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A B S T R A C T

In this study, quasi-static cyclic test was conducted for three 1/3-scale specimens of different precast concrete
frame pier structure systems of an urban viaduct in Shanghai, China. Various connection deployment strategies
were utilized for the specimens, in order to verify these precast concrete frame piers used in the real structure.
Two of the specimens were of the same cap beam design, while the third one was with tie beam. The two frame
piers with cap beam had the same column-footing connection (grouted splice sleeve coupler), but the column-
cap connections were grouted splice sleeve coupler and grouted corrugated duct connection, respectively. The
frame pier with cast-in-place tie beam, however, only kept the grouted splice sleeve coupler for column-footing
connection. The cyclic test results showed similar seismic behavior of the two specimens with cap beam, whereas
the specimen with tie beam exhibited less energy dissipation capacity. This indicated that the seismic perfor-
mance differences among the specimens are mainly caused by different structure systems, and the two types of
the connections behave similarly with little damage. Finite element models that were optimized by considering
joint region behavior and bond-slip phenomena showed good agreement with the test results.

1. Introduction

Bridge design and construction have experienced innovations and
advancements in recent years, which lower overall cost, simplify con-
struction process, and save time [1]. Bridge columns, cap beams, and
bridge girders can be prefabricated in factories or near construction
sites. These components are then assembled on-site using different
types of connections for accelerated construction. However, connec-
tions are usually applied to critical structural locations (e.g. column-cap
and column-footing joints), where plastic hinges are likely to form
under strong earthquakes. Thus, studies on the bridge structures with
moment-resisting connections need to be taken special care of in
moderate-to-high seismic zones.

Five different types of connections were studied and used in real
applications [2]. Socket connection, applied to column-footing joints,
was recently utilized for highway bridges, and studies showed accep-
table seismic performance [3,4]. The second type is pocket connection,
and its seismic performance was also reported to be comparable to cast-
in-place (CIP) structures [5]. Prestressing tendon is the third type of
connection, which is commonly used in precast segmental bridge col-
umns. Seismic behavior of these precast segmental posttensioned bridge
columns was investigated experimentally, and test results showed that

the segmental columns exhibit good drift capacity and ductility, and
energy dissipation capability can be ensured by using energy dissipa-
tion bars [6,7]. The remaining two connection types are grouted cor-
rugated duct connection (GCDC) and bar coupler connection, and these
connections are studied in this paper. GCDC was originally developed
for column-cap connections [8,9], but study of column-footing con-
nection using GCDC was also conducted with promising results for
construction [10], and good ductile performance was observed when
compared with CIP systems. The bar coupler connection includes sev-
eral types of proprietary mechanical bar couplers or splicing devices,
one of which is grouted splice sleeve coupler (GSSC). GSSC was also
studied for applications in seismic zones, including the utilization of
multiple reinforcing bars, high-strength grout, and cast iron sleeve
[2,11–13]. The experiments showed that specimens using GSSC and
corresponding CIP structure retained equivalent strength capacity, but
displacement capacity was found to be lower [14–17]. Further research
studies revealed that displacement capacity can be improved by al-
lowing debonding of reinforcing bars outside the GSSC [18]. Compar-
ison of three specimens with various GSSC embedding locations also
confirmed results of previous studies [19].

Numerical simulation was conducted to obtain better knowledge on
the overall performance of the structures and connections. A two
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dimensional (2-D) finite element model (FEM) was developed to si-
mulate the precast bridge column using GCDC by modifying the elastic
modulus of the reinforcing bar to consider bond-slip effect at the
column-footing area [10]. Another two types of bond-slip models were
proposed to explore the bond response of stainless energy dissipation
bars installed in GCDC [20]. GSSC was modeled in 2-D with a nonlinear
rotational spring to simulate the bond-slip effects [18,21,22].

Studies regarding the different types of connections are mainly fo-
cused on single-column piers, and those of dual-column frame piers are
lacking. Only a few quasi-static cyclic tests were performed for precast
dual-column frame piers with the combination of GCDC, socket and
pocket connections [23,24]. Test results showed that the precast frame
piers achieved good strength and ductility in comparison with CIP
construction. A multi-shaking table test of a quarter-scale bridge system
of two-span, three dual-column frame piers was conducted with socket
and hybrid-bar-socket connections, and the maximum displacement of
the precast piers was comparable with the conventional bridge [25].
State-of-practice of precast pier cap systems, including GCDC, GSSC and
pocket connections, was reported by researchers and it was concluded
that seismic behavior of connections was critical to system ductility
[26].

This paper presents experimental and numerical study of three 1/3-
scale specimens of precast bridge substructures (dual-column frame
pier) that are assembled with different connections (GCDC and GSSC)
under lateral quasi-static cyclic load. The specimens are based on the
precast frame piers that are utilized in urban viaducts of highway S6 in
Shanghai, China. The viaducts also retain the precast bridge decks, and
the frame piers are commonly used as a substructure for these decks,
which led to the choice of such structure system. Since it is permitted by
the load capacity of the cranes, the columns can remain the integrity
without being divided into several segments, which also facilitates the
construction process. The two types of connections are proven by the
contractors to be more convenient than others in terms of construction.
For example, it avoids the post-tensioning procedure, if the precast
hollow section piers are used. Moreover, the deployment strategies of
these connections of the frame piers (GSSC at both column ends, and
combined GSSC and GCDC at each end) have never been used and
studied, and therefore the seismic behavior of these frame piers is un-
known and needed to be investigated and verified.

Study on seismic behavior of six precast single-column piers with
different connection details was also conducted by the present authors
[27], including GSSC, GCDC and posttensioned connections. The col-
umns with GSSC and GCDC were designed the same as those of frame
pier specimens studied in this paper, and their seismic performances
were compared with the CIP benchmark. It was concluded that these
columns with GSSC and GCDC were emulative of CIP reinforced con-
crete columns if high-strength grout was used. Therefore, the seismic
behavior of precast bridge frame piers is investigated without a CIP
reference in this study. Two of the specimens are with cap beams and
share exactly the same design except for the connections, while the
third one uses CIP tie beam design. The test results were compared to
further understand the seismic behavior of the frame piers. 2-D FEMs
were also developed with different approaches to optimize the accuracy
of simulation. The bond-slip phenomena were simulated by considering
6% inactive length of the skin reinforcements at both ends of the col-
umns, and the beam-column joint region behavior unique to frame piers
was also considered.

2. Test setup

2.1. Specimens

The urban viaducts of highway S6 in Shanghai possess a total length
of 11.8 km. It provides a crucial passage and eases the pressure of the
city transportation. These continuous bridges that were constructed
along the highway are 30m long for each span (Fig. 1). In order to

accommodate the traffic and design requirement, all the three precast
frame pier designs of the tested specimens are used. The bridges with
box-girders are more suitable for the piers with tie beam design, while
the ones with T-girders are better supported with cap beam design.
Moreover, GCDCs require long anchoring length (> 25 times the rebar
diameter), while GSSC needs shorter length (8–10 times the rebar
diameter). The cap beams at different locations do not maintain the
same height, and GSSC is thus used where the cap beam height cannot
meet the anchoring requirement of GCDC, while GCDC is implemented
for those with enough height in terms of economic efficiency. In addi-
tion, an ongoing study of the durability of these connections and de-
signs also requires all the bridge pier types to be constructed and
monitored to serve this purpose. These three types of the precast frame
pier specimens are tested for verification purposes, and each one has a
unique connection deployment, but they are with the same column
dimension and mild reinforcement arrangement.

The concrete material used is C40, and its nominal uniaxial com-
pressive strength and modulus of elasticity are 26.8 MPa and

×3.25 10 MPa4 , respectively. To determine actual concrete strength,
nine 150mm concrete cubes made from the same concrete sample are
modeled and standard-cured for 28 days. The average compressive
strength of the nine cubes is 33.5MPa, and the modulus of elasticity is

×3.3 10 MPa4 . For mild reinforcement, hot-rolled plain bar with nom-
inal yield strength of 235MPa (HPB235) and hot-rolled ribbed bar with
nominal yield strengths of 335MPa and 400MPa (HRB335 and
HRB400) are used. Nominal moduli of elasticity are ×2.1 10 MPa5 for
HPB235 and ×2.0 10 MPa5 for HRB335 and HRB400. Based on coupon
tests of the three specimens from each type of steel, the average mea-
sured yield strengths of HPB235, HRB335 and HRB400 are 243MPa,
390MPa and 432MPa, and the averaged ultimate strengths are
404MPa, 499MPa and 601MPa. High-strength grout is used for the
connections, and nine 70mm cubes are modeled and standard-cured
with an average 28-day compressive strength of 104MPa.

The columns in all three specimens are 3050mm tall with the rec-
tangular cross-section of 500mm×530mm (Fig. 2). In order to keep
the same loading height, the footing of specimen #3 is raised from
600mm to 750mm to compensate the height decrease due to the tie
beam design. Detailed reinforcement arrangements for columns are
shown in Fig. 3(a)–(c). The longitudinal reinforcements consist of
20mm-diameter HRB400s and 8mm-diameter HPB235s that is referred
to as skin reinforcement for crack prevention. The hoops are 8mm-
diameter HPB235s and the ties are 6mm-diameter HPB235s, and both
are spaced at 50mm. For locations where GSSC and GCDC are em-
bedded, stirrups and ties are all 8 mm-diameter HPB235s spaced at
45mm. Reinforcement arrangement for the tie beam is shown in
Fig. 3(d). The longitudinal reinforcements consist of 10mm- and
12mm-diameter HRB335s. The hoops and ties are 8mm- and 6mm-
diameter HPB235s with a clear spacing of 60mm.

GSSC is a hollow steel bar coupler that connects the rebars from
each component, while GCDC is a flexible corrugated metal tube that
provides the guidance for the protruding rebar of one component to be
inserted into another component. In terms of the placement of con-
nections, GSSCs are embedded in the footing and cap beam of specimen
#2, while GSSCs are replaced by GCDCs in the cap beam for specimen
#1. Specimen #3, however, only has GSSC placed inside the lower ends
of the columns, and no connections are used at the upper ends due to
the CIP tie beam. The lengths of GSSCs and GCDCs are 360mm and
700mm, and the nominal diameters are 66.5 mm and 40mm, respec-
tively. The details of the GSSC and GCDC used in the specimens are
shown in Fig. 4.

The fabrication processes of specimens #1 and #2 are similar, and
the only difference between the two is the protruding length of the
20mm-diameter longitudinal rebars (175mm for GSSC and 680mm for
GCDC). The precast segments include pier cap, column, and footing, as
shown in Fig. 5(a)–(c). After the completion of concrete curing, the
columns of each specimen are mounted on the footing by inserting the
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protruding rebars into the corresponding connections. A 2 cm gap be-
tween the footing and columns is kept, and formwork is then estab-
lished around the gap (Fig. 5d). By holding the columns in position,
high-strength mortar is grouted into the connections until it is satu-
rated, and the inlets and outlets are instantly sealed afterwards
(Fig. 5e). By repeating the procedure for the column-cap connections,
the piers can thus be promptly constructed. For specimen #3, after
connecting the columns and footing using the same procedure, the tie
beam is then cast in place (Fig. 5f–i). Unfortunately, there exist no re-
liable connection strategies for the tie beams to be connected to the
columns, but limited disturbance is caused by the CIP tie beam thanks
to the smaller dimension and more localized placement. Among all the
bridges of highway S6, the ones with tie beam design are less than 10%,
which has minor impact for the overall accelerated construction pro-
cess.

2.2. Test program

The frame piers are subjected to quasi-static unidirectional cyclic
loading with the actuator located at 4m above the ground. The actuator
has built-in load cell and displacement sensor at the load stub, and its
maximum load capacity and travel distance are 1500 kN and ±
250mm. The specimens are tested with a pre-defined loading protocol
under displacement control, as shown in Fig. 6. To be more specific, 17
displacement levels are performed, and three full loading cycles are
conducted for each level. Multiple hydraulic jacks are implemented on
the top surface of the cap beam (specimens #1 and #2) and of the
columns (specimen #3) applying constant vertical loads (560 kN per
column) during the testing procedure to simulate the weight of the

superstructure.
In order to obtain curvature variation at critical locations where

plastic hinges may occur, displacement sensors are installed at the
lower end of each column. A pair of sensors at the same height is
considered as a group. There are three groups for each column in all
specimens, and they are all mounted on the column surfaces that are
perpendicular to the load direction. For these sensor groups, they are
measuring the relative displacement variations at 75 mm, 225mm, and
650mm above the column-footing interface. Strain gauges are attached
on the 20mm-diameter longitudinal reinforcements and the outer
surfaces of GSSCs. These strain gauges are placed near the column-
footing region, and the exact locations are given in Fig. 7.

3. Interpretation and comparison of test results

The performance level of bridge can be divided into five stages,
which includes (1) cracking, (2) yielding, (3) initiation of local me-
chanism, (4) full development of local mechanism, and (5) strength
degradation [28]. Fig. 8 shows the damage progression of the column
bottom of specimen #1 at all five stages, and all specimens are of si-
milar results.

Level 1 happened when the maximum displacement of the column
top reached 10mm (0.31% drift ratio), and there was onset of hairline
cracks (less than 0.1mm wide) that closed up when the specimens were
re-centered. Level 2 initiated at 15mm (0.46% drift ratio), cracks were
widened (< 0.2 mm) and interconnected with each other across the
surfaces. Two ends of the tie beam in specimen #3 also began to de-
velop visible cracks. Longitudinal rebars started to yield at the dis-
placement of 14mm. Level 3 was between 60mm and 80mm

Fig. 1. Actual precast frame pier assembly of highway S6.
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displacement level, and there was onset of concrete spalling at both
ends of the columns for specimens #1 and #2, while spalling areas at
the upper ends of the columns were replaced by the two ends of tie
beam for specimen #3. The width of the cracks reached up to 1mm, but
the number of cracks had no obvious increase. Level 4 appeared at the
displacement level of 120mm, and the length of concrete spalling re-
gion at the column top and bottom extended to 200mm. Part of the
longitudinal rebars buckled, but none of them fractured. Tie beam of
specimen #3 also experienced concrete spalling increase within the
200mm region. Fracture of longitudinal rebars and crush of core con-
crete indicated the presence of level 5, and test was terminated at this

point.
The final crack patterns of each specimen are shown in Fig. 9(a).

Similar patterns are found for specimens #1 and #2, but specimen #1
has more severe damage at the column top, which is caused by the
connection difference. Plastic hinges formed at both ends of the tie
beam instead of column top for specimen #3. The actual damage
comparison of the pier caps and the tie beam is given in Fig. 9(b), and it
clearly shows the different failure mechanisms. Note that only a few
longitudinal reinforcements are fractured, but no connections are da-
maged.

The load-displacement relationships of all specimens are shown in
Fig. 10, and all hysteresis loops cover good amount of areas, indicating
effective energy dissipation capability. Pinching effect is present at the
later stage of the test, which is mainly caused by the presence of bond-
slip behavior of the reinforcements.

The comparison of the backbone curves extracted from the hys-
teretic behaviors of all specimens is shown in Fig. 11. All curves exhibit
constant stiffness within a short displacement range, and stiffness de-
gradation is then followed. As expected, specimen #3 possesses smaller
structural strength, and the other two specimens are similar.

Based on the hysteretic behaviors of the specimens, further analysis
can be performed. Ductility (μ) is defined as the ratio of ultimate dis-
placement (Δu) and effective yield displacement (Δy). Δu is the
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Fig. 5. Photographs during construction: (a) Reinforcement cage of cap beam for specimen #1; (b) precast column after removing mold (specimen #1); (c) precast cap beam of specimen
#2; (d) assembly of column to footing of specimen #2; (e) column-footing grouting of specimen #2 (f) column reinforcement cage of specimen #3; (g) assembly of column to footing of
specimen #3; (h) grouting of specimen #3; (i) on-site casting of tie beam.
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Fig. 7. Strain gauge deployment: (a) Sketch (unit: mm); (b) Actual
attachment.

Fig. 8. Damage development at five performance stages of specimen #1: (a) Stage 1; (b) Stage 2; (c) Stage 3; (d) Stage 4; (e) Stage 5.
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displacement where the strength decreases to 85% of the ultimate
strength, and Δy is determined by the method proposed by Park [29].
Ductility values are calculated and presented in Table 1 for comparison,
and specimen #3 retains a slightly smaller value than the other two.

Accumulated energy dissipation is the summation of the area cov-
ered by each hysteresis loop, which is used to evaluate the energy a
structure is able to dissipate. Fig. 12(a) shows the accumulated energy
dissipation of all specimens at each displacement level. All specimens
exhibit considerable energy dissipation capacity, but specimen #3 is
still smaller than the other two. As the tie beam of specimen #3 be-
comes the energy dissipation component, its smaller cross-section re-
sults in less capacity. Stiffness degradation is analyzed through the ratio
of effective stiffness (Keff ) to initial stiffness (K0) at different displace-
ment levels. The initial stiffness values of the three specimens are si-
milar (67.97, 66.60 and 70.14 kN/mm), but specimen #3 has smaller
strength progression which in turn results in smaller effective stiffness
(Fig. 12b). All the values of K K/eff 0 tend to decrease rapidly within the
displacement level of 40mm and slow down after concrete is damaged.
Residual displacement index (RDI) is an important indicator for asses-
sing the self-centering capability of the structure. It is defined as the
ratio of residual displacement to yield displacement: =RDI Δ /Δr y.
Fig. 12(c) shows the RDI values of the three specimens at different
displacement levels, and differences among these three are insignif-
icant.

Curvature is calculated through the displacement sensors mounted

on both sides of the columns at different heights. Fig. 13 gives the
curvature developments at previously defined four performance levels
for the specimens. All three specimens have almost identical results,
and the magnitudes decrease rapidly along the column heights. Thus,
the damage developments of all three specimens at the column bottom
regions are similar, and the plastic hinge region is limited to the length
of 0.2 m.

Strain distributions at the connection regions are shown in Fig. 14,
and location 0.0 m represents the column-footing interface. Strain va-
lues of the connections experience little increase, which confirms that
little damages have occurred at the connections. However, those of the
rebars close to the connections increase significantly, indicating that
severe bond-slip behavior has occurred. Such bond-slip behavior
quickly vanishes as the distance from the connections becomes larger.

4. Numerical simulation and evaluation

The FEMs are developed by OpenSees [30], and three different
modeling approaches are used (Fig. 15). The material of the confined
concrete used is Concrete07 for more detailed and accurate simulation,
while that of unconfined concrete is Concrete01. Rebars are modeled
with the material of Reinforcing Steel considering buckling, fatigue and
strength reduction.

Fiber elements, specifically force-based beam-column (B-C) ele-
ments, are used in three major components (column, GSSC, and tie
beam), of which plastic hinges are likely to form. Core concrete of the
columns is meshed into 20× 20 squares, while the mesh of tie beam
has 10×10 squares. Concrete cover is simply divided into four ele-
ments along each edge. GSSC is simulated with Reinforcing Steel ma-
terial, but it has the diameter of the connection. Elastic B-C elements
are used to model cap beams for both calculation efficiency and high
structural stiffness. The frame piers are different from the single-column
pier structure, in terms of the cap beam- or tie beam-column interac-
tion. Thus, in addition to the application of fiber elements, the joint
regions of specimens #2 and #3 are further analyzed with VecTor2
[31]. Pinching4 material is applied to the joint region for the FEMs with
four stress-strain floating points, based on the results of VecTor2 under
monotonic loading (Fig. 16).

Specimen #1 only uses the fiber element with the given materials
without considering any other factors, and therefore it is the simplest
approach. In terms of the parameters for strength reduction of the
Coffin-Manson model, the optimal values are found as =C 0.6f ,
α= 0.506 and =C 0.5d through parametric study. The comparison of
the hysteresis curves is shown in Fig. 17(a), and the unload stiffness
exhibits considerable differences between the test and simulation re-
sults. Pinching effect of the numerical model is not obvious. From the
comparison of backbone curves in Fig. 17(b), initial stiffness of the
numerical model is larger, since bond-slip effect is not considered in
this case.
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Table 1
Ductility of the specimens.

Specimen #1 Specimen #2 Specimen #3

Δy (mm) 16.11 16.50 17.01
Δu (mm) 118.16 117.56 116.18
μ 7.33 7.12 6.83
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Simulation of specimen #2 is further refined by considering both
the inactive skin reinforcement lengths at two column ends and the
beam-column joint region behaviors. The inactive length of the skin
reinforcement is optimized to be 180mm (6% of column height). Joint
region behavior is obtained based on the shear stress and strain curve
from VecTor2 as illustrated previously. Improvements can thus be
found for the unload stiffness and pinching effect, and the backbone
curves also show good agreement (Fig. 18).

In addition to the modeling approaches of specimen #2, specimen
#3 has the GSSC placed within the columns. Therefore, the effect of
GSSC has to be taken into consideration. GSSCs are modeled using
Reinforcing Steel material with the diameter of the GSSC. The size of
the joint regions is 530×500×400mm for the tie beam, and it is
shown in Fig. 19 that excellent agreements are found in every aspect of

the hysteresis and backbone curves.

5. Conclusions

Three different designs of precast concrete frame pier specimens are
studied both experimentally and numerically. These specimens are
based on real bridge applications, and the study is intended to in-
vestigate and verify the seismic behavior of the structures. Based on the
study, the following conclusions can be drawn:

• The seismic behaviors of specimens #1 and #2 are similar, and the
bond-slip phenomena in all specimens are observed in later stage of
the test, which indicates that the two types of connections are of
equivalent performance. Specimen #3 shows lower energy
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0 1000 2000
-0.6

-0.4

-0.2

0.0

0.2

0.4

SL1
SL2

SL3
SL4
SL5

SL6

Lo
ca

tio
n 

(m
)

Strain

 0mm    2mm
 5mm    10mm
 15mm  20mm
 25mm

0 500 1000 1500 2000
-0.6

-0.4

-0.2

0.0

0.2

0.4

SL1
SL2

SL3
SL4
SL5

SL6
Lo

ca
tio

n 
(m

)

Strain

 0mm    2mm
 5mm    10mm
 15mm  20mm
 25mm

-0.2

0.0

0.2

0.4

0.6

0 1000 2000 3000

SL6

SL5
SL4

SL3
SL2
SL1

Strain

Lo
ca

tio
n 

(m
)

 0mm    2mm
 5mm    10mm
 15mm   20mm
 25mm

(a) (b) (c) 
Fig. 14. Comparison of strain distribution: (a) Specimen #1; (b) Specimen #2; (c) Specimen #3.

(a) (b) (c)
Fixed end

Concentrated
mass

Node

Rigid body

Force-based

Elastic B-C element

B-C element

Elastic B-C element

Force-based
B-C element

Node

Fixed end

Inactive length of the
skin reinforcement

Inactive length of the
skin reinforcement

Fixed end

Node

Joint region

Force-based
B-C element

Force-based B-C element

Col. cross-section
with GSSC

Concentrated
mass

Joint region
Concentrated
mass

Fig. 15. FEMs of all specimens: (a) Specimen #1; (b) Specimen #2; (c) Specimen #3.

H. Qu et al. Engineering Structures 154 (2018) 1–9

7



dissipation capability than the other two, which is mainly caused by
the design difference.

• In addition, the energy dissipation, stiffness ratio, and residual dis-
placement are almost identical for specimens #1 and #2, while
specimen #3 retains lower values in the first two indices but similar
level of residual displacement.

• The columns of specimen #3 experience little damage at the top,
which is mainly taken by the tie beam. Thus, the energy dissipation
capacity of the columns is not fully exerted. In other words, the
overall seismic performance of the frame pier solely with tie beam is
not as good as the cap beam structure, and therefore more attention
needs to be paid.
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• Bond-slip behavior is obvious at locations close to the connections.
The connections do not experience significant strain increase despite
of the embedded locations, indicating that the connections are able
to maintain good integrity.

• The inactive length of the skin reinforcement applied to consider
bond-slip behavior is optimized to be 6% of the column height,
which in turn reduces the initial stiffness and improves simulation
results. The unique behavior of beam-column joint regions for frame
piers is simulated by implementing Pinching4 material, and it also
effectively improves the accuracy of the FEM. GSSC modeled using
the Reinforcing Steel material with enlarged diameter is proved to
be feasible for FEMs.
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