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ABSTRACT

Fiber-reinforced concrete (FRC), as an advanced alternative to normal concrete, has been increasingly
used to construct beam-column joints which is one of the most congested parts of reinforcements in rein-
forced concrete (RC) structures because of its potentially beneficial properties. The present work aims to
investigate the seismic performance of FRC beam-column joints experimentally and numerically. A total
of eight beam-column joints, including both FRC beam-column joints and RC beam-column joint, were
conducted to explore its seismically important features under quasi-static reversed cyclic load, mainly
including the failure modes, hysteretic response, energy dissipation, stiffness degradation. It was found
that the application of FRC can effectively improve the seismic performance of beam-column joints
because it leads to higher load-carrying capacity and a greater deformation capability prior to the forma-
tion of the major diagonal cracks in the joint core zone. A numerical study, using the Open System for
Earthquake Engineering Simulation (OpenSEES), was also conducted to study the seismic performance
of beam-column joints deeply after its applicability and accuracy being validated with test data. The
prediction from the proposed numerical model shows a good agreement with test data. Furthermore, a
parametric study was generated to address and evaluate the effects on the seismic performance of FRC
beam-column joints from different parameters, including the axial load ratios, transverse reinforcement
ratios and FRC compressive strength. The results indicate that the increment of axial load ratios and FRC

compressive strength can enhance the load-carrying capacity.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Beam-column joints in RC frame structures under earthquake-
induced lateral deformation are generally subjected to a large
shear action that leads to serious damage and stiffness degradation
of the structures. In order to provide a good seismic performance,
the structural components, such as, beam-column joints, must pos-
sess enhanced deformation capability and damage tolerance. Sev-
eral pioneers have devoted to investigate the seismic
performance of RC joints under shear reversals [1-3], whose
achievements have been contributed to unveil design guidance
issued by some institutes [4,5]. The previous researches have
shown that beam-column joints with good deformation capability
in frame structures can deliver a positive contribution to the seis-
mic performance of structures. The current Chinese design guid-
ance, GB 50010-2010 [5], focuses on the following three aspects
to secure the earthquake-resistance capacity of beam-column

* Corresponding author.
E-mail addresses: liangxingwen2000@163.com (X.-w. Liang), yingzikd@126.com
(Y.-j. Wang), taoyi01@gmail.com (Y. Tao), dengmingke@126.com (M.-k. Deng).

http://dx.doi.org/10.1016/j.engstruct.2016.08.001
0141-0296/© 2016 Elsevier Ltd. All rights reserved.

joints: (1) defining the minimum transverse reinforcement ratio
and diameter, as well as the maximum transverse reinforcement
spacing in the joint core zone; (2) limiting the dimensions of the
joint core zone to associate the sizes of beam and column; and
(3) specifying the anchorage of reinforcements passing through
the joint core zone in terms of length and configuration. Mean-
while, a strong column-weak beam requirement needs to be
satisfied.

Beam-column joints, which are usually expected to experience
greater reversed cyclic action such as an earthquake, need to be
properly designed to provide a sufficient deformation capability.
Severe reinforcement congestion and construction difficulties thus
may occur once the longitudinal reinforcements in both beams and
columns are settled as well. Furthermore, it may either lead to a
larger column and/or beam sections or a greater amount of smaller
diameter bars being used in order to satisfy the minimum anchor-
age length requirements crossing the joint core zone, which could
deteriorate the reinforcement congestion or construction
difficulties.

The seismic design of structures has evolved towards a
performance-based design method in recent years. Therefore, there
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is need for new structural members and systems that possess
enhanced deformation capability and damage tolerance without
complex reinforcement arrangements. The development of highly
damage-tolerant beam-column joints would allow moderate shear
distortions in the joint core zone, reduce rotation demands in plas-
tic hinge zone of beam ends, and avoid seismic strengthening of
the joint core zone. One option for achieving this goal is to use
FRC [6,7] to upgrade the deformation capability of beam-column
joints. Experimental studies [8,9] have proved that an improved
seismic performance can be achieved, in terms of the shear-
critical members such as beam-column joints, squat walls, cou-
pling beams, and flexural members subjected to high shear stress
by using FRC.

The objective of this study is to verify the feasibility of FRC as a
replacement of normal concrete used in the joint core zone, adja-
cent beam end and column end, to increase stirrup spacing, reduce
steel reinforcement congestion as well as construction difficulty of
the joint core zone without reduction of load-carrying capacity and
deformation capability by the usage of FRC, to study the influence
of axial load ratios of column top on the general performance of
FRC specimens, and to verify the numerical simulation results by
experimental data and produce a comprehensive parametric study
by using OpenSEES [10]. The present work builds upon the limited
earlier work in the literatures to investigate the contribution of FRC
material in enhancing the seismic performance of beam-column
joints during earthquake excitation and to analyze the parameters
influencing the seismic performance of FRC beam-column joints.

2. Research objectives and significance

Under seismic actions, the joint core zone is in tension on one
diagonal direction of the joint and compression on other diagonal
direction, so the joint core zone easily happens to shear failure,
which causes collapse of whole structure. By the usage of FRC,
the seismic performance of whole structure can be improved.

The main objective of this research is to investigate the struc-
tural behavior of beam-column joints by substituting normal con-
crete with FRC in the joint core zone, adjacent beam end and
column end, and reducing the amount of transverse reinforce-
ments in the joint core zone, to investigate the influence of axial
load ratio of column top on the structural behavior, as well as to
analyze the influence of main parameters on the structural behav-
ior of FRC beam-column joints by numerical simulation. The study
aims to improve seismic performance of FRC beam-column joints,
including load-carrying capacity, energy absorption capacity and
stiffness degradation.

The outcome of this study would be helpful to support the
ongoing theory calculation model study of FRC beam-column
joints [11,12] and their effective use in structural applications. It
will be particularly helpful to make use of local materials to
prepare FRC, improve seismic performance of structures, reduce
property loss and secure the safety of life.

3. Review of related literatures

During the past 40years, a limited number of researches
[13-25] have been conducted to verify whether normal concrete
can be substituted with FRC in the joint core zone, plastic hinge
zone of beam end and column end, and the transverse reinforce-
ments of the joint core zone can be reduced without reduction of
load-carrying capacity and deformation capability. A brief over-
view of the study done and the main results reported in four of
the most relevant studies are as follows.

In 1977, Henager [13] conducted FRC beam-column joints to
reduce reinforcement congestion of the joint core zone.

Experimental results indicate that the damage tolerance and crack
resistant of FRC beam-column joints is better than that of RC
beam-column joints.

In 1994, Filiatrault et al. [14] conducted four full-scale exterior
beam-column joints with steel fiber reinforced concrete in the
joint core zone. Experimental results indicate that steel fiber rein-
forced concrete is a promising material to substitute conventional
confining reinforcements, the joint shear strength by the usage of
steel fiber can be improved and the transverse reinforcements of
the joint core zone can be reduced.

In 2005, Parra-Montesinos et al. [15] conducted two approxi-
mately 3/4 scale high-performance fiber-reinforced cement com-
posites (HPFRCCs) beam-column joints with a small axial load
corresponding to approximate 4.0% of the column axial load capac-
ity and without transverse reinforcement in the joint core zone to
evaluate the adequacy of the proposed joint design for use in zones
of high seismicity. HPFRCC material was used in the joint core zone
and adjacent beam regions over a length equal to twice the beam
depth. Experimental results indicate that HPFRCC beam-column
joints have excellent damage tolerance under large shear reversals,
deformation capability, and bond capacity between beam longitu-
dinal reinforcement and surrounding HPFRCC material even
though the joint design did not satisfy minimum anchorage length
requirements specified in the ACI Building Code. In addition, the

ACI joint shear stress limit of 5/4\/fi (MPa) can be also safely used

in HPFRCC joint without transverse reinforcements.

In 2014, Qudah and Maalej [16] conducted nine one-third scale
Engineered Cementitious Composites (ECC) beam-column joints,
with different transverse reinforcement spacing and arrangement
in the plastic hinge zone of beam end, column end, and/or joint
core zone and without axial load on the top of column to evaluate
the feasibility of enhancing performance by substituting normal
concrete and partial transverse reinforcements with ECC. Experi-
mental results indicates that the usage of ECC material as a
replacement of normal concrete and partial replacement of trans-
verse reinforcements can significantly enhance shear resistance,
energy absorption capacity and cracking response, and reduce
reinforcement congestion and construction complexity of the joint
core zone.

In summary, the results of these studies are encouraging. How-
ever, a large amount of experimental evidences are required before
the reasonable calculation model of FRC beam-column joint is
determined and these proposed special designs can be applied in
practical projects widely.

4. Experimental program
4.1. Description of specimens

In the present study, a total of eight 1/2 scale beam-column
joints, namely, FRCJ1-FRCJ7 representing FRC specimens and
RCJ1 representing RC specimen, were constructed and tested. In
terms of FRC specimens, FRCJ1 was the control specimen and the
others were constructed with representative characteristics. Spec-
imen RCJ1 was casted using normal concrete for comparison.

Fig. 1 illustrates detailing of geometry and reinforcement con-
figuration in the beam-column joints. Ends of columns and beams
were points of contra-flexure. All columns have a cross section of
250 x 250 mm with a total height of 2000 mm and the transverse
beam has a cross section of 150 x 300 mm with a total length of
2650 mm. Longitudinal reinforcements in the columns consisted
of 4416 bars (a diameter of 16 mm and the grade HRB400 steel),
and those for beams consisted of 3¢16 bars top bars and 3¢16 bot-
tom bars. Transverse reinforcements in columns, beams and joint
core zone consisted of 6 mm-diameter reinforcement.
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Fig. 1. Geometry and reinforcement configuration of specimens (except for RCJ1
where no FRC is used) (units: mm).

FRC was poured into the joint core zone, potential plastic hinge
zone of beam (1.0 times of the beam depth for FRC]J1-4 and 6-7,
1.5 times of the beam depth for FRCJ5), and potential plastic hinge
zone of column (1.0 times of the column depth for FRCJ1-4 and 6-
7, 1.5 times of the column depth for FRC]5). A ready-mixed normal
concrete was poured into the rest of parts after 3 days for FRC
curing.

4.2. Materials

4.2.1. Production of FRC

FRC was composed of cementitious materials (mixture of 42.5R
Portland Cement and fly ash), sand (maximum aggregate
size < 1.18 mm), polyvinyl alcohol (PVA) fiber, water and a high-
range water-reducing agent, and the mix proportion of cement:
fly ash: sand: water is 1:1:0.72:0.72. The 2.0% fiber volume was
optimized based on data from previous study [26] and the proper-
ties of PVA fiber from manufacturer are listed in Table 1. Different
from normal concrete, PVA fibers are used to improve crack resis-
tance and deformation capability. However, the elastic modulus of
FRC is usually lower than that of normal concrete due to the
absence of coarse aggregates.

4.2.2. Tensile characteristics of FRC

The tensile behavior of FRC, as one of the most important
characteristics, was investigated by employing the uniaxial
tensile method in this study. As shown in Fig. 2(a), the dimension
at fixed ends of each specimen is 80 mm x 80 mm x 16 mm

Table 1

Performance indicators of PVA fiber.
Property Value
Fiber length 12 mm
Diameter 39 um
Tensile strength 1600 MPa
Young’s modulus 40 GPa
Elongation (%) 7

(length x width x depth), and the measured dimension in the mid-
dle part of each specimen is 160 mm x 50 mm x 16 mm
(length x width x depth). One linear transformer (LVDT), which
was parallel to the loading direction, was fixed at the upper and
lower ends of the measured region for each specimen to measure
the axial tensile deformation, and the loading rate was 0.1 mm/
min.

The uniaxial tensile stress-strain curves of FRC are plot in Fig. 2
(b), and it can be observed that its ultimate tensile strain can reach
to around 0.6%, showing an evident tensile strain-hardening per-
formance. The maximum stress obtained from the tensile stress-
strain curve of FRC is defined as the tensile strength, and its initial
slop is defined as elastic modulus.

4.2.3. Properties of FRC, concrete and reinforcements

In this study, the average cubic compressive strength of FRC
with a dimension of 100 mm x 100 mm x 100 mm is 56.6 MPa,
and its average tensile strength is 6.99 MPa with the elastic mod-
ulus of 1.71 x 10* MPa.

The cubic compressive strength of concrete with a dimension of
150 mm x 150 mm x 150 mm measured is 48 MPa with the elastic
modulus of 3.41 x 10* MPa.

According to uniaxial tensile tests, the regular deformed rein-
forcement with a diameter of 16 mm has a yield strength of
427 MPa and ultimate strength of 609 MPa, while the round rein-
forcement with a diameter of 6 mm has a yield strength of
273 MPa and ultimate strength of 440 MPa.

4.3. Test procedure

A schematic view of the loading apparatus is shown in Fig. 3.
The column was supported using a steel hinge attached to strong
floor. The beam ends were supported using rollers to allow rotation
and free horizontal movement. A constant axial load was gradually
applied on the top of the column. To simulate seismic stimulation,
a reversed cyclic horizontal load was then applied at the top end of
the column through an actuator mounted on the reaction wall.

Loading-controlled scheme was used to apply the horizontal
load until the longitudinal reinforcements yielded. The amplitude
of load was increased by 5 kN each cycle. Yield displacement was
initially determined with yielding of the longitudinal reinforce-
ments in beams and columns. It was turned to displacement con-
trol afterwards and the amplitude of displacement was increased
by 10 mm, and each level of horizontal displacement was repeated
three times. The horizontal loading was gradually removed when
the residual load-carrying capacity reduced to around 60% of the
peak load-carrying capacity or an unstable hysteretic loop
appeared.

5. Test results and discussion

The seismic performance of both FRC specimens and RC speci-
men was analyzed in the section based on their failure modes, hys-
teric behavior and energy dissipation ability. All eight specimens
were generally divided into three groups considering the critical
variables of each specimen, for example, group 1 includes FRCJ1
and RCJ1, group 2 includes FRCJ2-FRC]5 which only exhibits the
varying axial load ratios, and the last group is for FRCJ6 and FRCJ7
consisted of different transverse reinforcement ratios (see Table 2).

5.1. Failure modes

Fig. 4 shows the crack patterns before major diagonal cracks
occurred in the joint core zone. Fig. 5 shows the pictures of the final
failure modes of each specimen. Table 3 lists the load-carrying
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Fig. 2. The uniaxial tensile test and stress-strain curves of FRC.
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Fig. 3. A schematic view of the loading apparatus.

Table 2

Basic parameters of specimens.
Specimens M fe(MPa)  E.(MPa) nq ne Psv (%) Mce/Mpy
RCJ1 C 3.32 34,100 040 0.18 0.152 1.28
FRCJ1 FRC 6.99 17,100 042 019 0.152 1.31
FRCJ2 FRC 6.99 17,100 0.16 0.07 0.152 0.79
FRCJ3 FRC 6.99 17,100 0.18 0.08 0.152 0.88
FRCJ4 FRC 6.99 17,100 048 022 0.152 1.44
FRCJ5 FRC 6.99 17,100 060 027 0.152 1.60
FRCJ6 FRC 6.99 17,100 042 019 0.228 1.31
FRCJ7 FRC 6.99 17,100 042 019 0.380 1.31

Note: M represents the matrix materials; C represents the normal concrete; f; rep-
resents the uniaxial tensile strength; nyq and n, represents the design and test axial
load ratios, respectively; ps, represents transverse reinforcement ratios in joint core
zone; M, and M, represent the flexure strength of column end and beam end.

capacity and lateral drift when the major diagonal crack nearly
occurred in the joint core zone.

5.1.1. Specimens R(J1 and FR(J1

For the specimen R(CJ1, a few flexural cracks occurred in the
beams at a drift of 0.3%. With the drift increasing to 0.75%, the first
diagonal crack eventually formed in the joint core zone. After the
formation of major diagonal cracks in the joint core zone

(Fig. 4a), there was no further propagation of cracks in beams
and columns. When the drift of 1.23% was achieved, the diagonal
cracks extended into the columns. Once the drift increased to
2.63%, the major diagonal crack in the joint core zone widened sud-
denly and was accompanied by a significant spalling of concrete
cover. Only the joint core zone furtherly damaged with the grow-
ing of drift. As observed from the final failure mode (Fig. 5a), there
were only a few diagonal cracks occurred through the loading his-
tory. Failure of the RCJ1 was due to shear in the joint core zone.

For the control specimen FRCJ1, multiple flexural cracks and
shear cracks occurred in beams at a drift of 0.44%. With the drift
increasing to 0.69%, the first diagonal crack eventually formed in
the joint core zone. After the formation of major diagonal cracks
in the joint core zone (Fig. 4b) at a drift of 2.33%, there was no fur-
ther propagation of cracks in beams and columns. These diagonal
cracks expanded and widened gradually as the drift continuously
increased. Once the drift of 4.59% was attained, the diagonal cracks
extended into columns. As the drift continuously increased, the
diagonal cracks connected together in the joint core zone
(Fig. 5b). It is noticed that there was no spalling of FRC cover
occurred in the joint core zone accompanied by opening or closing
of cracks, and eventually FRCJ1 failed in shear in the joint core zone
accompanied by the yielding of the longitudinal reinforcements in
beams.

5.1.2. Specimens FRCJ2-FRCJ5

The overall behavior of FRCJ2-FRCJ5 was similar to that of the
control specimen (FRCJ1). Firstly, multiple fine cracks initiated
from beams. New cracks appeared and developed slowly, and there
was no significant widening of formed cracks. Secondly, first diag-
onal crack appeared in the joint core zone. As the drift progres-
sively increased, although many parallel micro cracks appeared
along the first diagonal crack, there was no visible increase in the
width of cracks. Thereafter, major diagonal cracks grew and
widened suddenly in the joint core zone (Fig. 4c-f). Meanwhile,
there was no further growing of cracks in beams and columns
except for both FRCJ2 and FRCJ3 in which horizontal cracks were
observed in columns, this is due to the yield of column longitudinal
reinforcements of FRCJ2 and FR(J3, for which flexural strength
ratio of column to beam (shown in Table 2) is <1. Finally, further
damage was observed in the joint core zone and consequently

Table 3

The load-carrying capacity and lateral drift when the major diagonal crack nearly occurred in the joint core zone.
Specimens RCJ1 FRCJ1 FRCJ2 FRCJ3 FRCJ4 FRCJ5 FRCJ6 FRCJ7
V (kN) 62.35 80.57 64.25 69.18 78.52 84.75 69.95 72.83
0 (%) 1.16 233 2.44 2.70 2.78 1.79 2.86 3.03

Note: V represents the load-carrying capacity; 0 represents the lateral drift of column top.
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(a) RCJ1 (b) FRCJ1

(e) FRCJ4 (f) FRCJ5

(c) FRCJ2 (d) FRCJ3

(g) FRCJ6 (h) FRCJ7

Fig. 4. Crack patterns before major diagonal cracks occurred in the joint core zone.

(a) RCJ1 (b) FRCJ1

(c) FRCJ2 (d) FRCJ3

(e) FRCJ4 (f) FRCJ5

resulted in the failure of beam-column joints. It is noticed that
there was no spalling of FRC cover in the joint core zone accompa-
nied by opening or closing of cracks (Fig. 5c-f). Failure of both
FRCJ2 and FRCJ3 was caused by a combination of shear failure of
the joint core zone and yielding of longitudinal reinforcements in
columns. In contrast, both FRCJ4 and FR(J5 failed due to a combi-
nation of shear failure of the joint core zone and yielding of longi-
tudinal reinforcements in beams.

(2) FRCJ6

Fig. 5. Final failure modes of specimens.

(h) FRCJ7

5.1.3. Specimens FRCJ6 and FRC|7

The overall behavior of both FRCJ6 and FRCJ7 was also similar to
that of the control specimen FRCJ1. Multiple flexural cracks were
initially observed in the beams at a drift of 0.42% for FRC]J6 and
0.44% for FRCJ7, respectively. With the drift increasing to 0.76%
for FRCJ6 and 0.61% for FRC]J7, diagonal cracks were eventually
appeared in the joint core zone. Once the drift of 2.86% for FRCJ6
and 3.03% for FRC]7 were attained, major diagonal cracks widened
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suddenly in the joint core zone (Fig. 4g and h) and there is no fur-
ther growing of cracks in beams. With the drift continuously
increasing, further damage was only observed in the joint core
zone even though the transverse reinforcement ratios are different,
that is because bridging effect of PVA fiber in FRC makes the cracks
uniform distribution and limits the development of crack width.
Therefore, the increase in transverse reinforcement ratios has a
small influence on the damage. It is visibly that the failure of both
FRCJ6 (Fig. 5g) and FRCJ7 (Fig. 5h) were caused by a combination of
shear failure of the joint core zone and yielding of longitudinal
reinforcements in beams.

5.2. Hysteric behavior and skeleton curves

Fig. 6 shows hysteric loops from the upper column correspond-
ing to each specimen and Fig. 7 comprises the skeleton curves of
each specimen. Five feature points (marked as 1-5 in Fig. 6) were
chosen from the skeleton curves under both pushing and pulling
actions to investigate the load-carrying capacity and deformation
capability of each specimen. Point 1 represented the crack load
point when the first diagonal crack appeared in the joint core zone.
Point 2 stated the yield load point determined by the yield moment
method [27]. Point 3 corresponded to the peak load point and point
4 located at the ultimate load point corresponding to 85% of the
peak load value, while point 5 was assigned at the collapse load
point representing the last cycle in the test. The following conclu-
sions can be drawn from Figs. 6 and 7. The mean value was
adopted to process the following analysis by averaging the abso-
lute values extracted from both pushing and pulling actions.

5.2.1. Specimens R(J1 and FRCJ1

The load-carrying capacity (point 3) and the corresponding lat-
eral displacement of FRCJ1 are 1.19 and 1.27 times greater than
those from RCJ1, respectively (Fig. 7a). This can be essentially
attributed to the enhancements of shear resistance and tensile
strength of the joint core zone due to the application of FRC. Com-
paring the hysteretic behavior between RCJ1 (Fig. 6a) and FRCJ1
(Fig. 6b), it is shown that FRC can effectively improve the shear
strength and deformation capability of the beam-column joint.
Also, a fatter hysteretic loop is observed from FRCJ1 compared to
RCJ1, which states a greater energy dissipation capacity. The ulti-
mate drift (point 4) of FRCJ1 is 1.33 times larger than that of
RCJ1 (Fig. 7a) verifying an outstanding deformation capability of
FRC specimen.

5.2.2. Specimens FRCJ2-FRCJ5

The load-carrying capacity (point 3) of FRCJ3, FRCJ4 and FRCJ5
are 1.11, 1.26 and 1.34 times that of FRCJ2, while corresponding
lateral displacement are 0.89, 0.87 and 0.82 times that of FRCJ2,
respectively (Fig. 7b). Among the axial load ratios in this paper,
the load-carrying capacity increases while the deformation

capability decreases with an increase of axial load ratios. Therefore,
it can be seen clearly that the greater axial load ratio leads to an
increment of load-carrying capacity and a lower deformation capa-
bility, and the increment of axial load ratios performs fatter hys-
teric loops and a less pinched loops from Fig. 6(c-f).

5.2.3. Specimens FRCJ6 and FRCJ7

Comparing the skeleton curves plotted in Fig. 7c, the load-
carrying capacity (point 3) of both FRCJ6 and FRCJ7 was 0.94 and
0.97 times that from FRCJ1, but the corresponding lateral displace-
ment was 1.00 and 1.05 times that from FRCJ1. Due to the high
shear strength of FRC, the increase of the transverse reinforce-
ments in the joint core zone has a negligible effect on load-
carrying capacity. In addition, the collapse lateral displacement
(point 5) of both FRCJ6 and FRC]J7 was 1.02 and 1.15 times greater
than that from FRCJ1. In the late loading, the width of cracks
increased furtherly, PVA fiber in FRC was snapped or pulled out,
and the transverse reinforcements came into play, so the deforma-
tion capability can be largely promoted. Meanwhile, it can be also
found from Fig. 7c that the increase of the transverse reinforce-
ment ratios in the joint core zone can decelerate the degradation
of the load-carrying capacity.

In summary, the pinching effect of hysteresis hoops indicates
low energy dissipation. There are two reasons to explain the pinch-
ing effect: the first one is that the shear failure occurred in the joint
core zone of all specimens, and the second one is that the failure
modes of FRCJ2-FRCJ5 transform from flexure failure of columns
to flexure failure of beams with an increase of flexural strength
ratio of column to beam (shown in Table 2), so the area of hystere-
sis hoops increase gradually, and the pinching effect can be
remitted.

5.3. Energy dissipation

Energy dissipation at each cycle was computed from the sum-
mation of the area enclosed by a single hysteric loop. Cumulative
energy dissipation was calculated as the summation of the energy
dissipated before the current hysteric loop. Fig. 8 shows the rela-
tionship between the cumulative energy dissipation and drift of
each specimen corresponding to the aforementioned five feature
points plotted in Fig. 6.

It can be seen from Fig. 8a that the FRCJ1 shows greater energy
dissipation capacity than RCJ1. Cumulative energy dissipated by
FR(J1 at the yield load point (point 2), the peak load point (point
3), the ultimate load point (point 4) and the collapse load point
(point 5) respectively were 1.48, 1.51, 2.01 and 2.33 times greater
than those of RCJ1, indicating that presence of FRC can significantly
improve the energy dissipation capacity of beam-column joints. It
can be found from Fig. 8b that the increase of axial load ratios, such
as FRCJ2-FR(]J5, resulted in a greater energy dissipation capacity of
specimens. From Fig. 8 a it can be visibly seen that the cumulative

Table 4
Concrete mechanical properties adopted in Concrete 02.
Specimen C/FRC feu (MPa) & focu (MPa) 8epscu r ft (MPa) Es (MPa)
RCJ1 Unconfined 48.00 0.0028 0 0.0040 0.1 3.32 4262.5
Confined 49.68 0.0031 9.6 0.0090 0.1 3.32 4262.5
FRCJ1-FRCJ5 Unconfined 56.60 0.0066 0 0.0113 0.1 6.99 2137.5
Confined 57.27 0.0073 13.30 0.0114 0.1 6.99 21375
FRCJ6 Unconfined 56.60 0.0066 0 0.0113 0.1 6.99 2137.5
Confined 57.60 0.0076 13.30 0.0115 0.1 6.99 21375
FRCJ7 Unconfined 56.60 0.0066 0 0.0113 0.1 6.99 2137.5
Confined 57.93 0.0079 13.30 0.0116 0.1 6.99 21375

Note: C represents the normal concrete; r is the ratio between unloading slope at crushing strain and initial slop.
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Fig. 6. Hysteretic curves and feature points of specimens.

energy dissipated by FRC]J7 at the five feature points were 1.45,
1.30, 1.22, 1.50 and 1.33 times greater than those absorbed by
FRCJ6, and 1.11, 1.10, 1.11, 1.04 and 1.17 times greater than those
absorbed by FRCJ1, respectively. It proves that the greater trans-

verse reinforcement ratio leads to an enhanced energy dissipation
capacity.

5.4. Stiffness degradation

Stiffness degradation from each hysteric loop was evaluated
using secant stiffness which was calculated using Eq. (1) intro-

duced in the specification for seismic test method (JGJ/T 101-
2015) [28].
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Ki=(+P|+|-P)/(|+ Al +]—Ail) (1)

where K; is the secant stiffness of specimen at ith cycle; +P; and —P;
are lateral pushing and pulling actions at ith cycle respectively; +A;
and —A; are the corresponding lateral displacement at ith cycle,
respectively. Fig. 9 shows the relationship between stiffness degra-
dation and drift of each specimen. The following conclusions can be
drawn.

5.4.1. Specimens R(J1 and FR(J1

It is obviously that the initial secant stiffness of RCJ1 was 2.2
times greater than that of FRC]J1 as shown in Fig. 9a. On the con-
trary, the collapse drift of FRC]J1 (point 5) was 1.55 times greater
than that of RCJ1. This may be attributed to the absent of coarse
aggregates in FRC. However, the stiffness degradation rate of FRC]1
was smaller than that of RCJ1. This may be contributed to the

200000
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100000
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50000
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tension hardening behavior of FRC and excellent bridging ability
of FRC due to the usage of PVA fibers.

5.4.2. Specimens FRCJ2-FRCJ5

It is shown in Fig. 9b that the initial secant stiffness of FRC]J3-
FRCJ5 was 1.01, 1.42 and 1.49 times larger than that from FRCJ2
as shown in Fig. 9b. On the contrary, the collapse drift (point 5)
of FRCJ3-FRCJ5 was 1.10, 1.04 and 0.83 times than that from FRCJ2.
This indicates the increase of axial load ratio can enhance the ini-
tial secant stiffness, but the collapse drift (point 5) increases within
the certain range of axial load ratios in this study.

5.4.3. Specimens FRCJ6 and FRC|7

From Fig. 9c it is obviously that the stiffness degradation rates
from these specimens were almost identical. However, the collapse
drift (point 5) of both FRC]J6 and FRCJ7 was 1.01 and 1.15 times
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Fig. 9. Relationship between stiffness degradation and drift.

greater than that of FRCJ1. It reflects that the variation of the trans-
verse reinforcement ratios of the joint core zone has limited influ-
ences on the stiffness degradation, but it can increase deformation
capability.

In summary, it is visibly that the usage of FRC can dramatically
improve the seismic performance of specimens in terms of crack-
ing response, energy dissipation capacity, load-carrying capacity
and deformation capability, the increasing of axial load ratios can
alter failure modes, improve energy dissipation capacity and
load-carrying capacity, as well as the increasing of the transverse
reinforcement ratios in the joint core zone can improve energy dis-
sipation capacity and deformation capability, reduce stiffness
degradation after the peak load.

6. Numerical modeling

A numerical model was developed using OpenSEES [10], in
which advanced formulation of fiber beam-column elements and
zero-thickness nonlinear spring elements can be used to reduce
the need for finer meshes with a larger number of elements and
nodes that are typical of Finite Element (FE) packages. In this study,
the joint core zone was represented using “Beam-Column-Joint”
element proposed by Lowes et al. in OpenSEES, and the beams
and columns were modeled using “Nonlinear-Beam-Column” ele-
ments with 2D fiber sections available in OpenSEES [10]. The
effects of variables were investigated after the accuracy of model
had been validated by comparing with the presented test data.

6.1. Modeling of normal concrete

The normal concrete was modeled using the “Concrete 02”
material model [10] available in OpenSEES. The constitutive law
of normal concrete, as shown in Fig. 10, was described using the
model proposed by Giuffré-Pinto which was developed from
Menegotto and Pinto [29], and the hysteretic rule for cyclic behav-
ior of Concrete 02 was considered by stress-strain relationship

($epsU, $fpcU)

($epsc0,$fpc) 7
/| E=2"$fpci$epscO

Fig. 10. Concrete 02 material—material parameters.

curve of normal concrete, as shown in Fig. 11. It unloads down to
half of loading curve along with initial tangent stiffness, then
unloads till tensile stress of concrete and reloads considering
regression coefficients of stiffness. Its parameters in OpenSEES
analysis were listed in Table 4 and values for concrete compressive
properties were obtained from material tests associated with this
study while others were calculated based on OpenSEES recommen-
dations or current Chinese design guidance [5] as shown in the
equations:

&0 = 2f. /Eo (2)
E, = 0.125E, 3)
fpcu = Ozflc (4)
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Fig. 11. Typical hysteretic stress-strain relation of concrete 02 model.

Epes = 0.004 + 0.9p, (f,,/300) (5)

K= 1P (6)
fe

and

fo = 0.395f2> (7)

where ¢ is the strain at compressive strength; f. is the cylinder
compressive strength, Eq is the elastic modulus of normal con-
crete/FRC, E; is the tension softening stiffness, fycy is the crushing
strength of concrete/FRC, ¢, is the crushing strain of concrete; K
is the constraint increasing coefficient caused by transverse rein-
forcements, fy;, is the yield stress of transverse reinforcements, fc,
represents the cubic compressive strength; and f; is the uniaxial
tensile strength.

The mechanical properties of unconfined concrete can be
applied to the mechanical properties of concrete confined within
transverse reinforcements by multiplying constraint increasing
coefficient K.

6.2. Modeling of FRC

The FRC was modeled using the “Concrete 02” material model
as well in this study and its parameters used in OpenSEES are
shown in Table 4. The compressive stress-strain relationship pro-
posed by Li [30] was adopted to describe the uniaxial compressive
behavior of FRC due to highly accuracy as Eq. (7).

(A —x2)/[1 +(A-2)]
A/ + (A -2+ 7]

where x = ¢/¢g, ¥ = 000, 09 are the peak stress (uniaxial compressive
strength in this study), ¢ and ¢ are the stress and corresponding
strain of FRC at any time, A, is a parameter relating to the descend-
ing branch [30].

FRC exhibits strain-hardening behavior under uniaxial tension,
so the uniaxial tensile behavior (Fig. 12) was described by using

ifo<x<1
ifx>1

(8)

Oc¢ A
e Steady state Ultimate state
S Gpcuk F———————
\
A N ‘\\
58 mult. cracking ‘ \

! stage

\
\ \
\
f—) e=0/x <—i \\
|
HH Elastic stage

™ | 3

Damage local. stage

Fig. 12. Typical uniaxial tensile stress versus strain curve of FRC.

(&0:)
F
/[ E;
>
&

- 7 (&0.00)
(&.0r) '
Fig. 13. The constative model of steel 02.

a bilinear strain hardening constitutive law proposed by Li [30]
as Eq. (8).

o — {E()S
YTl 0yt Eet

where a;= (1 — Eje/Ep), 0ss is the steady-state cracking stress
defining the starting point of the hardening, o5 = 0.896f,, Ee is the
tangential modulus of FRC in the multiple cracking stage.

if € < 0s/Eo
if €> 0y/Ep

9)
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Fig. 14. Comparison of hysteretic curves of all specimens from experiment and numerical simulation.

Although the constitutive relationship of FRC is different from
that of normal concrete, the calculation method of parameters
used in OpenSEES is the same as the normal concrete except for
the ultimate compressive strain of FRC. Based on uniaxial compres-
sive test of FRC [30], the ultimate compressive strain of FRC is
attained, which is listed in Table 4.

6.3. Modeling of steel reinforcement

The “Steel 02” material model, which is based on the Giuffré-
Menegotto-Pinto model [29] revised by Fillipou et al. [31], avail-
able in OpenSEES was used to simulate the steel in the present
models. The “Steel 02” material model in OpenSEES takes into
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Table 5
Comparison between experimental value and simulation value of load-carrying capacity of all specimens at five feature points.
Specimens Crack load point Yield load point Peak load point Ultimate load point Residual load point
th,exp th, th,exp/th, th,exp V]h. th,exp/th, th,exp th, th,exp/vjh, V_]h.exp th, th,exp/vjh, V_]h.exp th, th,exp/vjh,
sim sim sim sim sim sim sim sim sim sim
FRCJ1 Push 4489 4474 1.00 64.96 67.65 0.96 80.57 82.55 0.98 70.71 73.62 0.96 4857 5242 0.93
Pull 50.07 48.65 1.03 64.78 67.63 0.96 79.27 82.56 0.96 7049 73.64 0.96 50.26 5244 0.96
FRCJ2 Push 34.67 3565 097 4997 52.67 0.95 61.95 62.99 0.98 52.63 51.73 1.02 4144 39.18 1.06
Pull 3479 35.17 0.99 4991 52.67 0.95 64.25 63.00 1.02 59.70 51.74 1.15 5439 39.19 1.39
FRCJ]3 Push 35.00 4020 0.87 5497 5547 0.99 68.38 68.76 0.99 58.89 63.08 0.93 43.69 43.50 1.00
Pull 3979 39.78 1.00 55.06 5546 0.99 71.15 68.75 1.03 63.13 59.22 1.07 49.46 4745 1.04
FRCJ4 Push 4542 4473 1.02 59.78 63.69 0.94 78.54 80.63 0.98 68.71 6442 1.07 41.63 49.96 0.83
Pull 44.87 44.75 1.00 59.79 63.70 0.94 —-80.61 80.62 0.99 75.19 6443 1.17 46.86 38.50 1.22
FRCJ5 Push 60.02 5933 1.01 7477 73.03 1.02 84.96 79.60 1.07 67.24 6544 1.03 50.18 46.68 1.08
Pull 59.74 5939 1.01 7452 73.04 1.02 84.75 79.60 1.06 66.84 6545 1.02 45.08 46.69 097
FRCJ6 Push 39.80 4225 0.94 59.40 65.08 0091 72.93 78.55 0.93 63.41 67.57 094 37.70 4156 091
Pull 5449 4369 1.25 59.71 65.08 0.92 76.66 78.39 0.98 7231 7238 1.00 5134 4155 1.24
FRCJ7 Push 4492 4284 1.05 65.17 6338 1.03 75.94 73.99 1.03 63.42 64.85 0.98 47.56 5032 0.95
Pull 5453 4258 1.28 65.02 63.52 1.02 78.36 7399 1.06 69.59 64.85 1.07 53.63 5032 1.07
RCJT  Push 4983 4190 1.19 59.49 57.15 1.04 66.33 70.09 0.95 5238 59.85 0.88 31.19 41.15 0.76
Pull 49.05 41.77 1.17 6235 57.14 1.09 67.82 70.14 0.97 5595 59.78 0.94 48.37 41.16 1.18

Note: Vi exp and Vi, sim represent the experimental and simulation load-carrying capacity, respectively.

Table 6

Comparison between experimental value and simulation value of lateral drift of all specimens at five feature points.

Specimens Crack load point Yield load point Peak load point Ultimate load point Residual load point
Oihexp  Ojn, Ojn,expl Oin, Oinexp  Ojn, Oin,explOjh, Oinexp  Ojn, Oin,explOjn, Oihexp  Ojn, Ojn.expl Oin, Oinexp  Ojn, Oin,explOjn,

sim sim sim sim sim sim sim sim sim sim
FRCJ1 Push 0.006 0.005 1.23 0.010 0.010 1.02 0.020 0.023 0.84 0.033 0.030 1.10 0.045 0.046 0.83
Pull 0.009 0.006 1.55 0.014 0.010 1.33 0.023 0.023 1.00 0.038 0.030 1.26 0.052 0.046 0.95
FRCJ2 Push 0.005 0.004 1.25 0.010 0.013 0.81 0.021 0.020 1.02 0.034 0.035 0.98 0.051 0.051 0.84
Pull 0.010 0.004 2.28 0.014 0.013 1.10 0.024 0.020 1.20 0.037 0.035 1.07 0.056 0.051 0.93
FRCJ3 Push 0.005 0.005 1.05 0.011 0.011 1.01 0.020 0.023 0.86 0.035 0.031 1.11 0.055 0.058 0.88
Pull 0.009 0.005 1.87 0.014 0.011 1.29 0.020 0.023 0.84 0.036 0.037 0.99 0.062 0.053 0.99
FRCJ4 Push 0.005 0.005 1.00 0.008 0.009 0.93 0.019 0.022 0.85 0.030 0.031 0.96 0.053 0.043 0.86
Pull  0.009 0.005 1.93 0.011 0.009 1.25 0.023 0.022 1.06 0.033 0.031 1.04 0.057 0.055 0.92
FRCJ5 Push 0.008 0.007 1.15 0.011 0.010 1.18 0.020 0.019 1.04 0.035 0.031 1.12 0.043 0.047 0.85
Pull 0.009 0.007 1.33 0.014 0.010 1.42 0.018 0.019 0.94 0.032 0.031 1.04 0.042 0.047 0.83
FRCJ6 Push 0.008 0.005 1.81 0.014 0.008 1.70 0.024 0.025 0.95 0.033 0.033 1.00 0.052 0.051 0.94
Pull 0.008 0.005 1.60 0.009 0.008 1.13 0.019 0.025 0.74 0.028 0.030 0.94 0.048 0.051 0.87
FRCJ7 Push 0.009 0.005 2.00 0.015 0.009 1.72 0.025 0.025 1.01 0.039 0.034 1.14 0.058 0.050 0.98
Pull  0.006 0.005 1.34 0.010 0.012 0.88 0.020 0.025 0.80 0.034 0.034 099 0.054 0.050 0.87
RCJ1 Push 0.008 0.005 1.78 0.013 0.009 1.54 0.018 0.018 0.98 0.027 0.024 1.13 0.033 0.035 0.86
Pull 0.006 0.005 1.36 0.012 0.009 1.36 0.016 0.018 0.90 0.026 0.024 1.08 0.031 0.035 0.81

Note: Ojnexp and Oj,sim represent the experimental and simulation lateral drift of column top, respectively.

account isotropic strain hardening rule and Bauschinger effect [32]
shown in Fig. 13. The critical parameters involved in the model
were introduced in Section 4.2.3. This material model is detailed
in the relevant literature such as Elmorsi [33].

The control parameters $R0O, $cR1, $cR2 transiting from elastic
to plastic branches, which reflects the Bauschinger effect, is 18.5,
0.925 and 0.15, respectively. The isotropic hardening parameters
$a1, $a2, $a3 and $a4 is 0, 1, 0 and 1, respectively.

6.4. Modeling verification

Fig. 14 demonstrates the comparison of hysteretic curves of all
specimens from experiment and numerical simulation. Both the
pinching effect and hysteretic loops were accurately captured by
the proposed FE models. It can be seen from Tables 5 and 6 that

the mean ratios of experimental value to simulation value of
load-carrying capacity at crack load point, yield load point, peak
load point, ultimate load point and residual load point is 1.05,
0.99, 1.00, 1.02 and 1.05, and the corresponding coefficients of
variations are 0.30, 0.27, 0.27, 0.27 and 0.28, respectively, indicat-
ing that the results predicted by the proposed FE models are in
good agreement with the test data. It can be also that the mean
ratios of experimental value to simulation value of lateral drift at
crack load point, yield load point, peak load point, ultimate load
point and residual load point is 1.55, 1.24, 0.94, 1.04 and 0.89,
and the corresponding coefficients of variations are 0.20, 0.22,
0.26, 0.24 and 0.30, respectively. Although the mean ratio of exper-
imental value to simulation value of lateral drift is a little large, the
numerical simulated results can be used to predict the actual
deformation capability of FRC beam-column joints.
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7. Parametrical study

In order to deeply understand the seismic performance of the
FRC specimens, a parametric study was then conducted with the
help of the proposed FE models.

7.1. Effects of axial load ratio

The skeleton curves obtained from the proposed models corre-
sponding to the axial load ratio varying from 0.05 to 0.25 with 0.05
intervals are shown in Fig. 15. All skeleton curves can be simply
described using a trilinear relationship including an elastic stage,
ayield stage and a failure stage. It is found that the increase of axial
load ratio leads to a slight increases in the initial tangent stiffness
in the elastic stage. A greater axial load ratio delivers an earlier
occurrence of failure corresponding to a shorter length of yield
stage. A greater axial load ratio results in an increment in the
load-carrying capacity which was evident from the experimental
results as well. The post-peak deterioration of the FRC specimens

during the failure stage is accelerated due to an increase in the
axial load ratio being verified by a more brittle failure stage.

7.2. Effects of transverse reinforcement ratio in the joint core zone

The skeleton curves from different transverse reinforcement
ratios of 0.228, 0.380, 0.456% and 0.610% in the joint core zone
are shown in Fig. 16. As transverse reinforcement ratios of the joint
core zone increases, the initial tangent stiffness is still almost sim-
ilar. However, a greater transverse reinforcement ratio postpones
the occurrence of failure and promotes the deformation capability.
Meanwhile, it shows a negligible effect on the skeleton curves until
the transverse reinforcement ratio enlarges to a certain level such
as 0.456% in the current study. It may imply that the FRC can effec-
tively reduce the usage of transverse reinforcements and conse-
quently diminish the complexity of construction.

7.3. Effects of FRC compressive strength

Fig. 17 shows the results of skeleton curves corresponding to
the FRC cubic compressive strength of 30, 40, 50 and 60 MPa in
the joint core zone. An increment of FRC compressive strength
leads to a slight improvement in the initial tangent stiffness. It is
clearly that a higher strength of FRC can dramatically promote
the load-carrying capacity while the deformation capability of
beam-column joints will be lower. However, this improvement
almost terminates as long as the strength is greater than a certain
level, such as 50 MPa adopted in the present study.

8. Conclusions

This paper presents a combination of experimental and numer-
ical study on the application of FRC to replace the normal concrete
casted in beam-column joints in order to improve seismic perfor-
mance. The findings from the presented well-conducted experi-
mental study has proved that FRC as an advanced alternative can
effectively promote the seismic performance of beam-column
joints. The proposed experimental study consisted of eight beam-
column joints and investigated the influences on the seismic per-
formances from the different axial load ratios and transverse rein-
forcement ratios of the joint core zone. An effective numerical
model was conducted to furtherly investigate the influences from
critical parameters after its accuracy was validated. The key con-
clusions can be drawn as follows.

(1) Compared with the RC specimen, there were more multiple
diagonal cracks occurred in FRC specimens. It can be con-
tributed to its multiple cracking behavior as the conse-
quence of excellent bridging capacity donated by PVA
fiber. In the view of failure modes, using of FRC can effec-
tively restrain the crack widening and eliminate the dam-
ages caused by the spalling of concrete cover.

(2) The increment of transverse reinforcement ratio in the joint
core zone experienced an improvement in the ultimate
deformation capability although it has negligible effects on
the load-carrying capacity. It may imply that it is possible
to decrease the usage of transverse reinforcements with
benefits of controlling construction cost and eliminating
the member congestion without deleteriously affecting the
seismic performance of the structures.

(3) Plastic hinges formed in the column close to the beam faces
when the flexural strength ratio of column to beam was <1,
otherwise the plastic hinge formed in the beams close to
the column faces. The increment of axial load ratio can pro-
mote the seismic performance of beam-column joints by
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improving the load-carrying capacity and energy dissipation
capacity. As expected, a higher compressive strength of FRC
can dramatically improve the load-carrying capacity of
beam-column joints while the deformation capability will
be reduced.
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