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In this study, flexural strengthening of reinforced concrete (RC) beams using steel and polyvinyl-alcohol hybrid
fibre reinforced engineered cementitious composite (SPH-ECC) with embedded steel reinforcement bars is pro-
posed. The effectiveness of the strengthening was investigated by experimental and numerical studies. The
flexural behaviours of one unstrengthened 3500 mm long, 200 mm wide, and 325 mm deep RC beam and three
RC beams strengthened with different configurations of 50 mm thick SPH-ECC layer(s) were studied by con-
ducting four-point bending tests. Detailed flexural behaviours in terms of peak load, failure mode, load-deflection
curve, cracking patterns, interfacial bond-slip, strain distribution and ductility of the tested beams were studied
and compared. Experimental results showed that both the flexural strength of strengthened beams, which were in
the range of 125% to 210% of the unstrengthened control beam, and the interfacial bond-slip behaviours be-
tween concrete and SPH-ECC was highly depended to the strengthening configuration used. Crack width control
ability of the beams was also improved by using SPH-ECC. A finite element (FE) procedure using surface-to-
surface cohesive model was also developed to model the flexural behaviours of the strengthened beams. Com-
parison with experimental results demonstrated that the proposed FE model could accurately predict the flexural
behaviours including interfacial bond-slip between the SPH-ECC layers and the RC beam part of the strengthened

beams.

1. Introduction

Demand for strengthening reinforced concrete (RC) structures is
increasing worldwide due to the increasing deterioration of many
existing RC structures [1-3]. Many techniques and methods have been
proposed and used for strengthening the flexural strength of RC beam.
These include RC jacketing [4-7], steel fibre reinforced concrete (SFRC)
jacketing [8-111], use of externally bonded steel plates [12-15] and fibre
reinforced polymers (FRP) strips [16-18]. However, the low interfacial
bond strength of RC jacket with concrete [19] and its brittle nature make
it unsuitable for ductility improvement [20]. While SFRC jacketing had
shown a good interfacial bond strength with concrete, its ductility was
also low [21]. For FRP strips and steel plates, they are prone to pre-
mature failure due to delamination from the concrete surface. Moreover,
FRP strips generally have poor fire resistance and may generate harmful
fumes in fire [22].

In order to strengthen RC structures effectively, it is therefore
essential to employ a material with desired ductility which can also

provide considerable strength without deterioration under elevated
temperatures. Steel and polyvinyl-alcohol hybrid fibre reinforced engi-
neered cementitious composite (SPH-ECC), which is a special type of
engineered cementitious composite (ECC), is a promising candidate due
to its high ductility under both compression and tension and it has
reasonably good fire resistance. Mono-fibre reinforced ECC such as
polyvinyl-alcohol fibre reinforced ECC (PVA-ECC) has been used to
strengthen RC structures [20,23-27]. Krishnaraja and Kandasamy [2.8]
found that both SPH-ECC and PVA-ECC have similar interfacial bond
strengths with normal concrete. However, PVA-ECC has lower ultimate
strength and low fire resistance [29]. Towards this end, hybrid fibre
reinforced ECC such as SPH-ECC could provide a higher ultimate
strength [30,31], better fire resistance [32] as well as better protection
for steel reinforcement bars against corrosion when compared with
mono-fibre reinforced ECC [33]. However, currently very few detailed
studies have been conducted to evaluate the effectiveness of using
hybrid fibre reinforced ECC for strengthening of RC structures.
Recently, Tinoco and Silva [34] studied the strengthening effects of
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Fig. 1. Cross-sectional details of beams. (a) CB, (b) SB-1, (c¢) SB-2, (d) SB-3.

SPH-ECC without any embedded reinforcement bar by conducting
flexural tests on some scaled RC beams which were 1200 mm long, 120
mm wide and 150 mm deep. The interfacial surface between SPH-ECC
and concrete was roughened using 20 mm wide and 5 mm deep
grooves with 60 mm spacing which resulted in no interfacial debonding
during flexural tests. Moreover, test results [34] showed that ductility
during the post-peak region was significantly reduced. Based on the
study of Lu and Leung [35], it was argued by Tinoco and Silva [34] that
the flexural ductility of full-scale strengthened RC beams with SPH-ECC
would be different to their study. It was also observed that the use of
SPH-ECC without any embedded reinforcement bar could only achieve
an insignificant increase in flexural strength when compared with the
unstrengthened beams [34]. Therefore, embedding reinforcement bars

within the SPH-ECC layer might have a high potential to enhance the
flexural strength of RC beams significantly and the effectiveness of such
strengthening approach should be evaluated.

This study was conducted with an objective to investigate the flex-
ural performance of full-scale strengthened RC beams, using SPH-ECC
layer(s) with embedded reinforcement bars, in terms of peak load,
failure mode, load-midspan deflection curve, cracking pattern, interfa-
cial bond-slip, strain distribution and ductility. As-cast interfacial sur-
face without any additional surface treatment was used between the
SPH-ECC layer(s) and the RC beam part. Normal strength steel (NSS)
reinforcement bars were embedded inside the SPH-ECC layer(s). One
unstrengthened 3500 mm long, 200 mm wide and 325 mm deep RC
beam and three strengthened RC beams with 50 mm thick SPH-ECC
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Fig. 2. Longitudinal section of RC beam, instrumentation, loading and support details.
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layer(s) applied in different geometric configurations were tested to
compare their flexural behaviours. In addition to the experimental
study, in order to obtain a deeper insight on the flexural behaviours of
the strengthened beams including the interfacial bond behaviour be-
tween the SPH-ECC layer(s) and the RC beam part which is the weakest
link of many strengthening systems [36-39], an FE procedure was also
developed by using the general purpose FE program ABAQUS [40]. The
proposed model used a surface-to-surface cohesive model to describe the
interfacial bond behaviour between the SPH-ECC and concrete surfaces.
The experimental results obtained were then employed to validate the
proposed model.

2. Experimental program
2.1. Specimen configurations and preparation

In this study, one unstrengthened RC control beam (CB) and three
strengthened RC beams (SB-1, SB-2 and SB-3) with different configu-
rations of the SPH-ECC layer(s) and embedded NSS reinforcement bars
were tested under four-point bending loading. The cross-sectional con-
figurations of these beams and their reinforcement bars details are
shown in Fig. 1. The longitudinal section of the CB as well as the loading
and support conditions are shown in Fig. 2. The CB (Fig. 1a) had nominal
dimensions of 200 mm (width) x 325 mm (height) x 3500 mm (total
length). The CB was designed to be under-reinforced with three 16 mm
diameter (D16) reinforcement bars placed at the bottom and two 12 mm
diameter (D12) reinforcement bars used as hanger bars at top. In order
to provide sufficient shear resistance, D12 stirrups were used with 100
mm and 125 mm centre to centre spacing in the shear and flexural spans,
respectively. For the strengthened beams, three different configurations
for applying the SPH-ECC layers were adopted. For SB-1 (Fig. 1b), only
one SPH-ECC layer was applied at the bottom of the RC beam part with
two D16 reinforcement bars. For SB-2 (Fig. 1c), two SPH-ECC layers
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Fig. 3. Formwork used for the beam fabrication. (a) CB, (b) SB-1, (c) SB-2, (d) SB-3.

were applied at the two sides of the RC beam part and one D16 rein-
forcement bar was used at each side. For SB-3 (Fig. 1d), SPH-ECC layers
were applied at both sides and the bottom of the RC beam part to form a
U-shape encasement with two D16 reinforcement bars placed at the
bottom. These layers were applied under the as-cast condition without
any construction joint nor roughening of the concrete surface. It should
be noted that at each end of all the main reinforcement bars in RC beams
and SPH-ECC layers, 90° bend with 70 mm extended length was pro-
vided to achieve a perfect interfacial bond between concrete/SPH-ECC
and reinforcement bars. Furthermore, as all beams tested were based
on full-scale dimensions using in practical applications, each test actu-
ally expensive (in terms of materials, labour cost and time) to conduct.
Hence, only one beam for each configuration was tested due to limita-
tions on time and resources available.

The formworks used for the CB, SB-1, SB-2 and SB-3 beams were
shown in Fig. 3. For the CB, the reinforcement cage was fabricated and
then placed in the formwork (Fig. 3a) before concrete was poured. The
concrete beams were demoulded after 24 h and cured for an additional
55 days at a constant temperature of 23 °C under 100% relative hu-
midity inside a fog room with automatic humidity and temperature
controls before testing. For the strengthened beams, their RC beam parts
were first cast in an exact way as the CB. At the age of 28 days, the RC
beam parts were moved into the formworks shown in Fig. 3b, 3c and 3d,
respectively. 50 mm thick SPH-ECC layer(s) were then applied on the as-
cast surface of RC beams according to the configurations shown in Fig. 1.
It should be noted that for SB-1 and SB-3, the RC beam parts were first
rotated up-side- down before reinforcement bars and SPH-ECC layer(s)
were casted. For SB-2, no rotation was required as reinforcement bars
and SPH-ECC layers could be easily placed on both sides of the beam.
The strengthened beams were then demoulded after 24 h and cured for
an additional 27 days before testing. Thus, the CB and the RC beam parts
of the strengthened beams had been cured for 56 days when they were
tested. It should be noted that due to the volume limitation of the
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Fig. 4. Typical uniaxial stress-strain curve of steel reinforcement bars.

Table 1

Concrete and SPH-ECC mix designs.
Material Concrete SPH-ECC

/e Kg/m® /c Kg/m*

Cement 1 320 1 571
Fly ash - - 1.2 456
Sand 2.5 800 0.8 685
Coarse aggregate 4 1280 - -
Water 0.6 192 0.6 343
HRWR - - 0.013 7.4

1.47% 19.11
0.73% 56.94

PVA fibre (Volume Percentage) - -
Steel fibre (Volume Percentage) - -

Table 2
Mechanical properties of concrete and SPH-ECC.
Mechanical Property Unit  Concrete  SPH-ECC
SB-1 SB-2 SB-3
Compressive strength MPa 31.9 66.0 70.6 78.5
Elastic modulus GPa 28.06 19.7 20.5 20.1
Uniaxial tensile strength for SPH- MPa - 4.62 6.14 6.98
ECC
Splitting tensile strength for MPa 2.99 - - -
concrete
Tensile strain for SPH-ECC % - 0.47 0.58 0.64

concrete mixer and to reuse formwork materials to minimum waste,
castings of the four beams were not started on the same day. The CB and
the RC beam part of SB-3 was cast at the same day. For SB-1 and SB-2,
their fabrications were started four and five weeks later, respectively.
Thus, three separate concrete and SPH-ECC mixes were prepared for the
strengthened beams. The material properties of the concrete and SPH-
ECC were determined at the test day.

2.2. Material properties

The mechanical properties of D12 and D16 reinforcement bars were
obtained through uniaxial tensile test according to ASTM A370 [41]. For
both types of reinforcement bars, a yield strength of f;, = 590 MPa and an
ultimate tensile strength of f, = 680 MPa were recorded as shown in
Fig. 4. All reinforcement bars had the same elastic modulus of 190 GPa
with a yield strain of 0.31%.

Based on a preliminary estimation to match the loading capacity of
the test rig and to ensure that all beams are under-reinforced, concrete
mix design with characteristic compressive strength of 30 MPa was
selected. The mix design for the concrete was given in Table 1. Coarse
aggregate with maximum size of 14 mm and general-purpose cement
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Table 3
Geometric and mechanical properties of PVA fibres and steel fibres.
Type of  Diameter Length Tensile Young’s Specific
fibre (pm) (mm) strength modulus gravity
(MPa) (GPa)
PVA 39 12 1620 42.8 1.3
Fibre
Steel 200 13 2750 210 7.85
Fibre

was used in concrete. From standard cylinder tests, it was found that the
mechanical properties of all three concrete mixes were highly consistent
with an average compressive strength of 31.9 MPa (Table 2). The
average indirect tensile strength which was obtained through test as per
ASTM C496 was 2.99 MPa. The average elastic modulus of concrete was
28.06 GPa.

For SPH-ECC, based on a preliminary estimation, a target minimum
compressive strength of 60 MPa was selected. The mix design of PVA-
ECC proposed by Meng et al. [42] was employed as a base to develop
the mix design of SPH-ECC while the mixing procedure described by
Khan et al. [43] was adopted to produce the SPH-ECC. The ingredients
used were comprised of general-purpose cement, ASTM class F fly ash,
local dune sand with maximum particle size of 300 pm, water, PVA fibre
and steel fibre. The geometric and mechanical properties of the PVA and
steel fibres used are shown in Table 3. ADVA 650 [44] high range water
reducer which complies with AS 1478.1 [45] was used to maintain a
reasonable flowability. A total fibre volume percentage of 2.2% was
used. Mix design for the SPH-ECC is summarized in Table 1. Note that
the volume fraction of steel (0.73%) and PVA (1.47%) fibres were
selected to achieve the desired strength with good ductility. The
compressive strength and elastic modulus of SPH-ECC were obtained by
standard cylinder test [42] while direct tensile test using dog-bone
specimens [42] was employed to obtain the uniaxial tensile strength.
The averaged values of mechanical properties of the SPH-ECC used for
the three strengthened beams are shown in Table 2. It can be seen from
Table 2 that their compressive strengths were all higher than the target
value of 60 MPa.

2.3. Test setup and procedures

All four beams were tested under a four-point bending configuration
so that the length of both the pure bending span and the shear span is
1000 mm (Fig. 2). Vertical load was applied under displacement control
at a rate of 1 mm/min [46] until obvious concrete crushing and spalling
was observed at the top surface of the beams. Three linear variable
differential transformers (LVDTs) were installed in the pure bending
span to measure the deflections at the midspan of beam and the loading
points. For the strengthened beams, additional LVDTs were attached at
the support ends (Fig. 5) to capture any interfacial bond slip between the
SPH-ECC layers and the RC beam part. From Fig. 5, it can be seen that
the LVDT arrangement for each beam was designed based on the
configuration of the strengthened scheme. In order to measure the
strains at the top and bottom surfaces of the beams, strain gauges were
installed as shown in Fig. 1 and Fig. 2. Digital image correlation (DIC)
technique was used to capture the damage and crack propagation his-
tory by using three high-resolution DSLR cameras which covered the
entire beam as shown in Fig. 6.

3. Experimental results
3.1. Failure modes and load-midspan deformation curves
Fig. 7 summarizes the load-midspan deflection curves of all beams.

The failure modes of these beams are shown in Fig. 8. From the test
results and Fig. 7, it was found that the load-midspan deflection curves
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Fig. 6. DSLR cameras setup for DIC analysis.
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Fig. 7. Load-midspan deflection curves of tested beams.

70

of CB, SB-2 and SB-3 generally showed three distinctive phases namely,
(1) the uncracked phase, (2) the crack forming/propagation phase and
(3) the final failure phase. During the first uncracked phase, the load
increased linearly with the midspan-deflection. The cracking phase was
then started after some micro-cracks were formed so that the slope of the
load-midspan deflection curve was decreased slightly. The curves then
continued with an almost constant slope until the yielding of longitu-
dinal reinforcement bars. At the end of the cracking phase, the slope of
the curve decreased to almost zero when the final failure phase started.
In the final phase, the mid-span deflection increased without further
increase of the sustained load until the beam failed due to concrete
crushing at the top surface of the pure bending span for the CB, SB-2 and
SB-3. (Fig. 8a, ¢ and d). For SB-1, while the deflection curve also
generally showed these three distinctive phases, premature interfacial
debonding between the RC beam part and the ECC layer was occurred
shortly after the cracking phase started. This resulted in a sudden drop of
the sustained load and the slope of the deflection curve.
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Fig. 8. Failure modes of tested beams. (a) CB, (b) SB-1, (c) SB-2, (d) SB-3.

3.1.1. The CB beam

For the CB, yielding of the reinforcement bars started before the load
of 130 kN. It reached a peak load of 168.5 kN at a corresponding mid-
span deflection of 19.2 mm. After that the load remained almost con-
stant until failure in form of concrete crushing at a midspan-deflection of
52 mm. At the end of the test, extensive cracking was observed in the

pure bending span as shown in Fig. 8a.

3.1.2. The SB-1 beam

For SB-1, shortly after the cracking phase started, interfacial
debonding between the SPH-ECC layer and RC beam part occurred at a
midspan deflection of 5.26 mm (Fig. 7). The interfacial debonding
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Fig. 9. Interfacial bond-slip at the L.H.S. support end of SB-1 at beam failure.
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mainly occurred at the left hand side (LHS) shear span of the beam with
a clear bond slip observed at the LHS support end (Fig. 9). Such
debonding was similar to the results obtained by Wu and Li [46] in
which PVA-ECC layer was applied at the RC beam soffit with embedded
strips of carbon fibre reinforced polymer as reinforcement layer. On the
other hand, Tinoco and Silva [34] observed no debonding when the
tested RC beams were strengthened in similar configuration to SB-1 by
SPH-ECC but without any embedded reinforcement bars. Furthermore,
more detailed analysis of the load-deflection curve showed that the
stiffness of SB-1 before debonding (15.22 x 10° kN/m) was much higher
than that of CB (8.88 x 10° kN/m). Thus, it can be concluded that
interfacial debonding in SB-1 could be due to the increased stiffness of
SPH-ECC layer caused by the embedded reinforcement bars and the
relatively small contact area available to resist the interfacial stress
developed. After debonding, the stiffness was decreased to 9.89 x 10°
kN/m which was only slightly higher than that of the CB as the SPH-ECC
layer was bent independently and only made a small contribution to the

Engineering Structures 284 (2023) 115992

beam stiffness. Immediately after the debonding, tensile cracks were
observed within the RC beam part of SB-1. At the end of the test, the
failure mode of the RC beam part was found to be very similar to that of
the CB with little damage observed in the SPH-ECC layer. The maximum
recorded load was 213.4 kN which was only 26.6% higher than that of
the CB.

3.1.3. The SB-2 beam

For SB-2, the uncrack phase ended when the loading reached
approximately 55 kN. After that, the crack phase started with multiple
micro-cracks initiated in the SPH-ECC the layer within the pure bending
span. These cracks were widened and became very obvious near the end
of the cracking phase when the applied load reached 270 kN. Between
270 kN and 310 kN, yielding of reinforcement bars in SPH-ECC led to
gradual stiffness reduction. This eventually accelerated the tensile strain
softening phenomenon in the SPH-ECC layers and resulted in crack
localization so that the beam’s capacity remained almost constant when
the midspan deflection was increased from 17.5 mm to 22.4 mm of
(Fig. 7). Immediately after that, the concrete compressive strains at the
midspan top surface (recorded by strain gauge SG-2, Fig. 2) reached the
concrete crushing strain of 0.33% (Fig. 10). This resulted in a gradual
drop of the load capacity. The peak load recorded was 310kN which is
184% of the CB. No interfacial bond slip between SPH-ECC layer and the
RC beam part was observed before the concrete crushing. However,
immediately after the concrete crushing, interfacial debonding was
observed. However, no sudden load drop due to such interfacial
debonding was observed.

3.1.4. The SB-3 beam

For SB-3 with SPH-ECC layers formed a U-shape encasement around
the RC beam part, it showed a peak load of 354 kN which was 210% of
the CB and was the highest among all the strengthened beams. Uncrack
phase for the SB-3 ended when the loading was approximately 75kN
while the cracking phase continued up to a loading of about 320kN.
Multiple observable cracks then appeared within SPH-ECC bottom layer
in the pure bending span and the peak load was achieved when the
midspan deflection was about 20 mm. The load then remained almost
constant with substantial crack localization until the beam failed at a
midspan deflection of 46 mm. When failure occurred, strain at the
midspan top surface was found to reach the concrete crushing limit of
0.33% (Fig. 10). Unlike SB-1 and SB-2, no substantial interfacial
debonding was observed even after concrete crushing occurred. This
could be attributed to the U-shape encasement of SB-3 which gave the
largest interfacial area between the SPH-ECC layers and the RC beam
part among the three strengthened beams.

3.2. Interfacial bond behaviour

The interfacial bond between strengthening layer and RC beam part
is one of the most critical factors affecting the performance of a
strengthening system [36-39]. In case of insufficient interfacial bond
strength, premature failure may occur due to debonding. Therefore, for
the strengthened beams, the interfacial bond-slip was monitored
continuously between the SPH-ECC layer(s) and RC beam parts during
the tests. The relative displacements of SPH-ECC layer(s) with respect to
the RC beam part was recorded using LVDTs shown in Fig. 5. Interfacial
bond-slip values recorded at two support ends for the strengthened
beams are then plotted against the midspan deflection in Fig. 11
together with the load-midspan deflection curves. For SB-1, from
Fig. 11a, when the applied load was approximately 119 kN, a jump of
interfacial bond-slip from almost zero to 0.9 mm occurred in the LHS
shear span together with a sudden drop of the applied load. After that,
LHS bond-slip was increased steadily until failure while the right hand
side (RHS) bond-slip remained almost zero.

For SB-2 (Fig. 11b) and SB-3 (Fig. 11c), it should be noted that the
“front side” SPH-ECC layer refers to the layer which was facing the DSLR
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Table 4
Maximum interfacial bond end slips between SPH-ECC and RC beams.

Beam Maximum slip (mm)
SB-1 (L.H.S. bottom SPH-ECC layer) 11.49

SB-2 (R.H.S. back side SPH-ECC layer) 0.14

SB-3(L.H.S. bottom SPH-ECC layer) 0.006

cameras while “back side” SPH-ECC layer refers to the layer at the
opposite side of the beam. For SB-2, a small jump of interfacial bond-slip
of 0.14 mm was recorded for the back side SPH-ECC layer in the RHS
shear span just after concrete crushing occurred and after the peak load
was reached. Fig. 11b also shows that other that this small bond-slip,
negligible amounts of bond-slip were observed at all other sides and
support ends. For SB-3, Fig. 11c clearly showed that virtually no bond-
slip was occurred at all sides and supports ends even after concrete
crushing at the top surface of the bending span until the end of test. A
summary of the maximum recorded interfacial bond-slips recorded is
given in Table 4.

Fig. 11 shows that the interfacial bond-slip behaviours were mainly
affected by the strengthen configuration scheme used. The SB-1 which
has the smallest contact area resulted showed the largest amount of
bond-slip. The interfacial bond-slip also started well before the peak
strength was reached. For SB-2, by applying the SPH-ECC layer at the

200

Experiment
= = =DIC
0 : : : : :
0 10 20 30 40 50 60
Midspan Deflection (mm)

(a)

Experiment
L L L - - L DIC

0 . . . .

1 20 3 40 0

R/Iidspan Det?ection (mmg

(©)

60

Engineering Structures 284 (2023) 115992

two sides rather than at the RC beam soffit, the contact area between the
SPH-ECC and concrete was increased and while the interfacial stress was
reduced. As a result, only a small amount of bond-slip was recorded after
the peak load was reached. For SB-3, it was found that the bottom SPH-
ECC layer remained in full contact with the RC beam soffit even after the
beam failure. It appears that the side SPH-ECC layers not only increased
the contact area between the SPH-ECC and the RC beam part but also
might have provided additional resistance to the bottom layer against
debonding by reducing the shear stresses at the bottom interface.

3.3. Crack width analysis

DIC analysis was performed for all tests to record the cracking
behaviour and crack propagation history of the beams. The accuracy of
the DIC was first validated by comparing the midspan deflection curves
obtained from DIC with those from LVDT which showed almost perfect
agreements in Fig. 12. The cracking behaviours and patterns of the
beams were then studied by analysing data retrieved from the DIC
measurements.

For the CB, the first crack was observed in the pure bending span at a
load of 27.4 kN at the end of the uncracked phase (Fig. 7). Subsequently,
the number of cracks and crack width increased as the midspan
deflection increased. These cracks also gradually propagated towards
the top surface. At the end of the test, ten major cracks with width
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Fig. 12. Midspan-deflection curves comparison between LVDT and DIC measurements. (a) CB, (b) SB-1, (c) SB-2, (d) SB-3.
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(e)

Fig. 13. Cracking pattern observed through DIC analysis after beam failure. (a)
CB, (b) SB-1 RC beam part, (c) SB-1 bottom SPH-ECC layer, (d) SB-2, (e) SB-3.
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Fig. 14. Cracking pattern at SB-2 beam soffit at end of test.

ranging from 1.1 mm to 8.5 mm was observed. As shown in Fig. 13a,
their depths were approximately 200 mm measuring from the beam
soffit.

For SB-1, it was found that just after the interfacial debonding
occurred when the loading was approximately 119 kN, fine cracks
started to appear in the pure bending span of the RC beam part. After the
concrete was crushed at top surface of the beam, ten major cracks were
found within the pure bending span with widths ranging from 0.48 mm
to 7.3 mm and depths up to 148 mm (Fig. 13b). However, no major crack
was observed within the SPH-ECC layer throughout while test (Fig. 13c).
It should be noted here that the cracking pattern, crack numbers and
crack widths of the RC beam part of SB-1 were similar to that of CB. This
was because after the premature interfacial debonding, the RC beam
part and the SPH-ECC layer were bent independently.

For SB-2, the first crack was observed for the SPH-ECC layer when
the loading was 110 kN. However, it is believed that cracks actually had
formed in the RC beam part when the load was between 55 and 65 kN
which led to the change of the slope of the load-deflection curve (Fig. 7).
These cracks within the RC beam part were then propagated towards but
restrained by the SPH-ECC layer. Since SPH-ECC has a much higher
ductility and cracking strain than concrete, the appearance of cracks on
the SPH-ECC surface was delayed unit a higher loading of 110kN. This
cracking sequence was supported by the crack pattern observed at the
beam soffit after the test (Fig. 14). From Fig. 14, it can be seen that four

400
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00 1 7 T
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——$B-2
SB-3
10 15 20 25
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Fig. 15. Growth history of total crack width from DIC analysis.
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0015

major cracks were formed in the RC beam part. However, due to the
restraint provided by side SPH-ECC layers, propagation of these four
cracks were restrained at the SPH-ECC and concrete interface so that for
the front side SPH-ECC layer only one major crack was formed until the
end of the test. For the back side SPH-ECC layer, only two of these four
cracks were propagated to the SPH-ECC layer. Detailed analysis of the
DIC results shown that at the end of the test, for the front side SPH-ECC
layer (Fig. 13d), eight minor cracks were developed at the beginning of
the crack phase but only one of them was eventually developed to a
major crack with a final width of 17.36 mm.

For SB-3, the first fine crack was observed in front side SPH-ECC
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Fig. 17. Ductility Index of the tested beams.

layer when the load level was 123 kN. Since both the front and back
side SPH-ECC layers were connected to through the bottom SPH-ECC
layer, the crack restraining ability was more effective than SB-2. As a
result, at the beginning of the crack phase, only four minor cracks were
observed in the front side SPH-ECC layer. Out of these four cracks, one
was eventually developed into a major crack (the RHS crack in Fig. 13e)
when the peak load of 354 kN was reached at a midspan deflection of 20
mm. As the mid-span deflection increased to 32 mm, another minor
crack (LHS crack in Fig. 13e) was also developed to a major crack.
Through detailed analysis of the DIC data, the growth histories of the
total crack width (i.e. total width of all major cracks formed during the
tests) for the tested beams are summarized in Fig. 15. It can be seen from
Fig. 15 that the total crack width in CB started to increase well before
that peak load (168.5 kN). However, for the strengthened beams, due to
the presence of SPH-ECC layer(s) which restrained the crack growth
rate, their total crack widths remained stable before the peak loads was
reached and only increased substantially after the beams were failed.

3.4. Strain distributions

The development of strain distributions along the beam depth are
plotted in Fig. 16 for the tested beams at different loading levels by using
the best fitted data obtained from DIC and strain gauges. The strain
distribution of SB-1 was not plotted because no further increase in
tensile strain at the bottom surface of SPH-ECC layer was observed due
to the premature interfacial debonding. The yield strain of reinforce-
ment bar (0.31%) and peak compressive strain of concrete (0.33%) are
also plotted as solid and dotted vertical lines in Fig. 16, respectively. The
failure load in Fig. 16 refers to the load level when concrete crushing
occurred. In general, from the DIC and strain gauges data obtained from
SB-2 and SB-3, linear strain distribution was observed along the depth of
the sections. Fig. 16a shows that the CB was under-reinforced and the
reinforcement bars was yielded before 130 kN (77% of peak load 168.5
kN). For SB-2 (Fig. 16b), the reinforcement bars embedded in SPH-ECC
layers were yielded just before the peak load (310 kN), while the rein-
forcement bars in RC beam part were yielded after the peak load.
Fig. 16b indicates that soon after the yielding of reinforcement bars in
the SPH-ECC layers and the RC beam part, the concrete was crushed at
the top surface. Such a failure was rather close to a balanced failure
which is expected as the two addition reinforcement bars were added to
the beam (Fig. 1¢) without increasing the overall depth of the beam. For
SB-3, Fig. 16¢ shows that reinforcement bars in the SPH-ECC layer
yielded at about 320kN (90% of the peak load 354kN). It should be
noted here that even after reaching the peak load, concrete crushing was
not occurred until a much larger deflection was achieved which indi-
cated that the beam was still much under-reinforced. This was actually
caused by the use of the U-shape encasement and the lower positions of
the reinforcement bars inside the bottom SPH-ECC layer which
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Fig. 18. A typical FE mesh (with 45 mm nominal element size) used for the modelling of the SB-3 beam.

increased the depth of the neutral axis of the beam cross-section.

3.5. Ductility index

In this study, ductility of the test beams is evaluated by using the
ductility index u,, which is calculated from load-midspan deflection
curves using Eq. (1) [47].

Hau = Au/Ay €Y

In Eq. (1), A, is the ultimate midspan deflection when concrete crushing
occurred and A, is the midspan-deflection at yielding of the reinforce-
ment bars (in concrete for the CB and SB-1 and in SPH-ECC layers for SB-
2 and SB-3). The ductility index obtained are summarized Fig. 17. As
expected, since the CB was designed as an under-reinforced beam, it
showed a high value of y,, = 3.6. For SB-1, due to premature interfacial
bond-slip, the ductility index was reduced to 1.6. Similarly, as SB-2 was
closed to a balance reinforced beam, its ductility index was reduced to
1.7 despite a higher peak load was achieved. However, for SB-3 while
additional reinforcement bars were added and the peak load doubled,
due to the U-shape SPH-ECC configuration and the increase in the sec-
tion depth, the beam was still under-reinforced with only a small
reduction of u,, from 3.6 to 3.0. Thus, it can be concluded that U-shape
strengthening configuration used in SB-3 could provide effective flexural
strengthen enhancement while maintaining the beam’s ductility.

4. Finite element analysis

In this study, three dimensional (3D) non-linear finite element (FE)
models were developed for the implicit analysis of tested beams using
the general purpose software ABAQUS [40]. Both material and geo-
metric nonlinearities were considered. In order to capture the interfacial
bond behaviour between SPH-ECC and concrete, a bond-slip model was
also adopted. Both the loading and support boundary conditions were
modelled as used in the actual tests.
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Fig. 19. Mesh sensitivity analysis for the SB-3 beam.
Table 5
Concrete Damage Plasticity (CDP) parameters for concrete and SPH-ECC.
] e fbo/fcO K¢ Ry
36° 0.1 1.16 0.667 1.0E-4

4.1. Element used and element size sensitivity study

The eight-node solid brick element (C3D8R), which has been
demonstrated to model the flexural behaviours of composite structures
[48] accurately was employed to discretise the concrete and SPH-ECC
parts. As no bond-slip between the reinforcement bars and concrete/
ECC was observed in all tests, truss elements were used to model the
reinforcement bars by using the embedded region constraint, which is
also the most common and simplest method for reinforcement bar
modelling [49]. Based on the previous study [48] with similar beam
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Fig. 20. Stress-strain relationship for concrete and SPH-ECC. (a) concrete under uniaxial compression, (b) concrete under uniaxial tension, (¢) SPH-ECC under

uniaxial compression, (d) SPH-ECC under uniaxial tension.

Table 6
Values of stress-strain parameters for concrete.

Compression Tension

Strain (%) Stress (MPa) Strain (%) Stress (MPa)

€ 0.1 0.4f'¢ 12.0 € 0.01 f; 3.0
€ 0.33 fe 30.0 € 0.25 fiu 0.0
€ou 0.7 feu 24.4 - - - -

specimen dimensions, an element size sensitivity study with four
different nominal element sizes ranging from 30 mm to 45 mm (along
the longitudinal direction of the beam) was performed and a typical FE
mesh for SB-3 is shown in Fig. 18. The element size sensitivity results
(Fig. 19) shows that a nominal element size of 35 mm could produce
results with good accuracy. Thus, models with a 35 mm nominal
element size were selected for the analyses of all tested beams.

4.2. Material models

The concrete damage plasticity (CDP) model in ABAQUS was
selected to define the behaviours of concrete and SPH-ECC as it was able
to simulate the tensile and compressive behaviours of concrete and SPH-
ECC accurately [21,48]. Table 5 shows the key parameters for the CDP
model used which were based on the values used in previous successful
studies [21,48,50,51].

In order to predict the responses of the tested beams accurately, the
use of the correct concrete material model is essential. The constituent
model proposed by Carriera and Chu [52] was employed to describe the
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behaviour of concrete under compression (Eq. (2)). Values of the key
parameters (Fig. 20a) of this model were taken from the actual material
tests of the concrete used and are listed in Table 6. The tensile behaviour
of concrete was defined by the constitutive model proposed by Hassan
[53] (Eq. (3)) and values of the key parameters were also determined by
actual material tests (Table 6).

f=re DA (2a)
p-1+(2)
f’ 3
B=l357 +1-55 (2b)
¢E, 0<e<é,
= - — e \2 3a
i Feexp { - (Q> } Epe<e< ey G2
a
€ = 256", ay =0.00035, f, = 0.85 (3b)

In Eq. (2), f°. is the peak compressive stress in MPa while ¢’. is the
corresponding strain obtained. In Eq. (3), f°,. is the peak tensile stress of
concrete in MPa, obtained through indirect tensile tests. ¢ = f’i/E.is
the corresponding strain of f°,.. E, is the elastic modulus of concrete in
MPa.

For SPH-ECC, the material properties in compression (Egs. (4) to (6)
and Fig. 20c) were defined by using the constitutive model proposed by
Khan et al. [43].
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Table 7

Values of stress-strain parameters for SPH-ECC under compression.
Specimen €5 g € fre €uc Fre
SB-1 0.54 65.0 0.81 325 2.7 20.3
SB-2 0.56 70.0 0.84 35.0 2.8 20.9
SB-3 0.59 75.0 0.89 37.5 2.9 21.6

Note: Strain in percentage, stress in MPa.

Fig. 21. Uniaxial tensile test of SPH-ECC dog-bone specimen.

f’Ec[,e {0~8(1—~i)+1] 0<e<éep
€ Ee € Ee
Jee = , (C))
I ke n(g/; ) +f Ep<e<E.
1+ (n— 2)( - ) + (g/€ k)
€ Ec

In Eq. (4), 'k is the peak compressive stress of SPH-ECC in MPa and
€’k is the corresponding strain. ¢ . is the ultimate compressive strain. n
is the controlling parameter of curve shape during post peak softening so
that

s 2 s 2
o e g —2e g€+ €
n=—f. E Ec€ 1c + € 4 :| (5)

€ e e —f k)
In Eq. (5), € is the transition point for strain in the post peak region.
f 1 is the residual strength in MPa and is given by

foe=F B ) ") (6)

The values of the key parameters using in Eq. (4), Eq. (5) and Eq. (6)
for different batches of SPH-ECC used in the fabrication of the
strengthened beams (SB-1, SB-2 and SB-3) were obtained from the
average test results of standard cylinder tests and are listed in Table 7.
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In Eq. (7), f and & are the first cracking stress (MPa) and corre-
sponding strain, respectively. f;, and & are the peak tensile stress (MPa)
and corresponding strain, respectively. f’z, and ¢’g, are the tensile stress
(MPa) and strain at the point where the SPH-ECC tensile strength start to
drop significantly with a very steep slope accompanied with crack
localization (i.e., formation of major cracks). f,, (MPa) and ¢, are the
ultimate limit point of stress-strain curve. f,(MPa) and ¢, represents the
point where softening transition phase starts to be stabilized. Lastly, f;
(MPa) and &5, define the failure point. The values of the key parameters
used in Eq. (7) for different batches of SPH-ECC used in the fabrication of
the strengthened beams (SB-1, SB-2 and SB-3) were obtained from the
lower bound test results of dog-bone tensile tests (Fig. 21) and are listed
in Table 8.

4.3. Interfacial bond-slip modelling

As interfacial bond-slip was observed in SB-1 and SB-2, it is essential
to include a proper bond-slip model in the FE model. In this study,
surface-to-surface contact elements based on the traction-separation
constitutive model [40,55] were inserted between all SPH-ECC and
concrete interfaces to model the interfacial bond-slip and cohesive be-
haviours. This model consists of a linear elastic response up to the
damage initiation. After reaching the damage initiation criteria, the

Table 8

Values of stress—strain parameters for SPH-ECC under tension.
Specimen Eer fer €ih fin €' Rt e Eut fue Ett fre Eft ffe
SB-1 0.04 4.0 0.07 4.3 0.45 4.0 0.93 2.8 1.5 2.1 2.5 1.0
SB-2 0.01 5.7 0.06 6.7 0.4 6.4 0.58 5.0 1.0 3.0 2.5 1.5
SB-3 0.05 5.0 0.11 6.9 0.65 6.5 1.0 4.0 2.0 1.3 2.5 1.0

Note: Strain in percentage and stress in MPa.
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Table 9
Value of parameters for interface modelling.
Friction K,, K, K; Damage
fficient, N, 3
Coefficient, u (N/mm) 52,87, &7 % (mm)  Viscosity
87 (mm) Coefficient
0.7 40 0.03 0.001 0.001

Table 10
Comparisons of peak loads.

Specimen Load carrying capacity
Ppeak-Test (KN) Ppeak-rem (KN) Ppeak-FEM/ Ppeak-Test
CB 168.5 169.5 1.00
SB-1 213.4 222.0 1.04
SB-2 310.0 307.1 0.99
SB-3 354.0 351.7 0.99
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damage evolution of interfacial bond will be continued until the com-
plete bond failure (Fig. 22). The linear elastic traction-separation
response can be defined as

t K, 0 07(5,
ny=10 K 01[{s
4 0 0 k|ls

In Eq. (8), K,,, K;, and K, are stiffnesses across the interface. t,,, t; and t;
represent nominal traction with corresponding the separations &,, 5; and
&, respectively. Subscripts n, s, and t denotes the normal, first and sec-
ond shear directions respectively. As the tractions increase, eventually
when the quadratic-separation based damage criterion shown in Eq. (9)
is satisfied, the damage of interfacial bond will be initiated.

A AL

tay {5} &) -

In Eq. (9), (.) denotes the Macaulay bracket to signify that pure
compressive displacement that does not initiate damage. 57, 57, and &;
are respectively peak values of separation during linear elastic response
in normal, shear, and tangential directions. After the damage initiation,
it will be followed by damage softening response. The damage softening
response under combined normal, shear, and tangential separations is

defined through an effective separation term §&,, such that

(8
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Fig. 23. Comparison of load-deflection curves. (a) CB, (b) SB-1, (c) SB-2, (d) SB-3.
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(sm

(5,)° +62+67 (10)

so that the following linear-softening damage variable D can be
defined.

_ 8,0 —5,)

= (o, o) an

In Eq. (11), &, and &, are the effective separations at damage
initiation and complete failure, respectively. &7 is the maximum value
of effective separation attained during the loading history.
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The damage initiation, evolution and stabilization parameters
employed to define interfacial bond behaviour between concrete and
SPH-ECC are listed in Table 9. Their values were obtained by calibrating
the FE modelling results of the strengthened beams with the experi-
mental results using the method proposed by Valikhani et al. [56]. Note
that such an approach for obtaining interfacial parameters has shown to
be reliable for predicting the interface bond-slip between concrete and
ultra-high performance concrete (UHPC) with fibres. Since the UHPC
materials modelled by Valikhani et al. [56] was a fibre-based material
and ECC is also a fibre-based materials, they show similar interface
behaviours with concrete. Therefore, it is reasonable to adopt Valikhani
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Fig. 25. Comparison of interfacial bond-slip. (a) SB-1, (b) SB-2, (c) SB-3.

etal.’s [56] method to obtain values of parameters here for concrete and
SPH-ECC interface. Since it was observed in the SB-1 test that debonding
failure was sudden and brittle, a difference of 0.001 mm between the
effective separation at damage initiation (69,) and the maximum value of
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effective separation (5;,;**) was used. In Table 9, the viscosity coefficient
used will control the damage stability. In order to reflect the brittle
bond-slip between SPH-ECC and concrete, a low value of 0.001 was set
as the viscosity coefficient to represent rapid energy release.

4.4. FE model validation

Comparisons of the predicted peak loads (Ppeak-rem) obtained from
FE models with the peak loads from tests (Ppeax-Test) for all beams are
presented in Table 10. The complete predicted load-deflection curves
are also compared with the test curves in Fig. 23. It can be seen form
Table 10 that the peak loads obtained from the FE models agreed well
with the test results. In addition, Fig. 23 shows that the FE models could
also capture the three distinctive phases (Section 3.1) observed during
the beam tests with good agreements. Furthermore, the proposed
modelling approach could also predict the sudden load drop due to the
premature debonding in SB-1 (Fig. 23b). The damage patterns of the
modelled beams at failure are compared with those observed from tests
in Fig. 24. From Fig. 24, it can be seen that good agreements were ob-
tained for all tested beams.

The proposed FE models were further validated by comparing pre-
dicted interfacial bond-slips with those observed in tests for the
strengthened beams (Fig. 25). Fig. 25 shows that while the bond-slip
behaviour could be affected by the random surface roughness of the
interface during casing, reasonably good agreements were obtained
between the modelling results and the actual measurements. Therefore,
the proposed FE models in this study could be used in future research to
conduct a parametric study which is critical for the development of
analytical models to predict the flexural behaviours of the strengthened
beams and for practical design calculations.

5. Conclusion

In this study, flexural strengthening of reinforced concrete (RC)
beam using steel and polyvinyl-alcohol engineered cementitious com-
posite (SPH-ECC) with embedded steel reinforcement bars was investi-
gated. Three different strengthening configurations in which the SPH-
ECC layer was only applied at the soffit of the RC beam part (SB-1), at
the two sides of the RC beam part (SB-2) and at both sides together at the
soffit of the RC beam part (SB-3) were suggested. Together with the
control RC beam (CB), the three strengthened beams were tested under
four-point bending until failure. The flexural performance of strength-
ened beams was compared in terms of peak load, failure mode, load-
midspan deflection curve, cracking pattern, interfacial bond-slip be-
tween SPH-ECC and concrete, strain distribution and ductility. To
complement the experimental study, a finite element (FE) modelling
approach using surface-to-surface cohesive model was also proposed to
predict the flexural behaviours of the strengthened beams including the
interfacial bond-slip between the RC beam part and the SPH-ECC
strengthening layers. Based on the experimental and numerical model-
ling results, the following conclusions can be drawn.

1. Premature failure due to significant interfacial debonding was
observed in SB-1. For SB-2 and SB-3, their final flexural failures were
caused by concrete crushing at the top surface within the pure
bending span. For SB-2, shortly after the concrete crushing, a small
amount of interfacial bond-slip was observed. On the other hand, for
SB-3, virtually no interfacial bond-slip was observed even after
concrete crushing was occurred.

2. For the cracking pattern at failure, it was found that the cracking
pattern of SB-1 was similar to that of the CB. For SB-1, due to pre-
mature interfacial bond-slip, no major cracking was appeared in the
SPH-ECC layer even after the beam failed. For SB-2 and SB-3, it was
observed that cracks were initiated from the RC beam part and
propagated towards SPH-ECC layers. It was found that SPH-ECC
demonstrated a good crack width control ability and those cracks
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originated from the RC beam part were restrained by the SPH-ECC
layers effectively.

. The load carrying capacity of strengthened beam was found to be

highly sensitive to the strengthening configuration. While SB-2 only
showed a small increase of 26.6% when compared with the CB, SB-2
and SB-3 increased the peak strength by 185% and 210%, respec-
tively. The ineffectiveness of SB-1 was due to the premature bond-
slip between the RC beam part and the SPH-ECC layer. While both
SB-2 and SB-3 greatly enhanced the flexural strength, SB-3 showed a
higher enhancement than SB-2. This was because the U-shape
encasement used in SB-2 not only generated a larger and deeper
beam section (thus low the neutral axis), it also reduced interfacial
bond stress by providing a larger contact surface area between the
SPH-ECC layers and the RC beam parts. In addition, the U-shape
encasement also provided a more effective restraint that prevented
those cracks originated from the RC beam part from propagating to
the SPH-ECC layers.

. Comparison of proposed FE modelling and experimental results

showed that good predictions were obtained for the load-midspan
deflection curves, cracking patterns, interfacial bond-slip behav-
iours as well as the final failure modes of the strengthened beams.
Hence, the proposed model could be used in the future to conduct a
parametric study to allow engineers and designers to gain a more
insight on the flexural behaviours of the strengthened beams.
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