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Abstract

This paper presents an experimental study on the flexural behavior of composite Reinforced Concrete (RC) beams having
a monolithic Engineered Cementitious Composites (ECC) layer at the tension face. Due to the brittle nature of normal concrete,
clear cover on the tension side of beam cracks results in spalling and corrosion of reinforcement. The proposed technique
overcomes the inherent brittle behavior of normal concrete with the incorporation of ECC on the tension face. This also helps in
reducing bond-splitting, cover-spalling, and buckling of reinforcement in RC flexural members. For testing purposes, six full-scale
beam specimens (225 mm x 300 mm x 2400 mm) with the same reinforcement were cast and tested. Out of six, two specimens
were made of conventional concrete, whereas the remaining four (two each) had an ECC layer of 75 mm and 100 mm thick at
the tension face respectively. Each specimen was installed with three strain gauges (one each at the midspan top & bottom
surface of concrete and one midspan rebar on the tension face) and one LVDT at midspan. The samples were then subjected to
simple monotonic loading under a third-point bending test as per ASTM C78. The load-displacement, stress-strain and moment-
curvature curves were obtained for all the tested specimens. It was found that ECC-strengthened beam samples displayed
an increased flexural performance at first crack, yield, and ultimate load-carrying capacity as compared to conventional RC
specimens. Whereas a better crack arrest with even distribution of cracks and improvement in ductility was observed for the
ECC-strengthened composite beams.
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1 Introduction

Reinforced concrete (RC) has changed the face of con-
struction in the past fifty years, with a substantial increase
of RC structures in building stocks worldwide. However,
the inadequate performance of concrete in tension has
led to the development of fiber-reinforced concrete (FRC)
which has consequently limited the use of concrete in
selected parts of typical structural members [1]. Several
researchers are working on the development of new high-
performance materials to improve structural performance
through its targeted use [2].

As observed in the previous earthquakes, the inher-
ent brittleness of concrete contributes to common failure
modes such as bond-splitting, cover spalling, core-crush-
ing, and steel buckling [3]. Due to cracking and cover spall-
ing, the reinforcement of the structural member is exposed

to moisture penetration, causing reinforcement corrosion
and consequently leading to section loss of reinforcement
and de-bonding of reinforcement, thus jeopardizing the
composite behavior of reinforced concrete. The evalua-
tion of various RC members at different ages was carried
out by ACI 201.2R-16 [4]. The findings show that many
of them were below the structural safety level and need
strengthening to improve the load-carrying capacity and
durability. When RC structures were subjected to flexural
stresses, their deterioration was primarily initiated with
exposure of the cover concrete to environmental agents,
particularly at the tension face [S]. RC members need
a thin cover of relatively ductile and impervious mate-
rial to prevent bond-splitting failure along the longitudi-
nal bars. Similarly, concrete spalling is very common and
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potentially dangerous for RC structures by unnecessarily
exposing the reinforcement to moisture. As a consequent
corrosion action, the corroded material (rust) occupies ten
times more volume, leading to concrete spalling [6].

The use of Engineered Cementitious Composite (ECC),
which has improved properties over standard concrete, has
shown favourable results in the form of ductility, flexural
and tensile strengths [7, 8]. As observed in previous studies,
the ECC has a tensile strain capacity of more than 4% [9],
with an average tensile strength ranging from 4 MPa to
6 MPa, under which ECC materials are categorized under
High-performance fibrer-reinforced cementitious com-
posite (HPFRCC) [10]. This significant tensile strength
of ECC is of great importance in improving structural
performance in terms of deformation and load-carrying
capacities [11]. Strategic use of ECC in conventional rein-
forced concrete members is found to be very useful [12] in
addressing the inherent weaknesses in conventional con-
crete: from poor ductility and low tensile strength to low
energy absorption capacity to lack of self-healing and sul-
phate-resistant capability [13—17]. The experimental stud-
ies carried out by some authors showed that the inherent
brittleness of concrete could be overcome through such
materials. Unlike conventional concrete, multiple hairline
cracks appear in ECC, showing strain-hardening behav-
ior [18]. Such a mechanism of ECC cracking can easily
be determined in the matrix by the stress transfer capac-
ity of fibers [19]. This cracks formation behavior of ECC
is described as pseudo-ductile behavior with exceptional
cracks control with tensile strain up to 3—5% [11].

While keeping the enhanced properties under consider-
ation, a small layer of ECC applied to the tension face of RC
beams has proven to be effective in increasing the durabil-
ity of both concrete and steel reinforcement [20 23]. Under
the service load condition, it was found that the ECC layer
prevented the migration of aggressive substances into the
concrete. Further, experimental studies are reported on
the performance of layered composite beams subjected to
flexural loads [24-26]. The HPFRCC layer was provided
at both the top and bottom faces of the beam, and their
study concluded that the layer of HPFRCC at the bottom
of the beam section was more effective than using it on
the top of the section [24]. Another study reports the flex-
ure behavior of layered ECC-concrete beams and devel-
oped a semi-analytical model to predict the flexural per-
formance of composite beams [27].

Although ECC has the potential to change the way
buildings are designed and constructed, there is a dearth
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of both analytical and experimental studies regarding the
optimal application of ECC to structural members. Not
only is there very little information available on such stra-
tegic uses of ECC, but also, they are very uncertain and
variable. In light of the literature mentioned above, there is
a need to assess the performance of flexure members with
varying thicknesses of ECC layers on the tension side.
Such beams are tested experimentally to develop an opti-
mum thickness of ECC for RC flexural members.

The current research may be regarded as a step towards
adding reliable full-scale experimental data into the pool,
which will encourage practising engineers in the field
to use ECC confidently for such applications. It will also
help in enhancing the structural integrity and durability
of structures.

2 Experimental program

2.1 Selection of materials

Ordinary Portland cement (Type-I) and locally available
good-quality fine and coarse aggregates were selected
for this experimental work. The physical properties of
fine and coarse aggregates were evaluated as per ASTM
standards, which are presented in Table 1 [28-31]. Fly ash
of Type F (see Table 2) and Poly Vinyl Alcohol (PVA)
fibers, RECS 15 from Kurarey Company, Japan (as shown

Table 1 Physical properties of fine and coarse aggregates

Characteristics Fine ASTM Coarse ASTM
Aggregate  Standards Aggregate Standards

Type Normal Crushed

Specific Gravity 2.51 C 128 [28] 2.56 C 128 [28]

ggkR];’:f:i‘:y 237glem’ C29[29] 1.63glem’® C29[29]

FM 23 C 136 [30] -

Absorption % 1 C 128 28] 1.31 C127131]

Table 2 Chemical composition and physical properties of the fly ash

Parameters Results %
Silica as SiO, 60.10
Aluminium as AL O, 24.80
Iron as Fe,O, 6.74
Calcium as CaO 7.54
Magnesium as MgO ND
SO, 2.61
Loss of Ignition (LOI) 1.03
Specific Gravity 21t02.2
Colour Dark Grey
Geometry Spherical (Glassy)
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Fig. 1 Polyvinyl alcohol (PVA) fibers from Kurary Japan, used in ECC

in Fig. 1), were used in ECC. The structural, geometric,
and material properties of the PVA fibers used in this
study are shown in Table 3. Chemical admixture Chemrite
AG-300 (a high range water reducing agent; superplas-
ticizer in brown colour) was used in ECC to achieve the
required workability of the mix. Chemrite AG-300 fully
complies with ASTM C-1017 [32] standard for concrete
admixture. ASTM AG615 [33] Grade 40 steel bars of
13 mm (#4) diameter were used as longitudinal reinforce-
ment in RC control, RECC 75, and RECC 100 beams. For
shear reinforcement, 10 mm (#3) Grade 60 steel bars were
used to make the test samples flexure rather than shear
critical. Before casting, steel specimens were tested in the
laboratory to find their yield and ultimate strengths, per-
centage elongation, and bending potential to ensure that
the steel used in the research work is within permissible
limits of ASTM A615 [33]. The test results for the steel
specimens are presented in Table 4.

Table 3 Properties of PVA fibers

S/N Parameters Value SPEC

1 Diameter (dtex) 14.4 15.0+3.0
2 Length (mm) 12.0 12.0+2.5
3 Tensile strength (MPa) 1456 1560 + 325
4 Elongation (%) 5.7 6.5+1.5
5 Young's Modulus (GPa) 37

2.2 Mix proportioning

Mix proportioning of the constituent materials of concrete
was carried out after preliminary tests on the materials
for the targeted 28-day compressive strength of 28 MPa
for both standard concrete and ECC. Details of the mix
proportion are provided in Table 5. As shown in Fig. 2,
the mixing of ECC was done according to the procedure
proposed by Lepech and Li [34]. Wet densities of both ECC
and control concrete (CC) were determined before casting
the specimens, which were 1837 kg/m?* and 2296 kg/m? for
ECC and CC, respectively.

2.3 Specimens casting and instrumentation

Six full-scale beams (2400 mm x 225 mm x 300 mm) were
cast and cured under laboratory conditions. The dimen-
sional and design details of the beam specimens are shown
in Table 6 and graphically presented in Fig. 3 for control

Table 5 Mix proportion of Engineered Cementitious Composites

Mix Fibers
% * * *

Desien C* FA* St CA* we HRWR S

Control 1 ; 2 3032 0006 -

Mix

ECCMix 1 12 08 - 032 0012 2

*C-Cement; FA-Fly ash; S-Fine aggregate; CA- Coarse Aggregate w/c-
Water to cement ratio, HRWR-High Range Water Reducer

Fig. 2 Mixing of fibers in ECC

Table 4 Test results of the steel rebars used in beam specimens

S.N Dia.(mm) Yield strength (MPa) Ultimate strength (MPa) Elongation (%)  Effective Dia. (mm) Weight (kg/m) Bend Test
1 13 401.4 537.4 18.8 12.4 0.95 Ok
2 13 405.2 543.5 18.8 12.4 0.95 Ok
3 10 503.8 689.4 15.6 9.7 0.58 Ok
4 10 456.0 609.73 18 9.7 0.58 Ok
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Table 6 Geometry and other structural detail of the beam specimens both control concrete and ECC

Length Width Height ECC Layer thickness (mm)  Longitudinal bars  Transverse reinforcement
Sample No. . .
(mm) (mm) (mm) at the bottom face dia (mm) dia (mm)
Control Beam 2 2400 225 300 - 13 10
ECC-75 2 2400 225 300 75 13 10
ECC-100 2 2400 225 300 100 13 10

concrete (Fig. 3(a)), RECC with 75 mm (RECC75)
(Fig. 3(b)) and 100 mm (RECC100) (Fig. 3(c)) layer of
ECC, respectively. Five 13 mm diameter (#4) bars were
provided as longitudinal reinforcement: three and two at
the bottom and top, respectively. The transverse reinforce-
ment of a 10 mm diameter (#3) bar was placed @100 mm
center to center throughout the entire length of the beam.
The clear cover for both the top and bottom of all spec-
imens was 19 mm). During casting, the ECC layer was
poured into the bottom of the formwork and left for two
hours to allow it to stiffen sufficiently. Conventional con-
crete was then poured to fill the formwork to the desired
dimensions. The specimens' casting and curing were per-
formed per the ACI standard procedure [35], as shown in

Fig. 4 and Fig. 5, respectively.

D 10 mm @ 1060 mm
I — —— 2 0w0mm

4
WL LTI T LHH T s L
L 1 | | 3, Orgmm
—
[ o 00 mm 7O | 2@ mm
worm FT00 mm o Section A-A
iy
(Third-Point Bending)
(@
Load
A O 10 mm @ 100 mm
300 ITI.III
225 mm
Ilﬁo n‘)m 2100 mm ::-,o I;'Ill'l Section A-A'
(Third-Point Bending)
(b)
Load
-é 010 mm @ 100 mm
300 m{ [
——
da5mm
15l5 nl‘n —— G Section A-A'
(Third-Point Bending)
©

Fig. 3 Geometry and reinforcement configuration of beams,
(a) RC control specimen, (b) RECC 75mm layer specimen,
(c) RECC 100 mm specimen

Fig. 5 Curing of full-scale beams, cylinders, and small beam specimens
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Representative samples of concrete were also obtained
during the casting of beam specimens for the evaluation of
compressive, tensile, and flexural strengths after 28 days.

Strain gauges and linear variable differential transducers
(LVDTs) were installed at different locations of the beam
specimens to measure strain and displacements. During
testing, three strain gauges and two LVDTs were installed
in each specimen at the midspan. At the bottom surface of
the beams, strain gauges with linear dimensions of 60 mm
were installed to measure strain at the midspan bottom sur-
face of the beam. Similarly, another strain gauge with a lin-
ear dimension of 100 mm was placed at the midspan top
surface of the beam to measure the strain at the extreme top
fibers. Usually, the surface strain gauges are either deboned
or broken during bending; therefore, strain gauges of 6 mm
length were also glued at the midspan of the bottom longi-
tudinal reinforcement rebar. Furthermore, two LVDTs were
also installed at the midspan of the beam specimens.

2.4 Testing
The tests were divided into two parts; the first one com-
prised the preliminary tests on the constituent materi-
als for the mix design, including gradation of aggregate,
absorption, and chemical composition. After mix design,
the mechanical properties (compressive, tensile, and flex-
ural strengths) of both control concrete and ECC were
determined as per ASTM standards (Fig. 6 and Fig. 7).
Similarly, to evaluate the workability of fresh concrete,
a slump test was performed as per ASTM standard C-143
for a slump value of 50 mm (Fig. 7(a)) as per mix design
criteria [36]. Slump values for ECC were calculated by
the Hyun-Joon Kong method [37], as shown in Fig. 7(b).
According to this method, ECC was poured into the slump
cone without any compaction, and the cone was then lifted,
allowing ECC to spread on the floor as shown in Fig. 7(b).
The slump for ECC was then calculated using Eq. (1).

L=(D,-Dy)/Dy>2.75, (1)

where I" = deformability factor, D, = Average of two
orthogonal diameters, and D, = Diameter of the bottom
of slump cone.

The value of the Deformability factor (I') was found to
be 68 mm (2.76 inches), which is within permissible limits
(see Fig. 8) [38].

In the second testing phase, simply supported full-scale
beam specimens were tested in a straining frame under the
third point bending, as shown in Fig. 8 and schematically
represented in Fig. 3. The load was applied continuously at

Fig. 6 Visuals of the tests for determination of the mechanical
properties: (a) Compressive (b) Split tensile and (c) Flexural strengths of
both control concrete and ECC

Fig. 8 Testing of the full-scale beam in straining frame under third

point bending [38]



a displacement rate of 0.0254 mm/sec till failure. Loads,
deflections, and strains were measured through the data
acquisition system of a multi-channel data logger (UKM70).

3 Results and discussion

A few parameters of interest were accrued from test
data and are presented in the form of tables and figures.
The results from the testing of experimental models have
been further classified into the following domains.

3.1 Mechanical properties

The average results of specimens tested in a universal
testing machine (UTM) for compressive, tensile, and
flexural strengths are shown in Fig. 9. The experimental
results indicate the superior mechanical properties of
ECC over standard concrete. ECC's tensile and flexural
strengths are more than twice that of standard concrete,
making it an ideal material for use in the tensile regions
of RC members.

3.2 Load deflection curves

3.2.1 Control concrete beam

To set a benchmark for comparison purposes, two beam
specimens of control concrete were initially tested in the
straining frame of 1000 kN capacity. Monotonic loading
was applied to the samples from an unstressed state to fail-
ure, defined by significant damage to the sample. It can be
seen in Fig. 10 that there is a linear relationship between
load and deflection till the yield point. At a loading rate
of 0.017 mm/sec, the first crack appeared at 55.19 kN and
56.12 kN in RC control beams 1 and 2, respectively, with
a corresponding deformation of 4.84 mm and 4.68 mm.
Similarly, deformations of 10.10 and 8.50 mm were
recorded at yield loads of 107.21 kN and 96.20 kN for
beams 1 and 2, respectively. Both the specimens (beam
1 and 2) failed at ultimate loads of 121.52 and 116.71 kN
with corresponding deformations of 20.76 and 30.07 mm
respectively. The summary of the combined test results
for RC control and RC-ECC beam specimens is presented
in Tables 7-9 and graphically in Fig. 10.
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Fig. 10 Combined load-deflection curves

3.2.2 RC-ECC 75 beam

The overall response of RC-ECC 75 beams was the same
as control specimens; however, the first crack, yield, and
ultimate loads, as well as their corresponding deflections,
increased compared to RC-control beams. The first crack
in RECC 75 beams 1 and 2 initiated at loads of 74.06 kN
and 72.65 kN, respectively, with corresponding deflection
values of 6.42 and 8.08 mm. The average Increase in the
first crack load and deformation was about 32% and 49.8%,
respectively, compared to control specimens. Similarly, the
steel yielding for both the specimens took place at loads of
118.35 and 108.04 kN with corresponding displacements of

Table 7 Comparison of cracking, yield, and ultimate load-deflection

S.No Beam type P_(kN) A, (mm) P, (kN) A (mm) P (kN) A, (mm)
1 RC Control Beam 1 55.19 4.84 107.21 10.10 121.52 20.76
RC Control Beam 1 56.12 4.68 96.20 8.50 116.71 30.07
) RC ECC 75 Beam 2 74.06 6.42 118.35 10.46 128.07 22.32
RC ECC 75 Beam 2 72.65 8.08 108.04 12.00 114.25 23.75
3 RC ECC100 Beam 1 94.32 8.92 125.73 12.24 135.65 28.48
RC ECC100 Beam 2 94.56 9.20 115.89 12.29 120.57 22.02

P, - Cracking load; P - Yield load; P, - Ultimate load
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Table 8 Percentage increase in cracking, yield, and ultimate load-carrying capacities

Beam Description P_(kN) Average Increase (%) Py (kN) Average Increase (%) P (kN) Average Increase (%)
RC Control Beam 1 55.19 107.21 121.57

RC Control Beam 1 56.12 ) 96.20 ) 116.71 )

RC ECC 75 Beam 1 74.06 318 118.35 113 127.61 5

RC ECC 75 Beam 2 72.65 ’ 108.04 ’ 114.25 ’

RC ECC100 Beam 1 94.32 125.73 135.65

RC ECC100 Beam 2 94.56 69.7 115.89 18.8 120.57 752

P_ - Cracking load; Py - Yield load; P, - Ultimate load

Table 9 Percentage increase/decrease in cracking, yield and ultimate deflection

Beam Description A, (mm) Average Increase (%) A, (mm) Average Increase (%) A, (mm) Average Increase (%)
RC Control Beam 1 4.84 ) 10.10 ) 20.76 )
RC Control Beam 1 4.68 8.50 30.07
RC ECC 75 Beam 2 6.42 10.46 22.32
RC ECC 75 Beam 2 8.08 523 12.00 2075 23.75 20
RC ECC100 Beam 1 8.92 12.24 28.48
RC ECC100 Beam 2 9.20 90.33 12.29 31.88 22.02 150
A, - deflection at the appearance of first crack; A- deflection at yield; A - deflection at ultimate load
Table 10 Comparison of cracking, yield and ultimate moment-curvature values
Curvature

Beam type M, Per A/[J ? M, P Ductility Ratio

(kN-m) (1/m) (kN-m) (1/m) (kN-m) (1/m) 9,/9,
RC Control Beam 19.32 0.0149 37.52 0.0397 39.99 0.1177 2.96
RC- ECC 75 Beam 26.92 0.0189 42.42 0.0646 45.82 0.4108 6.35
RC ECC-100 Beam 34.01 0.0224 45 0.0317 46.73 0.041 1.23

M, - Cracking moment; M - yield moment; M, - ultimate moment

10.46 mm and 12 mm, respectively. Compared to control
concrete specimens, this again shows an average enhance-
ment of 11.3% and 20.75% in the load and deflection,
respectively. This trend continued till failure; however, a
slight scatter was observed in the deflections at the ulti-
mate point. The average deflections of RC-ECC 75 slightly
decreased compared to control specimens (see Table 10).
However, ultimate loads for the same increased slightly
(1.5%) in comparison to control specimens.

3.2.3 RC-ECC 100 beam

Fig. 11 shows the combined load-deflection curve for RC-
control and RC-ECC beam specimens. In RC-ECC 100
beams, the load and deflection pattern were similar to
RC-ECC 75 beams, but the performance further improved
compared to RC-ECC 75 beams. Details of the experimen-
tal results for all the specimens are presented in Table 9
and Table 10. As discussed earlier, the difference (in terms
of loads and deflections) is more prominent at first crack
and yield points and narrows down while moving towards
the ultimate point. There are significant improvements in

the cracked (69.7%), yield (18.8%), and ultimate (7.52%)
loads as compared to the control. Similarly, the corre-
sponding average Increase in deflections at first crack,
yield, and ultimate points were 90.33%, 31.88%, and 0%,
respectively. Although a balanced failure was observed
in the RC-ECC 100 beam specimen, the beam's stiffness
was not significantly reduced before failure and was thus
believed to be elastic range.

3.3 Moment curvature

Bending moments were calculated based on combined
(applied load plus self-weight) load from the data of the
strain gauges mounted at the midspan top and bottom sur-
faces and bottom longitudinal reinforcement bars. A flex-
ural mode of failure was observed in all beams. The crack-
ing moment of the beams with ECC layers was found to
be significantly greater than control specimens (Fig. 12).
For example, compared to RC control concrete, the crack-
ing moments of RC-ECC-75 and RC-ECC-100 increased
by 39.33% and 76%, respectively. Similarly, the yield-
ing of RC control, RC-ECC 75, and RC-ECC 100 beam
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specimens were found to occur at a moment value of 37.52,
42.73, and 45 kN-m with the corresponding curvatures
of 0.0397, 0.0646, and 0.072 (1/m), respectively. Beam
specimens with ECC layers exhibited more Curvature
and ductility than control specimens. The Increase at the
moment after yielding to the ultimate point is slightly zig-
zag, spreading over a range of curvatures. The ultimate
moments for RC control, ECC 75, and ECC 100 were
39.99, 45.82, and 46.73 kN-m, respectively, with the corre-
sponding curvature values of 0.1177, 0.31, and 0.390 (1/m).
The curvature ductility ratios of RC-ECC beam spec-
imens are higher than RC control specimens (Table 10).
This ratio has almost doubled for the beam specimen with
100 mm ECC layer at the bottom face.

3.4 Ductility

Ductility is the property under which the structure endures
inelastic deformation under applied load before specimen
failure without substantial loss in capacity. As shown in
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Table 10, the ductility was calculated by recording the
deflection value at the ultimate point and yield point from
the experimental results. The ductility ratio manifests that
using the ECC layer in the tension zone of the beam may
or may not increase the overall ductility of the beam as it
was increased for RC-ECC 75 and decreased for RC-ECC
100. An approximate increase of 136% was observed in
ductility for RC-ECC-75, whereas a net percent decrease
of 59.4% was noticed for RC-ECC-100 layers compared
to control samples. The decrease may be because of com-
pression failure in RC-ECC-100 beams. As the addition of
ECC layer in beam strengthened it on tension side and thus
demand on the compression side is increased that may be
either fulfilled by providing reinforcement or using high-
strength concrete.

3.5 Load versus strain

Strain gauges were installed at the midspan of the longi-
tudinal rebar of the beams to measure strain in the rebar.
Fig. 11 shows the strain variations with an increase in load
till the failure of the beam specimens. The plot shows that
the strain increases linearly with the increase in load till
the appearance of the first crack in the beam specimens.
After the appearance of the first crack, the slope of the lines
slightly changed; however, the relationship was still linear
till the yielding of the steel. After yielding, strain harden-
ing occurs, and the specimens were still able to take load.
ECC layer in the beam delayed initiation of the first crack
in the beam and hence the elastic limit of the beam spec-
imens increased, as shown in Fig. 11. The details of the
corresponding strains at the first crack, yielding, and ulti-
mate load are presented in Table 11. An increase of 56%
and 69% was observed in the yield strain for RC-ECC-75
and RC-ECC-100 beams compared to the control beam.
Contrary to this, a decrease of 2.24% and 16.6% in the
ultimate strain was observed for both specimens.

3.6 Crack pattern and development

Crack patterns were closely observed for both control and
composite beam specimens. Initially the small hairline
cracks appeared in the flexure region (between two load-
point) of the beam. With further increase in the load, the
existing flexural cracks aggravated, leading to the failure
of the beams. Its worth mentioning that after the failure of
the beam, all the cracks were formed in the mid-region,
representing flexural control sections. A detailed discus-
sion of the crack pattern of all the specimens is presented
in the following sections.
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Table 11 Load versus strain with percent increase/decrease

Beam P_(kN) Strain Rise (%) P (kN) Strain Fall (%)
RC Control Beam 1 55.2 0.00101 ) 121.5 0.004 )
RC Control Beam 2 56.1 0.00100 116.7 0.007

RC-ECC 75 Beam 1 74.1 0.00191 56 127.6 0.0072 55
RC ECC 75 Beam 2 727 0.00156 114.2 0.0032 e
RC-ECC 100 Beam 1 94.4 0.00169 69 130.6 0.0035 167
RE ECC 100 Beam 2 94.0 0.00206 114.0 0.0052 ’

P, - Cracking load; P, - ultimate load

3.6.1 RC control concrete beam crack pattern

In the RC control beam, the cracks and their pattern were
closely monitored and recorded while applying the incre-
mental load on the specimens. Cracks in concrete control
specimens were found to initiate at lower load levels than
composite beams with an ECC layer at the bottom face.
The first crack RC control beam 1 and 2 appeared at a load
of 55.19 and 56.12 kN, respectively. Under increasing load,
more cracks in the flexure region (midspan) were found
to occur and propagated in the vertical direction (see
Fig. 13). With a further increase in the load, the vertical
cracks in the beam became wider and deeper by propa-
gating toward the compression region. Relatively unstable
and fast growth of cracks was observed RC control spec-
imens. At the failure stage, more than ten major (wide)
cracks were formed in the beam’s middle (see Fig. 13).
Crushing of concrete in the RC control beam was found
to occur long after the yielding of flexural reinforcement,
whereas no shear cracks were observed in the beam.

3.6.2 RC-ECC 75 beam crack pattern

The number of cracks and their distribution and size
greatly varied in RC-ECC specimens. The crack distribu-
tion for the RC-ECC beam specimen is presented in Fig. 14.
The first crack in RC-ECC 75 originated in the compos-
ite beam's concrete portion (rather than ECC) at 74.06 and
72.65 kN, respectively. An average improvement of 32%
in load-carrying capacity was noted compared to control
concrete. Whereas a crack in the ECC layer was observed
at an average load of 100 kN, followed by the second and
third crack (minor type) at 110 kN and 115 kN, respec-
tively. Furthermore, compared to RC control concrete, the
growths of vertical cracks were stable in RC-ECC beam
specimens, which shows the effectiveness of the ECC
layer in controlling the formation and width of the cracks.
Before crushing concrete on the compression face, the
ultimate bending moment reached 45.82 kN.m, which is
14.5% higher than the control specimen. Six minor (very
small compared to RC control beam) cracks were recorded,

out of which a single crack widened up to the compres-
sion region leading to the failure of the specimen. It is also
worth mentioning that no crack or de-bonding mechanism
was observed at the interface of ECC and concrete in any
composite specimens.

3.6.3 RC-ECC 100 beam crack pattern

The crack pattern in RC-ECC 100 beam was like RC-ECC 75;
however, further improvements were observed in the crack-
ing, yielding, and ultimate bending moments. The first
crack in RC-ECC 100 beams 1 and 2 appeared at 94.44
and 94 kN, respectively, in the composite section's concrete
portion, as observed in the RC-ECC 75 beam. An average
improvement of 70% in load carrying capacity was noted
compared to control concrete. Similarly, the first crack in

the ECC layer was noted at an average load of 109 kN, fol-
lowed by another crack at 126 kN. Although few hairline

Fig. 13 Cracks formation and their distribution in RC- control beam

Fig. 14 Cracks formation and their distribution in RECC 75 beam



cracks appeared in the beam, the one at the midspan aggra-
vated and caused the beam specimen failure. At the ultimate
stage, the crushing was limited to the upper mid portion of
the concrete, as shown in Fig. 15. Just like RC-ECC 75, no
crack or de-bonding was observed at the interface of ECC
and standard concrete in this case well. The crushing of
concrete in this beam is believed to occur before the yield-
ing of flexural reinforcement. No shear cracks in the beam
were observed till failure.

4 Conclusions
After careful analyses of the test results, various conclu-
sions have been drawn. The key conclusions are as follows:

1. The flexural performance of the RC beams was
enhanced significantly with the addition of the ECC
layer on the tension face in terms of cracking, yield, and
ultimate (loads and) moments. As compared to con-
trol RC beams, an average increase of 32% and 70%
was observed in the first-crack load for layer thick-
nesses of 75 mm and 100 mm, respectively. The yield
load increased by 11% and 19% and ultimately by
1.5% and 7.52% for RC-ECC-75 and RC-ECC-100,
respectively. An increase of 39.33% and 76% in the
cracking moments were observed for RC ECC 75
and RC-ECC-100, respectively. The yield moments
for the two beams increased by 13% and 19% and
ultimately by 14.5% and 16.85%, respectively.

2. The incorporation of the ECC layer in the tension
zone improved the serviceability by decreasing the
number of open wide cracks in the beam specimens
to a single crack in the flexure region at the failure
stage. Further, the crack growth in ECC composite
beams was found to be more stable than in the con-
trol specimens. The cracks were found to first appear
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