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Abstract

Twenty-seven large-scale beams with dapped-end have been prepared, cast and tested to failure in the three points
loading arrangement. One control beam has been designed in accordance with requirement of standard code while
the dapped-end reinforcement scheme of other beams has been derived from the control beam. In selected beams,
engineered cementitious composites (ECC) has been utilized in the dapped-end region. The test results exhibited that
DR is more appropriate and higher capacity than HR in resisting the shear force. In addition, the reinforced engineered
cementitious composites dapped-end beams (R-ECC-DEB) showed higher structural performance compared to the

crack pattern, failure mode

normal reinforced concrete dapped-end beams (RC-DEBs). The strength of ECC also has direct effect on the failure
capacity of the R-ECC-DEB, in which higher strength of ECC leads to higher failure capacity of R-ECC-DEB.
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1 Introduction

Precast reinforced concrete dapped-end beams (RC-
DEBs) are widely being used in multi-story car park (Fu
2004; Herzinger 2008; Forsyth 2013; Botros et al. 2017),
the reinforced concrete (RC) buildings (Forsyth 2013;
Botros et al. 2017; Ahmad et al. 2013), long-span and
pedestrian bridges (Mohammed and Mahmoud 2015;
Herzinger and Elbadry 2007), and concrete bridge girders
(Taher 2005). The nibs of precast RC-DEBs are frequently
supported by columns, beam-to-beam connections,
inverted T-beams (ledger beams), cantilevers or corbels.
Due to the notching or recessing at the ends, RC-DEBs
have more lateral stability at the supports than normal
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precast RC beams. In addition, RC-DEBs allow reduction
in the total height of constructions.

Several studies have been carried out to investigate the
capacity of RC-DEBs. Wang et al. (2005) have studied the
shear strength of dapped-end beam (DEB) and suggested
that the height of nib should be larger than 0.45 times the
height of beam. Peng (2009) has utilized proper anchor-
age and adequate hanger reinforcements to achieve
good ductility and higher shear strength of RC-DEBs.
Mattock (2012) has concluded that variation of nomi-
nal shear span and nib height can lead to different shear
strength capacity of RC-DEBs. Nagrodzka-Godycka and
Piotrkowski (2012) have carried out an experimental
investigation of RC-DEBs subjected to the vertical and
the inclined forces at the supports. They have reported
that dapped-end beams which loaded by only the verti-
cal forces exhibit higher load carrying capacity compared
to the dapped-end beams that subjected to the inclined
forces.

Mattock and Theryo (1986) have experimentally inves-
tigated five precast-prestressed concrete T-beams with
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different dapped-end reinforcement schemes. They indi-
cated that by draping a half or more the pre-stressing
strands/tendons through the nib has led to significantly
increasing the load failure of RC-DEBs. Lu et al. (2003)
have shown that the shear strength of DEBs increases
with increasing the concrete compressive strength and
number of nib flexural reinforcements. While reducing of
the nominal shear span-depth ratio leads to increase the
shear strength of RC-DEBs. Taher (2005) has reported
that strengthening of dapped-end region can lead to
increase the shear strength of RC-DEBs. Herzinger
(2008) has proved that use of single and double head
stud reinforcements in dapped-end region will improve
the performance of these beams in comparison to the
conventional reinforcements. This method can reduce
congestion of dapped-end reinforcements. Mohamed
and Elliott (2008) have studied RC-DEBs made of steel
fiber self-compacting concrete (SF-SCC). They have
reported that better shear strength of those beams lead-
ing to reduce the amount of dapped-end reinforcements.
Huang and Nanni (2006) as well as Nagy-Gyorgy et al.
(2012) have proved that CFRP strengthening at dapped-
end region resulting in higher shear strength capacity of
RC-DEBs.

Aswin et al. (2015a) have analyzed the tests data of 111
RC-DEBs available in the literatures, and concluded that
the shear failure is the dominating failure mode of these
beams. Dapped-end beams are usually subjected to the
high stress flows due to the geometry discontinuity at the
end of beams, known as D-region (Ahmad et al. 2013;
Herzinger and Elbadry 2007; Mohamed and Elliott 2008;
Huang and Nanni 2006; Aswin et al. 2015b). Strain distri-
bution at D-regions is significantly non-linear (Schlaich
and Schafer 1991), then the first crack is always initi-
ated from the re-entrant corner of the RC-DEBs (Forsyth
2013; Wang et al. 2005; Aswin et al. 2015b; Mattock and
Chan 1979; Moreno-Martinez and Meli 2014). Therefore,
researchers have suggested to providing the suitable rein-
forcements close to re-entrant corner to resist the diago-
nal cracks that may occurs in dapped-end region (Huang
and Nanni 2006; Mattock and Chan 1979; Huang 2000).

To anticipate the diagonal cracks emanating from re-
entrant corner, in general, vertical stirrups as hanger
reinforcement (HR) has been utilized. However, Wang
et al. (2005) have reported that inclined stirrups and lon-
gitudinal bent reinforcements have more influence on
the shear strength than vertical stirrups. Forsyth (2013)
has reported that the inclined HR significantly reduces
the crack width and crack propagation rate compared
to the vertical HR. The inclined hanger reinforcements
can delay the onset of cracking and increase the strength
capacity by nearly 30% as compared to similar speci-
mens with the vertical HR. Desnerck et al. (2016) have
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reported that the beams with less nib reinforcements
exhibit lower load carrying capacity than beams with
complete nib reinforcements, while inadequate diagonal
reinforcements lead to the lowest load carrying capacity
by approximately 40%.

Several attempts to improve the capacity of dapped-
end beams have been carried out including the use of
precast-prestressed concrete, high strength concrete, var-
ious different strengthening techniques, head stud rein-
forcement, steel fiber-self compacting concrete, CEFRP
strengthening, inclined stirrup and longitudinal bent
reinforcement, etc. Aswin et al. (2015b) have utilized the
engineered cementitious composite (ECC) in dapped-
end region, and reported that occur improvement in the
failure load and deflection capacity of RC-DEBs.

It has been proved that ECC has unique features of
tensile ductility and intrinsic crack width controlling
capacity using less than 2% volume fraction of polyvinyl
alcohol (PVA) fiber. ECC also has wide range of strain
capacity up to 8% (Li 1993, 2008; Fukuyama et al. 2000).
This characteristic is attributed to the fiber ability in the
crack bridging (Lepech and Li 2008).

The main aim of the research work reported in this
paper is to investigate the role of hanger reinforcement
(HR) or diagonal reinforcement (DR), as well effect of use
of ECC on the structural performance of DEBs. Struc-
tural performance involves failure load, final deflection
capacity, pre-peak and post-peak response, crack pattern
and failure mode.

2 Experimental Program

2.1 Design of Steel Reinforcement for Dapped-End Region
One control beam has been designed in accordance with
the requirements of PCI code (P. D. Handbook 2010).
Five potential failure modes of RC-DEB have been speci-
fied as shown in Fig. 1. These failure modes are: (1) flex-
ure and axial tension in extended end, (2) direct vertical
shear between nib and un-dapped portion, (3) diagonal
tension initiating from re-entrant corner, (4) diagonal
tension in the nib area, and (5) diagonal tension in un-
dapped portion.

2.2 Preparations of Beams
Twenty-seven large-scale beams with dapped-end have
been prepared, cast, cured and tested up to failure at age
of 28 days. These beams have dimensions of 1800 mm
overall length, 110 mm length of nib portion, 140 mm
height, and 120 mm width. The un-dapped portion
dimensions are 120 mm width and 250 mm height.
Based on the reinforcement configuration of DEB-3
as the control beam, the dapped-end reinforcements
are varied and developed to provide the requirement
of dapped-end reinforcements of other beams. All
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Fig. 1 Potential failure modes and steel reinforcements in dapped-end region (P. D. Handbook 2010).

investigated beams in this study consist of two groups.
The first group includes 15 DEB specimens which
involves different HR scheme and combined by using
ECC. The second group contains of 12 DEB specimens
with different DR configuration that combined by uti-
lizing HR and ECC. The ECC placement and the steel
reinforcement configuration of all DEB specimens can
be seen in Figs. 2 and 3, while the steel reinforcement
details are presented in Table 1.

To provide the concrete confinement strength suf-
ficiently, closed stirrup with two legs were assembled
for nib vertical reinforcement (NVR), HR and shear
link/stirrup (St). To reduce the reinforcement conges-
tion in dapped-end region and to provide adequate
anchorage of longitudinal reinforcements, the 90° bend
for anchorage has been replaced by using the cross
steel bars which welded at their ends, such as the top
bars, nib flexure reinforcement (NFR) and beam main
flexure reinforcement (BMFR), conforming to the
requirements of ACI code (A. Committee and I. O. f.
Standardization 2008) and also as suggested by Mat-
tock and Chan (1979).

For DR, the idea is similar to HR but placed incline
approximately at 45° with beam axis. The cross steel
bars were also welded at both ends either at top and
bottom of DR. Especially for nib horizontal reinforce-
ment (NHR), the U-bar is better to be used in providing
adequate anchorage and easy installation. The tensile
tests of related steel bars have been conducted. Accord-
ing to the tensile test of two samples per each bar
diameter, the average yield stress of steel bars of 8 mm
and 10 mm diameter are obtained as 386.74 MPa, and
470.23 MPa, respectively.

2.3 Mix Proportions, Samples Preparation
and Experimental Setup

NSC has been used for RC-DEBs along the beam, while
R-ECC-DEBs utilize ECC-1 or ECC-2 that only placed
in the dapped-end region. For ECC-2, fly ash (FA) con-
tent is lower than ECC-1, in which the cement-FA ratio
is 0.6. The utilizing of silica fume (SF) of 10% of the total
weight of cement and fly ash is intended to improve the
micro-filling effect on the ECC matrix and improve the
composites matrix strength. Further, to anticipate the
domination of fibers rupture than their pull-out, need to
treat the fibers surface by oiling (with the oiled fiber vol-
ume fraction of 0.6%), so higher elongation or strain of
composites will be achieved. The mix proportions of NSC
and ECC are shown in Table 2. Type I Ordinary Portland
Cement, water, the washed Perak river sand with approx-
imate particle size of 0.3—-1.2 mm and the crushed lime-
stone with maximum particle size of 10 mm have been
used in NSC substrate. For ECC, super plasticizer with
type of Polycarboxylate Ether (PCE), as well PVA fibers of
18 mm length have been used.

To ensure flow ability, passing ability and filling abil-
ity of ECC under its own weight in narrow area at
the congested steel reinforcement in the dapped-end
region, self-compacting ECC (SC-ECC) has been devel-
oped. This is important to minimize segregation and
bleeding of fresh ECC, as well as to ensure the honey-
comb free of hardened ECC and to get the optimum
bonding strength between ECC and steel bars. To
assess the fresh properties of SC-ECC, four tests have
been undertaken which cover: slump flow, Tyg,-slump
flow, V-funnel and L-box. Test results are shown in
Table 3, which exhibits that the ECC mixture has fresh
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Fig. 2 The steel reinforcement configuration of DEBs in the first group.

properties satisfying the self-compacting requirements
conforming to EFNARC (S.-C. C. E. P. Group 2005).

NSC and ECC samples have been prepared, casted
and tested. Different samples have been created in
accordance with the test requirement, such the com-
pressive test, splitting tensile test, elastic modulus test,
Poisson ratio test, flexural test, direct tensile test, den-
sity of the hardened concrete/ECC test, and permeabil-
ity test. The test procedure follows the related testing
methods. The test results of mechanical properties of
the hardened NSC and ECC are shown in Table 4.

The typical experimental setup for the DEBs testing
was shown in Fig. 4. To measure the vertical deflec-
tion of beams, Linear Variable Differential Transducer
(LVDT) has been located at soffit of DEB specimen. All
beams are subjected to the three point loading up to
failure with loading rate of 0.15 kN/s. No axial tension
force was applied.

3 Results and Discussion
3.1 Stress—Strain Relationship of NSC and ECC Samples
The stress—strain relationships for NSC/ECC was shown
in Fig. 5a, b for compression and direct tensile, respec-
tively. NSC shows a marginal descending branch after the
peak stress is achieved. Due to its brittleness, the sudden
failure is occurred when the peak stress is reached, while
ECC shows plastic deformation characterized by the
descending part of the curve due to its ductile behavior.
Meantime, the direct tensile test is used to meas-
ure ability of NSC/ECC to resist tensile force or cracks.
ECC has larger tensile strength and strain capacity than
NSC. Due to its brittleness, NSC fails suddenly after
peak-stress is reached. Unlike NSC, ECC can develop
pseudo-strain hardening after first crack, and at post-
peak stage, ECC still has ability to perform larger plastic
deformation up to failure, which characterized by tension
softening. This is due to proper tailoring between fibers,
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Fig. 3 The steel reinforcement configuration of DEBs in the second group.

matrix and fiber/matrix interface; ECC can develop fiber
crack bridging behavior. Moreover, ECC-2 fails with the
largest plastic deformation in which the tensile strain
capacity reaches over 4%. By oiling treatment of the PVA
fibers surface, the oiling can decrease the chemical bond
strength, interfacial friction and surface abrasion of PVA
fibers. The sliding between fibers and the composites
matrix will achieve and improve the elongation or tensile
strain capacity of ECC-2.

3.2 Load-Deflection Relationship of NSC and ECC Samples
Figure 6 shows the load—deflection curve of the NSC/
ECC obtained from flexural test. NSC is subjected to sud-
den rupture after reach its peak stress, while ECC devel-
ops fiber crack bridging behavior. ECC shows flexural
ability up to large number of plastic deformation even at
wider cracks, therefore ECC failure is gradual.

3.3 The Failure Load and Final Deflection Capacity

for the Beams in the First Group
The test results of the DEB specimens in the first group
are given in Fig. 7. They have exhibited that the variations
made to this parameter (related to the HR) provided the
changes of the failure load and final deflection capacity of
the DEB specimens.

The DEB-1 was a reference beam casted using the NSC
along the beam and without any dapped-end reinforce-
ments. As a result, the DEB-1 had the lowest capacity
in the failure load and deflection. Referring to the ACI
code (2008) and the PCI code (2010), the ultimate shear
strength capacity of concrete (V) can be determined by
using Eq. 1.

Vi =250y

where ¢ = 0.75 is the strength reduction factor and A= 1
is the concrete coefficient for the NSC. Based on this for-
mula, it can be obtained that V¢ = 10.90 kN. The failure
load (Pyc) that was resisted by the DEB-1 was 12.05 kN.
This value was quite close to the experimental result,
where the analysis-test result ratio was 0.9577.

By comparing the DEB-1 and the DEB-3 specimen, it
was clear that the dapped-end reinforcements improved
the capacity of the DEB. The DEB-3 reached the fail-
ure load of 105.26 kN and final deflection capacity of
29.63 mm whilst the DEB-1 only achieved the failure load
of 12.58 kN and final deflection capacity of 5.43 mm. In
this case, the use of the dapped-end reinforcement in the
DEB-3 provided a significant capacity increment of the
failure load of 736.72% and final deflection capacity of

(1)
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Table 2 Mix proportions of NSC and ECC.
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445.67% compared to the DEB-1. This was attributed to
the ability of the dapped-end reinforcements to resist the

Ingredients NSC ECC-1 ECC-2 h P ddi ) ks th in the d d
kg/m3 kg/m3 kg/m3 shear Qrce an 1agonal cracks that occur in the apped-
end region.
Ordinary portland cement (C) 450.00 583.00 590.00 In comparison with the DEB-3, the decrement of the
Fly ash (FA) - 700.00 35400  failure load and deflection capacity occurred at the DEB-
Silica fume (SF =109%) - - 94.40 4, DEB-5, and DEB-7, which were 7.52% and 5.10%,
Water (W) 261.00 18732 165.20 13.28% and 11.88%, and 20.97% and 20.49%, respectively.
Fine aggregate (FnAg) 745.00 467.01 47200  This was caused by the reduction of the HR amount used,
Coarse aggregate (CAQ) 910.00 - - where the greater the amount of the HR that is reduced,
Superplasticizer (SP) - 1411 15.10 then the greater the reduction in the capacity. It exhibits
PVA fiber (ECC-1; V;=2% and ECC- - 26.00 19.50 that the HR has an important role in contributing to the
2 Vp=1.5%) strength and deflection capacity of the DEB.
Table 3 Fresh SC-ECC test results.
Type Slump flow V-funnel L-box
Slump flow diameter T500 (s) t, (s) h; (mm) h, (mm) h,/h,
(mm)
ECC 839 8 90 85 0.94
ECC-2 847 91 87 0.96
Table 4 Mechanical properties of the hardened concrete/ECC.
Mechanical properties Testing method Number of samples and size Unit Average value of three
samples
NSC ECC-1  ECC-2
Compressive strength (f(’) ASTM C39/C39M-04 3 cylinders of 100 mm dia. and 200 mm height ~ MPa 2848 85.72 105.26
Splitting tensile strength (f,,) ASTM C496/C496M-04 3 cylinders of 100 mm dia. and 200 mm height ~ MPa 267 6.42 7.84
Elastic modulus (F) ASTM C469-02 3 cylinders of 150 mm dia. and 300 mm height ~ GPa 2384 3612 3809
Poisson ratio (&) ASTM C469-02 3 cylinders of 150 mm dia. and 300 mm height - 0.185 0.243 0.257
Flexural strength (S) ASTM (C293-02/C293M-04 3 beams of 500 mm x 100 mm x 24 mm MPa 3.79 11.74 1342
Direct tensile strength (f) ASTM D2936; ASTM 1992 3 samples with the prism dog bone shape MPa 146 4.88 573
Tensile strain capacity (g,) ASTM D2936; ASTM 1992 3 samples with the prism dog bone shape % 0.15 293 4.09
Density of hardened concrete (y) ~ ASTM C 3 cylinders of 150 mm dia. and 300 mm height ~ kg/m® 2327 2243 2248
Permeability (P) ASTM C1202 3 cylinders of 100 mm dia. and 50 mm height C 4348 1393 496

(@) Beam setting at loading frame

Fig. 4 Experimental setup of DEB specimen.
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Compared to the DEB-3, the DEB-6 also experienced
a decrement in the failure load of 8.47% and deflec-
tion capacity of 12.45%. This was due to the excessive
amount of the HR in dapped-end region of the DEB-6.
This beam used 48 for the HR, which caused the value
of a,,/d to be greater than 1. This value did not meet the
PCI requirements. According to PCI code, related equa-
tion exhibits that if the value of a,/d is increased, nor-
mally, the amount of the NFR will be increased also. But,
in fact, the DEB-6 still used 3010 for the NFR, similar to
the DEB-3. This condition caused a significant difference
in the strength capacity between the NFR and the HR,
where the strength capacity of the HR increased sharply,
which was caused by the DEB-6 using 408. Referring

to the PCI provision, the HR of the DEB-6 was stronger
than the NFR and failure occurred first at the NFR
whilst for the DEB-3, the first failure occurred at the HR.
Accordingly, the capacity of the DEB-6 was lower than
the DEB-3.

Actually, the parameter reviewed for the DEB-55
was not directly related to the parameter of this group
because the DEB-55 considered variation of BMFR. So
in this part, the discussion focused on the use of A;h
that was intended for the development of the length
of the HR. To meet the proper level of anchorage of
the BMER at the end face, the steel bar number of the
BMER was taken as being equal to A;h. Referring to the
design stage, when the BMFR used steel bars of 3010 (or
Ag = A;h = 78.125% of Agp), it turns out, the strength
capacity of the full-depth beam was larger than the fail-
ure load of the DEB-3. So, to meet the analysis require-
ment, the BMFR (or Ay = Ag) of the DEB-55 was
taken as being less than 3010, that was, 308. The test
result exhibits that the capacity decrement of the DEB-
55 occurred on the failure load of 9.48% and deflection
capacity of 9.35% compared to the DEB-3. By consider-
ing the PCI provision, basically, there was no difference
in the strength capacity between the DEB-3 and the
DEB-55, causing both DEBs to have the same dapped-
end reinforcements. Aside from that, the PCI code also
did not specify variation of BMFR clearly. It implies that
capacity of DEB can be influenced by the amount of the
BMER used.

The DEB-7 used the dapped-end reinforcements, but
without the HR whilst the DEB-8 only used the HR in
the dapped-end region and without other dapped-end
reinforcements. There was a significant difference in the
capacity between the DEB-7 and DEB-8. The capacity
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of the DEB-7 was much higher compared to the DEB-8,
which had a failure load of 508.56% and deflection capac-
ity of 249.55%. In fact, as occurred at the DEB-8, it has
exhibited that the HR cannot act alone to resist the shear
force in the dapped-end region. However, at least the
NER or NHR should be involved together with the HR in
resisting the shear force in the dapped-end region.

Replacing the NSC with the ECC-1 in the dapped-end
region increased the increment of the DEB capacity in
both the failure load and final deflection. The enhance-
ment of the failure load and deflection capacity can be
described as follows: 73.77% and 122.28% for the DEB-2
compared to the DEB-1, 52.99% and 40.63% for the DEB-
10 in comparison to the DEB-3. Further, an increment on
the failure load of 54.98% and on the final deflection of
32.02% was achieved by the DEB-9 compared to the DEB-
5. In the meantime, by comparing the DEB-12 against the
DEB-7, as well as the DEB-11 to the DEB-8, the incre-
ment on the failure load and final deflection capacity can
be described as follows: 53.34% and 38.71% for the DEB-
12, as well as 79.15% and 79.67% for the DEB-11. Refer-
ring to the mechanical properties results, the ECC-1 was
superior compared to the NSC. Accordingly, the ECC-1
can improve the failure load and final deflection capacity
of the DEB. There was strong bonding between the steel
bars and the ECC-1. In addition to that, the ECC-1 had a
strain capacity up to 2.93% whilst the yield strain of the
steel bar was around 0.226%; moreover, the ECC-1 could
still do the plastic deformation even though the steel bars
had passed their yield strain phase.

According to their mechanical properties, the ECC-2
was better than the ECC-1. The increment of the failure
load and deflection capacity for the DEB-56 against the

DEB-2 was 13.95% and 18.23% whilst for the DEB-57
compared to the DEB-10, it was 14.10% and 3.55%. The
higher strength of the ECC-2 was achieved by better
micro-filling and more pozzolanic effect due to the use of
silica fume (SF) that had a high fineness particle size and
was rich in SiO,. In addition, the oiled surface treatment
of the PVA fibers in the ECC-2 provided a better ductility
effect compared to the ECC-1. The above evidences have
proved that the R-ECC-DEBs have a higher capacity than
the RC-DEBs.

3.4 The Load-Deflection Relationship, Crack Pattern
and Failure Mode in the First Group

Behavior of DEB specimens in the pre-peak and post-
peak ranges can be observed and understood based on
curve of load—deflection relationship. The load—deflec-
tion relationships of the DEB-1, DEB-3, DEB-4, DEB-5,
and DEB-7 in the first group are given in Fig. 8. DEB-1
showed inadequate behavior where DEB-1 was subjected
to a sudden rupture after reaching its peak load. Aside
from that, DEB-1 was characterized by the lowest capac-
ity in the failure load and final deflection. The DEB-3,
DEB-4, and DEB-5 exhibited similar behavior in pre-peak
range, but in post-peak range, behavior of DEB-5 exhib-
ited a decline, as there was no capability to withstand the
applied load. However, the DEB-5 still had the ability to
perform more plastic deformation up to failure. On the
other hand, for the DEB-7, the absence of the HR causes
a significantly different behavior compared to the DEB-
3, DEB-4, and DEB-5. In the post-peak range, once the
DEB-7 reached its peak load, no large plastic deformation
was generated.
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Fig. 8 The load-deflection relationship in the first group.

DEB-1 as a reference beam experienced the failure
quite fast. The first cracking emerged from re-entrant
corner at load of 6.48 kN. Once it reached the first
cracking load, the crack propagated fast and diagonally
towards the load point and achieved the ultimate load
of 21.86 kN; furthermore, the beam failure took place
quickly. The ability of DEB-1 to withstand the shear force
was only supported by the concrete. The failure of DEB-1
was indicated by the dominant diagonal crack emanating
from re-entrant corner as shown in Fig. 9.

The DEB-3, DEB-4, and DEB-5 had much better
behavior compared to the DEB-1. The dapped-end
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reinforcements were able to resist the diagonal cracks
occurring in the dapped-end region. The first cracking
of all these beams appeared from the re-entrant corner.
Initially, this crack propagated diagonally, but the propa-
gation of this crack was inhibited and resisted by the HR.
Therefore, during the loading, other cracks also emerged
at the support. When the applied load increased, the
cracks at the support developed and propagated towards
the load point upwards to reach the ultimate load, and
finally, reached their rupture point. For the DEB-3, the
failure condition was indicated by the dominant diago-
nal crack at the support and the diagonal crack at the
re-entrant corner. In the meantime, for the DEB-4 and
DEB-5, the failure condition was characterized by the
dominant diagonal cracks at the re-entrant corner, at
the support, and at the corner of the dapped-end. Severe
damage occurred at the dapped-end region due to the
reduction in the steel bars of the HR, with the DEB-4 or
DEB-5. In addition, the flexural moment generated by the
vertical shear force at the support caused the dominant
diagonal cracks and severe damage of the dapped-end
section.

The failure condition of all these beams can be seen in
Fig. 9. However, for the DEB-7, the failure load and final
deflection capacity were lower than the DEB-3, DEB-4,
and DEB-5. The absence of the HR influenced its capacity
and behavior. Basically, there were two effects produced
due to the absence of the HR. Firstly, the diagonal crack
from the re-entrant corner developed and propagated
towards the load point. During the loading, this crack
was resisted by the NFR and the NHR. Secondly, the
flexural moment caused the diagonal crack to propagate
along the NFR up to failure. Therefore, the capacity of

Fig. 9 The beams condition after testing (For DEB-1,-3,-4,-5 and DEB-7).
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Fig. 10 The beams condition after testing (For DEB-6 and DEB-55).

Fig. 11 The beam condition after testing (For DEB-8).

the DEB-7 is not drop significantly even without the HR.
The failure condition of the DEB-7 was indicated by the
severe damage at the re-entrant corner. All of the beams
above failed in the shear failure mode.

The load—deflection relationships of the DEB-6 and
DEB-55 in the first group are given in Fig. 10. The DEB-
55 exhibited a similar behavior to DEB-3 in the pre-peak
and post-peak ranges, but the behavior of the DEB-6
exhibited a decline after reaching the post-peak, as if
it had no capability to withstand the applied load. The
DEB-6 still had the ability to conduct more plastic defor-
mation up to the failure. The variations of the HR caused
the changes of the behavior of the DEB specimens.

Basically, the DEB-6, DEB-55, and DEB-3 had similar
crack patterns and failure modes. The first cracking of
the beams emerged from the re-entrant corner. Initially,
the crack propagated diagonally, but the HR of all these
beams was able to inhibit and resist the diagonal crack
from the re-entrant corner. Accordingly, other cracks
also appeared at the support during the beam loading.
The cracks at the support developed when the applied
load increased and the cracks propagated toward the load
point up to the rupture. The failure condition of these
beams was characterized by the dominant diagonal crack
at the support, as well as the diagonal crack at the re-
entrant corner. The DEB-6 and DEB-55 failed in the shear
failure mode.

There was a significant difference in the beam behavior
between the DEB-7 and DEB-8 as shown in Figs. 9 and
11. During the beam loading, the first cracking of both
beams appeared at the re-entrant corner. Basically, the
HR was able to resist the diagonal crack emanating from
the re-entrant corner, but in fact, the absence of the HR
in the DEB-7 did not provide a large effect in reducing the
capacity of the beam. The NFR or NHR also has the abil-
ity to resist the diagonal crack or shear force. Therefore,
the DEB-8 that only used the HR (without other dapped-
end reinforcements) exhibited a lower capacity compared
to the DEB-7. The DEB-8 did not have the NFR to resist
the flexural moment caused by the vertical shear force
at the support. Accordingly, the DEB-8 only improved
a little on the capacity compared to the DEB-1. Accord-
ing to Fig. 11, for the DEB-8, initially, the diagonal crack
emerged from the re-entrant corner, but this crack could
not propagate diagonally because it was resisted by the
HR. Due to the absence of the NFR and NHR, this crack
propagated in a vertical direction parallel to the direct
shear plane. The failure process of the beam took place in
a short time and failed in the shear failure mode. The HR
could not work alone to improve the performance of the
DEB. This condition has proved that the existence of the
HR should be supported by the NFR or NHR to achieve
better performance of the DEB.

It has been exhibited, aforementioned, that the ECC-1
can improve the failure load and final deflection of the
DEB. Figure 12 shows the behavior comparison between
the DEB-1 and DEB-2, DEB-3 and DEB-10, DEB-5 and
DEB-9, DEB-7 and DEB-12, as well as the DEB-8 and
DEB-11. According to this comparison, the behavior of
the R-ECC-DEBs was better than the RC-DEBs. In the
post-peak range, the R-ECC-DEBs can develop large
plastic deformations up to failure. According to the
observation during the beam testing, in general, the fail-
ure process of the R-ECC-DEBs took a longer time than
the RC-DEBEs.

In the previous section, the crack pattern and fail-
ure condition of the DEB-1, DEB-3, DEB-5, DEB-7, and
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Fig. 12 The beam condition after testing (For DEB-2,-9,-10,11 and DEB-12).

DEB-8 were shown. As shown in Fig. 12, the failure con-
dition of the DEB-2 was similar to the DEB-1, and the
DEB-11 was similar to the DEB-8. Due to the use of the
ECC-1, for the DEB-9 and DEB-10, the bonding strength
between the ECC-1 with the NFR was stronger than
the HR so the weak point moved to the HR. The flex-
ural moment caused a dominant crack to occur at the
re-entrant corner. However, for the DEB-12, the strong
bonding between the ECC-1 and NFR was able to resist
the diagonal crack from the support and the re-entrant
corner, but due to the flexural moment, de-bonding
occurred along the NFR measured from the center of the
flexural moment. The first cracking of all of the above
beams occurred at the re-entrant corner. In comparison
with the RC-DEBs, for the R-ECC-DEBs, there was no
spalling occurring but the cracks were wider. The crack
propagation was longer and clearer. Some fine cracks
always accompany the dominant cracks. All these beams
failed in the shear failure mode, but on the DEB-10, some
flexural cracks appeared at the soffit of the main beam. It

indicates that the ECC played an important role in con-
tributing to the adequate capacity and behavior of the
dapped-end beams.

Figure 13 shows the superiority of the ECC-2 that was
used for the DEB specimens compared to the ECC-1
which involved a comparison between the DEB-56 and
DEB-2, as well as the DEB-57 and DEB-10. Due to the use
of the ECC-2, there were some improvements generated
which covered the failure load and final deflection capac-
ity. Basically, their behaviors were quite similar, either in
the pre-peak or post-peak range. Likewise, with the crack
pattern and failure condition of these two R-ECC-DEBs,
there was a slight difference between them. For the DEB-
57, at the failure condition, Aside from at the re-entrant
corner, the dominant diagonal crack also occurred at the
support. Due to the use of the ECC-2, the center point
of the flexural moment was stronger than the region in
between this point and the support. The flexural effect at
this region caused the dominant diagonal crack to occur
at the support. The first cracking of the DEB-56 and

Fig. 13 The beam condition after testing (For DEB-56 and DEB-57).




Mohammed et al. Int J Concr Struct Mater (2019) 13:44

DEB-57 was initiated from the re-entrant corner. Both
the R-ECC-DEB:s failed in the shear failure mode. Dur-
ing testing of the DEB-57, it was observed that some fine
flexural cracks appeared at the soffit of the main beam,
but after the loading stopped, these cracks were not vis-
ible. All of the above evidences have exhibited that the
performance of the R-ECC-DEBs was better than the
RC-DEBs.

3.5 The Failure Load and Final Deflection Capacity

for the Beams in the Second Group
Figure 14 shows the test results of all the DEB specimens
in the second group. The variation of the DR provided
the changes of the failure load and final deflection capac-
ity of the DEB specimens.

The DEB-15 was derived from the DEB-3, where all of
the vertical HRs were replaced by the DR. By comparing
the DEB-15 with the DEB-3, the existence of the DR sig-
nificantly improved the failure load and final deflection
capacity of the DEB by 21.09% and 10.50%, respectively.
The DRs were placed with an inclination of around 45°
to the longitudinal axis. This position provided an advan-
tage for the DR in resisting the tensile force that acted
perpendicular to the crack. Therefore, the DR was able
to withstand the tensile force adequately compared to
the vertical HR. Due to this condition, the DEB-15 had a
higher capacity than the DEB-3.

In comparison with the DEB-15, the decrement of the
failure load and deflection capacity occurred at the DEB-
14 and DEB-13, they were 9.40% and 7.88%, and 20.54%
and 15.33%, respectively. It was caused by the reduction
of the DR amount used, where the more DR that was
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reduced then, the greater the reduction in the capacity.
The DR had a significant effect on the contribution of the
strength and deflection capacity. In addition, if compared
to the DEB-15, The DEB-16 also experienced a decre-
ment of the failure load of 7.01% and deflection capacity
of 14.84%. It was caused by the additional DR amount.
In this case, the excessive amount of the DR was able to
cause the decrement in capacity of the DEB.

This situation was similar to the case of the DEB-6 in
the previous section. The nominal shear span (a,) was
determined in an analogue way. Owing to the DEB-16
using 408 for its DR, the value of a,/d was greater than
1. This value was not in accordance with the PCI provi-
sion. According to PCI code, the design equation exhibits
that if the value of a,/d increased, normally, the amount
of the NFR would be increased also. But, in fact, the
DEB-16 continued to use 3010 for the NFR. This condi-
tion caused a significant difference in the strength capac-
ity between the NFR and DR, where the strength capacity
of the DR becomes larger due to using of the closed stir-
rup of 408. The failure may have occurred at the NFR.
Therefore, the capacity of the DEB-16 was lower than the
DEB-15.

The DEB-13 used 108 for its DR, but without the HR;
in the meantime, the DEB-17 was derived from the DEB-
13 by adding 108 for the HR, whilst the DEB-14 utilized
the DR of 208 without the HR, and the DEB-14A was
created from the DEB-14 by adding 108 for the HR. In
comparison with the DEB-13, the DEB-17 had an incre-
ment on the failure load of 19.54% and final deflection of
12.66%, whilst the DEB-14A provided an increment on
the failure load of 16.57% and final deflection of 9.91%.

Fig. 14 Failure load and final deflection capacity in the second group.
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There was an increment of the capacity for the DEB-
17 and DEB-14A by adding the HR of 108 only. It has
been proved that the combination of the HR and DR
can contribute to and improve the capacity of the DEB
specimens.

By using the ECC-1 placed in the dapped-end region,
it has been proved that the increment of the DEB capac-
ity occurred for both the failure load and final deflection,
as shown in Fig. 14. The enhancement of the failure load
and final deflection capacity can be described as follows:
73.56% and 18.03% for the DEB-19 compared to the
DEB-18, 46.99% and 30.45% for the DEB-20 compared to
the DEB-13, 59.67% and 33.21% for the DEB-14B com-
pared to the DEB-14A, as well as 63.20% and 32.80%
for the DEB-21 compared to the DEB-15. The ECC-1
improved the capacity of the DEB on the failure load
and final deflection. It was attributed to the strong bond-
ing between the steel bars and the ECC-1. In addition to
that, the ECC-1 performed the plastic strain up to 2.93%
even though the steel bars had passed their yield strain
phase, where the yield strain of the steel bars was around
0.226%.

By considering the DEB-14A, DEB-14B, and DEB-58,
where all of these beams had the same reinforcement
scheme, the ECC-2 provided the DEB-58 with a higher
capacity compared to the DEB-14B that used the ECC-
1. Compared to the DEB-14B, the DEB-58 had an incre-
ment of the failure load of 5.73% and final deflection
capacity of 13.86%. The higher strength of the ECC-2
was caused by the better micro-filling and more poz-
zolanic effect due to the use of the silica fume (SF) that
had a high fineness particle size and was rich in SiO,. In
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addition to that, the oiled surface treatment of the PVA
fibers in the ECC-2 had provided a better ductility effect
compared to the ECC-1. However, the above evidences
have proved that the R-ECC-DEBs had a higher capacity
than the RC-DEBs.

There was a different capacity between the DEBs using
the HR and the DR as shown in Fig. 15. Based on the
charts, all of the DEBs with the DR had a higher capac-
ity compared to the DEBs with the HR. The increment
on the failure load and final deflection capacity can be
reported as follows: 10.96% and 6.17% for the DEB-13
compared to the DEB-5, 18.64% and 7.25% for the DEB-
14 compared to the DEB-4, 21.09% and 10.50% for the
DEB-15 compared to the DEB-3, 23.03% and 7.48% for
the DEB-16 compared to the DEB-6, 130.21% and 90.06%
for the DEB-18 compared to the DEB-8, 123.03% and
24.86% for the DEB-19 compared to the DEB-11, 5.23%
and 4.90% for the DEB-20 compared to the DEB-9, as
well as 29.17% and 4.34% for the DEB-21 compared to the
DEB-10.

3.6 The Load-Deflection Relationship, Crack Pattern
and Failure Mode in the Second Group

The behavior of the DEB specimens in the pre-peak
and post-peak ranges can be observed and understood
based on the curve of the load—deflection relationship.
The load—deflection relationships of the DEB-15, DEB-
14, DEB-13, and DEB-16 in the second group are given
in Fig. 16. Basically, the DEB-15, DEB-14, DEB-13, and
DEB-16 exhibit similar behavior in the pre-peak range
to the DEB-3, but in the post-peak range, the behavior of
the DEB-13 was similar to the DEB-3, where their curve
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Fig. 15 Failure load and final deflection in the first and second group (For DEB-5,-13,-4,-14,-3,-15,-6,-16,-8,-18,-11,-19,-9,-20,-10 and DEB-21).
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Fig. 16 The load-deflection relationship in the second group.

exhibits a decline and rather steeply. On the other hand,
for the DEB-15, DEB-14, and DEB-16, their softening
effect was more dominant compared to the DEB-3 and
DEB-13. However, the DEB-15 exhibits the ability to per-
form more plastic deformation up to failure compared to
other beams.

Related to the DEB-14, DEB-15, and DEB-16, ade-
quate amounts of the DR in the dapped-end region
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provided a sufficient capacity for the DEB. The DR of
these beams had enough ability to resist the diagonal
crack in the dapped-end region. But, due to the absence
of the HR, there was no confinement strength to resist
the diagonal crack emanating from the un-dapped por-
tion. This area became the weakest point of the DEB.
The above condition caused the DEB-14, DEB-15, and
DEB-16 to fail in the un-dapped region.

This was contrary to the DEB-13, where this beam
used 108 only for the DR. Its DR was unable to resist,
adequately, the diagonal cracks or shear force in the
dapped-end region. As a result, diagonal cracks from
the re-entrant corner and the support developed and
propagated to the load point up to failure. The failure
condition of the DEB-13 was indicated by the dominant
diagonal cracks occurring at the re-entrant corner and
at the support. The first crack of all of the above beams
emerged at the re-entrant corner. The DEB-13 failed
in the shear failure modes whilst the DEB-14, DEB-15,
and DEB-16 failed in the shear-flexural mode due to
some flexural cracks appearing at the soffit of the main
beam (Fig. 17).

The existence the HR of 108 mm in the dapped-end
region of the DEB specimen with the DR improved the
behavior of the DEB both in pre-peak and post-peak
ranges. The DEB-17 reached the ultimate load and final
deflection with a higher load than the DEB-13, likewise
for the DEB-14A compared to the DEB-14 as shown in
Fig. 18.

Fig. 17 The beams condition after testing (For DEB-13,-14,-15 and DEB-16).
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By adding 108 mm of the HR in the DEB-14A and
DEB-17, the HR in these beams was able to contribute
to the confinement strength at the end face of the beam
so that the HR was able to, adequately, resist the diago-
nal crack from the corner of the un-dapped portion. Dur-
ing the testing, it was observed that the first cracking
emerged from the re-entrant corner. The existence of the
HR and the DR inhibited or helped to avoid the propa-
gation of this crack, therefore, other cracks appeared at
the support and its vicinity. These cracks developed and
propagated to the load point up to failure. The failure
condition of these beams was characterized with a domi-
nant diagonal crack at the support and severe damage.

It has been explained, aforementioned, that the failure
load and final deflection of the DEB can be improved by
using the ECC-1 or the ECC-2. Figure 19 shows the com-
parison of the behavior between the DEB-18 and DEB-19,
the DEB-13 and DEB-20, the DEB-14A and DEB-14B, the
DEB-14B and DEB-58, as well as the DEB-15 and DEB-
21. The behavior of the R-ECC-DEBs was better than
the RC-DEBs. In the pre-peak range, the R-ECC-DEBs
slowed down the occurrence of the first crack; whilst in
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the post-peak range, the R-ECC-DEBs developed large
plastic deformations up to failure. Generally, according
to the observation during the beam testing, the failure
process of the R-ECC-DEBs took a longer time than the
RC-DEBs.

In the previous section, the crack pattern and failure
condition of the DEB-18, DEB-13, DEB-14A, and DEB-
15 were shown. Figure 19 can be utilized to compare
the failure condition between the DEB-19 and DEB-18,
the DEB-20 and DEB-13, the DEB-14B and DEB-14A,
as well as the DEB-21 and DEB-15. The first crack of all
the above beams was always initiated from the re-entrant
corner. Even though using different concrete types, the
DEB-19 and DEB-18 exhibited similar crack patterns
and failure modes. The DR had the ability to resist the
diagonal crack from the re-entrant corner, but then the
crack emerged at the support. The vertical shear force at
the support acted dominantly causing cracks to develop
and propagate vertically up to failure. With the DEB-20,
the ECC-1 provided strong bonding on the dapped-end
reinforcements. Initially, the cracks propagated diago-
nally. Due to the bonding strength between the ECC-1

Fig. 18 The beams condition after testing (For DEB-14A and DEB-17).

DEB-14B
Fig. 19 The beams condition after testing (For DEB-18,-19,-20,-14B and DEB-21).
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against the NFR and the DR, the center point of the flex-
ural moment was the weakest point. Due to the flexural
moment, a diagonal crack from the re-entrant corner
appeared and developed. During the beam loading, de-
laminating occurred between the ECC-1 and the NFR
measured from the center point. The crack propagated
horizontally along the NFR up to the failure. Some of the
flexural cracks appeared at the soffit of the main beam;
therefore, the failure of the DEB-20 can be categorized as
the shear-flexural failure mode.

The DEB-14B was the R-ECC-DEB derived from the
DEB-14A. As shown in Fig. 19, the ECC-1 provided a
significant increment on the failure load and final deflec-
tion capacity of the DEB-14B. The combination between
the ECC, DR, HR, and other dapped-end reinforcements
generated adequate performance on the DEB-14B. This
beam had a high failure load capacity and also performed
large plastic deformations. The dapped-end region of
the DEB-14B was very strong. The dapped-end section
was able to resist the shear force and diagonal cracks
that occurred. Finally, the DEB-14B failed in the flexural
mode. Many flexural cracks occurred at the soffit of the
main beam. In addition, the DEB-21 had a similar case to
the DEB-14B. The DEB-21 also failed in the flexural mode
as shown in Fig. 19 but the failure location was close to
mid-span. The DEB-21 was derived from the DEB-15.
Even though only using the NSC, the DEB-15 showed
sufficient performance. This was due to the use of the
DR in the dapped-end region of the DEB-15. Its failure
had also been indicated by some flexural cracks. Based
on this fact, the DEB-21 was created, where the ECC-1
was placed in the dapped-end region of the DEB-15. The
ECC-1 was superior compared to the NSC. However, the
R-ECC-DEBs exhibited better structural performance
than the RC-DEBs.

Figure 20 shows the behavior of the DEB-58 that used
the ECC-2, as well as the DEB-14B and DEB-21 which
utilized the ECC-1 as shown in Fig. 19. There were no
improvements generated covering the failure load and
final deflection capacity. Basically, their behaviors were
quite similar, either at the pre-peak or post-peak ranges.
Likewise, with the crack pattern and failure condition of
these two R-ECC-DEBs, there was a slight difference in
between as shown in Figs. 19 and 20.

For the DEB-58, the failure location was close to mid-
span. The ECC-2 was superior compared to the ECC-1
as explained, aforementioned. It caused the DEB-58 to
support a higher failure load and final deflection capac-
ity than the DEB-14B or the DEB-21. The DEB-58 also
performed larger plastic deformations compared to the
DEB-14B or the DEB-21. Nevertheless, all three of these
beams failed in the flexural mode. Even though the fail-
ures were in the flexural mode, the first crack of these
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Fig. 20 The beams condition after testing (For DEB-58).

beams (DEB-14B, DEB-21, and DEB-58) were initiated
from the re-entrant corner, but this crack was quite fine.
The diagonal crack did not develop. After the beams
reached their failure, this crack was not visible. The above
evidences have exhibited that the structural performance
of the R-ECC-DEBs was better than for the RC-DEBs.

As shown in Figs. 21 and 22, all of the DEB specimens
that used the DR exhibited a higher capacity compared
to the ones using the HR. The proper layout of the DR
in the dapped-end region provided an advantage on the
capacity of the DEB. The DR which was placed perpen-
dicular to the diagonal crack direction resisted the ten-
sile force more adequately as compared to vertical HR.
Basically, the inclination position of the DR provided
two positions, which were vertical and horizontal, in the
dapped-end region. Definitely these two positions gener-
ated different functions/roles. The vertical position can
be approximated to have the ability to resist the diagonal
crack from the re-entrant corner as the HR whilst the
horizontal position may be estimated to have the ability
to withstand the flexural moment and the direct shear.
The above evidences can be referred to and understood
simply, where the DR can improve, significantly, the per-
formance of the DEBs. According to Figs. 21 and 22 both
beams that were compared had similar behavior in the
pre-peak range, but the beams that used the DR showed
better behavior in the post-peak range. Their curves did
not fall down, but rather they walked down with ramps
up to the point of failure.

4 Conclusion
The following conclusions can be drawn from this study:

1. The first crack is always initiated from re-entrant cor-
ner for all dapped-end beams.

2. Diagonal reinforcement (DR) is more appropriate
to be used than HR in resisting the diagonal cracks,
owing to DR placed in perpendicular to crack direc-
tion. Based on test results, use of DR in dapped-end
region provides increment for failure load of 40.79%
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Fig. 21 Comparison of load—deflection relationship in the first and second group (For DEB-5,-13,-4,-14,-3,-15,-6 and DEB-16).
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Fig. 22 Comparison of load—deflection relationship in the first and second group (For DEB-1,-8-18,-11,-19,-9,-20,-10 and DEB-21).

and deflection of 24.29% compared to DEB which use average increment on the failure load of 11.26% and

vertical HR. final deflection capacity of 11.88% compared with the
3. The DEBs which use DR (without HR) has experi- R-ECC-DEBs that utilized ECC-1.

enced the severe damage at bottom of un-dapped 5. By combining between ECC and the appropriate steel

portion compared to the DEBs that use combina- reinforcement configuration, some R-ECC-DEBs can

tion DR with HR. This is due to the related DEBs lose fail in the flexural mode with a higher structural per-

their confinement strength at un-dapped zone. formance.

4. The ECC-1 that was placed in the dapped-end region
was able to improve the capacity of the R-ECC-
DEBs, where there was an average increment on the
failure load of 59.97% and final deflection capacity
of 46.67% compared to the RC-DEBs. In the mean-

time, R-ECC-DEBs that used ECC-2, it exhibited an 1. ECC is categorized as ductile composite and high
strength capacity.

5 Highlights
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2. ECC placed in dapped-end region can improve the
structural performance of DEBs.

3. The use of diagonal reinforcements is more appropri-
ate than hanger reinforcements.

4. Some of DEBs can fail in the flexural failure mode
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