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Abstract

This paper proposes a novel twin-column pier with a steel shear link (SSL) installed in
the cap beam to reduce seismic damage in the transverse direction. The SSL
interrupts the rigid cap beam and relieves the coupled deformation of the two
columns. Benefits of the yieldable SSL in the event of a strong earthquake are the
longer effective deformation of a column and limited axial compressive load. A
benchmark reinforced-concrete bridge is employed in a seismic performance
evaluation to verify the damage reduction performance of the novel twin-column
pier with an SSL. Five numerical models, calibrated in a physical component test, are
built in ABAQUS; that is, one original bridge and four novel bridges with different
SSLs and accompanying configurations. Modal analysis shows that introducing the
SSL does not change the overall structural dynamic characteristics. The nonlinear
dynamic analysis results indicate that adopting the SSL effectively reduces the peak
compressive strain of the reinforced-concrete column, but energy dissipation from
the SSL is negligible compared with the total inputted seismic energy. There is no
evident change in the macro seismic response of the twin-column pier when using
the SSL, such as overall drift and structural damping ratio. Moreover, a transverse
continuous main girder is suggested for realizing an additional restoring moment at
the column top, which further reduces compressive strain.

Keywords: Twin-column pier, Steel shear link, Decoupled deformation, Dynamic
analysis, Damage reduction

1 Introduction
Well-designed reinforced-concrete (RC) bridges have avoided collapse during earth-
quakes in recent years but RC piers have still suffered severe damage, for which re-
habilitation is difficult (Bhuiyan and Alam 2013; Ishibashi and Tsukishima 2009; Han
et al. 2009). In the case of a twin-column pier of a beam bridge, the strong cap beam
constrains columns in the transverse direction. The twin-column pier behaves similarly
to a portal frame under transverse seismic excitation according to the ‘strong-beam
weak-column’ design principle, as shown in Fig. 1.

The strong-beam weak-column mechanism evidently reduces the effective deform-
ation length of the column. Plastic hinges usually appear at the column bottom.
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Fig. 1 Deformation pattern of a twin-column pier of a beam bridge under transverse seismic motion

Moreover, owing to the frame effect, the axial compressive force acting on one column
must increase while that acting on the other column decreases. The fluctuating axial
load may cause compressive damage, even crushing of the RC column, for which re-
pairs are difficult (Deng et al. 2019b).

The frame-type damage mode of twin-column piers was observed for the Wenchuan
earthquake (Zhuang and Chen 2013)). Many twin-column piers suffered severe damage
to the column bottom and even collapsed through over-turning. Many scholars have
installed dampers between the girder and pier to reduce the overall seismic response
(Shen et al. 2017; Taflanidis 2011). The dampers and bearings are usually designed with
a low shear load resistance and large deformation capacity for early yielding and excel-
lent energy dissipation (Deng et al. 2014b). However, the girder—pier relative displace-
ment must be small to avoid failure as a result of a girder falling. Stoppers in the
transverse direction, even ductile stoppers, still transfer a huge horizontal load to twin-
column piers. It would otherwise not be possible to prevent failure through a girder
falling (Xu and Li 2014). On the basis of the frame-type deformation characteristics of
the twin-column pier, Dong et al. (2017) diagonally placed a self-centering buckling re-
strained brace (SC-BRB) between two columns. With the strong cap beam, the twin-
column pier presented obvious horizontal shear deformation, such that the diagonally
placed SC-BRB effectively dissipated energy and reduced residual deformation. For a
twin-column pier with a minimal distance between columns, El-Bahey and Bruneau
(2012) experimentally studied the effect of different structural fuses installed between
the two columns. The twin-column pier with fuses exhibited stable hysteretic perform-
ance with little pinching. However, the rigid cap beam on the twin-column pier still
limited the ultimate deformability of the pier. According to recent progress in building
engineering, the approach of structural control design has become available for redu-
cing seismic damage. Deng et al. (2019a) installed a steel—ultra-high-performance-con-
crete composite joint at a beam end to tolerate large deformation and protect the
column from plasticity. Ji et al. (2017) developed a hybrid coupled wall system with re-
placeable steel coupling beams, which was designed as an early-yielding component
that limits the axial force in the walls and has good energy dissipation. Mansour (2010)
employed replaceable shear links in eccentrically braced frames. These links transferred
plastic deformation from the connection zone to the middle of the beam. The overall
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deformation mode changed such that the main structural components (i.e., the steel
beam and column) remained elastic. To this end, structural control design is an effect-
ive approach for reducing damage in a seismic event.

This paper proposes a novel twin-column pier with a replaceable steel shear link
(SSL) in the middle of the cap beam. This design is expected to change the overall de-
formation mode of the twin-column pier and dissipate energy under transverse seismic
excitation. The RC columns are well protected from seismic damage owing to the de-
formation control and additional energy dissipation. After an earthquake, the SSL can
be easily replaced through a bolting connection. To verify the damage control perform-
ance of the novel twin-column pier, nonlinear dynamic analysis is conducted for a
three-span simply-supported beam bridge. Seismic responses (i.e., the transverse de-
formation, curvature distribution, and strain development) are observed. Numerical
analysis results show the realized performance of damage control of the novel twin-
column pier with the SSL. The effects of design parameters of the novel twin-column
pier are discussed.

2 Concept of a twin-column pier with a steel shear link

The structure and expected deformation mode of the novel twin-column pier with an SSL
are shown in Fig. 2. The SSL is installed in the middle of the cap beam, which is expected
to withstand large shear deformation and dissipate energy under transverse seismic excita-
tion. The SSL releases the completely coupled deformations of the two columns and en-
larges the effective deformable length of the two columns. Compared with conventional
twin-column piers, the novel twin-column piers experience much less sectional curvature
at the column bottom when subjected to the same transverse drift at the pier top. Further-
more, the yielding strength of the shear link is the essential upper bound of the
earthquake-exerted axial compressive force for one column. Compressive damage to the
RC columns can be avoided by selecting the yielding strength of the SSL.

However, the decoupled deformation of the two columns, as well as their cap beams,
is not coordinated with the deformation of the main girder. In an earthquake, the grav-
ity of the main girder is not uniformly shared by the bearings, resulting in an amplified
load-carrying capacity demand of bearings. The continuity of the main girder in the

transverse direction is taken as a parameter in the following analysis.
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Fig. 2 Expected deformation mode of the twin-column pier with an SSL
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3 Benchmark continuous-beam bridge

A typical three-span simple-supported beam bridge from the practical engineering is
employed to verify the performance of seismic damage control as shown in Fig. 3. Each
span has a length of 30 m. The main girder comprises four pre-stressed concrete box
beams placed side by side and connected by a delay-casted closure pour. The two ends of
the main girder have diaphragms with thickness of 500 mm. The two RC columns have a
height of 8.0 m and a separation of 6.3 m. The cap beam is made of pre-stressed concrete,
with a reinforcement ratio of 2.4%. The cross section of the rectangular RC column is also
presented in Fig. 3. The sectional reinforcement ratio is 1.8%. Four polytetrafluoroethylene
(PTFE) slide bearings and four elastomeric pad (EP) bearings are used on the abutments
and twin-column piers respectively. The friction coefficients of the PTFE slide bearing
and EP bearing are 0.03 and 0.3 respectively (MCPRC 2004). Note that there is one fixed
bearing in transverse direction at one end of the main girder.

Three novel twin-column piers are designed on the basis of the original pier (denoted
0O1), as shown in Fig. 4. The connecting beam and overall dimensions of the SSL are
the same for the four novel piers. The SSL has a length of 450 mm and height of 232
mm. The flanges have a thickness of 32 mm, which guarantees the required bending
capacity. The SSL is connected to the cap beam through one large I-shaped steel beam.
One end of the steel beam is embedded in the cap beam while the other end is bolted
to the SSL. The connecting steel beam should remain elastic in an earthquake, and all
the plasticity concentrates on the SSL. The benefit of the bolting connection is that the
SSL can be quickly replaced after an earthquake. The design of the connecting steel
beam, including the embedded length, profile of the steel beam, and bolting connec-
tion, can follow the design of the steel coupling beam in a hybrid wall system (El-Tawil
et al. 2010). The widths of the SSL and connecting steel beam are each 200 mm. The
differences between the four novel piers are the web thickness of the SSL and trans-
verse continuity of the main girder. The SSL has the thickness of the web. 30C has a
web thickness of 30 mm and a continuous main girder. 8C has a thinner web of just 8

mm. 30D and 8D have a main girder discontinuous in the transverse direction and a
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Fig. 3 Structures of the benchmark simply-supported beam bridge (unit: m)
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Fig. 4 Design of the novel twin-column pier with an SSL (unit: mm)

30-mm thick and 8-mm thick SSL respectively. The parameters of the models were
summarized in Table 1.

Material information is given in Table 2. C50 and C30 concrete, having compressive
strengths of 32.4 and 23.4 MPa, are applied for the main girder and twin-column pier
respectively. The yielding strengths of HRB400 rebar and LY225 steel are respectively
400 and 225 MPa.

3.1 Modeling in ABAQUS

Finite element models are built in ABAQUS, as shown in Fig. 5. The main girder and
SSL are simulated with shell elements while the cap beam and columns are simulated
with Timoshenko beam elements. The main girder, made of pre-stressed concrete,
reminded elastic during the earthquake. For simplistic calculation, only elastic material
property was applied to the main girder.

For the RC twin-column pier and cap beam, the uniaxial confined concrete strain-
stress relationship was applied, which ignored the tensile strength. The ascending part
developed as parabolic curve. Once achieving the peak confined strength f., the stress
linearly deteriorated until the ultimate strength f;, i.e. 0.2 x f.. Then, the compressive

Table 1 Design of the twin-column pier

Model Category Thickness of SSL web /mm Continuity of main girder
01 Original design - Continuous

30C Using SSL 30 Continuous

8C Using SSL 8 Continuous

30D Using SSL 30 Discontinuous

8D Using SSL 8 Discontinuous
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Table 2 Material properties and applications

Material

Nominal strength

Applied components

C50 concrete
C35 concrete
HRB400 rebar
LY225 steel

f.=324MPa
f.=30.5MPa
f, = 400 MPa
f,=225MPa

Main girder
Twin-column pier (considering the confinement from stirrup)
Main girder & Twin-column pier

Connecting steel beam, SSL

Remark: f. is the compressive strength of concrete while f, is the yielding strength of rebar and steel

stress keeps constant when subjecting to the further compressive strain. The values of

characteristic performance points, i.e. (e, f.), (€w fu), were calculated from Saatcioglu
Model (Saatcioglu and Razvi 1992).

As for the reinforcement in the RC piers, a load-path dependent hysteretic model is
used. The constitutive law of HRB400 rebar obeys the Clough model with the kine-
matic hardening. When subjected to the reversing loading, the stress-strain curve

pointed to the 0.20;,,x with the unloading stiffness. Then the strain-stress curve points

to the peak value (Opnax €max) in history with reduced stiffness until achieving yielding

stress (Gao and Zhang 2013). This model was very effective to reproduce the pinching

effect in the reinforced concrete structure under large deformation (Deng et al. 2019b).

The LY225 steel for SSL follows an exponential hardening law after a yielding

strength of 225 MPa. Before initial yielding, the strain-stress relationship is linear.

When the strain is up to the inimical yielding strain, the kinematic hardening stress a

of LY225 steel is calculated as Eq. (1), where & is the cumulative plastic strain (CPS)

and Cy and y; are parameters of the model (Abaqus 2015).

n

= Yk

Cr

(1 -e” Vképl)

(1)

The bearings and restrainers are respectively modeled with a nonlinear connector

and gap element. An ideal elastic—plastic model is applied to the bearings. The yielding

forces are the product of the gravity load and friction coefficients. For this bridge, the

yielding forces of the PTFE slide bearing and EP bearings are respectively 30.2 kN and

302 kN. The fixed bearings had no yielding force, just provide the linear displacement-

force relationship.
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In the case of the novel twin-column pier, the connecting steel beam is not explicitly
built in the model. The connecting steel beam must remain elastic in an earthquake
owing to its much larger capacity relative to the SSL. Multiple-point constraints are
thus used to connect the side stiffener of the SSL with the neighboring nodes of the
cap beams.

3.2 Model verification

The modeling strategy is verified using the previous test results for the RC column and
SSL. A typical RC column experienced the cyclic deformation was used to verified the
constitutive material model of confined concrete and reinforcement (Li 2010). The
tested circular RC column had the height of 2300 mm and diameter of 400 mm. 12
HRB400 rebars with the diameter of 14 mm were used. A beam element-based model
was built to reproduce the hysteretic behavior of the RC column. The modeling strat-
egy and material properties exactly follows the above statement. According to Fig. 6a
the numerical model delivered good agreement with the test results. This comparison
proved the effectiveness of the concrete and reinforcement models.

Deng et al. (2014a) provided a test the steel shear panel damper made of LY225 steel,
which was used for the model verification. The shear panel damper subjected to the
cyclic loading under different amplitudes. A shell element based model was built in
ABAQUS, as shown in Fig. 6b. The parameters in the constitutive material model (Eq.
(1)) of LY 225 steel was presented in Table 3. By applying the same load protocol, the
numerical model could well reproduce the hysteretic behavior of the steel shear panel
damper, demonstrating the practicability of the material model for LY225 steel.

3.3 Ground motion records

Seven ground motions (GMs) are selected from the Pacific earthquake engineering re-
search center database by fitting the design response spectrum, as shown in Fig. 7a. Fig-
ure 7b compares the response spectra of the seven GMs with the target spectrum,
showing good agreement. In the nonlinear dynamic analysis, GMs are input in

— Material property
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(a) Cyclic test of the RC column (b) Cyclic test of the SSL
Fig. 6 Verification of the modeling strategy (Li 2010; Deng et al. 2014a)
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Table 3 Parameters of the numerical material law
f,/MPa C,/MPa Vi C,/MPa V2 Cs/MPa Vs
235 20,000 400 18,000 500 1200 2

transverse and vertical directions at the same time. The vertical component is 0.65
times the transverse component. The seismic fortification intensity is 8 degrees for the
bridge according to the Chinese seismic design code [14]. This intensity corresponds to
peak ground motion accelerations (PGAs) of 0.07 g, 0.2 g, 0.4 g, and 0.51 g for a service
level earthquake (SLE), design-based earthquake (DBE), maximum considered earth-
quake (MCE), and very rare earthquake (VRE) respectively.

4 Modal analysis

Modal analysis is first performed. The use of the SSL does not affect the vibration
modes or frequencies in the longitudinal direction. The first and second vibration pe-
riods in the transverse direction are presented in Table 4. Even with the 8-mm thick
SSL, only 1.9 and 0.8% elongations are observed for the first and second modes, re-
spectively. Similar to the coupled shear wall, the lateral stiffness of the twin-column
pier was mainly controlled by the sectional size and height of the RC column. The
thickness of the SSL didn’t evidently affect the vibration periods. Compared with 30C
and 8C, 30D and 8D have larger natural periods in the transverse direction. The con-
tinuous main girder contributes to the transverse stiffness of the bridge.

5 Dynamic analysis results

5.1 Deformation and damage mode

The representative overall deformation modes of two twin-column piers are compared
in the left part of Fig. 8. All piers deliver a similar overall deformation mode; that is,
reinforcement yielding at the bottom of two RC columns at MCE intensity. However,
the inflection point cannot be eliminated by introducing the SSL in the cap beam, even
in the case of the 8-mm thick SSL. The right part of Fig. 8 shows the representative
curvature distribution along the left column. The curvature concentrates at the top and
bottom of the column. Note that O1 experiences slightly larger curvatures at the col-
umn top compared with novel piers with the SSL, indicating the relief of the inflecting
deformation of the columns. Meanwhile, the five models have similar curvature at the
bottom of the RC column.

¥ GM1
o
> m»dm"“ M2 — £ 06 ----@--- Mean |
e 0,254 GM3 2 - - & - - Mean-std
g ‘ INM GM4 8 | - - & - - Mean+std
g O ] i 0.4 1l Target |
2 _0_25‘,;%%% YR GM5 3
N GM6 2
ol st — g
GM7 2
| | | |
0 10 20 30 40 50
Time /s Natural period /s
(a) Seven GM records (b) Response spectra
Fig. 7 Selected GMs and response spectra
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Table 4 Vibration periods in the transverse direction (Unit: s)

Model 1st mode 2nd mode
o1 0.599 0443
30C 0.604 0.445
8C 0611 0447
30D 0627 0459
8D 0635 0461

Figure 9 presents the damage status, namely the yielding of the SSL and yielding of
RC columns, at all intensities. At the SLE intensity, the SSL yields only for 8D. No col-
umn yields at the SLE intensity, indicating the good design of the RC bridge. At MCE
and VRE intensities, the SSL and RC columns yield for all GMs. This result primarily
demonstrates the damage control performance at the DBE intensity.

The maximum transverse drift ratios (DRs) of columns are presented in Fig. 10. The
five models have similar maximum DRs regardless of the earthquake intensity. It is
concluded that adopting the SSL does not affect the transverse deformation response of
twin-column piers.

The residual DRs of twin-column piers are presented in Fig. 11. At SLE and DBE in-
tensities, the residual DRs didn’t have evident difference. At MCE intensity, adopting
the SSL could result in the smaller DRs. The continuity of main girder and thickness of
SSL webs didn'’t affect too much on the residual DRs at MCE intensity. While at VER
intensity, the twin-column piers with discontinuous main girder had larger residual
DRs. But 30C and 8C had smaller residual DRs. The yielding of SSL and RC columns
are irrecoverable deformations. Thus, the residual DRs are very discrete, depending
heavily on the characteristics of GMs. In general sense, using SSLs didn’t increase the
residual deformation of the twin-column piers.

Cap beam
8 5
‘7} ‘ ‘
7 RC -]
6L column N
E 5- —
5 4 ]
[} 3l —e— O1 ]
T —o— N1
2L —8— N2 —
- -& - -N3
L . —
| | -
-8.016 -0.008 0 0.008 0.016
20 scaled Curvature /m”
Fig. 8 Deformation mode at 232 s for GM4 and a PGA of 400 gal
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5.2 SSL performance

The peak shear force in the cap beam is presented in Fig. 12. It is obvious that the
shear force is strongest for O1 and weakest for 8C. The shear force in the cap beam
does not obviously increase when the earthquake intensity increases from the MCE to
the VRE. After the yielding of the SSL and bottom section of the RC column, the in-
ternal force, including the shear force in the cap beam, does not evidently increase
when the structure of the twin-column pier becomes flexible with adequate plastic
hinges. For novel piers, the peak shear forces are not proportional to the web thickness
of the SSL. According to Fig. 8, the SSL withstands axial tension when there is a height
difference for two cap beams. Additionally, the axial tensile force of the SSL transfers a
shear force to the cap beam. The shear force in the cap beam is determined by the
coupled tensile-shear capacity of the SSL. Moreover, the cap beam in 30D experiences
a stronger shear force than that in 30C. This result indicates that the continuous main
girder transfers a shear force between two columns.
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Fig. 10 Comparison of maximum transverse drift ratios
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The ratio of the energy dissipated by the two SSLs to the total input seismic energy is
presented in Fig. 13. Energy dissipation ratios are negligible at the SLE intensity. The
SSLs dissipate certain amounts of energy at DEB, MCE, and VRE intensities. Eight-
millimeter-thick SSLs dissipate more energy than 30-mm-thick SSLs, benefitting from
the earlier yielding mechanism. Because the continuous main girder weakens the
decoupled deformation of the two RC columns, 30D and 8D have a larger energy dissi-
pation ratio than 30C and 8C. The plasticity of the SSL thus develops less when there
is a continuous main girder. It is noteworthy that the maximum energy dissipation ratio
of 8D is only 1.3 x 10”2 among all intensities. Such low energy dissipation hardly con-
tributes to the overall structural damping ratio of the bridge. Most input energy is still
dissipated by natural damping, the hysteretic performance of bearings, and the plastic

deformation of RC columns. Thus, considering the unchanged mass distribution and
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Fig. 12 Peak shear force for the cap beam
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Fig. 13 Energy input and dissipation

natural periods, the macro responses (e.g., the deformation pattern and maximum
transverse drift) are unaffected by introducing the SSL to the cap beam.

5.3 Damage control

Damage to RC piers is indicated by strain acting on the RC columns. The peak tensile
and compressive strains of RC columns are compared in Fig. 14a and b respectively.
Introducing the SSL does not visibly affect the peak tensile strain at SLE and DBE in-
tensities. Meanwhile, 30C has much lower peak tensile strain than O1 at MCE and
VRE intensities; that is, reductions of nearly 26.4%. The yielding of the SSL limits the
peak value of the axial tensile force in one column, reducing the peak tensile strain. At
SLE and DBE intensities, the limitation effect on the axial tensile force is not evident.
There is thus no evident corresponding tensile strain reduction.

Peak compressive strains are also evidently reduced by the SSL at DBE, MCE, and
VER intensities. As an example, the average value of the peak compressive stain in 30C
is 18.6 and 17.1% lower than that in O1 at MCE and VRE intensities, respectively. The
other three models also outperform O1 in controlling the peak compressive strain.
These results show the realization of compressive damage control. Furthermore, 8C re-
duces damage best among models at the DBE intensity while 30C performs best among
models at MCE and VRE intensities. Similar to the case for many other passive energy
dissipation devices, the optimal strength of the SSL in the cap beam in the twin-
column pier varies with the earthquake intensity or lateral drift. The weaker SSL has
better control performance at lower intensity, while a stronger SSL is needed when the
target intensity is higher.

Note that 30C outperforms 30D in terms of reducing damage. The mechanism of the
continuity of the main girder is shown in Fig. 15. With a continuous main girder, two
bearings may subjected to the different compressive load owing to the lateral constraint
from the rigid diaphragm. The imbalanced vertical load generates a restoring moment
at the column top, and this moment is opposite the bending moment at the bottom of
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Fig. 14 Comparison of peak strain in a twin-column pier

the column. The moment at the bottom of the column can be further reduced. There-
fore, the discontinuous main girder can deform in a manner coordinated with deform-
ation of the interrupted cap beam, and the entire bearing uniformly shares the gravity
load. There is no extra restoring moment at the column top.

Following the above concept, the middle wet joint of the discontinuous main girder
may be subject to coupled bending—tension deformation. The peak cumulative plastic
strain (CPS) of the middle wet joint is shown in Fig. 16. Little difference is seen at SLE
and DBE intensities. At MCE and VRE intensities, 30D and 8D, with a discontinuous
main girder, deliver much larger CPS than 30C and 8C. Without the rigid diaphragm,
more deformation concentrates on the middle wet joint in the event of an earthquake
owing to the deformation compatibility with the cap beam. The accompanied trans-
verse bending at the middle wet joint thus leads to the development plastic strain. A
continuous main girder is recommended to reduce compressive strain and control
damage to the main girder.
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Fig. 15 Effect of the transverse continuity of the main girder

6 Conclusion

This paper proposed a novel twin-column pier with a replaceable SSL for damage con-
trol in the event of transverse seismic motion. A benchmark RC bridge was employed
in nonlinear dynamic analysis for the quantitative comparison of damage control when
introducing the SSL. The strength of the SSL and the transverse continuity of the main
girder were considered parameters in the analysis. Results revealed that introducing the
SSL in the cap beam reduced the compressive strain at the bottom of the RC column,
while there was little reduction of the macro seismic response. The main findings of
the study are as follows.

1) The peak compressive strain was reduced by 18.6 and 17.1% respectively when
introducing the SSL in the cap beam at MCE and VRE intensities. There was no
evident damage reduction at low intensities. When using an SSL, the design should
avoid the crushing of concrete in the event of a strong earthquake.

2) The energy dissipated by SSLs was less than 0.13% of the total input energy.
Natural periods were not evidently affected by introducing an SSL. There was thus
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Fig. 16 Peak CPS of the middle wet joint in the main girder
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little difference in the macro structural response. The damage control mechanism
mainly related to a change in the deformation pattern.

3) The adoption of a transverse continuous main girder is suggested as it provides an
additional restoring moment at the column top, which reduces the moment at the

column bottom.
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