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ABSTRACT To enhance the durability of a reinforced concrete structure, engineered cementitious composite (ECC),
which exhibits high tensile ductility and good crack control ability, is considered a promising alternative to conventional
concrete. However, broad application of ECC is hindered by its high cost. This paper presents a new means to address this
issue by introducing a composite beam with a U-shaped ECC permanent formwork and infill concrete. The flexural
performance of the ECC/RC composite beam has been investigated experimentally with eight specimens. According to
the test results, the failure of a composite beam with a U-shaped ECC formwork is initiated by the crushing of
compressive concrete rather than debonding, even if the surface between the ECC and the concrete is smooth as-finished.
Under the same reinforcement configurations, ECC/RC composite beams exhibit increases in flexural performance in
terms of ductility, load-carrying capacity, and damage tolerance compared with the counterpart ordinary RC beam.
Furthermore, a theoretical model based on the strip method is proposed to predict the moment-curvature responses of
ECC/RC composite beams, and a simplified method based on the equivalent rectangular stress distribution approach has
also evolved. The theoretical results are found to be in good agreement with the test data.

KEYWORDS engineered cementitious composite (ECC), durability, ECC/RC composite beam, permanent formwork,
flexural performance, theoretical method

1 Introduction In recent years, efforts to modify the brittle nature of

ordinary concrete have resulted in high performance fiber-

Concrete is usually subjected to tensile stresses due to
loading, processing, shrinkage, and thermal effects. The
brittleness of concrete in tension essentially leads to the
formation of cracks, which is of special concern in
structures with respect to durability. Unfortunately, the
crack width of concrete increases linearly with applied load
[1]. Wider cracks increase the migration of aggressive
agents into concrete, leading to severe reinforcement
corrosion, spalling, strength loss, or progressive disinte-
gration. Hence, it is important to control the width of
cracks in reinforced concrete (RC) structures.
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reinforced cementitious composites, which are character-
ized by tensile strain hardening after first cracking.
Engineered cementitious composites (ECCs) invented by
Li et al. [2,3] is micromechanically tailored by the addition
of short fibers to achieve high ductility under tensile
loading. Usually, ECC with a fiber content of at most 2%
by volume strain-hardens after first cracking [4-6], and
achieves a tensile strain capacity above 2%. The large
deformation capacity is physically associated with forma-
tion of multiple fine cracks, and the crack width of ECC
can be effectively controlled below 100 um, even up to the
final failure. In terms of permeability and diffusion, crack
width less than 100 um generally behaves like sound
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concrete [7,8]. Therefore, by suppressing crack width even
in presence of large imposed structural deformations, the
use of ECC to replace normal concrete can effectively offer
structural durability improvements, even completely
eliminating steel reinforcement placed for the sole purpose
of crack width control [7,9].

Unfortunately, broad applications of ECC material are
hindered by its high cost, which can usually be reduced by
employing a high volume of fly ash [10], substituting part
of the oiled PVA fibers with unoiled PVA fibers [11],
reducing the PVA fiber volume fraction from 2% to 1.5%
[12], etc. Another effective method is to design ECC/
reinforced concrete (ECC/RC) elements by replacing part
of the concrete with ECC. To date, few research studies on
mechanical behavior of ECC/RC composite members,
especially bond behavior between ECC and concrete, have
been conducted. Maalej and Li [13] first introduced ECC
as a replacement for concrete material that surrounds the
main reinforcement to improve durability of regular
reinforced concrete structures. Leung and Cao [14]
conducted an experimental study of composite beam
with plain ECC formwork and discussed the effect of
different formwork surface treatments on flexural behavior
and durability of composite beam. Yuan et al. [15]
evaluated the flexural behaviors of concrete/ECC compo-
site beams reinforced with BFRP, and demonstrated that
the strength and energy dissipation ability of composite
beams are superior to the strength and energy dissipation
ability of the concrete beam. Li and Xu [16] proposed a
theoretical model to predict the flexural performance of
functionally graded composite beams crack-controlled by
ECC and then carried out an experiment to verify the
validity of the proposed model.

In this paper, to help lower cost, we will first present the
material design of cost-effective ECC with hybrid PVA
fibers, and the determination of its mechanical properties.
Then, U-shaped permanent formwork is made by this
hybrid PVA-ECC, and the ECC/RC composite beam is
further constructed by the casting of normal concrete. The
bending test results on U-shaped ECC/RC composite
beams with different formwork surface treatment are
reported. Emphasis will be placed on flexural performance,
especially bonding behavior between the formwork and
the cast concrete, as well as the control of cracking by the
ECC. This is followed by the development of theoretical
model based on strip method to determine load-deflection
response of composite beam. Finally, a simplified method
is proposed to predict flexural capacity of U-shaped ECC/
RC composite beam for convenience in practical design.
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2 Optimal design of mix proportion of cost-
effective PVA-ECC

2.1 General guideline

In the present research, the fiber used in ECC focuses on
polyvinyl alcohol (PVA) fiber. Two types of PVA fibers,
i.e., oiled and unoiled PVA fibers, are used in this study,
and the dimensional information and mechanical proper-
ties are listed in Table 1. As shown in Table 1, unoiled PVA
fibers and oiled PVA fibers are similar in tensile strength
and elastic modulus. The price of unoiled fiber, however, is
just approximately 1/8 of the price of the oiled fiber.
Unoiled PVA fiber produced by Jiangsu Subote New
Materials Co., Ltd., China, may be ruptured due to the
strong chemical bonding to cement hydrates, and unoiled
PVA-ECC can hardly exhibit good pseudo-strain-hard-
ening performance [11]. Therefore, oiled fiber produced by
Kuraray Co., Ltd., Japan is tailored by applying oil coating
to the surface of the fiber to decrease the bond. In this case,
it is worth studying the hybrid PVA-ECC to make it more
feasible to apply ECC in large-scale practical engineering.
The cost-effective ECC with hybrid PVA fibers at a dosage
of 1% oiled fibers and 0.6% unoiled fibers in volume is
engineered in this study, based on the feasibility analysis
proposed by Pan et al. [11]. Since a significant part of the
fly ash will act as inert filler leading to a loss of
compressive strength [17], silica fume is added into the
mixture in this study.

2.2 Mix proportion of cost-effective PVA-ECC

The mortar matrix of hybrid PVA-ECC consisted of
Portland cement (P.I1.42.5), silica sand (average size of 110
pum, and maximum size of 300 pm), first-grade fly ash,
fumed silica, water, and polycarboxylic-type water redu-
cer, as shown in Table 2. The manufacturing process will
be described in detail as follows. Cement, silica sand,
fumed silica, and fly ash were first mixed at low speed for
approximately one and a half minutes. Water and water-
reducing admixture were then added into the dry mixture
and mixed for another three minutes. Once a consistent
mixture was achieved, PVA fibers were slowly added into
the mortar mixture until all fibers were uniformly
distributed in the cement paste. The whole mixing
procedure typically took approximately ten minutes.

2.3 Four-point bending test

Four specimens were cast with the same size of 350 mm x

Table 1 Comparison of parameters of mechanical properties of PVA fiber

type diameter (um) length (mm) elongation (%) density (g/cm®) elastic modulus (MPa) nominal strength (MPa)
unoiled 26 12 7 1.3 36.3 1560
oiled 39 12 7 1.3 42.8 1620
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50 mm X 15 mm (length x width x depth). The specimens
were demolded after one day, then stored in a moist room.
After 28 days, the specimens were removed from the
curing room, and the age at testing was 300 days. Each
specimen was loaded with four-point bending in a
hydraulic servo-loading system. The loading span between
two supports was 300 mm with a constant moment span
length of 100 mm. A linear variable differential transfor-
mer (LVDT) was arranged at the center of the specimen to
obtain the displacement at the midspan. The specimens
were loaded by a displacement control with loading rate of
0.5 mm/min to achieve the softening behavior of the
member.

The load versus midspan-deflection curves for speci-
mens are shown in Fig. 1. At the beginning of loading, all
specimens were in the elastic stage. With increasing
applied loading, the first flexural crack generally occurs at
the location with maximum flaw size in the constant
moment region, accompanied by a decrease in the slope of
curves relative to the initial linear behavior. As with oiled
PVA-ECC [11], multiple fine cracks formed at the base of
specimens, allowing them to undergo a strain-hardening
stage with a large deflection. Finally, the dominant crack
appears to propagate unsteadily and finally leads to the
failure of the specimens. Compared with oiled PVA-ECC,
the hybrid PVA fibers tend to decrease the ductility of ECC
[11], but the ultimate midspan deflection of hybrid PVA-
ECC is still observed up to 15.5 mm on average. The
corresponding flexural strength of 10.9 MPa can be
obtained in the test. Specially, the maximum crack width
of specimens under the peak load is approximately only
160 pm.
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Fig. 1 Experimental load versus midspan-deflection curves of
hybrid PVA- ECC.

2.4 Uniaxial compressive test

Three prism specimens (100 mm x 100 mm x 300 mm)
were made for determining the compressive strength and
elastic modulus. These specimens were cured in a standard
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manner for 28 days and then moved to air-dry until
tested at the age of 300 days. All specimens were tested
by a displacement control in a 3000 kN capacity
hydraulic servo-loading system, and the loading rate was
0.3 mm/min.

The strength development curves of the specimens are
shown in Fig. 2. As shown in Fig. 2, the compressive
properties of ECC are significantly different from normal
concrete. These specimens attain a compressive strength of
approximately 43.5 MPa at a higher strain of 0.58%, with
an elastic modulus of approximately 19.8 GPa, typically
lower than concrete due to the lack of coarse aggregates.
The post-peak behavior of ECC under compression tends
to be gentler without obvious surface spalling instead of
the sudden explosive crushing failure of concrete. Note
that the type of PVA fibers has little effect on the
compressive property of ECC [11], and thus the use of
hybrid PVA fibers is feasible in terms of cost and
compressive property.
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Fig. 2 Experimental compressive stress-strain curves of hybrid
PVA-ECC.

3 Experimental program
3.1 Material properties

The reinforced specimens were provided with deformed
steel rebar of 10 mm diameter with a yielding strength of
498 MPa for longitudinal reinforcement as well as 6 mm
diameter with a yielding strength of 521 MPa for shear
reinforcement. Both types of reinforcement have an elastic
modulus of approximately 200 GPa. The cost-effective
ECC with hybrid PVA fibers is adopted in the following
test. Material properties in uniaxial compression were
obtained directly from a compressive test conducted
above, while the uniaxial tensile behavior can be predicted
by a four-point bending test. Based on the simplified
inverse method proposed by Qian [18], the first cracking
strength and ultimate tensile strength of hybrid PVA-ECC
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can be evaluated as 3 MPa at 0.015% strain and 4 MPa at
approximately 1.67% strain, respectively. The formulation
of concrete was based on cement, coarse aggregates, sand,
water, mineral admixture, and polycarboxylic-type water
reducer, as detailed in Table 2. The compressive strength of
concrete was 52.5 MPa, and the elastic modulus was 41.5
GPa. Obviously, the compressive strength of the concrete
used in this study is greater than the compressive strength
of ECC used in the composite beam, which was initially
chosen like the expected compressive strength of this
version of ECC.

3.2 Fabrication of the U-shaped permanent formwork

In this study, the U-shaped permanent formwork was
recommended to be divided into three plates to cast. The
two side plates should first be prepared, where several L-
shaped reinforcements were embedded at intervals of 20
cm to prevent debonding failure between the side and
bottom plates. After 14 wet curing days, the bottom plate
was further cast into the formwork made by the two
existing side plates, as shown in Fig. 3. To study the bond
behavior between the ECC formwork and concrete,
different kinds of surface treatment were introduced on
the surface of the bottom plate before initial setting of
ECC, which include smooth as-finished surface (N),
surface with transverse grooves (T) and surface with
partially embedded sand particles (S), as shown in Fig. 3.
For S surface condition, the coarse sands with average size
of 2 cm were uniformly distributed on the surface of the
bottom plate and further pressed slightly to assure that a
part of every particle should be embedded into the plate,

Table 2 Mixture proportions of concrete and ECC
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while the transverse grooves with width of 2 cm and depth
of 2 mm were designed on the surface of the bottom plate
for T surface condition. Finally, the members were
constructed by casting of ordinary concrete when the
bottom plate is wet cured for another 14 wet curing days.

3.3 Test specimens

Four different types, totalling eight beams, including four
duplicates, were tested to investigate the flexural behavior
and crack control capacity of the ECC/RC composite beam
with three different surface treatments. All the six
composite beams as well as two RC control beams have
the same cross-sectional dimension (120 mm width x 150
mm depth) and arrangement of reinforcements, as shown
in Fig. 4. The thickness of the bottom plate is 30 mm to
provide a proper cover to the reinforcement inside, while
the side plates have a smaller thickness of 20 mm resulting
in a reduced weight and thereby a reduced cost. The
specimens were longitudinally reinforced with two steel
bars with a diameter of 10 mm, while the crowd transverse
reinforcements with a diameter of 6 mm were arranged at
80 mm spacing between the support and loading point to
provide enough shear resistance. For each beam specimen,
two 6-mm steel reinforcements were also employed as
compressive reinforcement to support the hanging of
stirrups along the beam. All these reinforcements were
placed into the concrete. The real longitudinal reinforce-
ment ratio of the experimental specimens appears to
increase from 0.87% to 1.5%, considering the four
longitudinal reinforcements used in the L-shaped reinfor-
cement fabric for the facility of positioning. Details of the

material cement fly ash fumed silica slag sand coarse aggregates ~ water fibre water reducer
unoiled oiled

concrete 1 0.1 - 0.3 2.8 4.2 0.6 - - 0.0075

ECC 0.92 32 0.08 - 1.5 - 1.2 0.6% 1.0% 0.0028

Fig. 3 Fabrication of the ECC permanent formwork.
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Fig. 4 Beam cross section details.

specimen configurations are summarized in Table 3. All
beams were sealed in plastic bags cured in a 100%-
humidity environment for 14 days as soon as the ordinary
concrete was cast on the ECC formwork, and then left to
air-dry until testing. The age at testing of the specimens
was 300 days. Standard cuboid specimens (100 mm x 100
mm x 300 mm) for compression testing were also cast
from the same matrix batch.

3.4 Test setup and test procedure

The schematic configuration of the test setup is shown in
Fig. 5. Each beam was subjected to a four-point bending
load with a span of 1200 mm between supports, which is
applied symmetrically at 400 mm from the supports,
resulting in a moderate shear span-depth ratio of 2.67 to
avoid the shear failure. Three linear variable differential
transformers (LVDTs) were used to monitor the midspan
deflection of the beam, and two other LVDTs fixed on the
top surface at the supports were employed to measure the
support settlement under loading to correct the midspan
deflection. To measure the yielding applied load, each
longitudinal tensile bar as well as the L-shaped reinforce-
ment fabric was instrumented with two strain gauges of
2 mm in length at constant moment span. A pair of strain
gauges of 10 cm in length was attached to the top concrete
and ECC surface of the beam, respectively, whose

Table 3 Summary of specimen information
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difference determines whether the debonding occurred
between the two materials during the loading process.
Seven strain gauges of 5 cm in length were fixed
continuously at the bottom of the beam between two
loading points to obtain the first cracking load. In the test,
the vertical loading was applied with a 250 kN hydraulic
actuator under displacement control at the rate of
0.5 mm/min and measured with a load cell. During the
loading process, the data from strain gauges, LVDTs and
the load cell are automatically collected by a data logger,
and the crack width was measured by an instrument with a
150 mm x lens. For each specimen, the test was terminated
when the applied load dropped to 50% of its peak load.

4 Experimental results and discussion

4.1 Models of failure

All the specimens with U-shaped ECC formworks showed
the ductile flexural failure instead of the debonding failure
before the crushing of the concrete, typically shown in
Fig. 6. In terms of a higher longitudinal steel ratio leading
to similarity between shear strength and flexural strength,
one of the reference RC beams failed in combined flexural-
shear after occurrence of diagonal crack localization,
which implies that U-shaped ECC formwork can effi-
ciently improve the shear strength of members by crack
bridging force provided by PVA fibers. The strain
difference between ECC and concrete on the top of the
beam measured by strain gauges, as revealed in Fig. 7,
appears to be approximately identical before the maximum
load, which indicated the compatible deformation rather
than delamination between ECC and concrete. With further
increasing displacement, cracks caused by debonding were
observed on the top of beam during the test, but the load
does not drop suddenly due to debonding. Eventually, the
composite beams all failed by the concrete crushing. In this
case, the debonding is not the direct cause of member
failure due to improvement in the interfacial resistance by
increasing the interface area using U-shaped formwork
even with smooth inner surface.

specimen  shear span-depth ratio longitudinal reinforcement ratio (%) shear reinforcement (mm) matrix type surface treatment
N-1 2.67 1.5 stirrups ¢p6@80 ECC/concrete none

N-2 2.67 1.5 stirrups ¢p6@80 ECC/concrete none

S-1 2.67 1.5 stirrups ¢p6@80 ECC/concrete sand particles
S-2 2.67 1.5 stirrups ¢p6@80 ECC/concrete sand particles
T-1 2.67 1.5 stirrups ¢p6@80 ECC/concrete transverse grooves
T-2 2.67 1.5 stirrups ¢p6@80 ECC/concrete transverse grooves
RC-1 2.67 1.5 stirrups ¢p6@80 ECC/concrete -

RC-2 2.67 1.5 stirrups ¢p6@80 concrete -
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Fig. 5 Schematic of test setup.
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Fig. 6 Typical failure mode of the ECC/RC beam.
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Fig. 7 Comparison of compressive strain of ECC and concrete at
the top of the beams.

4.2 Load-deflection characteristics

The experimental load versus midspan-deflection curves of
all specimens are given in Fig. 8. In this figure, a design

load, which is calculated based on the strip method
expatiated in the following section, is also shown. Figure 8
indicates that the load-deflection curves of ECC/RC
specimens are similar to the curves of ordinary reinforced
concrete specimens. All the composite beams exhibited the
linear behavior until the first crack occurred. After the
formation of cracks, the composite beams exhibited the
nonlinear load-deflection characteristics and eventually
failed in a ductile manner signified by the plateau in the
load-deflection curve due to “yielding” of steel and ECC.
Benefitting from the relatively ductile post-peak compres-
sive behavior of ECC in the compressive zone, the failure
process of composite beams was more gentle than RC
beam. Unlike the flat plateau for RC beam, a softening
behavior was observed in composite beams which
indicated that the debonding between ECC and concrete
has more effect on flexural behavior after peak load.
Although debonding resulted in some undesirable loss in
load, all composite beams failed by flexural crack
localization rather than debonding crack localization.

The test results are summarized in Table 4. As shown in
Table 4, the load-carrying capacity of ECC/RC composite
beams all reached the design load, which demonstrated that
interfacial debonding was not the dominant failure mode.
The composite beams with a cracking load similar to the
RC beam all achieved a larger yielding and ultimate load,
approximately 14.0% and 14.1% higher than the concrete
beams, as well as an improvement in deflection capacity
denoted with ductility indices fu/ttyicig. Generally, the
composite beams showed a little increase in ductility
compared with RC beams, since the ductility of the
composite beam was also dominated by the ultimate
compressive strain capacity of the concrete. A limited
improvement in load-carrying capacity compared with the
RC beam was also observed, since the contribution of ECC
in the tension side to flexural capacity was relatively
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Fig. 8 Load versus midspan-displacement curve of all tested members. (a) Specimens N-1 and N-2; (b) specimens S-1 and S-2;
(c) specimens T-1 and T-2; (d) specimens RC-1 and RC-2.
Table 4 Experimental results of tested beams
SpeCimen Vcr Her Vyeild Hyeild Vpeak Vsim Hpeak Hult HAa
(kN) (mm) (kN) (mm) (kN) (kN) (mm) (mm) (mm)
N-1 9.5 0.58 65.5 9.1 83.6 78.9 16.8 26.5 291
N-2 10.4 0.43 70.1 7.2 84.6 11.5 19.7 2.74
S-1 9.8 0.28 72.8 9.7 85.3 16.2 28.1 2.89
S-2 9.3 0.46 68.8 7.5 87.1 12.1 25.7 3.43
T-1 11.1 0.56 70.8 8.4 87.2 15.5 28.2 3.36
T2 8.4 0.51 73.1 7.1 82.9 14.0 30.6 4.31
strip method 10.2 0.34 74.5 6.5 82.5 - 224 224 3.45
RC-1 11.2 0.31 62.4 6.7 75.7 - 15.6 18.7 2.79
RC-2 9.9 0.39 58.4 7.1 73.8 - 15.2 20.8 2.93

Vers

Note: V. = the cracking load; s, = midspan deflection at

Vyiela = the yielding load when the main steel bar with 10 mm diameter yields; sy.ijs = midspan deflection at

Vyield; Vpeak = the peak load; ftpeqc = midspan deflection at Vpea; £t = the ultimate midspan deflection when the applied load decreases to 80% of the peak load; A=

ductility calculated by uu/yieia-

degraded when the longitudinal steel ratio is relatively
high. Another reason that can also explain this behavior is
that the compressive strength of concrete used in this test is
greater than the compressive strength of the ECC in the
composite beam. The surface condition in the ECC/RC
beams had little influence on the peak load, but it affected

the ductility of the members. The surface with transverse
grooves showed the best ductility because of the best
interfacial bonding, followed by the surface with the
embedded sand particles and the smooth as-finished
surface. This is because that good interfacial bonding can
enable the shear stress to be effectively transferred back to
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the uncracked concrete, and thus more cracks in concrete
occur accompanied by the formation of additional fine
cracks in the ECC near these new concrete cracks. As a
result, the ductility will be further improved.

4.3 Crack propagation and width

For RC beams, the first crack appeared randomly at the
weak location in the pure bending zone. As the load
increased, the flexural cracks propagated both in number
and width. Beyond yielding, there are no new cracks
formed in the concrete, while the width of existing cracks

Front. Struct. Civ. Eng. 2019, 13(5): 1271-1287

increases dramatically up to failure. For ECC/RC compo-
site beams, the cracks formed in concrete will be arrested
by the formwork and then diffused into numerous fine
cracks in the ECC layer due to the crack bridging force
provided by the PVA fibers. Note that the number of cracks
in the ECC increased continuously up to the localization of
the major crack, and crack width, in the meanwhile,
remained almost constant, usually less than 200 pum.
Figure 9 depicts the crack pattern in all specimens
observed after failure. As expected, there are large
numbers of fine cracks at the constant moment region of
the composite beam rather than several wide cracks in the

(8

(b)

(d)

(b

Fig. 9 Crack pattern in tested beams after ultimate failure. (a) Specimen N-1; (b) specimen N-2; (c) specimen S-1; (d) specimen S-2;
(e) specimen T-1; (f) specimen T-2; (g) specimen RC-1; (h) specimen RC-2.
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RC beams. Therefore, it is fair to assert that the
serviceability limit controlled by crack width will no
longer govern the design of flexural members for the ECC/
RC composite beam, since the small crack width of the
ECC matrix should enhance durability of structures.

The maximum crack width measured at constant
moment span verses normalized load capacity for all
tested specimens are revealed in Fig. 10. Normalized load
capacity in this figure is the ratio of applied load to the peak
load. Figure 10 shows that the crack width of the RC beam
tends to increase dramatically even up to 1 mm after the
yielding of the steel, while increase of the crack width of
ECC/RC composite beam can stabilize less than 400 pm
before the peak load. It is remarkable that the crack width
does not even exceed 100 um when the applied load is less
than 80% of the peak load. As specified by AASHTO [19]
for outdoor exposures, a crack width of 0.3 mm was used
to represent the serviceability limit of reinforced concrete
structures, and the corresponding service load is usually
approximately 50% to 70% of the design load [20]. Crack
width control is of primary importance for many reinforced
concrete applications, since it is believed that there is a
close relationship between maximum crack width and the
durability of the structure. As pointed out by research
studies [8,21], the formation of the crack is perceived to
have a limited effect on the transport property of the matrix
when its width is below 100 pm. Therefore, there is
substantial potential for ECC to transfer its material
ductility to durability of the structure by acting as a quality
cover such as the U-shaped formwork even exposed in a
severe environment.
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Fig. 10 Crack width versus normalized applied load curve.

As a material specially tailored by a micromechanical
model, the ECC with tension strain capacity beyond 3%
can be obtained easily [2,3], and yet the resulting cost will
increase dramatically. Hence, ECC should be tailored to
accommodate performance demands for different applica-
tions. For the structures emphasizing lower damage
tolerance under extreme loading such as earthquake and

1279

typhoon, the ECC with tensile strain capacity in excess of
3%, which can ensure that no strain localization will take
place in the ECC formwork, is preferable to replace part of
the concrete in key components. For the structures exposed
to an aggressive environment, it is effective in meeting the
requirement of durability to introduce the ECC to serve as
a quality cover with moderate tensile strain capacity less
than 1.5%, since the service load is only 50%—70% of the
design load.

4.4 Analytical load-deflection relationship

The strip method is adopted in this study to calculate the
load-deflection relationship of the tested beams, and
several assumptions are made for simplicity:

1) Cross section remains level during the whole
deformation process.

2) There is no interface slip between concrete and ECC
during calculation.

3) In this study, the stress-strain relationship of ECC in
tension is simplified by a bilinear curve [22], as shown in
Fig. 11(a). The expression for tensile stress-strain relation-
ship is given as follows:

fetc
e 8t> O<8t<getca
— tc
Oet = ¢ f (1 )
etu Jetc
ﬁ:tc =+ (gt_getc)a Cete <‘c;t <‘c;e‘rua
Eetu — Cete

where ;. and f, are the first cracking tensile strength and
the ultimate tensile strength, respectively; &q. and &q, are
the strain corresponding to fi. and fiq, respectively.

4) The widely used uniaxial compressive model for
concrete proposed by Hognestad et al. [23] is adopted with
a slight modification for ECC material, as shown in
Fig. 11(b). Based on the compressive test results in this
study, a shape factor { of ECC is suggested to be 1.35
instead of the constant value of 2 for normal concrete due
to the relatively lower elastic modulus of ECC. The
expression of the compressive stress-strain curve is given
as follows:

2
80 80
- 1- - s 8C<86 s
e e n(&)) we
€&

foo (s ) (—)

Eecu e

Occ = Eep < Ec L &ecus

](CCu >

E"CCU < gC)
@)

where & is the compressive strain at peak stress fo; focu 1S
the residual stress, and &, is the strain corresponding to
fecus Which is usually equal to 1.2¢,.

5) As shown in Fig. 12, an elastic tensile stress-strain
relationship is used before cracking for concrete, while the
compression constitutive model of concrete proposed by
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Fig. 11  Stress-strain relationship of ECC. (a) Under uniaxial tension; (b) under uniaxial compression.
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Fig. 12 The stress-strain relationship of concrete. (a) Under uniaxial tension; (b) under uniaxial compression.

Riisch [24] is adopted for simplicity. The expression of the
tensile and compressive stress-strain curve is given as
follows:

fctc
—¢&, 0<&g<&y.,
T = g OSES e G)
0, Eere < &
26, (& )\’
— | — , 0<e.<égy,
Occ = fcc |:800 Eqo TPeT=Te0 (4)

Eep < & < Eccus

CC»

where ¢ and f; are the cracking strain and tensile strength,
respectively; €. is the compressive strain at the peak stress
finLs €ccu 18 the ultimate compressive strain.

6) To simplify the analysis, the perfect elastic-plastic
model of steel bar can be expressed by the following
formulas:

®)

where E is the elastic modulus; ¢, and f; are the yielding
strain and yielding stress, respectively.

In strip method [25], the cross section is first discretized
into numerous strips. To start the procedure, a tensile strain
at extreme tensile fiber ¢ is assigned. The distance of
neutral axis ¢ from the bottom is calculated from force
equilibrium of the section based on the assumed stress-
strain relationships, and the corresponding moment is

obtained by summing the moment contributions from
individual layers about the neutral axis. For a constant
curvature [22], the maximum deflection f for a beam
having a span of L is given by

f= (6)

Lg,
8¢’

Repeating the calculation with different values of g, the
load-deflection relationship of a ECC/RC composite beam
can be determined. Particularly, the ultimate state of the
beam is assumed to be reached when the strain at extreme
compression fiber &, reaches the ultimate compressive
strain of concrete gqcy.

The comparison of load-deflection response between the
experimental and calculated results is shown in Fig. 13.
The load-carrying capacities, including cracking load V,,
yielding load Vy.ig, and ultimate load Vpeax, and
corresponding deflections were picked up from the
calculated curve and are shown in Table 4. As revealed
in Fig. 13 and Table 4, the theoretical load-deflection curve
shows a good agreement with the tested results, especially
the load-carrying capacities can be predicted satisfactorily.
It is true that the difference of deflection between the
experimental results and the calculated result is small
before reinforcement yields but slightly large beyond
yielding, mainly due to no consideration of interfacial
debonding between ECC and concrete. The Eq. (6) is
derived based on mechanics of materials under large
deformation where a constant curvature along the long-
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itudinal direction of specimens is assumed [22], and thus
the initial elastic modulus of the calculated curve is higher
than experimental results.

Another issue related to the flexural behavior of the
reinforced ECC beam and U-shaped ECC/RC composite
beam is evaluated through two examples calculated by the
strip method. The geometric and mechanical parameters of
two examples are all the same as the parameters of
experimental beams. To assess the flexural behavior of
two examples objectively, the compressive strength of
concrete had better be identical with the compressive
strength of ECC (43.5 MPa). Figure 14 presents the
predicted load-deflection curve of these two examples. As
shown in Fig. 14, the reinforced ECC beam shows a 7.2%
higher load at the ultimate state than the load of the
composite beam, and a remarkable improvement of 20% in
deflection capacity is also observed because the failure of the
RECC beam is dominated by the ultimate compressive strain
of ECC, which is higher than the ultimate compressive strain
of concrete. In practice, considering the rational interface
slip of concrete and ECC, the deflection capacity of the
composite beam may be close to the deflection capacity of
the RECC beam without a sudden load drop. Therefore, we
can conclude that there is no need to replace all the concrete
with ECC in terms of flexural performance and cost.

100
80
> 60F It e At
E h o
& /i L\ :
= p \
L 40F [y
——N-1 ----N-=2
—3S-1 ----S=2
200 T1 -T2
—— calculated curve
0 1 1 1 1
0 10 20 30 40 50

midspan-deflection (mm)

Fig. 13 Comparison between calculated and experimental load-
deflection responses.
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5 Simplified solution of flexural capacity

In this study, the simplified solution of flexural capacity is
derived not only for ECC but also for other synthetic short
fiber-reinforced cement composites that exhibit pseudo-
strain-hardening behavior and multiple fine cracking
behavior under uniaxial tensile stress conditions.

5.1 Fundamental assumption

The assumption adopted in simplified analysis is identified
with that used in the strip method, except that the tensile
and compressive constitutive models of ECC are further
simplified as shown in Fig. 15. Specifically, the strain-
hardening behavior of ECC after cracking is neglected, and
then the Eq. (1) can be simplified to

fetc
—&, 0<&<¢&,
8etc t N Ot X Cetc (7)

Setes Eete SE S Eeqy-

Oet =

Like normal concrete, the simplified compressive
constitutive model of ECC can be expressed by the
following formulas:

100
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70 b
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midspan-deflection (mm)

Fig. 14 The calculated load-deflection relationship of the

examples.
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Fig. 15 Simplified stress-strain relationship of ECC. (a) Under uniaxial tension; (b) under uniaxial compression.
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5.2 The optimal thickness of U-shaped ECC formwork

Based on the foregoing analysis, U-shaped ECC perma-
nent formwork is employed mainly as a protective layer to
improve the durability of RC structure. Therefore, the
thicknesses of the side and bottom plates in the ECC
formwork are expected to exceed the specified cover for
reinforcement % such as 50.8 mm for the beam exposed to
weather provided by ACI 318-14 [26]. With a reduced
thickness, transportation and handling is facilitated by a
reduced weight, and the formwork cost is also reduced.

Another issue related to thickness of formwork is that
when the normal concrete is cast into an ECC formwork,
the two materials cannot work as a whole and thereby
additional distributed load will be applied to the ECC
formwork by fresh concrete, which tends to put the
formwork at the risk of cracking. The simplified mechan-
ical model and corresponding moment distribution of the
U-shaped ECC formwork are shown in Fig. 16. As shown
in Fig. 16, the U-shaped ECC formwork is simplified to a
simply supported system under lateral and vertical
distributed load applied by fresh concrete during casting.
The maximum moment M, is reached at the junction of
side plate and bottom plate, and its value is determined
only by the depth of section 4. Herein, the maximum
moment M., is given by

h2
Mmax = q?a (9)
q = pghbi, (10)

where ¢ is the maximum value of distributed load; p, is the
density of concrete and is usually deemed to be 2400 kg/m?
for normal concrete; g is the acceleration of gravity and is

equal to approximately 10 N/kg; and b, is longitudinal
calculating length of formwork and can be taken as unit
length for convenience.

To avoid cracking of U-shaped ECC formwork during
casting of concrete, the maximum moment of plate M.«
cannot exceed its cracking moment M. As specified in
ACI 318-14, cracking moment M, for a rectangular
section can be obtained by

febih
M, =
cr 6 >

where /¢ is the thickness of the side plate or the bottom
plate; f; is the modulus of cracking of ECC, which can be
derived inversely from Eq. (11) based on the cracking
moment measured by the four-point bending test or the
three-point bending test. Then, the minimum thickness of
plates of ECC formwork #4,,;, can be calculated by

)

H3
_ PSS (12)

hmin ﬁ-

Thus, considering both durability and economy of the

composite beam, the optimal thickness of the U-shaped
ECC formwork 4, can be determined by

hy = max{ e, }-

(13)

Particularly, if the optimal thickness 4, exceeds 24, it is
certainly preferable to put several longitudinal tensile
reinforcements located in concrete into the ECC formwork.

5.3 Flexural capacity

For U-shaped ECC/RC composite beam, when the strain at
extreme compression fiber ¢, reaches the ultimate
compressive strain of concrete &, the failure of the
composite beam occurs with a section moment M,,, which
is defined as the flexural capacity of the composite beam at
the ultimate stage. In this case, the stress and strain
distribution in either compression region or tension region
is shown in Fig. 17. For simplicity, the ECC material in the
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Fig. 17 The distribution of stress and strain along the depth of the composite beam.

tension region is all assumed to “yield” without regard to
the elastic stage. As shown in Fig. 17, according to force
equilibrium conditions, Eq. (14) can be obtained by

Fee + Fee +fcyAsc =Fs+Fy +ﬁyAsta (14)

where F. and F,. are the compression force of the concrete
and the ECC, respectively; A and f, are the area and
yielding stress of compressive reinforcement, respectively;
Ag and f;, are the area and yielding stress of tensile
reinforcement, respectively; and Fis and Fy, are the tensile
force of ECC in side plates and bottom plate of the
formwork, respectively, which can be further expressed as

F = 2becfetc(h7xc)’ (15)

Fy = bcbetfétcs (16)

where b.. and b, are the thickness of the side plate and
bottom plate in the ECC formwork, respectively; b, is the
width of the normal concrete; and x, is the depth of the
compression zone. Integration of the compressive stress
blocks of concrete and ECC gives

Xe XE
Fcc = bcfo Ucc( xccu>an

c

(17)

e XEceu
Fee = 2be:c 0ec< X >dx: (18)

0 c

where o..(¢) and o..(e) give the simplified compressive
stress-strain relationship of concrete and ECC, respec-
tively; x is the distance from a compression fiber to the
neutral axis (Fig. 17).

For the convenience of practical engineering design, the
stress of concrete in the compression side can be simplified
to an equivalent rectangle as shown in Fig. 17, when the
strain at the extreme compression fiber reaches the ultimate
limit state. The o, is the ratio of average compressive stress
to f,p, which is equal to 0.85 for normal concrete as in ACI
318-14 [26], while the S. is the ratio of depth of equivalent
rectangular stress-block to depth of neutral axis which
varies from 0.65 to 0.85 as

0.85, Jec <28 MPa,
e =< 0.85-0.05(f..—28)/7, 28 MPa < f,. <55 MPa,
0.65, Jfee > 55 MPa,
(19)
which leads to
Foo = ocfechePoxe. (20)

Similarly, the equivalent rectangular stress distribution
approach is also adopted for the stress of ECC on the
compressive side, and the compressive force of ECC F.
can be given by

Fee = Zaeﬂ:cbecﬁexca (21)

where o, and S, for ECC have the same meaning as o, and
p. for concrete, respectively. a. and S, can be obtained
based on the compressive stress-strain relationship of ECC
as well as two equivalent principles, i.e., compression
force and the centroid of compression force remain
unchangeable for the equivalent rectangular and actual
stress distribution. The compressive strain of concrete at
which ultimate moments are developed is usually
approximately 0.3% to 0.4% for members of normal
concrete, while the compressive strain capacity of ECC is
slightly higher, approximately 0.45%—0.65%, which
implies that ECC on the compressive side has not reached
its ultimate limited state when the ECC/RC composite
beam failed by concrete crushing. Therefore, it is necessary
to evaluate o, and f. at a certain given strain & in an
extremely compressive region and the corresponding
mathematical expressions can be written as follows:
for e. < e,

_fe  1-gfe
s @) e e
2_( 1-Ceg,
3 2 &
pe=2 7 =
2 3 gy

for g.0 < &< &ecus
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- é, 1*( €e0
Qe = |:1 + |:2+31:|80:| /ﬁea (24)
2
)
fe=2- b/ (25

é, 1*: €e0
1+ |24 ——1|=
Rl

Obviously, a. and f, are found dependent on ¢ and &..
For the hybrid PVA-ECC in this study, the shape factor { of
1.35 is introduced based on the compressive test results.
Therefore, the influence of different €., on the o, and £, at
the given ¢, is investigated, and the results are presented in
Table 5. Table 5 shows that when &, is equal to €ep OF Eecy
(equal to 1.2¢. for hybrid ECC), the value of . and S, are
certainly independent of &,y and remain constant at 0.70
and 0.80 for ¢.~&.0 and 0.72 and 0.88 for &= ey
respectively. Moreover, the value of &, has little effect on
S. at different ¢, and thereby f. is averaged to be 0.685 for
e &g and 0.70 for g, > &4, respectively. Then, upon the
introduction of . into Egs. (22) and (24), a. can be attained.

Based on the foregoing analysis, replacing Egs. (15) —
(25) into Eq. (14) gives

anCC bCﬁC'xC + Zaeﬁtcbecﬁexc +f(‘)yA Ny

= bcbetﬂatc + 2bec]%tc(h7xc) +ftyAst-

The depth of the compression zone x, can be calculated
by Eq. (26) when e~=¢., and corresponding ultimate
moment of ECC/RC section M, can be further obtained by

Bexe Bexe
Mu:Fcc(hs ) + Fec hsf )

h— c
+fcyAsc (hs _as/) _Fts <—x_as>

= acﬁcbcﬁcxc <hs - ﬂcxc)

(26

+ 2aefecbecﬁexc (hs - lgexc)
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where ag is the distance between the centroid of tensile
reinforcement and extreme tension fiber; a' is the distance
between the centroid of compressive reinforcement and
extreme compression fiber; and 4 is the effective depth
calculated by /& —as. As the centroid of Fy, is close to the
centroid of tensile reinforcement, especially when tensile
reinforcements were arranged in bottom plate of ECC
formwork, the contribution of Fy, to the section moment is
neglected conservatively in Eq. (27). The derivation of
Eq. (27) is based on two assumptions. The first assumption
is that all reinforcements yield before the onset of flexural
capacity M,. The strain of compressive reinforcement &
shall exceed its yielding strain &y, i.€., &= &cy. Based on
Fig. 17, one has

1
gcs Xe—dy

=—, (28)
SCCu xC
which leads to
1 1
X = a/ = ag . (29)
1 24 - fcy
Eceu Ecsgccu

The other assumption is that the strain of ECC on the
tensile side remains below its ultimate tensile strain g,
during the whole bending process. For the structures not in
a seismic zone but exposed to an aggressive environment,
an advisable ultimate tensile strain capacity of ECC used in
formwork, which can ensure requirement of durability at
serviceability limit state in terms of crack width, was
preferable. In this case, the strain of partial ECC on the
tensile side of the composite beam may exceed its ultimate
tensile strain accompanied by a reduced flexural capacity
M, at the ultimate limit state. According to the coordinate
transformation in Fig. 17, the strain of ECC at extreme
tensile fiber & can be expressed by

(h B xc)gccu
X, '

& = (30)

Substituting the solution of x,. in Eq. (26) into Eq. (30)
gives ¢ at the ultimate limit state. If & exceeds the tensile
stain capacity of ECC &y, Eq. (27) is unavailable due to
invalidation of the assumption, and x. should be

h—x recalculated. On this occasion, the real depth of ECC x;
+ feyAse (hs*as/) —2becfere (h—x.) ( cas)a 27) sustaining tensile force is given by
Table 5 The value of a. and f, at different &,
& Ee0
0.0045 0.005 0.0055 0.006 0.0065
ae Pe ae Be Pe % e % e

0.001 0.21 0.67 0.19 0.67 0.18 0.67 0.16 0.67 0.15 0.67
0.003 0.58 0.69 0.53 0.69 0.49 0.68 0.45 0.68 0.42 0.68

£e0 0.8 0.7 0.8 0.7 0.7 0.8 0.7 0.8 0.7

Eocu 0.88 0.72 0.88 0.72 0.88 0.72 0.88 0.72 0.88 0.72
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xcgetu
X, = , (B
' ECCU
which leads to
acf(‘)CbCﬁCxC + Zaefecbecﬁexc +f;)yASC
= 2becfetcxt +ftyAst' (32)

Since the value of Fy, here is relatively small and may
even be equal to zero, its contribution to tension force is
neglected in Eq. (32). The corresponding ultimate moment
M, of ECC/RC section can be further expressed by

Mur = acfccbcﬂcxc (hs - ﬂczx0)

+ 2aefecbecﬁexc (hs - IBezxc>

X,
+fcyAsc (hs - as/) - 2becfetcxt (h —Xe— Et - as) .
(33)

5.4  Verification of simplified solution of flexural capacity

The simplified solution of flexural capacity is shown in
Table 4 for specimens tested in this study. V, is the
equivalent load-carrying capacity and equal to the value of
calculated moment M, or M, divided by the distance
between support and loading point. The calculated results
show that the simplified solution of flexural capacity has a
rational agreement with the measured as well as the
calculated by the strip method. To further verify the
validity of the proposed simplified method, several
numerical examples were selected for the simplified
method and compared with the results calculated by the
strip method. In these examples, four typical sectional
dimensions of composite beam, i.e., 400 mmx200 mm,
600 mmx300 mm, 800 mmx400 mm, 1000 mmx
500 mm, were investigated, and the corresponding
thickness of formwork was designed by Eq. (13). The
tensile reinforcement ratio and ultimate tensile strain
capacity &, of ECC both vary from 0.5% to 3%, while
the compressive strength of concrete ranges from 30 to 60
MPa, and the other material parameters and geometric
dimensions were identical with the tested specimens in this
study. Figure 18 showed the comparison between the
predicted flexural strength calculated by the simplified
method and the strip method, denoted by Mg;,, and My,
respectively. The data are almost distributed along the
diagonal in the figure, in which the ratio of M, to My,
presents the mean of 1.01 and the CV of 0.02 of all
examples. The good agreement between Mj;,, and M,
indicates that the simplified method can be used to predict
flexural capacity of the U-shaped ECC/RC composite
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Fig. 18 Comparison between the predicted flexural strengths
calculated by simplified method (Mg;,,) and strip method (My,).

beam, whether the ultimate tensile strain capacity of ECC
is enough or not to ensure that no crack localization takes
place up to failure of the composite beam.

6 Conclusions

To reduce the production cost of ECC, the hybrid PVA-
ECC is first proposed, and then its mechanical properties
are studied experimentally. Furthermore, experimental and
theoretical investigation of the flexural behaviors of U-
shaped ECC/RC composite beams are conducted in this
paper. Two counterpart RC beams and six composite
beams with different formwork surface treatment were
tested in bending. The load-deflection responses of the U-
shaped ECC/RC composite beams were predicted by the
strip method, while the flexural capacity of the composite
beam is calculated by a simplified method. According to
the experimental observation and theoretical results, the
following conclusions can be drawn.

1) Hybrid PVA-ECC can achieve the strain hardening
and steady-state multiple cracking behaviors under four-
point bending test. Moreover, the hybrid PVA-ECC attains
a compressive strength of approximately 43.5 MPa at a
higher strain of 0.58%, with a gentle post-peak behavior
due to fiber-bridging action.

2) All the specimens with U-shaped ECC formworks
showed the ductile flexural failure instead of the debonding
failure before the crushing of concrete, due to improve-
ment in the interfacial resistance by increasing the interface
area using the U-shaped formwork even with a smooth
inner surface.

3) Unlike the flat plateau in the load-deflection curve of
the RC beam, a softening behavior will be observed after
peak load in U-shaped ECC/RC composite beams, which
indicates that debonding between ECC and concrete has a
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more significant effect on the load-carrying capacity than
on the strain-hardening behavior of ECC.

4) The U-shaped ECC/RC composite beams achieve a
larger yielding and ultimate load, as well as an improve-
ment in deflection capacity due to the strain-hardening
properties of the ECC matrix in formwork.

5) The surface condition in ECC/RC beams has little
influence on the peak load, but it affects the ductility of the
members. The surface with transverse grooves shows the
best ductility because of the best interfacial bonding,
followed by the surface with embedded sand particles and
the smooth as-finished surface.

6) As expected, there are large numbers of fine cracks at
the constant moment region of the composite beam rather
than several wide cracks in the RC beams. Moreover, the
crack width of the ECC in the formwork does not even
exceed 100 um when the applied load is less than 80% of
the peak load, which can effectively enhance the structural
durability.

7) A theoretical model based on the strip method was
developed to predict the load-deflection response of ECC/
RC composite beam. The calculated curve by the proposed
model is shown to be consistent with the tested data to a
certain extent.

8) A simplified method was evolved by the effective
rectangular stress distribution approach to facilitate design
of practical engineering, and good agreement has been
obtained between the flexural capacities calculated by the
simplified method and the fiber strip method as well as the
experimental results.
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