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Flexural behaviors of double-reinforced ECC beams
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Abstract: In order to investigate the flexural behaviors of
engineered cementitious composites (ECC), theoretical and
experimental researches double-
reinforced ECC beams. Based on the assumption of the plane
section remaining plane in bending and simplified constitutive
models of materials, the calculation methods of load carrying
capacities for different critical stages are obtained. Then,
these calculation methods are demonstrated by comparing the
test results with the calculation results. Finally, based on the
proposed theoretical formulae, the effects of the compression
strength, compression strain and tension strength of ECC,
and the reinforcement ratio on the flexural behaviors of
double-reinforced ECC beams are analyzed. The calculated
and measured results are in good agreement, which indicates
that the theoretical model can be used to predict the moment-
curvature response of steel reinforced ECC beams. And the
results of parametric studies show that the increase in the
compression strength of ECC can greatly improve the flexural
performance of beams; the
compression strain can significantly improve the ultimate
curvature and ductility, but has little effect on the load
bearing capacity of beams. The tensile strength of ECC has
little effect on the flexural behaviors of ECC beams. The
increase in the steel reinforcement ratio can lead to significant
improvement of the load bearing capacity and the stiffness of
beams, but a degradation of the ductility of beams. The
theoretical model and parameter analysis results in this paper
are instructive for the design of steel reinforced ECC beams.
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owadays, concrete is the most widely used building
material, which has the maturest construction tech-
nology and an irreplaceable role in building modern infra-
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structures. However, conventional concrete is a kind of
brittle cementitious material with low tensile strength and
crack resistance, limited deformability and bad impact re-
sistance, leading to limitations for its further applications
Since the 1970s, fiber reinforced con-
crete (FRC) with high performance in strength, durabili-
ty, and fluidity has become a major developing trend for
the requirements of tall buildings and long-span bridges.
However, the FRC still shows tensile softening after the
peak tensile strength is reached. For further improving the

in the future'".

durability and the seismic resistance of structures, fiber
reinforced cementitious materials with super-high ductility
have gradually become a new popular area in recent years.

In 1992, Li and Leung" proposed a design method for
a kind of engineered cementitious composites ( ECC)
based on micromechanics. ECC is a cementitious material
with a fiber volume fraction of 2%, and shows strain-
hardening behavior under uniaxial tension accompanied
with fine cracks ( smaller than 60 pm). ECC has been
developed for applications in the construction indus-
try[H]
good ductility with the ultimate tensile strain of more than
3%, which is nearly more than 300 times the initial
cracking strain of normal concrete'”. When concrete is
fully or partially substituted by ECC in the concrete struc-
tures, deformability, durabilitym and seismic resistance
can be significantly increased, which has been demonstra-

. For properly designed ECC material, it has very

ted by many research works. Moreover, super high de-
formability of ECC can also contribute to the bond
strength between ECC and steel reinforcement. When the
steel reinforcement reaches yielding strength, cracks in
ECC can be well controlled in size and ECC can continue
to bear load, resulting in increased stiffness and load
bearing capacity for the structure. Also, the high shear
strength of ECC can significantly reduce the use of stir-
rups in structural elements. Consequently, steel can be
saved and the construction process becomes easier. Mean-
while, ECC maintains a great energy absorption capacity.
When it is applied to some key parts of structures, not
only seismic collapse can be avoided, but also crack
widths after the earthquake will be reduced, which con-
siderably reduces the repair cost of the damaged struc-
1 Therefore, the application of ECC in structural
members not only can improve the ductility of structures,

tures

but also can effectively control crack width and propaga-
tion. As a result, the durability of structures can be im-
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proved. In this paper, based on the design theory of the
reinforced concrete structure, theoretical studies are con-
ducted on the flexural properties of double-reinforced
ECC beams. As evident differences exist between the me-
chanical behaviors of ECC and normal concrete, the
double-reinforced ECC beams have distinctly different de-
formation and mechanical characteristics from the normal
RC beams, such as the stress distribution in the tension
and compression zones. The load capacities for different
loading stages are derived. To demonstrate the validity of
the proposed calculation methods, experimental study on
a double-reinforced beam is carried out. Finally, para-
metric studies are conducted to study the effects of the
material properties of ECC and the steel reinforcement ra-
tio on the flexural behaviors of beams.

1 Basic Assumptions

According to the Chinese code for the design of con-
crete structures ( GB 50010—2010), the following as-
sumptions are acceptable for analyzing the flexural behav-
iors of double-reinforced ECC flexural members.

1) The cross section of the ECC beam remains plane
under external loading.

2) There is no relative sliding between the steel rein-
forcement and the ECC material.

3) The tensile strength of ECC is fully considered.

4) A bilinear constitutive model is used to describe the
stress-strain behavior of ECC'" (see Fig. 1), where o
and g, are the initial cracking strength and strain of ECC
in tension; o, and g, are the ultimate strength and strain
of ECC in tension; o, and g are the initial cracking
strength and strain of ECC in compression; o, and ¢, are
the ultimate strength and strain of ECC in compression.
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Fig.1 Stress-strain relationship for ECC material. (a) In ten-
sion; (b) In compression

5) An ideal elastoplastic stress-strain relationship is as-
sumed for the steel reinforcement (see Fig.2).
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Fig.2 Stress-strain relationship of steel reinforcement

2 Theoretical Analysis of Double-Reinforced
ECC Beam

The loading process for the reinforced ECC beam can
be divided into three stages, i.e., the elastic stage, the
cracking stage and the ultimate failure stage.

2.1 Elastic stage

When the external moment is small, there are no
cracks in the tension side. Assuming that all the materials
are in the elastic stage, stresses and strains in ECC are
linearly distributed along the cross section. And the stress
of the steel reinforcement remains at a low level. There-
fore, the moment-curvature relationship is an approximate
straight line in this stage. Fig. 3 shows the stress and
strain distributions of the ECC beam in this stage. The

stresses along the cross section can be given by
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where g, is the tensile strain of the most outside fiber of
the beam; £(x) and ¢o(x) are the strain and stress for an
arbitrary point on the beam, respectively; c is the height
of the central axis of the section.
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Fig.3 Stress and strain distributions of ECC beam in elastic stage

2.2 Cracking stage

At the end of this stage, the most outside fiber of the
beam reaches the initial cracking strain of ECC, and the
beam starts to enter the second stage, i.e., the cracking
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stage. When the external moment is relatively small, the
maximum compressive strain in ECC is lower than ¢,
the compression zone is still in the elastic stage. With the
increase in the external moment, the maximum compres-
sive strain in ECC is greater than g, and the compres-

SO

sion zone enters the plastic stage.

Fig. 4 shows the stress and strain distributions of the
ECC beam when the compression zone is still in the elas-
tic stage. The stresses along the cross section are given by
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where a is the height of the tensile plastic zone.
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Fig.4 Stress and strain distributions of ECC beam in cracking
stage with a linear stress distribution in compression zone

With the increase in the external moment, the maxi-
mum compressive strain of ECC in the compression zone

is greater than g, and the compression zone starts to en-

ter the plastic stage. Fig.5 shows the stress and strain dis-
tributions of the ECC beam in this stage. The stresses a-

long the cross section are given by
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where e is the height of the compressive plastic zone from
the bottom of the beam.

In this stage, when the most outside fiber of the com-
pression zone reaches the ultimate compression strain, the
beam is considered to fail due to the compression failure
of ECC. For this failure mode, ECC in the compression
zone reaches its ultimate compression strain before the
tensile steel reinforcement reaches its yielding strain.

b

Fig.5 Stress and strain distributions of ECC beam in cracking
stage with a bilinear stress distribution in compression zone

2.3 Ultimate failure stage

With the further increase in the external moment, the
tensile steel reinforcement enters the yielding stage, and
the cross section starts to get into the third stage, i.e. the
ultimate failure stage. There are three different strain dis-
tributions of ECC and steel reinforcement, which are giv-
en as follows:

Ea (h-s"-c)e Al

1) When 8(/’1) <&, = ? and f <f'y,
the compressive steel reinforcement has not reached the
yielding strain. s’ is the thickness of the protection layer
and half of the diameter of the compressive steel rein-
forcement. f| is the yielding strength of the compressive
steel reinforcement. The ECC material in the compression
zone is in the elastic stage.

. h-s"-c)eA!
2) When (h) =, = 83” and % <fl

the compressive steel reinforcement has not reached the
yielding strain. And, the ECC material in the compres-
sion zone is in the bilinear stress state.

, ,
,93 and (h-s ;C)glAS >/,
the compressive steel reinforcement reaches the yielding
strain and the ECC material in the compression zone is in
the bilinear stress state. When the most outside fiber of
the compression zone reaches the ultimate compression

cu

3) When ¢(h) =¢, =

strain, the compression failure after tensile steel yielding
occurs, leading to the final failure of the beam. If the
steel reinforcement reaches ultimate strength before ECC
reaches its ultimate compression strain, then tension fail-
ure occurs.

Through the above analyses on different stages of the
steel double-reinforced ECC beam, the moment-curvature
curve can be obtained.

3 Experimental Verification of Theoretical Model

In this paper, the test results of a double-reinforced
ECC beam are compared with the theoretical calculation
results to verify the validity of the derived equations.

3.1 Introduction of experiments

A four-point bending test is carried out to study the
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flexural behavior of the double reinforced ECC beam.
During the test, three linear variable differential trans-
formers (LVDTs) are used to record data of the deflec-
tions in the midspan. Along the depth of the middle of
the beam, three strain gauges are attached with 35, 150
and 265 mm from the bottom of the beam. They are used
to analyze the strain distributions during the loading
process. Other three strain gauges are attached to the ten-
sile steel reinforcement with 40, 80 and 120 mm from the
midspan for recording strains of the steel reinforcement.
A hydraulic jack is used to apply load on the beam, and
the force from the hydraulic jack is recorded by a pressure
sensor. The test beam is loaded to failure (i.e., the re-
sidual load was lower than 80% of the peak load) before
unloaded. Fig. 6 shows the specimen dimension informa-
tion and arrangement of the instruments. The length of
the beam is 2 350 mm,
width and 300 mm in depth. According to the test results
of material properties, the initial cracking strain and
strength of ECC are 0. 21 Pa and 3 MPa; the ultimate ten-
sion and compression strain are 0.03 and 0.004, and the

and the section is 200 mm in

corresponding stresses are 4.5 and 35 MPa, respectively.
The elastic modulus and yielding strength of the steel re-
inforcement are 200 GPa and 460 MPa, respectively.

Strain gauges
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Fig.6 Dimensions of beam and loading configurations ( unit:
mm)

3.2 Comparisons between test and theoretical results

Fig. 7 shows the moment-tensile steel reinforcement
strain curves and moment-curvature curves from experi-
According to the
steel reinforcement

mental and theoretical calculations.
comparisons, the moment-tensile
strain curve from the theoretical calculation shows good
consistency with the test results. The theoretical yielding
moment is 82.78 kN - m, which is only 3. 8% higher
than the test result 79. 77 kN -
ment-curvature curve also shows good consistency with
the test result. Especially when the curvature is less than

3.09 x 10 "mm ™', the theoretical yielding curvature @, s

m. The theoretical mo-

1.66 x 10 "mm "' which is only 5% less than the test re-
sult. However, after the curvature reaches 3. 09 x 10’
mm ™', due to the faster development of cracks, stiffness
of the beam starts to degrade, leading to deviation of the
theoretical results from the test results. Finally, the theo-
retical ultimate bearing capacity is 88.32 kN - m, which
is 7.8% higher than that of the test result (81.90 kN -

m). And the theoretical curvature is 3. 66 x 10 mm ™',

which is smaller than the test result (4.84 x 10 >mm™").
Overall, the calculation curves of moment-tensile steel re-
inforcement strain and moment-curvature are in good con-
sistency with the test results.
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Fig.7 Comparison of calculation and test. (a) Moment-tensile
steel reinforced strain curves; (b) Moment-curvature curves

4 Parametric Studies

Based on the parameters of the test, parametric studies
are conducted for discussing the effects of the compres-
sion strength, strain, tension
strength of ECC and the steel reinforcement ratio p. The

effects of these parameters on the ductility, ultimate cur-

ultimate compression

vature ¢, and ultimate bearing capacity M, of reinforced
ECC beams are shown in Tab. 1.

Tab.1 Parameters and corresponding ductility

Parameter Value ¢,/10 “mm~' ¢, /10 mm~"  Ductility
25 1.82 3.71 2.04
1. 4.84 2.92
./MPa 35 66 8 9
50 1.48 6.37 4.31
60 1.43 7.37 5.16
4.0 1.60 5.37 3.35
4 4.5 1.64 6.03 3.68
£.,/1077
5.5 1.70 7.40 4.35
6.0 1.73 8.07 4.67
4.0 1.60 5.40 3.37
4. 1. . .
./MPa 5 60 5.37 3.35
5.5 1.61 5.27 3.28
6.0 1.61 5.24 3.26
0.73 1.44 6.84 4.74
0.92 1.49 6.17 4.15
p/ %
1.21 1.60 5.37 3.35
1.40 1.65 4.90 2.97
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4.1 Effects of ultimate compression strength and
strain of ECC material

The correlation curves of Figs. 8 to 11 show how the
ultimate compression strength and the ultimate compres-
sion strain of ECC influence the ultimate bearing capacity
and the ultimate curvature of the cross section. According
to Fig. 8 and Fig. 9, both the ultimate curvature and the
ultimate bearing capacity increase with the ultimate com-
pression strength of ECC. When the ultimate compression
strength increases from 25 to 60 MPa, the corresponding
curvature doubles, and the ductility of the reinforced ECC
beam shows an increase of 150% . Meanwhile, the ulti-
mate bearing capacity increases only 16% . Therefore,
the ultimate compression strength of ECC material plays
an important role in the flexural performance of the ECC
beams.

As shown in Fig. 10 and 11, both the ultimate curva-
ture and the ultimate bearing capacity linearly increase
with the ultimate compression strain of ECC. With the

0.08

0.07
0.06 |-

0.05 -

@u/(10 *mm 1)

0.04

0.03 1 1 1 1 1
20 30 40 50 60 70
o,/ MPa

Fig.8 o vs. ¢,

cu

100

- m)

M,/ (kN

85

80 1 1 1 1 |
20 30 40 50 60 70

0.091

0.08 -

0.07

0.06 -

@u/(10 3 mm~1)

1 1
0.05 5

£,/1073

w
I
o
~

Fig.10 ¢, vs. ¢,

9.0

M,/(kN + m

©
o
S

3 4 5 6 7
€ /1073

Fig.11 ¢, vs. M,

ultimate compression strain increasing from 0. 004 to
0. 006,
approximately 50% and the ductility an increase of 40% .

the ultimate curvature shows an increase of

However, the ultimate bearing capacity improves only a-
bout 1% . Because the height of the central axis remains
at 225 mm from the bottom of the beam, the ultimate
curvature increases linearly with the ultimate compression
strain.

4.2 Effects of ultimate tension strength of ECC
material

Fig. 12 and 13 show the correlations of ¢, vs. o, and

M, vs. o,, respectively. It is shown that the ultimate
curvature and ductility degrade as the tensile strength of
ECC material increases. However, the corresponding
load bearing capacity increases with the tensile strength of
ECC. In a word, the ultimate curvature and the bearing
capacity are affected slightly with the increase in the ulti-

mate tensile strength of ECC from 4 to 6 MPa. Within

551

W W
w B
T T

/(10 °mm~1)
W
[\S)
T

1 1 ]

355 4.5 5.5 6.5
T w/MPa

W
—_

Fig.12 ¢, vs. oy,

M,/(kN + m

89 1 1 1
3.5 4.5 5.5 6.5

O /MPa
Fig.13 M, vs. o,




Flexural behaviors of double-reinforced ECC beams

71

this range, the height of the central axis decreases slightly
from 226 to 223.5 mm, leading to a small decrease in the
the total
stress and arms of the forces along the section change lit-

corresponding curvature. At the same time,
tle, leading to a 3% increase in the corresponding load
bearing capacity. Therefore, the ultimate tension strength
of ECC has little effect on the flexural behaviors of rein-
forced ECC beam:s.

4.3 Effects of steel reinforcement ratio of beams

Figs. 14 and 15 show the correlation curves of p vs. ¢,
and p vs. M, respectively. As the steel reinforcement ra-
tio becomes higher, the height of the central axis becomes
Fig. 15
shows that the ultimate bearing capacity increases with the

smaller, so does the magnitude of curvature.

steel reinforcement ratio, but the height of the central axis
degrades with it. In the compression zone, because both
the force and the force arm increase, the ultimate bearing
capacity improves significantly. Therefore, the increase
in the reinforcement ratio can improve the ultimate bear-
ing capacity of beams to some extent, but it will lead to
degradation of ductility at the same time.
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5 Conclusion

This paper focuses on theoretical and experimental re-
search on the flexural behaviors of double-reinforced ECC
beams. Based on the assumption of the plane section re-
maining plane in bending and simplified constitutive mod-
els of materials, calculation methods of the load carrying

capacities for different critical stages are proposed. Also,
these calculation methods are demonstrated by comparing
the test results with the calculation results. Finally, para-
metric studies on compression strength, ultimate compres-
sion strain, tension strength of ECC material and the steel
reinforcement ratio are conducted. The results show that
the increase in the compression strength of ECC will
greatly improve the load bearing capacity, curvature and
ductility of beams. The increase in the ultimate compres-
sion strain can significantly improve the ultimate curva-
ture and ductility, but it has little effect on the load bear-
ing capacity of beams. The tensile strength of ECC has
little effect on the flexural behaviors of ECC beams. The
increase in the steel reinforcement ratio can lead to a sig-
nificant improvement of the load bearing capacity and
stiffness of beams, but degradation of the ductility of
beams.
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