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a b s t r a c t

In the rigid-famed railway bridges, due to extensive amount of transverse reinforcements in the joint
connections, the over congestion at the connection brings the difficulties in fabricating and casting. With
the objective of avoiding the congestion, Polypropylene Fiber Reinforced Engineered Cementitious Com-
posite (PP-ECC), as one kind of Engineered Cementitious Composites, was implemented to reduce the
extensive amount of transverse reinforcements in the beam–column joint connection of rigid-framed
railway bridges. The basic mechanical properties of PP-ECC were confirmed by compression and uniaxial
tensile tests. The effects of reducing stirrup ratio in PP-ECC beams were investigated by four-point beam
tests, including two normal reinforced concrete (RC) beams and five PP-ECC beams with stirrup ratios
ranging from zero to 0.42%. Having confirmed the shear reinforcing effect of PP-ECC, three one-sixth scale
beam–column joint connections were constructed and tested by applying a cyclic load. A specimen was
prepared following the structural design of existing railway bridges in Japan but without transverse rein-
forcements in the joint. Further, two more specimens were prepared with reduced stirrups and ties in the
beam and column, respectively. The experimental results reveal that the PP-ECC is effective in replacing
transverse reinforcements in the beam–column joints of railway rigid-framed bridges.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Bridges are vital components of transportation that requires a
high degree of protection to ensure their safety during a strong
earthquake. The extensive damages of RC bridges observed in the
past earthquakes such as Northridge, Kobe and 2011 Great East
Japan earthquakes triggered extensive researches on the behavior
of beam–column joint connections for designing and constructing
a safer infrastructure, which further resulted in the improvements
of design codes focusing on providing sufficient ductility in the vul-
nerable structural member to prevent its brittle failure during a
major seismic event. Accordingly, for reinforced concrete (RC)
structures, a considerable amount of steel reinforcements are
required to be provided in these vulnerable regions, such as the
plastic hinge in the beam end adjacent to the column face in a
beam–column joint connection in the rigid-framed railway bridges
(Fig. 1), to confine the concrete to realize the formation of ductile
inelastic behavior in the plastic hinge. However, the increased
and elaborated reinforcement details bring the difficulties in fabri-

cating this complicated steel reinforcement cage as well as placing
and consolidating concrete in it during the construction phase. The
contradiction between increased high cost for design and construc-
tion due to these complicated reinforcements with accordingly
raised requirements on seismic performance becomes more and
more apparent.

Previous researches [1–6] on steel fiber reinforced concrete
(SFRC) have devoted significant effort studying the behavior of
joints under reversed cyclic loadings, as well as on the develop-
ment of design recommendations for ensuring sufficient ductile
behavior in beam–column joint connections while reducing the
transverse reinforcement. SFRC, as one type of the fiber reinforced
concretes (FRCs), is characterized by a tensile strain softening
behavior after reaching its first cracking strength. However, a
newly developed fiber-reinforced cement-based material named
Engineered Cementitious Composites (ECC) exhibits multiple fine
cracking, pseudo strain hardening behavior, large strain capacity
between 1% and 5% and superior ductility. Its superior strain
capacity makes it an ideal material for use in the plastic hinge
of beam–column joint connections to undergo large inelastic
deformation and reducing the quantity for transverse reinforce-
ments. So far, various types of fibers have been utilized to
produce ECCs, including steel, carbon and polymer fibers [7],
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whereas most structural and retrofit applications of ECC reported
in the literature use polymer fibers. The steel reinforced ECC (R/
ECC) structural members such as column with reduction of shear
reinforcements [8] have been confirmed in previous studies.
However, the amount of previous research on applying ECC in
the beam–column joints was limited and mainly focuses on the
interior beam–column joints in the buildings. The previous
research [9,10] have revealed the feasibility of total elimination
of transverse reinforcements in the joint and increasing stirrup
spacing in beam plastic hinge in beam–column joins constructed
with Polyethylene Fiber Reinforced Engineered Cementitious
Composites (PE-ECC).

In this research, a cementitious composite combined with fab-
ricated polypropylene fibers (Fig. 2) named Polypropylene Fiber
Reinforced Engineered Cementitious Composites (PP-ECC) with
improved bond properties exhibiting the pseudo strain hardening
and multiple fine cracking of ECC [11] was utilized to reduce the
transverse reinforcements in beam–column joint connections of
rigid-framed bridges. Compared with widely used polymer fibers
such as polyvinyl alcohol (PVA) fibers or polyethylene (PE) fibers,
polypropylene (PP) fiber is softer, costs lower and disperses faster,
which all results in better workability. In addition, because of the
hydrophobic and non-polar nature of PP fiber, PP-ECC has better
durability in an alkaline environment [12]. The loading tests
including two phases were conducted: a total of seven beams
including five PP-ECC and two normal RC beams with varying stir-
rup ratios were tested to verify the shear effectiveness of PP-ECC in
the first phase and a total of three one-sixth scaled T-shaped
beam–column joint specimens which were prepared based on
the design standards for existing railway bridges in Japan [13]
were tested under the applied reversed cyclic load to verify the
possibility of reducing transverse reinforcements.

2. Mechanical properties of the PP-ECC

2.1. Production of PP-ECC

The target nominal compressive strength of the PP-ECC is 30 N/
mm2. The material components and mixture proportion used in
this investigation were based on a study by Hirata et al. [11].
Ordinary Portland Cement (OPC), fly ash (maximum grain size of
0.3 mm), water and 3% volume fraction of PP fibers were combined
using mix proportion tabulated in Table 1. The air content of PP-
ECC used in this study is around 10%. The PP fibers, as shown in
Fig. 2, are fibrillated fibers having diameter of 36 lm, length of
12 mm, tensile strength of 482 MPa and elastic modulus of
5 GPa. This fibrillated polypropylene fiber with rugged surface
results in improvement of bond properties and exhibits the pseudo
strain hardening and multiple fine cracking of ECC under tensile
stress [11]. Having finished the mixing process, the fresh PP-ECC
was cast and placed into the formworks and cured for 24 h. After
the removal of formwork, all of the PP-ECC specimens in this study
were coated by soaked cloths to maintain the moist-curing envi-
ronment for 28-day curing.

2.2. Compressive characteristics

The compressive characteristics of PP-ECC were inspected by
employing the cylinder compression test. The PP-ECC cylinders
with diameter of 100 mm and height of 200 mm were prepared.
The compressive strengths of PP-ECC cylinders cast along with dif-
ferent specimens in this study are tabulated in Table 1. Different
from the normal concrete in mixture, since the PP-ECC in this study
uses no coarse aggregates instead of PP fibers, the average value of
elastic modulus of the PP-ECC cylinders in RE-42 is 1.5 � 104 N/
mm2 which is lower than that of the normal strength concrete
while the elastic modulus of the concrete with compressive
strength of 29.1 N/mm2 is 2.8 � 104 N/mm2 in this study. However,
as shown in Table 1, the compressive strength of the PP-ECC in this
study is almost equivalent to that of the normal strength concrete.

2.3. Tensile characteristics

Tensile behavior, as one of the most important characteristics of
ECC, was investigated by employing the uniaxial tensile method in
this study. As shown in Fig. 3(a), the PP-ECC plate specimens with
rectangular cross section of 76 mm wide and 13 mm thick were
designed. The length of plate specimen is 200 mm, including
50 mm connecting length for attaching aluminum plates at both
sides of plate. For each PP-ECC plate specimen, four aluminum
plates were prepared for connecting the loading facility. The test-
ing range of the PP-ECC plate is 100 mm. Two linear variable differ-
ential transformers (LVDTs) setting parallel to the loading direction
at both sides of the plate as shown in Fig. 3(b), were used to mea-
sure the axial tensile deformation. The speed of load head was
selected as 0.1 mm/min.

Fig. 1. Rigid-framed railway bridges.

(a) A cluster of fibers. (b) Length of fiber. (c) Cross section view under a microscope.

Fig. 2. Polypropylene fiber used in this study.
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Tensile stress versus strain curves of the three specimens are
shown in Fig. 4. The test result clearly shows typical pseudo strain
hardening behavior of ECCs. From the beginning of the tests, the
stress continued to increase until the first crack appeared. The
stress then suddenly decreased, whereas it continued to increase
after this sudden decrease as a result of the occurrence of the first
crack. As the loading progressed, the increase and sudden drops of
stress continued to take place accompanied by more and more fine
cracks were observed on the surface of the specimen. At around 3%

strain, a localized crack gradually formed and the stress began to
decrease slowly. The tensile yield strength is determined as the
lower value immediately after first cracking based on the stress–
strain relationship. The tensile strength is defined as the maximum
stress in the tensile stress–strain curve obtained from uniaxial ten-
sile tests. In this study, the yield and tensile strength were greater
than 2.5 and 3.5 N/mm2, respectively.

3. Beam loading tests

3.1. Specimen layout and setup

To verify the shear effectiveness of the PP-ECC, a total of seven
beams with two types of matrixes (concrete and PP-ECC), including
one control beam (RC-Ref), one RC beam without stirrups within
the shear span (RC-00) and five PP-ECC beams with varying stirrup
ratios from the level of the control beam to zero, as summarized in
Table 2, were tested. All beam specimens had the same cross-sec-
tional dimension (150 � 300 mm), longitudinal reinforcement
ratio of 2.7% and shear span-effective depth ratio of 2.8. RC-Ref
was the control beam with the equivalent amount of stirrups in
both shear spans symmetrically. It was designed to be failed in
shear prior to the flexural failure following JSCE specification
[14]. The beam corresponding to RC-Ref using PP-ECC was RE-42,
having the same reinforcement arrangement as RC-Ref. In addition,
a pair of beams without stirrups using concrete and PP-ECC were
prepared as RC-00 and RE-00, respectively. For the remained three
PP-ECC beams, the stirrup ratios varied from 0.30% to 0.12%. All
stirrups were uniformly arranged within the shear span as shown
in Fig. 5.

3.2. Material properties

The regular deformed steel bar with nominal diameter of
25.4 mm and yield strength of 400 N/mm2 was used for longitudi-
nal reinforcement in the tension side for all beams while a round
steel bar with diameter of 6 mm and yield strength of 277 N/
mm2 was used for longitudinal reinforcement in the compression
side. All specimens used deformed bars with nominal diameter of
6.35 mm and yield strength of 323 N/mm2 as stirrups. The type and
properties of all steel bars used in these seven beam specimens are
summarized in Table 3.

The mix proportions of normal concrete was decided following
the concrete mix design procedure described in ‘‘Standard specifi-
cations for concrete structures (Material and Construction)’’ [15]
and is shown in Table 4. The PP-ECC used in beam tests is as
described in Section 2. The mix proportions of PP-ECC with their
compressive strengths in this study are summarized in Table 1.
Since the PP-ECC is a kind of flowable cementitious material, the
slump flow value of the PP-ECC in this study was measured to be
approximately 500 mm. After the accomplishment of casting PP-

Table 1
Properties of PP-ECC.

Specimen f0ECC Slump flow W/B FA/B Unit weight (kg/m3)

(N/mm2) (mm) (%) (%) W B PP fiber AE

RE-42 30.4 Approx. 500 27 33 371 1400 27 7
RE-30 33.1
RE-24 31.5
RE-12 35.6
RE-00 32.8
TJ-1 48.2
TJ-2 33.6
TJ-3 33.6

f0ECC: compressive strength of PP-ECC; W: water; B: binder; FA: fly ash; AE: air entrainment.
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ECC, it was poured into the formwork by moving the pouring posi-
tion continuously along the direction of the beam axis.

3.3. Test results

As shown in Fig. 6, that are the failed shear spans at the ultimate
stage after the loading tests, all beams were failed in shear with a
localized inclined crack developed in the shear span during the
loading tests. The load carried by a beam versus its midspan deflec-
tion curves for all specimens involved in this study are shown in
Fig. 7. Different from the shear failure in brittle manner of RC
beams, the failure process in PP-ECC beams was much gentler
and the critical cracks were observed when the loading progressed
exceeding to the peak loads. The shear capacities of all beams were

compared by choosing the shear capacity of the control beam RC-
Ref as the standard, as shown in Fig. 8. Even with a monotonic
reduction in stirrup ratio from 0.42% to 0.12%, the shear capacity
of PP-ECC beams still exhibited higher shear capacity than that of
the control beam. As for two pairs of counterpart beams, RC-Ref
and RE-42 that are beams with the same amount of stirrups, RC-
00 and RE-00 that are beams without stirrups, the shear capacity
of beams with and without stirrups increases 20.6% and 107.6%,
respectively by using PP-ECC, which attributes to the bridging
effect resulting from the PP fibers. For RC beams governed by shear
failure, the shear capacity will decrease significantly with the
decrease in stirrup ratio. Different from RC beams, as shown in
Fig. 9, the effect from stirrup ratio is less significant in PP-ECC
beams. It also appears a possibility that the PP-ECC could be a
replacement of the stirrups in beam–column joint specimens.

4. Experimental program of beam–column joints

4.1. Test specimens

In the loading tests of beam–column joint specimens, an exist-
ing railway bridge designed following the Japanese code, ‘‘Design
Standard for Railway Structures and Commentary (Concrete Struc-
tures)’’ [13], was considered as a prototype structure in this study.
Since this type of rigid-framed railway bridge is stiffer in longitu-

Table 2
Layout of beam specimens.

Specimen Length (mm) Stirrups Longitudinal bar Matrix type

rw (%) s (mm) As (mm2) pw (%)

RC-Ref 2100 0.42 100 1013.4 2.7 Concrete
RC-00 0.00 –
RE-42 0.42 100 ECC
RE-30 0.30 140
RE-24 0.24 175
RE-12 0.12 350
RE-00 0.00 –

rw: the stirrup ratio, rw = Aw/(bw � s); Aw: the cross-sectional area of one set of stirrups with spacing s; s: the spacing of stirrups; bw: the width of the beam; pw: the longitudinal
reinforcement ratio, pw = As/(bw � d); As: the total cross-sectional area of longitudinal reinforcements; d: the effective depth of beam.

250 700 200 700 250

150

25
0

30
0

2100

Stirrup
100 s Rebar in compression

Rebar in tension

Load

Unit: mm

Fig. 5. Dimensions and reinforcement details of beam specimens in beam tests.

Table 3
Properties of steel reinforcements in beam tests.

Steel bars Nominal diameter
(mm)

fy
(N/mm2)

fu
(N/mm2)

ey

Rebar in tension 25.4 400 577 0.002000
Stirrup 6.35 323 499 0.001615
Rebar in compression 6.0 277 434 0.001385

fy: the yield strength; fu: the ultimate strength; ey: the yield strain.

Table 4
Properties of concrete.

Specimen f0c Gmax W/C Unit weight (kg/m3)

(N/mm2) (mm) (%) W C S G Superplasticizer

RC-Ref 29.1 20 60 177 294 830 970 2.94
RC-00 34.9 20 60 177 294 830 970 2.94
Prototype 30.0 25 55 160 297 * * *

TJ-1 50.0 15 60 169 281 830 896 2.82
TJ-2 45.2 15 60 169 282 830 896 2.82

f0c: compressive strength of concrete; W: water; C: cement; S: fine aggregate; G: coarse aggregate.
* Data not available.
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dinal direction but vulnerable in transverse direction to earth-
quakes, the frame structure in transverse direction was selected
as the study target. Totally three specimens with different amount
of transverse reinforcements were constructed on one-sixth scale,
corresponding to a beam–column joint connection in the prototype
bridge formed by three inflection points under an idealized later-
ally applied seismic load, in which two points locates at the middle
points of the column section above and below the intermediate
beam and another one locates at the middle point of the interme-
diate beam as illustrated by Fig. 10. Fig. 11(a) shows a sketch of the
test setup used in this study and overall specimen details. The
height of a column was considered as 1500 mm and the length of
a beam from the face of a column to the end was considered as
900 mm. The column cross section was 250 mm � 250 mm, and
the beam was 170 mm wide and 200 mm deep as shown in
Fig. 11(b). The thickness of cover concrete was 20 mm. The trans-
verse reinforcements in the joint were eliminated for all specimens
and the amounts of longitudinal reinforcements in beams and

columns were constant in these three specimens. In the specimen
TJ-1, as shown in Fig. 12(a), the longitudinal and transverse rein-
forcements were provided in the beam and column according to
the prototype bridge but without ties in the joint. Based on the
specimen TJ-1, the stirrups in testing span of the beam were elim-
inated in the specimens TJ-2 as shown in Fig. 12(b), while the
amount of longitudinal and ties in the column was kept
unchanged. In the specimen TJ-3, as shown in Fig. 12(c) the
amount of transverse reinforcements not only in the beam but also
in the column was reduced to the minimum for fabricating a rein-
forcement cage. PP-ECC would be used in the beam–column joint
and the beam region in TJ-1 and TJ-2 while the normal concrete
would be used in the column region. However, only PP-ECC would
only be used in TJ-3 specimen. The material and transverse rein-
forcement reductions in all specimens were summarized in Table 5.
Reinforcements with nominal diameter of 6.35 mm and yield
strength of 325 N/mm2 were used for both longitudinal and trans-
verse reinforcements in all three specimens. The mechanical prop-
erties of reinforcements as well as longitudinal and transverse

Fig. 6. Crack pattern of failed span in beam specimens after loading tests.
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reinforcement ratios of the prototype bridges and specimens are
summarized in Table 6. The mix proportions of normal concrete
and PP-ECC used for the all beam–column joint specimens as well
as their compressive strength are tabulated in Tables 1 and 4,
respectively.

For the purpose of design, the strong column and weak beam
concept was confirmed by calculating the ratio of the column flex-
ural strength to that of the beam. Since there is no specific provi-
sion regarding that design concept in Japanese code ‘‘Design
Standard for Railway Structures and Commentary (Concrete Struc-
tures)’’ [13], the relevant provision in ACI code [17] was employed
to ensure that the specimens satisfy strong column and weak beam
concept as shown in Eq. (1):

Mc=Mb � 1:2 ð1Þ
where Mc and Mb are the flexural strength of the column and the
beam, respectively. The ultimate flexural strengths of the beam
and the column were calculated following the JSCE code [14] for
normal RC structures and the ratio of Mc to Mb was 1.67 which is
greater than the value of 1.2 complying the strong column and
weak beam approach. Based on the previous research [16], the
replacement of normal concrete by PP-ECC in the flexural member
can increase its flexural capacity around 10%. Nevertheless, Mc/Mb

is still larger than 1.2.
The force equilibrium of an exterior beam–column joint is

shown in Fig. 13. The total horizontal joint shear force (Vjh) corre-
sponding with the flexural strength of the beam can be calculated
based on Eq. (2):

Vjh ¼ H � L
H þ hc=2

� 1
jdb

� 1
� �

� Vc ð2Þ

where Vc is the column shear force; L is the length from the beam
inflection point to the column face; H is the height between upper
and lower column inflection points; jdb is the distance between the
internal compression and tension force resultants in the beam
which was taken as 0.9d and d is the effective depth of the beam;
hc is the column depth. The peak shear stress (vj) in an exterior
beam–column joint can be estimated as Eq. (3):
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v j ¼ Mub=jdb � Vc

bjhc
ð3Þ

where Mub is the ultimate flexural strength of the beam; bj is the
effective joint width. According to ACI Committee 318-11 [17]
and the Joint ACI-ASCE Committee 352 recommendations [18],
the maximum shear stress of 1.0

p
f0c (MPa) is permitted in Type 2

connections with one beam framing into the column from one side.

4.2. Reduction in transverse reinforcements

As reported by previous studies [9,10], the use of PE-ECC can
maintain adequate shear strength in the beam–column joint and
beam plastic hinges without special transverse reinforcement
detailing. Therefore, the ties in the joint region were eliminated
for all specimens in this study. First of all loading test was con-
ducted on TJ-1. In TJ-2 and TJ-3, transverse reinforcements in beam
and column were decided to be further eliminated so that the
shear capacities were closed to each other. Fig. 14 shows the
reinforcements arrangement for three specimens after reducing

transverse reinforcements. It was evident that more transverse
reinforcements reduced, the better workability attained.

4.3. Specimen construction

For the specimen TJ-1 and TJ-2, because of two types of materi-
als were used in one specimen, the construction sequence needs to
be specially designed. As reported by the other researchers [19],
since the ECC exhibits strong bonding effect to the concrete, the
concrete in the column region was determined to be cast firstly.
In addition, in order to increase the bonding of PP-ECC to concrete
at the interface, the surface retarder, a kind of admixtures to delay
the set of the surface cement paste so that the aggregate can be
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Table 5
Summary of transverse reinforcement reduction.

Transverse reinforcement ratio (%)

TJ-1 TJ-2 TJ-3

Joint 0 0 0
Beam 0.68 0 0
Column 0.56 0.56 0

Table 6
Mechanical properties and amount of steel reinforcements.

Specimen Bar nominal
diameter (mm)

Transverse
reinforcement diameter
(mm)

Yield strength
(N/mm2)

Tensile
strength (N/
mm2)

Reinforcement ratio (%)

Beam Column

Longitudinal
reinforcement

Transverse
reinforcement

Longitudinal
reinforcement

Transverse
reinforcement

Prototype 31.8 15.9 * * 1.324 0.636 0.991 0.530
TJ-1 6.35 6.35 325 525 1.304 0.677 1.064 0.563
TJ-2 6.35 6.35 325 525 1.304 0.000 1.064 0.563
TJ-3 6.35 6.35 325 525 1.304 0.000 1.064 0.000

* Data not available.
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exposed easily, was utilized. The specimen construction sequence
was: firstly, the temporary formwork with surface retarder painted
was set at the designed location of interface between concrete and
the PP-ECC; secondly, the concrete was cast and placed into the
column region; thirdly, the temporary formwork was removed
after 24-h curing of concrete; fourthly, high-pressure water was
utilized to flush the designed interface to expose the coarse aggre-
gate in the concrete; PP-ECC was cast and placed into the beam–
column joint and the beam region at last.

4.4. Experimental setup and procedure

All specimens were tested under a reversed cyclic load provided
by a digital closed-loop controlled hydraulic loading system. The
experimental setup is shown in Fig. 15. The reversed cyclic lateral
displacement controlled loading was applied on the column. The
bottom of the column was pinned to a strong loading frame to sim-
ulate middle height inflection point during a seismic event. At the
beam length of 675 mm from the column face, two roller supports
were fixed at the locations as illustrated in Fig. 11(a) to simulate
middle length inflection point of intermediate link beam. The
applied displacement history included 36 reversed displacement
cycles ranging from 0.5% to 6.0% drift, with three cycles performed
at each drift level, as shown in Fig. 16. When the column was
pulled towards the actuator, the displacement was considered as

positive displacement and vice versa. The drift level is defined as
the ratio of the lateral displacement to the height from the hinge
to the level of the applied lateral load.

5. Experimental results and discussions

5.1. Crack pattern and failure process of beam–column joint
connections

Fig. 17 shows the crack patterns of all specimens observed after
testing. The first fine flexural cracks initiating from the bottom
edge of beams for all specimens were observed at the first cycle
in the drift of 0.5%. The large number of cracks appeared before
the peak loads while few cracks were developed after the peak
load. The localized cracks in all specimens were noticed in the
top of beam adjacent to the column face after the peak load and
developed to be more and more obvious due to their opening
and closing under the increased cyclic loads. In all specimens,
except very limited numbers of fine flexural cracks were observed
in TJ-1 and TJ-3, most of the fine flexural cracks were developed in
the beam span from the column face to the roller supports and
concentrated in the beam near the column face leading to the for-
mation of flexural plastic hinge in the beam. Meanwhile, different
amounts of fine inclined shear cracks were developed in the beam–
column joint in all specimens. On increasing the applied drift, with
opening and closing of shear cracks in the joint core region, the
joint distortion and expansion continued to increase. The shear
cracks adversely affected the bond between the PP-ECC and the
steel reinforcements leading to the bond deterioration. Without
the occurrence of localized shear cracks in all specimens, the suffi-
cient shear strength of joints provided by PP-ECC can be developed
even without tie bars in the joints, thereby allowing the formation
of plastic hinges in the beams. The similarity of the failure process
of TJ-1 and TJ-2 indicated that the feasibility that the PP-ECC was

Fig. 14. Reduction of transverse reinforcements in the specimens.

Fig. 15. Test setup.
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able to be the replacement of stirrups in the beam. Different from
TJ-1 and TJ-2, the crushing of partial PP-ECC with fewer fractions of
PP fibers on the view side in the plastic hinge region in TJ-3
occurred at the peak load due to the inadequate distribution of
PP-ECC fibers. As for the effects of this crushing, it would be dis-
cussed in the following section.

Fig. 18 shows the pull out of beam longitudinal reinforcements
on the external face of a column in all specimens after the loading
test due to the slipping between beam longitudinal reinforcements
and the PP-ECC in the joints. Different extents of pull out of rein-
forcements in all specimens were observed. There were pulling
out of top beam reinforcements in TJ-1 as shown in Fig. 18(a),
but all beam reinforcements buckled and five out of six top beam
reinforcements ruptured by the end of the loading test. The similar
damage that the pull out of bottom beam reinforcements as shown
in Fig. 18(b) in TJ-2 was also observed, but all top beam reinforce-
ments buckled and only two out of six top reinforcements rup-
tured. The pull out of beam reinforcements in TJ-3 as shown in
Fig. 18(c) was quite insignificant compared to the specimens TJ-1

and TJ-2, manifesting that the bonding between beam reinforce-
ments and the PP-ECC in the joint of TJ-3 was the best and finally
two out of six top beam reinforcements and four out of six bottom
beam reinforcements ruptured. This is because the limited space
between beam reinforcements and the interface in the column
impaired the bonding between reinforcements and the PP-ECC.

5.2. Load–displacement hysteretic results in beam–column joint tests

The load–displacement hysteretic loops obtained from the cyc-
lic loading tests are shown in Fig. 19. The hysteretic loops of all
specimens were pinched to an equivalent level. The dashed lines
with green color in each subfigure indicate the peak loads of each
specimen in positive and negative loadings. The peak load of TJ-1 in
positive loading cycles was the highest among all specimens,
which was mainly attributed by its higher compressive strength
of PP-ECC among all specimens. Fig. 20 shows the load–displace-
ment hysteretic envelops of three specimens. It is noted from
Fig. 20 that three specimens performed similarly within 2.0% drift.

Fig. 17. Crack pattern after loading tests.

(a) TJ-1. (b) TJ-2 (c) TJ-3.

Fig. 18. Pull out of beam longitudinal reinforcements after loading tests.

-30

-20

-10

0

10

20

30

8

Lo
ad

 (k
N

) 

Drift (%) 

23.4 kN 

18.0 kN 

Pull 

Push 

1 

2 

3 1 - First cracking 
2 - Beam yield 
3 - Peak load 

TJ-1 

-8 -6 -4 -2 0 2 4 6

(a) TJ-1

-30

-20

-10

0

10

20

30

8

Lo
ad

 (k
N

) 

Drift (%) 

21.1 kN 

17.2 kN 

Pull 

Push 

1 

2 3 1 - First cracking 
2 - Beam yield 
3 - Peak load 

TJ-2 
-8 -6 -4 -2 0 2 4 6

(b) TJ-2

-30

-20

-10

0

10

20

30

-8 -6 -4 -2 0 2 4 6 8

Lo
ad

 (k
N

) 

Drift (%) 

19.6 kN 

18.6 kN 

Pull 

Push 

1 

2 3 1 - First cracking 
2 - Beam yield 
3 - Peak load 

TJ-3 

(c) TJ-3

Fig. 19. Load–displacement hysteretic loops.
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On applying the cyclic load in TJ-1 after the peak load at 3.0% drift,
the load dropped drastically when TJ-1 was loaded towards 4.5%
drift in the first cycle due to the ruptures of beam top longitudinal
reinforcements. On reversing the load, only the beam bottom lon-
gitudinal reinforcements participated to carry the load. However,
after the peak load, the strength marginally decreased in subse-
quent cycles up to 4.5% drift forming a plateau in load–displace-
ment envelope curve of TJ-2 and slightly decreased from 2.5% to
4.5% but increased from 4.5% to 6.0% forming a flat basin in the
load–displacement envelope curve of TJ-3 due to inelastic behavior
of plastic hinge adjacent to the column face and the bond deterio-
ration in the joint region.

Table 7 summarizes the experimental results of each speci-
men. The total horizontal shear force and joint stresses were cal-
culated based on Eqs. (2) and (3), respectively. The effective joint
width bj is specified by Joint ACI-ASCE Committee 352 [18]. The
peak shear stress of TJ-1, TJ-2 and TJ-3 are 0.32

p
f0c, 0.35

p
f0c

and 0.32
p
f0c, respectively, which are all satisfying the maximum

permitted limit of 1.0
p
f0c (MPa) specified by ACI code [17]. More-

over, in previous research [9], the interior beam–column joint
without transverse reinforcement using ECC sustained the peak
joint stress up to 1.4

p
f0c (MPa), which indicates potential that

ECC could be implemented in the beam–column joint subjected
to a high joint stress. It is worth mentioning that the permitted
joint shear stress specified by ACI code [17] was proposed based
on the normal concrete structure. No design recommendations
were developed to specify the permitted joint shear in the ECC
beam–column joint.

5.3. Energy dissipation of beam–column joint tests

Energy dissipation indicates the capability of structures to
dissipate energy through yield mechanism with satisfactory

performance in the inelastic range, which occurs due to induced
damages in the specimens in terms of cracking of concrete, yield-
ing and buckling of steel reinforcements and debonding of fibers
in ECC. Fig. 21 shows energy dissipation capacity of each specimen.
Energy dissipation was assessed by computing the cumulative
energy dissipation at each load cycle, namely, the area enclosed
by the corresponding load–displacement hysterical loops. Due to
the pinching and strength degradation in all specimens, the energy
was not proportionally increased to the increase in the applied
drift. Up to the drift of 3.0%, all specimens dissipated almost the
same amount of energy. At the drift level of 4.5%, TJ-1 dissipated
15.7% more energy than the specimen without transverse rein-
forcements TJ-3. The growth of energy dissipation in TJ-1 slowed
down markedly due to the rupture of top beam reinforcements
in TJ-1 at the drift level of 4.5% while fewer ruptures of beam
reinforcement in of TJ-2 and TJ-3 at this drift. As a result, the TJ-
2 and TJ-3 dissipated more energy than that of TJ-1. Among all
specimens, the energy dissipated by TJ-2 and TJ-3 was almost
equivalent to that dissipated by TJ-1. The comparable energy dissi-
pation even after reducing the amount of transverse reinforce-
ments in the specimens TJ-2 and TJ-3 also highlighted the shear
reinforcing effectiveness of PP-ECC.

Fig. 22 shows the stiffness degradation of all specimens during
the cyclic loading, which was assessed by computing the slope of
the line connecting the peak load and zero load at half cycle of each
drift level. Even with the elimination of transverse reinforcements
in TJ-2 and TJ-3, TJ-2 and TJ-3 exhibited the comparable perfor-
mance of TJ-1, indicating that the little effect on the stiffness deg-
radation due to the reduction of transverse reinforcements by
using PP-ECC. In addition, it was noted that although the crushing
of the defective PP-ECC on the view side in TJ-3 was observed dur-
ing the loading tests, the comparable energy dissipation and stiff-
ness degradation exhibited by TJ-3 indicates that the effect
resulting from this defective PP-ECC was ignorable.

-30

-20

-10

0

10

20

30

-8 -6 -4 -2 0 2 4 6 8

Lo
ad

 (k
N

)

Drift (%)

TJ-1
TJ-2
TJ-3

Fig. 20. Load–displacement hysteretic envelops.

Table 7
Summary of experimental results.

TJ-1 TJ-2 TJ-3

First cracking drift cycle 0.5% – 1st 0.5% – 1st 0.5% – 1st
Load at the peak when positive loading 23.4 kN 21.1 kN 19.6 kN
Load at the peak when negative loading 18.0 kN 17.2 kN 18.6 kN
Total horizontal joint shear force (Vjh) 138.9 kN 125.3 kN 116.4 kN
Peak joint shear stress (vj) 2.2 MPa 2.0 MPa 1.9 MPa
Ratio of peak joint shear stress to

p
f0c 0.32 0.35 0.32

Pull out of longitudinal reinforcements in beam Top reinforcements Bottom reinforcements No
Beam reinforcements rupture 5 out of 14 2 out of 14 6 out of 14
Failure mode Flexural Flexural Flexural
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6. Conclusions

The four-point bending experiments of the beams with reduced
stirrupswere conducted to investigate the shear behavior of PP-ECC
beams. Then the reverse cyclic loading tests were performed to
eliminate the transverse reinforcements in the beam–column joint
connections of railway rigid-framed bridges which were designed
following the Japanese railway design code. The present study indi-
cates that PP-ECC is a possible alternative to replace the transverse
reinforcements to provide the sufficient ductility thereby strikes a
balance between economy and workability in beam–column joint
connections of railway rigid-framed bridges. Based on the experi-
mental results, the following conclusions can be drawn:

1. At the a/d = 2.8, the shear capacity of the beams with and
without stirrups increases 20.6% and 107.6%, respectively by
replacing concrete with PP-ECC. It also appears feasibility that
the PP-ECC could be a replacement of the transverse reinforce-
ment in beam–column joint connection specimens.

2. The reduction of transverse reinforcements in the beam, the
column and the joint improved the workability and increased
economy of using PP-ECC.

3. The failure mode of the specimens even with elimination of
transverse reinforcements was still flexural failure, which was
the same as that of the specimen without elimination of trans-
verse reinforcements indicating that the PP-ECC can be the
replacement of transverse reinforcements to provide sufficient
shear strength.

4. The peak loads of PP-ECC joint specimens with elimination of
transverse reinforcements remained comparable to the speci-
men without elimination of stirrups in the beam without shear
failure, indicating that the PP-ECC can act as transverse rein-
forcements to carry the applied load.

5. Sufficient ductile behavior could be achieved even with reduc-
tion of the transverse reinforcements by using PP-ECC.

6. The specimens with the reduction of transverse reinforcements
by using PP-ECC dissipated more energy than that without
elimination of transverse reinforcements.
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Fig. 22. Stiffness degradation.
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