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17 Abstract

18 Two columns of RC double-column medium-height bents (DCMBs) are normally connected by link beams to enhance the lateral
19 stability. Serious damage and/or large residual displacement were repeatedly observed in the DCMBs after major earthquakes, which
20 may make the bridges lose traffic functionality or even be demolished and rebuilt. To enhance the seismic performance of bridge
21 structures with DCMB with link beams, the self-centering energy dissipation braces (SCEBs) were applied to the DCMB in the “K"-
22 shaped arrangement scenario to replace the traditional link beams in this study. To this end, the design philosophies of the SCEBs in the
23 DCMB were first developed based on the configuration and force analysis of the DCMB with SCEBs. Then, 1:4 scaled RC DCMB
24 and DCMB with link beams specimens were designed. Based on the design philosophies and the hysteretic performance of the DCMB,
25 anovel SCEB with U-shaped steel plates (SCEB-U) was developed and tested, and the test results showed that the SCEB-U exhibited
26 atypical flag-shaped hysteretic behavior with great deformation capacity. Subsequently, the quasi-static cyclic loading test of the DCMB
27 with SCEBs specimen was carried out, and a DCMB with link beams and a DCMB with energy dissipation braces with U-shaped steel
28 plates (DCMB with EDB-Us) were also tested for comparison. The experimental results showed that the DCMBs with braces suffered
29 the least damage compared with the DCMB with link beams, and there was no obvious damage in the column-brace connection regions.
30 The DCMB with SCEB-Us exhibited excellent flag-type hysteresis behavior with large carrying capacity, stable energy dissipation, and
31 satisfactory self-centering ability.

32 KEYWORDS

33 RC double-column medium-height bent with SCEBs, SCEB-U, damage pattern, hysteretic behavior, residual displacement, quasi-static
34 cyclic loading tests

35 1 INTRODUCTION

36 RC bridges with double-column medium-height bents (DCMBs) with link beams have been widely built in
37 mountainous areas to overcome transportation obstacles. As the primary load-bearing member of such bridge
38 structures, RC DCMB with link beams has a simple structural configuration and good structural stability. They are
39  lightweight while saving on the amount of steel and concrete. In addition, the double-column bents are more stable

40  and can accommodate more vehicle lanes by supporting a wider superstructure compared with single-column bents.
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In the DCMB with link beams, the link beams distributed vertically at certain height intervals are normally applied
to connect the two columns to maintain the adequate lateral stiffness and stability of the bents. In particular, the link
beams as ductile members can also improve the seismic performance of the bridge structure in the transverse
direction. Under strong earthquakes, the link beams are designed to be damaged before the columns, through their
plastic damage, to dissipate some of the seismic energy. Seismic damage investigations' showed that the DCMBs
with link beams were extremely vulnerable to damage, and the damage areas of such bents were mainly concentrated
in the link beam ends and/or the column-beam joints. Once the link beams were severely damaged and destroyed,
the transverse connection between the two columns of the bent was lost, resulting in the collapse of the structure. In
addition, it is very difficult to repair and maintain the damaged link beams after earthquakes. Notably, seismic
damage to the bridges after severe earthquakes may significantly impede post-earthquake rescue and restoration,
which imposes substantial threats to the life safety and economic well-being of our society.

Given the severe damage to structures under earthquakes, there is a lot of research on the seismic response of

structures under earthquakes, improving seismic resilience, and achieving damage controllability>®

. Providing
reliable methods for enhancing the seismic performance of bridges with DCMBs with link beams is very critical for
life and economic protection. The application of replaceable dampers for the bridge based on the structural fuse
concept is considered a reliable method. Structural fuses protect the main structure by dissipating seismic energy
before the primary structure yields and enters a plastic state, and damaged structural fuses can be easily replaced.
For example, EI-Bahey et al.” proposed to arrange sacrificial members (buckling-restrained braces, namely BRBs,
which are normally used as energy dissipation devices) in a composite concrete-filled steel double-column bent and
carried out quasi-static reciprocating loading tests of the bent with BRBs. The test results demonstrated that the
BRBs can effectively enhance the stiffness, strength, and energy dissipation capability of the bent. Subsequently,
the seismic performance of the bridges retrofitted with energy dissipation dampers was further investigated through
numerical simulation'!"'®. Chen et al.!! assess the seismic performance of tall pier bridges with double-column bents
retrofitted with BRBs subjected to near-fault ground motions. Xiang et al.'? investigated the effect of multi-story
brace distribution on the seismic performance of RC tall bridge bents retrofitted with BRBs. These investigations
demonstrated that the energy dissipation dampers can not only increase the stiffness and strength of the pier and
dissipate earthquake-induced energy, resulting in significantly mitigating seismic responses of the bridges, but they
can also be easily and quickly replaced post-earthquake. It should be noted that all the previous studies explored the
seismic performance of middle and tall double-column piers or whole bridge structures with additional energy
dissipation dampers (EDBs) through numerical simulations, while experimental research has rarely been reported.
Furthermore, it is found that the structure with the EDBs may have large residual displacements after a strong
earthquake'®. The large residual displacements significantly affect serviceability and repairability and may even
cause the closure of a bridge, which is often accompanied by significant socioeconomic losses induced by traffic
flow capacity disruption and repair costs'*'®,

To mitigate the residual drifts and improve the serviceability and repairability of the bridge structure and building
structures after earthquakes, some novel self-centering energy dissipation braces (SCEBs) have been widely

9-25

developed!”-?* and applied®**. Xiang and Alam* numerically investigated that SCEBs are effective in reducing the

vulnerability of the RC bridge bent at different damage states under either near-fault or far-field ground motions.
Upadhyay et al.** presented the numerical results that the retrofit strategy with SCEBs can improve the seismic
performance of the RC bent. In particular, SCEBs can significantly reduce the residual drift ratio (DR). Dong et
al.*"* conducted quasi-static tests of RC double-column bents retrofitted using SCEBs and further assessed the
seismic performance of bridge structures with SCEBs in both longitudinal and transverse directions, as well as the

1.43

failure probabilities at different damage states. Recently, Dong et al.*’ numerically investigated the seismic

performance of RC bridges with double-column medium-height bents with SCEBs. However, the above research



85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101

102

103
104
105
106
107
108
109
110
111
112

113
114

115

mainly focused on bridge bents with single-story SCEBs, and to the best of the authors' knowledge, the experimental
investigation on the seismic behavior of RC double-column medium-height bents with SCEBs in the form of a
double K-brace system has not yet been fully reported in the literature. To study the damage model and hysteretic
behaviour of such bents, the quasi-static cyclic loading tests of DCMBs with SCEBs in the form of multiple stories
were carried out in this study. This study can provide valuable data to explicitly examine the effect of SCEBs in the
form of multiple stories on the seismic performance of DCMBs. It can also serve as a benchmark to validate the
numerical models for further, more detailed analyses.

The structure of this article is organized as follows: First, the design philosophies of the SCEBs in the DCMB are
developed based on the configuration and force analysis of the DCMB with SCEBs in Sect. 2. Then, the design
details of the 1/4 scaled RC DCMB and DCMB with link beams specimens are introduced in Sect. 3. Subsequently,
based on the design philosophies and the hysteretic performance of the DCMB, a novel SCEB with U-shaped steel
plates (SCEB-U) is developed, and its hysteretic behaviour is tested; meanwhile, an energy dissipation brace with
U-shaped steel plates (EDB-U) is also considered for comparison in Sect. 4. In Sect. 5, the SCEB-Us/EDB-Us are
applied in the DCMBs instead of the traditional link beams, and the quasi-static cyclic loading tests of the DCMBs
with SCEB-Us/EDB-Us are performed to investigate the seismic performance. For comparison, the DCMB with
link beams is also tested, and the results are compared in detail with the DCMBs with SCEB-Us/EDB-Us. Finally,

some concluding remarks are given in Sect. 6.
2 DESIGN PHILOSOPHIES OF SCEB IN DCMB

To enhance the seismic performance of the bridge with DCMBs, the SCEBs are applied to the DCMBs in a K-
shaped form along the height of the column instead of the traditional link beams. The DCMB with SCEBs consists
of a cap beam, a foundation, two medium-height columns, and some replaceable SCEBEs, as illustrated in Figure 1.
The replaceable braces, as the fuse element, should yield before the bent. In the conventional RC double-column
bridge piers, damage zones may occur at the beam-column connection locations and the top and bottom of the
column. To avoid concentrating the forces at the connecting locations, the braces and the columns are connected by
pin connections. The braces are allowed to rotate freely and can be easily replaced after damage. This design limits
the moment development at the connection and guarantees that the braces are subject to axial load only. As shown
in Figure 1, the gusset plates are fixed to the built-in fittings in cap beams, foundations, and columns, and the

anchorage plates of the brace are attached to the gusset plates by steel pins.
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FIGURE 1 Configuration of the DCMB with braces.

2.1 FORCE ANALYSIS
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Figure 2A shows the deformation relationship between the three SCEBs and the two columns in the DCMB with
SCEBs under the horizontal load from left to right. It is assumed that the linear stiffness of the two columns of the
bent is equal, and the lateral deformation of the column increases linearly along the column height before yielding.

When the lateral deformation of this bent is X, the axial deformations of the three braces are respectively given by:

AS, = (L, + X, + B =L+ 1 (1)
AS, = L2+ = (L + X, - X, ) + 1 ©)
AS, = I+ X =X, + 12 =L+ 3)

Where AS,, AS, and AS; are the axial deformation of SCEB1, SCEB2, and SCEB3, X,, X, and x are the
horizontal displacement of NODE1, NODE2, and NODE3, and X, and X, can be calculated as:

{ X =h-X/H @)

X,=(h+h)-X/H
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FIGURE 2 DCMB with SCEBs under the horizontal load (A) deformation pattern; (B) force analysis diagram.

From Figure 2A, it can be seen that SCEB1 and SCEB3 are under tension and SCEB?2 is under compression when
the DCMB with SCEBs is under the horizontal load from left to right. As shown in Figure 2, the force and stiffness
relationships between DCMB with SCEBs, DCMB, and SCEBs in the horizontal direction satisfy the following

equations:
Foempsces = Foous + Fscens €08 By + (Fseppy - €08 By = Fycpns - €08 By) HFycpy) - €08 By = Fycpny - €05 fB,) (5)
=Fpeys X X + Fyepg X cos
in which,
Foenpsces = Kpewmsces - X (6)
Foevs = Kpews - X (7)
Fycppy = Kscpny - AS, (8)
Kpenpscen * X = Kpes * X + Kgcppy - AS; - cos f )

where K . is the lateral stiffness of DCMB; K¢, s Kooy and K, are the axial stiffness of the three braces,
respectively; Kpoupsces 18 the lateral stiffness of DCMB with SCEBs; Fy,; 18 the lateral force of DCMB; Fy 1,
Fyeps, and Fy.... are the axial force of the three braces; Fj .z scep 15 the lateral bearing capacity of DCMB with
SCEBs, B,, f, and B, arerespectively the angle between the three braces and the horizontal direction. From the
above analysis, it can be found that when DCMBs are retrofitted with inverted-K SCEBs, only the first layer of the
brace provides lateral force for the bent.

It is worth noting that the horizontal force components of the two braces acting on the column can cancel each



146
147

148

149
150
151
152
153
154

155
156

157
158
159
160
161
162
163
164

165

166
167
168
169
170
171
172
173
174
175
176
177
178

179

other out when the axial forces of the two braces are equal to each other, as can be seen from Figure 2B. This design

can protect the column from being damaged.

2.2 DESIGN PHILOSOPHY

Based on the configuration and force analysis of the DCMB with SCEBs, the DCMB with SCEBs can be regarded as the
parallel combination of the DCMB and the first layer of the SCEB, since only the first layer of the brace provides effective
strength and stiffness for the bent as mentioned before. The hysteretic behavior of the DCMB with SCEB is a superposition of
the hysteretic behavior of the DCMB and the first layer of the SCEB, as shown in Figure 3. In Figure 3, Ay , and Ay , are
the yield displacements of DCMB and SCEB, respectively; F; . is the self-centering force of SCEB, respectively;
F,, (at point B) is the restoring force of the DCMB when the displacement of the bent top is zero.
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FIGURE 3 Restoring force model of DCMB with SCEBs.
According to the analytical model of DCMB with SCEBs, three critical design philosophies of the SCEBs in DCMB
are developed to achieve satisfactory seismic performance:
(1) Based on the structural fuse concept, the SCEB should yield before the bent, which can be expressed as
Equation 10:
Asy Ay (10)
in which, A; , ¢ is the deformation value of the corresponding SCEB when the bent yields.
Assuming that the cap beam is rigid, the yield displacement of the bent with two circular cross-section columns

can be calculated using Equation 114
2
Ay :%gw% (11)
where & is a constant factor between 2.0 and 2.5%%; &,, 1s the yield strain of the longitudinal reinforcement in the
column; p is the column diameter; £ is the column height.

(2) To obtain the full self-centering capacity, the brace should meet the requirement that the self-centering force in
the horizontal component of the SCEB is larger than or equal to the restoring force (at point B) of the bent; the
following condition should be satisfied:

Fye > Fy, (12)
in which:
Fyo=F -cos f, (13)

(3) In the design, the deformation capacity of the SCEB should also be considered. The deformation relationships
between the bent and SCEBs are shown in Figure 2A. The deformability of SCEBs ( AS, ) should be larger
than that of SCEBs that corresponds to the maximum allowable lateral displacement (Xm) of the bent, which

can be expressed as:

(14)
(15)

A8, > N(L1 X )+ =L R

A8, > ‘\/le PR =+ X~ X ) A
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AS, > (L + X, — X, + 12 L} + B (16)

where X, , X, and X, arerespectively the maximum horizontal displacement of NODE1, NODE2, and NODES3,

Im >

respectively. X, and X, can be calculated as:

le :h‘l Xm/H
{Xm:(h1 +h) X, /H (17

3. RC DOUBLE-COLUMN MEDIUM HEIGHT BENT SPECIMENS

A RC DCMB with link beams (with a height of 12 m) from an actual bridge structure was selected, as shown Figure
4B. The SCEB-Us/EDB-Us were applied to the DCMBs in a K-shaped form along the height of the column instead
of the traditional link beams, as shown in Figure 4C. Furthermore, a DCMB (without link beam) was also considered
as the control specimens. It should be noted that this bare DCMB (with a height of 12 m) is not an actual bridge
bent, because the height of a double-column bridge pier exceeding 10 meters requires the installation of the link
beam according to the JTG/T 2231-01-20207°. Considering the capacity of the loading equipment, four 1:4 scaled
bent specimens (including DCMB, DCMB with link beams, and DCMB with SCEBs/EDBs) were designed and
manufactured. Figure 4 shows the configurations and the geometric details of the bent specimens. It should be noted
that the geometry and reinforcement of the four bent specimens were identical to each other, thus ensuring fair
comparisons of the results could be made.

The DCMB specimen included two circular columns, and the diameter of each circular column was 300 mm, and
the height was 3000 mm. Eight rebars with a diameter of 12 mm were installed along the column, and the
longitudinal reinforcement ratio was 1.28%. The diameter of the stirrup was 6 mm, and the space between adjacent
stirrups was 75 mm, which resulted in a transverse reinforcement ratio of 0.6%. The concrete cover was 25 mm.
The width and height of the link beam cross-section were 240 mm and 300 mm, respectively. There were four
longitudinal rebars with a diameter of 10 mm, equally distributed in the cross-section of the link beam. The cross-section of
the square cap beam was 400 mm % 400 mm, and the length was 2600 mm. Figures 4D-E show the cross sections

of the column and the cap beam, respectively.
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FIGURE 4 Details of the bridge bent specimens (unit: mm) (A) DCMB; (B) DCMB with link beams; (C) DCMB with
SCEB-Us/EDB-Us; (D) cross-section of the column; (E) cross-section of the link beam.



209
210
211
212
213

214

215
216
217
218
219
220

221

222
223
224
225
226
227
228
229
230
231
232
233

C40 concrete was used for the bridge bents. The uniaxial compressive strength of the concrete at 28 days was
tested, and the average strength was 50.37 MPa. HRB400 reinforcement bars, with a design yielding strength of 400
MPa, were used for the longitudinal rebars and the stirrups. The yielding strength, ultimate strength, and ultimate

strain of the rebars were also obtained from tests, and the average values were 392 MPa, 498 MPa, and 16%,

respectively.
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FIGURE 5 Bent-brace connection details (unit: mm).

Q345 steel with a yielding strength of 345 MPa (f;=345 MPa) was selected for the anchorage plates, and #45
(fy=355 MPa) steel was selected for the pin. Figure 5 shows the bent-brace pin connection details. To satisfy the
strength requirements, the thickness of the anchorage plate was t=16 mm, and the diameter of the pin was do=60

mm.
4. DESIGN AND PERFORMANCE OF THE SCEB-U

The SCEB was designed according to the three design philosophies mentioned previously (in Sect. 2.2). The
restoring force and yield displacement of the DCMB were calculated as 25 kN and 20 mm, respectively. Thus, the
axial self-centering force and yield displacement of the brace can be calculated as 29.8 kN (25 kN/cos /3, ) and 5.6
mm, respectively, according to Equations 12-17. To consider a safety factor, 40 kN is taken as the self-centering
force of the SCEB.

In the experimental test, the same loading protocol was adopted to investigate the whole performance level of the
DCMB, DCMB with link beams, DCMB with EDBs, and DCMB with SECBs, and the maximum displacement
drift ratios were set as 5%, When the deformation of the DCMB is 150 mm (the corresponding drift ratio is 5.0%),
the maximum deformation of the brace should be larger than 42 mm, according to Equations 1-3 in Sect. 2.2. It is
worth noting that the BRB was originally chosen as the primary choice for energy-dissipating element for SCEB.
However, the deformation capacity of the BRB is normally 3% of the working section*’, which does not satisfy the

allowable deformation of the braces arranged in the bridge bent. In order to satisfy the deformation of the SCEB in



234
235
236

237

238
239
240
241
242
243
244
245
246
247
248

249
250

251
252
253
254
255
256
257

this study, the U-shaped plate was chosen as the energy dissipation element, while the combination disc spring was
selected as the self-centering element. In this study, U-shaped plates brace as the pure energy dissipation brace was

also considered. For a fair comparison, the yield force of the EDB-U is designed to be equal to that of the SCEB-U.
4.1 DESIGN OF EDB-U AND SCEB-U SPECIMENS

Figure 6 shows the configuration of the SCEB-U and EDB-U system. As shown in Figure 6A, the EDB-U mainly
consists of some U-shaped steel plates, an outer tube, a piston plate, and a group of high-strength bolts. The U-
shaped steel plates are bolted between the outer tube and the piston plate as energy-consuming (ED) components.
When the EDB-U is under tension or compression, relative movement occurs between the piston plate and outer
tube, which deforms these U-shaped plates, resulting in energy dissipation.

Figure 6B shows the configuration of SCEB-U. It can be seen that the SCEB-U consists of a traditional energy
dissipation (ED) system and a self-centering (SC) system. U-shaped steel plates are used as ED components in the
SCEB-U. The SC system is offered by the combined disc springs, and the combined disc springs are prepressed to
the target deformation by the block plates. The piston plate passes throughout the prepressed disc springs; thus, the
deformations of the combined disc springs and U-shaped steel plates are always consistent. The assembly manner

can facilitate inspection and replacement of the damaged elements after strong earthquakes, if necessary.
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FIGURE 6 Configuration and dimension (unit: mm) of EDB-U and SCEB-U (A) EDB-U; (B) SCEB-U.

Figure 6 shows the large-scale specimens of the EDB-U and SCEB-U. The specimens have a global length of
1400 mm and a cross-section of 215 mm x 200 mm. The straight segments of the U-shaped steel plates are bolted
with the piston plate and outer tube by using high-strength bolts with grade 10.6 M16. For EDB-U and SCEB-U,
all the U-shaped steel plates are made of Q235 steel, and Q345 is used in the manufacturing of other parts. The
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dimensions of U-shaped steel plates are shown in Figure 6A; each one has a height of H = 80 mm, a total length of
L =100 mm, a radius of R =40 mm, and a plate thickness of t = 6 mm. The deformation capacity of the U-shaped
plate is 100 mm.

For SCEB-U, the disc springs made of 60Si2MnA steel are selected according to the Disc Spring Standard (GB
T1972-2005°), as shown in Figure 7C. For each disc spring, the outer diameter is D = 160 mm, the inner diameter
is d = 82 mm, the thickness is t" = 10 mm, the free height is Ho = 13.5 mm, and the maximum compression
deformation is Hy" = 3.5 mm. A total of 36 disc springs are used for the brace, with a total maximum permissible
deformation of 126 mm. For SCEB-U, the deformations of the combined disc springs and U-shaped steel plates are
always consistent. The deformation capacity of the braces is much greater than the required value (42 mm). To
provide the SC capability to the system, the pre-compressive disc springs are kept in the compressed condition at

all times, and the initial pre-pressure of the disc spring is set as 60 kN according to Equations 12-13.
4.2 HYSTERETIC PERFORMANCE OF EDB-U AND SCEB-U SPECIMENS

To investigate the hysteretic behavior of the SCEB-U and EDB-U systems, quasi-static cyclic tests were performed
in the State Key Laboratory of Bridge Engineering Safety and Resilience at the Beijing University of Technology
(BJUT), China. A series of cyclic loading tests of the two braces were conducted on the 3000 kN servo hydraulic
test system, as shown in Figure 7, and the tests employed a displacement-control loading scheme with two cycles

at each target deformation, as shown in Figure 8A.

FIGURE 7 Photo of the testing setup.
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FIGURE 8 (A) Loading protocol for brace specimens and (B) hysteresis curves of the SCEB-U and EDB-U.

Figure 8B presents the hysteretic curves of the EDB-U and SECB-U specimens. As shown in Figure 8B, the
EDB-U exhibited full and stable energy dissipation capacity without obvious stiffness and strength degradation. The
yield displacement of EDB-U was 5.0 mm, which was smaller than the required value (5.6 mm) as mentioned before.
The yield force and the peak force were 78 kN and 95 kN. Notably, the deformation capacity of EDB-U reached 60
mm, which was significantly greater than the 42 mm needed for the design (Sect. 2.2). However, the EDB had a
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very significant residual displacement of up to 55 mm (residual displacement ratio = 4.6%) when the ultimate
displacement of 60 mm was applied.

SCEB-U exhibited typical flag-shaped hysteresis curves with stable energy dissipation ability and excellent self-
centering capability, as shown in Figure 8B. Identical to EDB-U, the yield displacement (3.1 mm) of SCEB-U was
smaller than the required value (5.6 mm), which satisfied the design philosophies in Sect. 2.2. In particular, when
the deformation of SCEB-U reached 60 mm, the residual displacement of SCEB-U was only 2.8 mm, which was
much smaller than that (55 mm) of EDB-U. It was found that the yield force of the SCEB-U was close to that of the

EDB-U, which is consistent with the previous design.

5. QUASI-STATIC TESTS OF THE BENT SPECIMENS
5.1 TEST SETUP

Figure 9 shows the schematic drawing of the test setup of the RC DCMB specimens. As shown, one actuator was
installed horizontally to provide the cyclic load to the specimen top, and two hydraulic jacks were used to provide
the vertical load. In the present study, the vertical load provided by the two jacks was 15% of the axial load carrying
capacity of the column, i.e., 0.157. 4, °1 where £ is the concrete compressive strength and 4, is the gross section
area of the column. The vertical load provided by each jack was therefore 200 kN, based on the information provided
in Sect. 4.1. Linear variable displacement transducers (LVDTs) were installed at different heights of the column to
measure the lateral displacement of each column, as shown in Figure 9. The axial deformation of the brace was
measured by pull-line displacement sensors installed in parallel with the brace.

The seismic behavior of the four bridge bents under the cyclic loading was tested in the present study, as shown
in Figure 11, and Figure 10 shows the loading protocol. In order to compare the damage mode and hysteresis
performance of different bents under different loading amplitudes, these tests were conducted using a uniform

displacement-controlled loading protocol, and two cycles were applied at each lateral displacement level.
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FIGURE 9 Schematic drawing of the test setup of specimens
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FIGURE 10 Loading protocol for the bent specimen.
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FIGURE 11 Pictures of test setup for DCMB, DCMB with link beams, and DCMB with SCEB/ EDB.

5.2 EXPERIMENTAL RESULTS

5.2.1 DAMAGE PATTERNS

The damage patterns of the four specimens are displayed in Figure 12. In the present study, the specimens are
considered as failed when the lateral strength is smaller than 85% of the maximum strength. It is important to note
that the DCMB with link beams was the primary comparison specimen with the DCMB with SCEB-Us/EDB-Us.
The DCMB was mainly used to obtain the hysteretic performance of the bare bent, which is used to design for
attaching SCEB-Us and EDB-Us to the DCMB.

Figure 12A shows the damage pattern of DCMB after the test. As shown, the damaged regions were mainly
focused on the top and bottom of the columns. It was found that severe crushing and spalling of concrete appeared
at the top and bottom of the columns. The buckling of the reinforcement and the stirrups at the top and bottom of
the column were observed. As will be shown in the hysteretic curve, when the bent top displacement reached 130
mm (DR = 4.30%), the strength reduced to 82 kN (85% of the maximum strength), which can be considered failed.

Figures 12B-C present the damage pattern of DCMB with link beams after the test. It is found that the link beam-
column joints are also severely damaged, in addition to the top and bottom of the columns. Severe crushing and
spalling of concrete appeared at the link beam-column joints. The concrete core at the two ends of the link beams
was broken, and the fracture of the reinforcement and buckling of the stirrups were also observed. As can be seen
from Figure 14B, the strength significantly fell to 154 kN (85% of the maximum strength) when the bent top
displacement reached 90 mm (DR = 3.00%). Compared with DCMB, the DCMB with link beams failed earlier.

As can be seen from Figure 12D-E, the damage areas of DCMB with SCEB-Us/EDB-Us mainly focused on the
top and bottom of the two columns. It's worth noting that there was no obvious damage in the regions around the
brace-column joints, which is consistent with the force analysis in Sect. 2 that the horizontal force components of

the two braces acting on the same column-brace joint can cancel each other out. Moreover, the horizontal
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components of the axial force of the top brace and bottom brace were transferred to the cap beam and the foundation,
respectively. There was no obvious damage to the cap beam or foundation. It is verified that this connection between
the braces and the bent can maximize the protection of the columns from damage. The damage of the DCMB with
SCEB-Us/EDB-Us was significantly lighter compared to the DCMB with link beams. It is worth noting that the
SCEB-U and EDB-U as structural fuses enter the yield state first to dissipate energy to reduce structural damage

and thus protect the columns in the bent, but may not be able to completely avoid damage to the bent. For DCMB
with EDB-Us, when the bent top displacement reached 120 mm (DR=4.00%), the force of the specimen fell to 85%

of its peak force.

(B)
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FIGURE 12 Damages of (A) DCMB; (B-C) DCMB with link beams; (D) DCMB with EDBs; (E) DCMB with SCEBs;
(F) column-brace connection regions of DCMB with EDB-Us/SCEB-Us.

Figure 13 shows the deformation curves of EDB-Us and SCEB-Us in bents during tests. As can be seen from the
figure, when the bent was subjected to a positive load, EDB-U1/SCEB-U1 and EDB-U3/SCEB-U3 underwent
tensile deformation, and EDB-U2/SCEB-U2 underwent compressive deformation. When the bent was subjected to
the negative load, EDB-U1/SCEB-U1 and EDB-U3/SCEB-U3 underwent compressive deformation, and EDB-

U2/SCEB-U2 underwent tensile deformation. These phenomena were consistent with the force analysis in Sect. 2.1.

In particular, the maximum deformation of the brace reached 46 mm.
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FIGURE 13 (A) Deformation curves of braces (EDB-Us and SCEB-Us); (C) deformation pictures so braces (EDB-Us
and SCEB-Us).
Figure 14 displays the final deformation mode of the EDB-U and SCEB-U when the tests of the DCMB with
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EDB-Us/SCEB-Us were completed. As can be seen from the figure, relative displacement occurred between the
bolts along the EDB-U axis., i.e., residual deformation existed in the EDB. In particular, there was almost no relative

displacement between the bolts in SCEB, i.e., there was no residual deformation in SCEB.

FIGURE 14 Final deformation mode of EDB-U and SCEB-U.

5.2.2 HYSTERETIC BEHAVIOR
Figure 15 shows the lateral force-displacement relationship curves of DCMB, DCMB with link beams, DCMB with
EDB-Us, and DCMB with SCEB-Us. The critical parameters of hysteretic curves of DCMB, DCMB with link
beams, DCMB with EDB-Us, and DCMB with SCEB-Us are listed in Table 1. The natural period of the DCMB
with SCEB-Us was calculated to be 0.30 s, which is slightly larger than that of the DCMB with link beams (0.28 s).

As shown in Figure 15A, DCMB represented shuttle-shaped hysteretic behavior. The hysteretic curves of the
DCMB were plump and with obvious stiffness and strength degradation due to the severe concrete crushing and
rebar buckling at the top and bottom of the columns, as shown in Figure 15A. It was found that the DCMB began
to yield at the bent top displacement of 21.2 mm (DR=0.93%), and the corresponding (yield) force was 73.7 kN.
The strength of the bent reached the maximum value (97.3 kN) when the bent top displacement was 60 mm (DR =
2.00%). After that, the strength decreased gradually due to the damage to the concrete and rebars. At the bent top
displacement of 140 mm (DR=4.67%), the strengths reduced to 76 kN and -68.9 kN in the directions of positive and
negative displacement, respectively. In particular, a large residual displacement existed in the bent after the test.
When a bent top displacement of 140 mm was applied to the bent specimen, the residual displacements in the
negative and positive displacement directions were, respectively, 90.88 mm and 86.78 mm, as shown in Figure 15A.

According to Figure 15B, the hysteretic curves of the DCMB with link beams showed a shuttle shape. Compared
with that of DCMB, there was more significant stiffness and strength degradation. This is due to the fact that the
DCMB with link beams has very severe damage at the column-beam joints, in addition to damage at the bottom and
top of the column. The yield displacement of DCMB with link beams is 14.7 mm and 30% smaller than that of
DCMB. The yield force and peak force were 136.1 kN and 181.5 kN, and 84.8% and 86.5% greater than that of
DCMB, respectively. Then, the strength of the bent specimen quickly diminished, and the strength decreased to 63%
and 57% of its maximum strength when the bent top displacement reached 140 mm (DR =4.67%) and -140 mm. In
particular, a large residual displacement existed in the bent after the test. The residual displacements were 90.78
mm (3.0%) and 99.61 mm (3.3%) in the positive and negative displacement directions, respectively, after a
displacement of 140 mm was applied to the specimen, as seen in Figure 15B. The displacement ductility factor of
DCMB with link beams was nearly equal to that of DCMB, indicating that the ductility of the bents was not
enhanced by the link beams.

Compared with the DCMB with link beams, the DCMB with EDB-Us or SCEB-Us has better bearing capacity,
energy dissipation capacity, and a larger displacement ductility factor, as shown in Figure 15. The yield
displacements of the EDBs (5.0 mm) and SCEB-Us (3.1 mm) were smaller than the required value (5.6 mm), as
mentioned before. This means that more energy may be dissipated by the EDBs or SCEBs, protecting the RC bent.
As shown in Figure 15C, DCMB with EDB-Us behaved shuttle-shaped hysteretic behavior, and strength
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degradation can be observed. The stiffness and strength of the retrofitted bents degrade mainly because the stiffness
and strength of the bare bent decrease. The maximum force of the bent was 205.9 kN (13.4% increase over DCMB
with link beams) when the bent top displacement was 50 mm (DR = 1.67%). It is observed that a large residual
displacement occurred in the DCMB with EDB-Us after the test. The residual displacement of the DCMB with
EDB-Us was around 110 mm at a bent top displacement of 140 mm, which is 21% bigger than that of DCMB with
link beams. The primary reason for this issue is that both the bent and the EDBs have been left with substantial
residual deformations.

The lateral load-deformation hysteretic curves of the bent with SCEB-U are shown in Figure 15D. It can be seen
that the bent with SCEB-Us exhibited a flag-shaped hysteretic curve with good SC capability. The strength and
stiffness of the bent with SCEB-Us increased significantly compared to the case with EDB-Us. For example, the
peak force (249.5 kN) of DCMB with SCEB-Us increased by 37.4% over DCMB with link beams and 21.2% over
DCMB with EDB-Us. It should be noted that the strength continued to increase instead of decreasing after yielding;
thus, the ultimate displacement was taken as the bent top displacement at the end of loading (140 mm). The strength
and stiffness of the DCMB with SCEB-Us approximately equal the sum of the strength and stiffness of the DCMB
and SCEB-U1, which is consistent with the previous analysis. The yield strength (161.5 kN) of the DCMB with
SCEB-U is approximately equal to the sum of the strength of the DCMB (66 kN) and the horizontal force
components of SCEB-U (90.7 kN=108 &N - cos 3,) at the corresponding DCMB with SCEB-U yield displacement.
Specifically, the residual displacement was minimal, measuring only 9.8 mm (0.33%) in the positive direction and
13.5 mm (0.45%) in the negative direction when the ultimate bent top displacement of 140 mm (DR = 4.67%) was
applied. It is noteworthy that the residual displacement of the DCMB with the SCEB-Us is much smaller than that
of the DCMB with link beams. This demonstrates the effectiveness of applying SCEB-U as an alternative to RC

link beams in reducing the residual displacements of DCMB with link beams.
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FIGURE 15 Hysteretic curves of :(A) DCMB; (B) DCMB with link beams; (C) DCMB with EDBs; (D) DCMB with
SCEB-Us

Table 1 Comparison of the seismic behavior of the four bents under cyclic loads

Initial Yield Yield Ultimate :
: . Peak force . Displacement
Model stiffhess force displacement (KN) displacement Ty st
(kN/mm) (kN) (mm) (mm)

DCMB 12 73.7 212 973 130 6.1
DCMB with link beams 23 136.1 14.7 181.5 90 6.1
DCMB with EDB-Us 20 145.9 15.6 205.9 120 7.7
DCMB with SCEB-Us 22 161.5 15.0 249.5 140 9.3

Note: the yield strength, yield displacement, and displacement ductility factor in the table are obtained by the geometric graphic method*.

5.2.3 CURVATURE
The column curvatures were calculated using the displacements measured by the displacement transducers located
along the columns. The curvatures that in this case represent the curvature along the vertical distance between the
transducers were derived from rotation, which was computed by dividing the algebraic summation of the relative
displacements between opposite transducers at the same height by the horizontal distance between them, as shown
in Figure 16. The average curvature for the segment was calculated using Equation 18
(h,~h) = (h,~h)

¢= WD+d +d)

(18)

where ¢ is the experimental curvature of the section, the gauge length /4 is the length of the segment under
consideration, and D is the diameter of the column section. The variables d; and d. are the clear distances of the

instruments from the surface of the column.
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FIGURE 16 Instrumentation setup for measurement of average curvatures on a segment of columns.

Besides, only the curvature at the top of the left column and the bottom of the right column for the different
specimens were presented, because the curvature of DCMB with SCEB-Us and DCMB with EDB-Us cannot be

measured due to the arrangement of the gusset plate of the built-in fitting.

The yield curvature can be calculated as™:

B 2.258y

e =

where £, is the yield strain of the longitudinal reinforcement, D is the column diameter.
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FIGURE 17 Curvature profiles in columns (A) left column of DCMB; (B) right column of DCMB; (C) left column of
DCMB with link beams; (D) right column of DCMB with link beams; (E) left column of DCMB with EDB-Us; (F) right
column of DCMB with EDB-Us;(G) left column of DCMB with SCEB-Us; (H) right column of DCMB with SCEB-Us
Figure 17 presents the curvature and plastic hinge regions of the four bent specimens. For the four specimens, all
the column curvatures exceeded the computed yield curvature values. This result shows that SCEB/EDB can reduce
the maximum curve of columns. The regions where the curvature of the column is greater than the yield curvature
are considered to be the plastic hinge region. As can be seen from the figure, the plastic hinge regions of DCMB
with SCEB-Us/EDB-Us are smaller than those of DCMB and DCMB with link beams, which is consistent with the
damage pattern in Sect. 5.2.1. These results indicate that SCEB/EDB designed specifically can indeed limit the
damage of the bent.
5.2.4 DRIFT RATIO SHAPE CURVES AND RESIDUAL DRIFT RATIO
Figure 18 shows the deformation shape curves along each column of the four bent specimens. The deformation
curves along the column present an inverted triangle, and the deformation increases approximately linearly, even in
large deformations. This verifies the correctness of the assumptions made in the simplified analytical model in Sect.
2.1.
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FIGURE 18 Deformation shape curves of columns for (A) DCMB; (B)DCMB with link beams; (C)DCMB with SCEB-
Us; (D) DCMB with EDB-Us.

The residual drift ratio, which was defined as the ratio of the residual displacement to the height of the structure,
is an important index for estimating the seismic performance and functionality of a structure*®. According to the
suggestion proposed by Erochko et al.*, when the residual drift ratio is larger than 1.0%, the structure must be
strengthened or reinforced at the deformed positions, and when the residual drift ratio is less than 0.5%, no
intervention is required.

Figure 19A illustrates the residual drift ratios of the four bents at different drift levels. It can be seen that the
residual drift ratio increased with the increment of the structural displacement. DCMB with EDBs resulted in the
largest residual drift ratio, followed by the DCMB with link beams and DCMB. The SCEB-Us system provided
excellent SC capability to the bent and resulted in the smallest residual drift ratio.

As shown, the residual drift ratios of the DCMB, DCMB with link beams, and DCMB with EDB-Us were larger
than 1.0% when the ultimate bent top displacement of 140 mm (DR=4.6%) was applied. The bent lost its
functionality according to the criteria given by Erochko et al.**. When the SCEB-Us systems were installed in the
bent, the residual drift ratios decreased dramatically to below 0.5%, indicating the bridge bent was functional after
the earthquake event. The results clearly demonstrate the effectiveness of applying SCEB-Us to reduce the residual
displacement of the DCMB with link beams.

5.2.5 STIFFNESS DEGRADATIONS

Stiffness degradation is an important property of RC bridges subjected to seismic events because of its influence on
the effective natural period of the structure. In this study, the secant stiffness at different bent top displacements was
utilized as the stiffness degradation parameter.

Figure 19B presents the stiffness degradation of the four bent specimens. Among the four specimens, it was found
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that the initial stiffness of the DCMB with SCEB-Us is almostly equals to that of the DCMB with link beams and
DCMB with EDB-Us. Additionally, the strength degradation of the DCMB with SCEB-Us is minimized, primarily
because the strength of the SCEB-Us increases rather than decreases after yielding. The DCMB with link beams
exhibited a more significant stiffness degradation due to the severe damage of link beams and columns. The results

showed that the application of SCEB-U can effectively enhance the stiffness and minimize stiffness degradation of

bents.

Drift ratio/% Drift ratio/ %
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FIGURE 19 Curves of the four specimens (A) residual drift ratios; (B) stiffness degradation.

6. CONCLUSIONS

The seismic performance of the DCMBs with inverted-K SCEB-Us/EDB-Us were experimentally investigated, and a
DCMB with link beams from an actual bridge structure was also considered for comparison. To this end, the simplified
analytical model of the DCMB with inverted-K SCEBs was established, and design philosophies of the SCEB in the
DCMB were developed. Based on the design philosophies and the hysteretic performance of the DCMB, the U-plate
energy dissipation brace as the EDB-Us and self-centering U-plate energy dissipation brace as the SCEB-Us were

developed and tested to investigate their hysteretic behavior. Subsequently, the quasi-static cyclic loading test of the 1:4

scaled specimens, including DCMB with link beams, and DCMB with SCEB-Us/EDB-Us, was carried out. The

following conclusions can be drawn:

®  When the braces are attached in the DCMB in a “K” shaped arrangement scenario, the hysteretic behavior of the
DCMB with braces can be regarded as the parallel combination of those of the DCMB and the first layer of brace.
The horizontal force components of the two braces acting on the same column-brace joint can cancel each other
out when the axial forces of the two braces are equal to each other.

® The SCEB-U exhibits typical flag-shaped hysteresis curves with good energy dissipation ability, excellent self-
centering capability, and without obvious stiffness or strength degradation. The EDB-U exhibits plump hysteretic
behavior, while the residual deformation is obvious. In particular, both EDB-U and SCEB-U have good
deformation ability.

®  Compared to the DCMB with link beams, the damage of the DCMB with SCEB-Us/EDB-Us was significantly
lighter. The damage regions of the DCMB with SCEB-Us/EDB-Us are mainly focused on the top and bottom of
the columns. There was no obvious damage in the regions around the brace-column joints. This is mainly due to
the fact that the horizontal force components of the two braces acting on the same column-brace joint can cancel
each other out. For the DCMB with link beams, the damage regions were not only concentrated at the top and
bottom of the columns, but the link beam- column joint areas also suffered severe damage.

® The DCMB with SCEB-Us exhibits typical flag-shaped hysteresis curves with excellent self-centering capability,
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and the SCEB-U and EDB-U as structural fuses yield before the bent. The application of the SCEB-Us to the
DCMB obviously increased the strength and stiffness of the bent, and the strength and stiffhess of the DCMB with
braces approximately equal the sum of those of the DCMB and the first layer of the brace. The DCMB, DCMB
with link beams, and DCMB with EDB-Us all represent shuttle-shaped hysteretic behavior with large residual
deformation. In addition, no obvious strength degradation occurs for the DCMB with SCEB-Us.

®  When the bent is subjected to lateral loads, the deformation curve along the columns presents an inverted triangle,
and the deformation increases approximately linearly. When the SCEB-Us were installed in the bent, the residual
drift ratios of the bent decreased dramatically to below 0.5% at a lateral drift ratio of 5.0%. Moreover, the external

braces can be easily replaced if they are damaged after a severe earthquake.
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