that satisfies the above two equations is safe; otherwise, the member is
considered damaged.
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Figure 4. Time-history response of the normal stress of the damaged member, during the earthquake.

The numerical results are shown in Table 2. The maximum and minimum stress values, shown
in Table 2 are determined based on the comparison among the stress time history responses in each
damaged member.

Table 2. The axial stress results.

Damaged Members *
Axial Stress, σidm (N/mm2)

Rc Rt
Min. Max.

1–3; 3–5; 2–4; 4–6 −252.79 251.83 1.305 1.072

* see also Figures 2 and 5.

Figure 5 shows the deformed shapes of the truss bridge during the large earthquake. As can be
seen in Figure 5b,c, the damaged members are also highlighted in black (see also the node numbers in
Figure 2).
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Figure 5. Deformation patterns of the truss bridge due to (a) dead-load; (b) the large earthquake in
compressive direction; (c) the large earthquake in tensile direction.

3. Seismic Upgrading Model with BRDs

The seismic performance in the longitudinal direction of the steel truss bridge is not sufficient
under the large earthquake as shown in the previous section. Retrofitting the bridge is required. For this
purpose, two pairs of BRDs are individually attached between the bridge abutment and the bottom
ends of vertical links that are rigidly connected to joints at the lower chord of the truss bridge. The two
pairs of vertical links are modeled to be absolute rigid bodies, and their properties are not taken into
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account in this study. BRDs are modeled to have pinned end connections and supposed to consist of
two parts: the yielding part and the non-yielding part. Moreover, the condition that the yielding core
is placed at the one end of the BRD [10] is adopted (Figure 1). The steel LY225 is employed for the BRD
yielding core, which is commonly used for hysteretic damping device in Japan [4]. The yield stress σy

of the BRD yielding core is 225 N/mm2. Young’s modulus of steel and Poison’s ratio are taken to be
E = 2.0 × 105 N/mm2 and ν = 0.3, respectively, and the elastic-plastic behavior of von Mises type with
kinematic hardening rule and the uniaxial stress-strain relationship with hardening slope 3E/100 are
assumed. The yielding part of BRDs is modeled by 2-node truss-element T3D2. The non-yielding part
of the BRD is considered to be absolute rigid, and 2 beam-elements and 2 truss-elements are used in
modeling of two pairs of BRDs. The damping properties of each model with BRD are assumed to be
the same as the damping properties defined for the model without BRD.

The non-linear dynamic finite element analyses are performed based on the assumption
that BRDs do not reduce the initial stress state of the bridge members due to the gravity load.
Notably, the calculations were arranged within two steps: (1) Static analysis of the truss bridge without
BRDs, under the gravity load; (2) Nonlinear dynamic analysis of the bridge with two pairs of BRDs
based on the initial stress state obtained in the first step.

4. Parametric Evaluation of the BRD

The non-linear dynamic finite element analyses are conducted to observe the effectiveness of the
BRD parameters, including the influence of the three sources of nonlinearity in mechanics (material,
boundary, and geometrical). Within the scope of this study, the properties of the rigid part of the BRD
are not considered as mentioned earlier, and the following four different parameters are investigated
in this part, namely:

• Location of the BRD: Left-sided BRD (L-BRD; Figure 6a); Right-sided BRD (R-BRD; Figure 6b)
• Length of the yielding core, Lc: 10.5, 7, 3.5 and 1.75 m
• Cross-sectional area of the yielding core of the BRD, Ac: 5, 10, 20, 30 and 40 cm2

• Inclination of the BRD, αd: 0◦, 5◦, 10◦, and 15◦.
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The numerical investigations were carried out under the control of the safety condition
(Equations (1) and (2)) of the damaged members of the bridge. Figure 7 shows the name description of
models used in the numerical analyses.
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4.1. Influence of the BRD Location on the Axial Stress of the Damaged Members

This section examines the influence of the BRD location on the axial stress of the damaged members
of the truss bridge. For this purpose, a series of normal stress responses were determined from each
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model with various BRD attached. Although the location is limited, the parametric analyses were
done based on two possible locations for the design of the BRDs: close to the fixed support (L-BRD;
Figure 6a); near the roller support of the bridge (R-BRD; Figure 6b).

Tables 3 and 4 compare the resulting stress responses that correspond to each location of BRD.
Figure 8a–d show the hysteretic responses of L-BRDs with different characteristics, and Figure 8e–h
show the hysteretic responses of R-BRDs with different characteristics.

Table 3. Axial stress reduction by L-BRDs.

Model
Axial Stress, σidm (N/mm2)

Rc Rt
Min. Reduction by BRD Max. Reduction by BRD

Initial model −252.795 - 251.830 - 1.305 1.072
L-10.5-5-0◦ −189.083 25.2% 238.879 5.1% 0.976 1.017
L-10.5-10-0◦ −207.537 17.9% 237.994 5.5% 1.071 1.013
L-10.5-20-0◦ −165.261 34.6% 237.668 5.6% 0.853 1.011
L-10.5-30-0◦ −100.729 60.2% 235.763 6.4% 0.520 1.003
L-10.5-40-0◦ −80.886 68.0% 217.084 13.8% 0.418 0.924
L-7.0-5-0◦ −193.986 23.3% 238.681 5.2% 1.001 1.016

L-7.0-10-0◦ −167.945 33.6% 238.228 5.4% 0.867 1.014
L-7.0-20-0◦ −99.704 60.6% 236.315 6.2% 0.515 1.006
L-7.0-30-0◦ −77.834 69.2% 207.515 17.6% 0.402 0.883
L-7.0-40-0◦ −70.642 72.1% 198.125 21.3% 0.365 0.843
L-3.5-5-0◦ −190.793 24.5% 237.748 5.6% 0.985 1.012

L-3.5-10-0◦ −140.195 44.5% 236.026 6.3% 0.724 1.004
L-3.5-20-0◦ −70.343 72.2% 195.143 22.5% 0.363 0.830
L-3.5-30-0◦ −64.069 74.7% 183.292 27.2% 0.331 0.780
L-3.5-40-0◦ −59.115 76.6% 167.083 33.7% 0.305 0.711
L-1.75-5-0◦ −121.362 52.0% 236.561 6.1% 0.626 1.007
L-1.75-10-0◦ −108.312 57.2% 235.380 6.5% 0.559 1.002
L-1.75-20-0◦ -83.310 67.0% 213.966 15.0% 0.430 0.910
L-1.75-30-0◦ −60.885 75.9% 170.123 32.4% 0.314 0.724
L-1.75-40-0◦ −54.691 78.4% 146.279 41.9% 0.282 0.622

Table 4. Axial stress reduction by R-BRDs.

Model
Axial Stress, σidm (N/mm2)

Rc Rt
Min. Reduction by BRD Max. Reduction by BRD

Initial model −252.795 - 251.830 - 1.305 1.072
R-10.5-5-0◦ −235.912 6.7% 240.905 4.3% 1.218 1.025

R-10.5-10-0◦ −239.067 5.4% 240.389 4.5% 1.234 1.023
R-10.5-20-0◦ −237.529 6.0% 239.175 5.0% 1.226 1.018
R-10.5-30-0◦ −153.764 39.2% 238.217 5.4% 0.794 1.014
R-10.5-40-0◦ −117.468 53.5% 236.847 5.9% 0.606 1.008
R-7.0-5-0◦ −220.056 13.0% 240.025 4.7% 1.136 1.021
R-7.0-10-0◦ −223.142 11.7% 239.199 5.0% 1.152 1.018
R-7.0-20-0◦ −150.093 40.6% 238.024 5.5% 0.775 1.013
R-7.0-30-0◦ −136.510 46.0% 237.408 5.7% 0.705 1.010
R-7.0-40-0◦ −151.054 40.2% 237.069 5.9% 0.780 1.009
R-3.5-5-0◦ −172.310 31.8% 237.874 5.5% 0.889 1.012
R-3.5-10-0◦ −134.188 46.9% 236.987 5.9% 0.693 1.008
R-3.5-20-0◦ −138.902 45.1% 237.070 5.9% 0.717 1.009
R-3.5-30-0◦ −145.477 42.5% 237.050 5.9% 0.751 1.009
R-3.5-40-0◦ −108.009 57.3% 235.851 6.3% 0.558 1.004
R-1.75-5-0◦ −119.326 52.8% 236.007 6.3% 0.616 1.004

R-1.75-10-0◦ −111.509 55.9% 236.355 6.1% 0.576 1.006
R-1.75-20-0◦ −115.749 54.2% 237.034 5.9% 0.597 1.009
R-1.75-30-0◦ −96.659 61.8% 236.300 6.2% 0.499 1.006
R-1.75-40-0◦ −100.609 60.2% 236.300 6.2% 0.519 1.006
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Figure 8. The behavior of each BRD with different characteristics.

As observed, the influence of the BRD on the axial stress of the damaged member is clear in Table 3:
with L-BRDs, the compressive and the tensile stresses are decreased by 17.9–78.4% and 5.1–41.9%,
respectively, and for the R-BRDs (Table 4), those values are 5.4–60.2% and 4.3–6.3%, respectively.
Therefore, the safety condition is satisfied by L-BRDs whereas the R-BRDs cannot satisfy the safety
condition. It indicates that the right side location for the design of BRDs (Figure 6b) is not effective,
or the R-BRDs cannot sustain the seismic performance of the bridge.

The damage may be caused by the axial deformation of the member. So, the horizontal
displacements at the moveable end of the damaged members are determined for BRDs, “L-1.75-20-0◦”
and “R-1.75-20-0◦” to prove the above observation. The results are shown in Table 5.

Table 5. Effect of the BRD location on the horizontal displacement due to the earthquake.

Model
The Safety Condition Horizontal Displacement at the Moveable End of the Damaged Members (mm)

Rc Rt Min. Reduction by BRD Min. Reduction by BRD

Initial model 1.305 1.072 −8.468 - 67.525 -
L-1.75-20-0◦ 0.430 0.910 −3.444 59.3% 5.644 91.6%
R-1.75-20-0◦ 0.597 1.009 −7.083 16.4% 11.483 83.0%
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The comparison can be seen in Table 5 that the R-BRD does not sufficiently reduce the horizontal
displacement at the moveable end of the damaged members. It should be noted that the L-BRDs
reduced the horizontal displacement in compressive direction by 59.3% while the R-BRDs reduces
16.4%. Also, L-BRDs and R-BRDs reduce the horizontal displacement in tensile direction by 91.6% and
83.0%, respectively.

It can be clearly seen in these comparisons that R-BRD has a minor effect in reducing the axial
displacement of the damaged members compared to the L-BRD and that the L-BRD satisfies both
safety conditions. This is the evidence to suppose that the design of the BRD near the right end or the
roller support is not efficient for this truss bridge.

4.2. Influence of the Length of the BRD Yielding Core on the Axial Stress of the Damaged Members

The influence of the length of the BRD yielding core (Lc) on the axial stress of the damaged members
is discussed in this section based on the model with the L-BRD. For this purpose, the ratio between the
length of the yielding core and the total length of the BRD (Lc/Ltotal) is chosen approximately to be
0.85, 0.6, 0.3, and 0.15, and depending on these values, the variable lengths of Lc are given by 10.5, 7.0,
3.5 and 1.75 m, respectively.

The numerical results are shown in Table 3. The hysteretic loops which correspond to each BRD
parameters are shown in Figure 8a–d. For Lc is given by 10.5, 7.0, 3.5 and 1.75 m, the axial compressive
stress is reduced by 17.9–68.0%, 23.3–72.1%, 24.5–76.6%, and 52.0–78.4%, respectively, and the axial
tensile stress is also reduced by 5.1–13.8%, 5.2–21.3%, 5.6–33.7%, and 6.1–41.9%, respectively. It can be
observed that the axial stress reduces as the length of the yielding core decreases. The damage may
be occurred due to the length change of the members, and thus, the horizontal displacements at the
moveable end of the damaged members are determined from each BRD model to verify the above
observation. The horizontal displacement results are shown in Table 6.

Table 6 compares the horizontal displacement results. For the initial model, the joint displacement
in compressive direction and tensile direction due to the earthquake was determined by −8.468 and
67.525 mm, respectively. When the BRD core length, Lc is given by 10.5 to 1.75 m, the horizontal
displacement in compressive direction is reduced by −7.4–59.3% while in the tensile direction it is
reduced by 74.9–91.6%. It indicates that as the core length Lc reduces, the horizontal displacement at
the moveable end of the damaged members is reduced. As a result, the axial stress can be significantly
reduced, providing evidence that shortening the yielding part of the BRD is effective not only in
reducing the horizontal displacement change at that joint but also in reducing the axial stress on the
damaged members.

Table 6. Influence of the length of the BRD yielding core on the horizontal displacement due to
the earthquake.

Model
The Safety Condition Horizontal Displacement at the Moveable End of the Damaged Members (mm)

Rc Rt Min. Reduction by BRD Min. Reduction by BRD

Initial model 1.305 1.072 −8.468 - 67.525 -
L-10.5-20-0◦ 0.853 1.011 −9.097 −7.4% 16.942 74.9%
L- 7.0 -20-0◦ 0.515 1.006 −8.909 −5.2% 8.549 87.3%
L- 3.5 -20-0◦ 0.363 0.830 −5.865 30.7% 4.671 93.1%
L-1.75-20-0◦ 0.430 0.910 −3.444 59.3% 5.644 91.6%

4.3. Influence of the Cross-Sectional Area of the BRD Yielding Core on the Axial Stress of the Damaged Members

This section discusses the influence of the cross-sectional area of the BRD yielding core on the
axial stress of the damaged members. The observation on the influence of the cross-sectional area of
the yielding core of the BRD, Ac, is made that as can be seen from the results that when Lc = 3.5 m and
when its cross-sectional area, Ac is given by 5, 10, 20, 30 and 40 cm2, the axial compressive stress is
reduced by 24.5%, 44.5%, 72.2%, 74.7%, and 76.6%, respectively, and the axial tensile stress is decreased
by 5.6%, 6.3%, 22.5%, 27.2%, and 33.7%, respectively as shown in Table 3. It indicates that as the
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cross-sectional area of the yielding core increases, the axial stress can also be significantly reduced.
Figure 8c shows the plastic behavior of each BRD.

The observation can also be verified by comparing the horizontal displacements at the moveable
end of the damaged members.

As shown in Table 7, the horizontal displacement is reduced as the cross-sectional area becomes
bigger. Notably, when the cross-sectional area, Ac increases from 5 to 40 cm2, the horizontal displacement
in compressive direction is reduced by 7.1% to 69.4%, while it is in tensile direction, which is 71.6%
to 95.8%. The results prove that the horizontal displacement of the moveable end of the damaged
members is reduced as the cross-sectional area of the yielding core increases, and, consequently, that of
the axial stress has been reduced.

Table 7. Influence of the cross-sectional area of the BRD yielding core on the horizontal displacement
due to the earthquake.

Model
The Safety Condition Horizontal Displacement at the Moveable End of the Damaged Members (mm)

Rc Rt Min. Reduction by BRD Min. Reduction by BRD

Initial model 1.305 1.072 −8.468 - 67.525 -
L-3.5-5-0◦ 0.985 1.012 −14.473 −70.9% 19.177 71.6%
L-3.5-10-0◦ 0.724 1.004 −7.867 7.1% 10.218 84.9%
L-3.5-20-0◦ 0.363 0.830 −5.865 30.7% 4.671 93.1%
L-3.5-30-0◦ 0.331 0.780 −3.463 59.1% 3.695 94.5%
L-3.5-40-0◦ 0.305 0.711 −2.588 69.4% 2.827 95.8%

4.4. Influence of the Inclination of the BRD on the Axial Stress of the Damaged Members

The effectiveness of the inclination of the BRD on the axial stress of the damaged member is
evaluated in this section based on the model known as having an effective cross-sectional area and
length. The R-BRDs are also considered so as to assess the inclination effect on the efficiency of R-BRDs.
The analysis results are shown in Table 8.

Table 8. Axial stress reduction by the BRDs with an inclination.

Model
Axial Stress, σidm (N/mm2)

Rc Rt
Min. Reduction by BRD Max. Reduction by BRD

Initial model −252.795 - 251.830 - 1.305 1.072
L-3.5-20 - 0◦ −70.343 72.2% 195.143 22.5% 0.363 0.830
L-3.5-20 - 5◦ −66.839 73.6% 236.677 6.02% 0.345 1.007
L-3.5-20-10◦ −139.010 45.0% 236.794 5.97% 0.718 1.008
L-3.5-20-15◦ −93.184 63.1% 235.561 6.46% 0.481 1.002

R-3.5-20 - 0◦ −138.902 45.1% 237.070 5.9% 0.717 1.009
R-3.5-20 - 5◦ −162.732 35.6% 238.163 5.4% 0.840 1.013
R-3.5-20-10◦ −88.673 64.9% 235.228 6.6% 0.231 1.001
R-3.5-20-15◦ −66.839 73.6% 236.677 6.0% 0.345 1.007

It can be observed that for the L-BRD, with the inclination of 0◦, 5◦, 10◦, and 15◦, the axial
compressive stress of the damaged member is reduced by 72.2%, 73.6%, 45.0%, and 63.1%, respectively,
whereas the axial tensile stress of the damaged member is decreased by 22.5%, 6.02%, 5.97%, and 6.46%,
respectively, as shown in Table 8. For the R-BRD (attached near the roller support), the safety condition
has not been satisfied even if the various inclination is introduced. The results indicate that the
inclination is not effective on the axial stress of the damaged members for this truss bridge.

The observation can be verified similarly to the parameters as mentioned earlier. For this purpose,
the horizontal displacements at the moveable end of the damaged members, corresponding to each
inclined BRD, are determined. The numerical results are compared in Table 9.
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Table 9. Influence of the inclination on the horizontal displacement due to the earthquake.

Model
The safety condition Horizontal Displacement at the Moveable End of the Damaged Members (mm)

Rc Rt Min. Reduction by BRD Min. Reduction by BRD

Initial model 1.305 1.072 −8.468 - 67.525 -
L-3.5-20 - 0◦ 0.363 0.830 −5.865 30.7% 4.671 93.1%
L-3.5-20 - 5◦ 0.345 1.007 −6.106 27.9% 5.607 91.7%
L-3.5-20-10◦ 0.718 1.008 −7.585 10.4% 8.919 86.8%
L-3.5-20-15◦ 0.481 1.002 −9.595 −13.3% 10.922 83.8%

R-3.5-20 - 0◦ 0.717 1.009 −3.787 55.3% 7.462 88.9%
R-3.5-20 - 5◦ 0.840 1.013 −5.488 35.2% 4.370 93.5%
R-3.5-20-10◦ 0.231 1.001 −6.900 18.5% 6.121 90.9%
R-3.5-20-15◦ 0.345 1.007 −8.765 −3.5% 8.978 86.7%

As can be seen from this comparison, the horizontal displacement at the moveable end of the
damaged member has not been significantly decreased as the angle of inclination increases. This proves
that any inclination for the design of BRDs is not effective for the retrofitting of this truss bridge.

5. Conclusive Remarks

Analytical studies on the effectiveness of the buckling restrained damper (BRD) on the seismic
behavior of an existing steel truss bridge were carried out. Four design parameters of the BRD, i.e.,
location, length, cross-sectional area of the yielding core, and inclination, were studied. To this end,
the safety of the existing truss bridge under a large earthquake was assessed by nonlinear finite
element analyses. The seismic behavior only in the longitudinal direction of the bridge was considered.
Through the safety evaluation, some members were damaged due to the large earthquake. To improve
the seismic resistance of the bridge, two pairs of BRDs are individually attached between the bridge
abutment and each bottom-end of vertical links that are rigidly connected to joints at the lower chord
of the truss bridge. The vertical links were modeled to be absolute rigid bodies, and their properties
are not taken into account in the scope of this study.

Based on the safety condition of the model with BRD, the effectiveness of the four parameters for
the design of the BRD was evaluated: (1) Location: near the roller support of the current truss bridge is
not effective; (2) Length: shortening the yielding part of the BRD is more efficient; (3) Cross-sectional
area: increasing the cross-section of the BRD yielding core is also effective; (4) Inclination: the inclination
for the design of BRD is not effective.

The performance-based verification proves that the BRD is applicable for the existing truss bridge
to sustain its resistance against large earthquakes. Figure 9 indicates that the axial compressive and
tensile stresses of damaged members could be reduced by BRDs with different design parameters that
are shown to be effective.
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Figure 9. Effectiveness of the design parameters of the BRD.

The results open a path for the use of BRD to provide high levels of seismic resistance to
existing bridges.
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