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Abstract: An engineered cementitious composite ( ECC) is
introduced to partially substitute concrete in the tension zone of
a reinforced concrete beam to form an ECC/reinforced
concrete ( RC) composite beam, which can increase the
ductility and crack resisting ability of the beam. Based on the
assumption of the plane remaining plane and the simplified
constitutive models of materials, the stress and strain
distributions along the depth of the composite beam in different
loading stages are comprehensively investigated to obtain
calculation methods of the load-carrying capacities for different
stages. Also, a simplified formula for the ultimate load
carrying capacity is proposed according to the Chinese code for
the design of concrete structures. The relationship between the
moment and curvature for the composite beam is also proposed
together with a simplified calculation method for ductility of
the ECC/RC composite beam. Finally, the calculation method
is demonstrated with the test results of a composite beam.
Comparison results show that the calculation results have good
consistency with the test results, proving that the proposed
calculation methods are reliable with a certain theoretical
significance and reference value.
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owadays, concrete is one of the most widely used
N construction materials in civil engineering. Crack-
ing and durability problems are the greatest challenges for
the application of concrete for civil infrastructures'"
the durability problem, corrosion of the steel reinforce-
ment is the most important factor affecting the safety and
the service period of reinforced concrete structures. Exist-
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ing experimental results show that corrosion of the steel
reinforcement is a very complex process, and the corro-
sion rate is mostly related to the invasion speed of the
harmful mediums in the environment. For concrete struc-
tures under the same conditions and with the same thick-
ness of the protection layer, wider cracks always lead to
more severe corrosion of the steel reinforcement. Hence,
it is vital to control the width of cracks in real RC struc-
tures. In a corrosive environment, the load is often limit-
ed to a low level for obtaining reduced crack width, and
the stresses in the steel reinforcement also maintain a low
level, resulting in waste of materials. On the other hand,
concrete is a typical brittle material and it is easy to crack
under tension, which is not good for the seismic resist-
ance performance of RC structures'” .

In 1992, Li and Leung" proposed a design method to
obtain a class of advanced cementitious composites with
super-high ductility. Due to its designability, this kind of
cementitious composite is also called engineered cementi-
tious composites ( ECC). Existing experimental results
show that the ECC has super-high toughness and energy
absorption ability compared with normal concrete'”. The
ECC and the concrete have similar ranges of tensile (4 to
6 MPa) and compressive strengths (30 to 80 MPa),
while they have distinct differences in tensile deformation
behaviors. For the conventional concrete, it fails in a
brittle manner once its tensile strength is reached. How-
ever, for an ECC plate under uniaxial tension, after first
cracking, the tensile load capacity continues to increase
with strain-hardening behavior accompanied by multiple
cracks along the plate. For each individual crack, the
crack tends to open steadily up to a certain crack width,
and increased loading will result in the formation of an
additional crack. With the same cracking mechanism,
cracking of the ECC member can reach a saturated state
with small crack spacing, which is determined by the
stress transfer capacity of the fibers in the matrix. With
increased loading, a random single crack localizes and
softening behavior follows. Typically, mechanical soften-
ing starts at a tensile strain of 3% to 5%, with a crack
spacing of 3 to 6 mm and a crack width of about 60
pm"'. The application of the ECC provides a new way to
solve the cracking and durability problems for the conven-
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tional concrete structures'®

Maalej and Li'" proposed to substitute concrete with
PE-ECC around the tensile steel reinforcement in the ten-
sion side of the concrete beam. The test results show that
the ultimate load capacity is 10% higher than that of the
control concrete beam, and the flexural crack width is
much smaller than that in the concrete beam. With the
application of the ECC around the tensile steel reinforce-
ment, the crack width can be controlled to 0. 05 mm at
the normal use limit state, and 0.2 mm at the ultimate
limit state. The test results prove that substituting con-
crete with the ECC around the tensile steel reinforcement
can effectively control opening of cracks and avoid or de-
lay corrosion of the steel reinforcement in the structures.

In this paper, calculation methods are proposed to cal-
culate the load carrying capacities of the steel reinforced
ECC/concrete composite beam at different stages.
the mechanical properties of the ECC material are dis-
tinctly different from those of the concrete material, the
mechanical parameters of the ECC material should be ob-
tained from existing experimental results. With the pa-
the design method for the ECC/concrete com-
posite beam is proposed. Finally, the calculated moment-
curvature relationship is compared with the experimental
results to verify the validity.

Since

rameters,

1 Basic Assumptions for ECC/Concrete Com-
posite Beam

Fig. 1 shows the cross section of an ECC/concrete
composite beam by substituting concrete with the ECC
For the composite
beam, the positions of cracks and the stress state of the
ECC are related to the thickness of the ECC layer, the
amount of the steel reinforcement, the distribution and the
magnitude of external loading and so on. Since the cost
of the ECC is more than 4 times that of the normal con-
1 the thickness of the ECC layer is only controlled
around the tensile steel reinforcement and the protection
layer. According to the Chinese code for design of con-
crete structures ( GB 50010—2010) Pl it is necessary to
provide some assumptions for calculating the load carry-
ing capacity of the ECC/concrete composite beam, and
the assumptions can be summarized as follows:

1) The cross section of the composite beam remains
plane under external loading;

around the tensile steel reinforcement.

crete

%////

Fig.1 Cross section of steel reinforced ECC/concrete compos-
ite beam

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

3) The tensile strength of the concrete is ignored.
However, the strain hardening behavior of the ECC mate-
rial is fully considered when the ECC is under tension.

2 Stress-Strain Behaviors of Materials

According to the uniaxial tensile test results of our
group'” and the model proposed by Kanda et al''', a
double line model is proposed for the stress-strain behav-

ior of the ECC (see Fig.2), which is given by
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where k, =—=, k, =————= define the slopes of the two
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lines and they can be obtained by fitting the test results;
o.and g are the initial cracking strength and strain of the
ECC; o,and g are the ultimate strength and strain of the
ECC, respectively.
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Fig.2 Simplified stress-strain relationship for ECC material

According to the Chinese code for design of concrete
1 an ideal elastoplastic stress-strain relation-
ship is assumed for the steel reinforcement ( see Fig. 3)

structures
and it can be given by

E e, O<se =g,
= v 2)
o, (
E,TETE,

s Eys &, are yielding strength, yielding strain and
ultimate strain of the steel reinforcement, respectively.

where

o

fyi4

&y By &
Fig.3 Stress-strain relationship of steel reinforcement

The stress-strain relationship for the concrete is shown
in Fig.4 and it can be given by
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t? tu-con

tensile strength and the strain of the concrete, respective-
ly; f., &,, &.are the maximum compressive strength, in-
itial cracking strain and ultimate strain of the concrete,

respectively.
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Fig.4 Stress-strain relationship of concrete. (a) In tension;
(b) In compression

3  Failure Characterization of ECC/Concrete
Composite Beam in Flexure Conditions

Just as with the conventional reinforced concrete beam,
the loading process for the ECC/concrete composite beam
can be divided into three stages: the elastic stage, the
cracking stage and the ultimate failure stage. In the fol-
lowing, the stress and strain states in each stage will be
comprehensively analyzed.

3.1 Elastic stage

When the external moment is small, the deflection is
linear with the external load, and the strain is linearly dis-
tributed along the cross section. The central axis is loca-
ted at the centroid of the equivalent cross section. In this
stage, the stresses in the concrete, the ECC and the steel
reinforcement increase with the increase in external load-
ing. All the materials are in an elastic stage. The con-
crete shows a triangular stress distribution in the compres-
sion zone, and the ECC also shows a linear tensile stress
distribution. Since the elastics modulus of the ECC is
much smaller than that of the concrete, significant interfa-
cial stresses occur along the concrete-to-ECC interface,
and the interfacial bond can be guaranteed by adding
shear connections between the ECC and the concrete. At
the end of this stage, the fiber strain of the outermost side
of the ECC/concrete composite beam reaches the initial
cracking strain of the ECC. With the initial cracking
strain g, of the ECC, the initial cracking moment of the
ECC/concrete composite beam can be calculated. Fig. 5

shows the stress and strain distributions of the ECC/con-
crete composite beam in an elastic stage.
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Fig.5 Stress and strain distributions in elastic stage
3.2 Work stage with cracks

With increased loading, the maximum strain in the
ECC is greater than its initial cracking strain, and crack-
ing of the beam occurs, resulting in reduced stiffness of
the composite beam. The composite beam starts to enter
the second stage, i.e., the work stage with cracks. In
this stage, the first crack occurs at the outside of the ECC
layer, and more and more tiny cracks occur with small
cracks spacing near the first crack due to the bridging
effect of fibers in the ECC layer. After cracking, the
stress in the ECC increases slowly with the strain. With
increased loading, the ECC layer tends to enter the strain
hardening stage from the outermost layer to the ECC-to-
concrete interface, which is shown in Fig. 6(a).

For the ECC material, the initial cracking strain is
greater than that of the normal concrete'”. When the
thickness of the ECC layer is beyond two times that of the
protection layer, the concrete in the tension zone starts to
crack after the outermost layer of the ECC reaches its ini-
tial cracking strain, as shown in Fig. 6 (b). With in-
creased loading, cracks in the concrete tend to propagate
from the ECC-to-concrete interface to the central axis of
the beam. In this stage, the flexural stiffness of the beam
decreases with progressive cracking of the concrete and
ECC layer, and the central axis of the beam shifts up-
ward. The concrete in the compression zone tends to en-
ter the nonlinear stage (see Figs.6(c) and (d)).

Since the ultimate strain of the ECC is much greater
than the yielding strain of the steel reinforcement!””, the
ECC around the steel reinforcement remains in the strain
hardening stage at the end of the work stage with crack-
ing, at which the steel reinforcement starts to enter the
yielding stage. The stress distributions in the work stage
with cracks exhibit the stress state of the composite beam
in the serviceability limit stage. The calculations of the
yielding moment of the cross section M, deflection and
crack width are based on this stage.

3.3 Ultimate failure stage

Theoretically, the final failure of the composite beam
can be classified into tension failure and compression fail-
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Fig.6 Stress distributions of composite beam in work stage

(a) Cracking of ECC layer; (b) Cracking in both ECC and concrete; ( c)
Further extension of cracks in both ECC and concrete; (d) Yielding of
steel reinforcement

ure. For the tension failure, the steel reinforcement rea-
ches the ultimate strain before the concrete in the com-
pression zone reaches its ultimate compression strain.
This failure mode is a typical brittle failure, which should
be avoided in designing concrete structures. Meanwhile,
the tension failure is also accompanied by significant de-
formation of the beam, which indicates that the composite
beam cannot sustain further loading. In the following sec-
tion, the compression failure of the ECC/concrete com-
posite beam will be comprehensively analyzed.

With further increased loading, the tensile steel rein-
forcement enters a yielding stage, and the composite
beam starts to get into the third stage, i.e., the ultimate
failure stage. In this stage, the strains increase more

quickly than the stresses due to the yielding of the tensile
steel reinforcement. The ECC around the tensile steel re-
inforcement is still in a strain hardening stage, and the
ECC continues to sustain tensile stresses together with
tensile steel reinforcement. Cracks along the composite
beam continue to propagate towards the upper side of the
beam, accompanied by the degradation of flexural stiff-
ness and the increase in the deformation of the beam.
With further increased loading, the height of the compres-
sion zone becomes smaller and smaller until the fiber at
the edge of the compression zone reaches the ultimate
compression strain of the concrete, as shown in Fig. 7.
Finally, the ECC/concrete composite beam exhibits con-
crete crushing failure with a sufficient development of the
steel yielding behavior and the ECC strain hardening be-
Since the ultimate strain of the ECC is much
greater than that of the steel reinforcement defined in the
Chinese code for design of concrete structures', strain
softening of the ECC layer will not occur before the rup-
ture of the steel reinforcement. The ultimate load carrying
capacity of the ECC/concrete composite beam can be cal-
culated based on the ultimate limited state.

O S s o)
5

Fig.7 Stress and strain distributions of ECC/concrete compos-

havior.
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4 Calculation Method of Load Carrying Capaci-
ty of ECC/Concrete Composite Beam

Based on the above mentioned assumptions and stress-
strain behaviors of the materials, the load carrying capaci-
ties of the ECC/concrete composite beam in different sta-
ges can be derived, including initial cracking moment
M.,

cr

yielding moment M, and ultimate failure moment
M,. Finally, a simplified calculation method of the ulti-
mate failure moment is proposed for the steel reinforced
ECC/concrete composite beam.

4.1 Derivation of initial cracking moment of ECC/

concrete composite beam

For the steel reinforced ECC/concrete composite
beam, the fiber at the bottom of the ECC layer reaches an
initial cracking strain ¢, and it defines the moment when
the initial cracking moment of the composite beam is
reached. The stress distribution for this moment is shown
in Fig. 5. Assuming that g .
strain of the ECC layer, the strains along the cross section

is the maximum tensile

are given by
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For the tensile steel reinforcement, for an arbitrary

point with x = m, the strain is &, = —¢ and the
c

t-ecc
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stress is o, = E &

t-ecc *

According to the force equilibrium of the cross section,
the following equation can be obtained:

hy

c h
f bo(x)dx + [ bo(x)dx+o A, - j bo(x)dx=0 (6)
0 hy ¢

Substituting the strain expressions into Eq. (6), we
have
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The height of central axis c_, can be determined by as-

suming ¢, equal to g,.. Meanwhile, according to the

moment equilibrium of the cross section, we have

M = Jba'(x)xdx—f bo(x)xdx - f

h,

bo(x)xdx —oA;m

(8)

By assuming ¢ . equal to g, the initial cracking mo-

t-ecc te?

ment of the composite beam can be given by
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4.2 Derivation of yielding moment of ECC/concrete
composite beam

The yielding moment of the composite beam is reached
when the tensile steel reinforcement just reaches yielding
strength. At this moment, the maximum strain of the
concrete in the compression zone has not reached the ulti-

mate strain g, of concrete , and the stress distribution of
the cross section is shown in Fig. 6(d).

The strain distribution of the cross section can also be
given by Eq. (4). When the steel reinforcement reaches

yielding strength, the strain ¢, is equal to g, and the

. . . . c
maximum strain g . in the ECC layer is e,. The
c-m

t-ecc y

stress distribution of the cross section is given by
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According to the force equilibrium, we can obtain
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where d = ¢ + cey/ & e
Substituting the stress expressions into Eq. (11), we
have
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According to the moment equilibrium of the cross sec-
tion, we have

d h a
M:f bor(x) xdx + fba(x)xdx- f bor( x) xdx —
c d 0
j bor(x) xdx — f,A,m (14)

By substituting the stress expressions into Eq. (14),
the yielding moment of the cross section is given by

M =bf E_(cy—mz)zgf)_ 2[3cy.9y+(cy—m)eo] ~
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4.3 Derivation of ultimate failure moment of ECC/
concrete composite beam

When the maximum strain of the concrete in the com-
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pression zone reaches the ultimate strain of the concrete,
the cross section reaches the ultimate load carrying capaci-
ty, and the ultimate failure moment M, can be calculated
by considering this stress state. The stress distribution for
this moment is shown in Fig. 7.

For the ultimate failure stage, the stress distribution of
the cross section can be obtained from Eq. (10). At this
moment, the compression zone reaches the ultimate strain
of the concrete, and the maximum strain of the concrete is
&.,- The maximum strain in the ECC layer is given by

_ c
tecc h _ Cgcu

According to the force equilibrium of the cross section,
we can obtain

¢ (fgo +
3¢

&

kg(ecch
)
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By substituting g, with ¢/(h - c¢) ¢
the central axis can be calculated by

tece .» the height of
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Again, according to the moment equilibrium of the
cross section, the ultimate failure moment can be calcu-
lated by
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4.4 Simplification of calculation method of ultimate
failure moment

Just as mentioned above, the ultimate failure moment
is reached when the maximum strain of the concrete in the
compression zone reaches the ultimate strain of the con-
crete. Based on the design method of the conventional
RC beam, the stress distribution of the concrete in the
compression zone can be replaced with a rectangular
block by ensuring the same magnitude and the same
height of the resultant force for the two stress distribu-
The stress distribution of the ECC layer in the ten-
sion zone can also be treated in the same way as that of
At the ultimate
the stress state of the cross section is

tions.

the concrete in the compression zone.
failure moment,
shown in Fig. 8.

Based on the assumption of the plane remaining plane,

the strain in the ECC layer can be given by

Fig.8 Simplified stress distribution of cross section at the ulti-
mate failure moment
c—h, +x

e(x) =———¢,

h-c (19)

O<x<h,
At the ultimate failure stage, most of the ECC layer
enters the strain hardening stage, and the resultant tensile
force of the ECC layer can be given by
h, 2c-h,
To= [ otobir=[ (0 ~ke) +hous g - o o,
(20)

Assuming that x, is the height of the equivalent block
stress distribution of the ECC layer, the equivalent design
strength of the ECC layer can be given by

o= (21)

cC c
b , = [(0’IC _kzgmc) +k28°u2(/’17—c)]2

For the ultimate failure moment,
strength of the concrete in the compression zone is «,f,,
and the height of the resultant compression force is x, =
B.x,. Based on the design code of reinforced concrete
structures, the parameters o, and B, are 1.0 and 0. 8, re-
spectively. According to the force and moment equilibri-
um, we can obtain

the equivalent design

a,f.bx, +f,A, +o.bx, =0

X (22)

M:alfcbx,(h—);—l) ~fAm = b

By substituting the expression of o, into Eq. (22), the
height of the central axis can be calculated as

bx A
2h[ f ] fy - - (G.lc - k28lc)] +k2h2‘9cu
2
Cu lfcbxl fyAs (23)
2[R (g, ke | #2ke,
2

With the value of ¢, and o, the ultimate failure mo-

ment of the cross section M, can be given by

te?

M, = a,f.bx, (h - );—‘) —fAm
k k, 27 bh, — (24)
[((th - 281c) + ng(h _ ]

5 Relationship Between Moment and Curvature
of ECC/Concrete Composite Beam

For a differential element of the ECC/concrete compos-



Flexural behaviors of steel reinforced ECC/concrete composite beams 201

ite beam in Fig. 9, the average curvature of the element
can be given by

(25)

Fig.9 Curvature of a differential element of ECC/concrete

composite beam

According to the assumption of the plane remaining
plane, the maximum strain of the concrete in the com-
pression zone can be expressed by the maximum tension
strain of the ECC layer, and the relationship between &,

- C

and ¢, is given by g, = La The curvature of the
c

t-ecc t-ecc®

element can be reconstructed as

tecce
=y e %
With the maximum tension strain in the tension zone,
the maximum tension strain in steel reinforcement and the
maximum strain of the concrete in the compression zone
can be calculated. Once the maximum tension strain in
the ECC layer is obtained, the stress distribution of the
cross section can be determined, resulting in the obtain-
ment of the values of the curvature, the height of the cen-
tral axis and the moment of the composite beam. The re-
lationship between the curvature and the moment can be
obtained. Meanwhile, the ductility index of the compos-
ite beam can also be calculated as

@u
Py

A= (27)

6 Verification of Calculation Method for ECC/
Concrete Composite Beam

To verify the validity of the calculation methods in the
above sections, the calculation results based on the pa-
rameters of a tested ECC/concrete composite beam'” are
compared with the test results. The dimensional informa-
tion of the tested ECC/concrete composite beam is as fol-
lows. The clear span of the beam is 914. 4 mm, and the
height and the width of the cross section are 152.4 and
114.3 mm, respectively (see Fig. 10). The thickness of

the ECC layer is 50. 8 mm. The beam is loaded with a
three-point loading configuration, and the distance be-
tween the loading point and the support is 304. 8 mm.
The reinforcement ratio of the beam is 1.47% . For the
ECC layer, the initial cracking strength and strain are
tested to be 3. 2 MPa and 0. 018%, respectively, and the
ultimate tensile strength and the strain are tested to be 5. 2
MPa and 5.4%, respectively. According the test re-
sults'”, the compression strength of the PE-ECC material
is 42. 3 MPa. The compression and tensile strength of the
concrete are 41. 7 and 2. 9 MPa, respectively, and the ul-
timate tensile strain of the concrete is 0. 008% . Although
PE fibers are distinct from PVA fibers for manufacturing
ECC materials, the PE-ECC shows similar mechanical
properties with the PVA-ECC both under the uniaxial ten-
sion and the compression. The constitutive models for the
PVA-ECC can also be used to model the mechanical be-
haviors of the PE-ECC. The yielding strength of the ten-
sile steel reinforcement is 414 MPa and the Young modu-
lus is 200 GPa. For the ECC/concrete composite beam,
the obtained maximum compression strain of the concrete
15 0. 52%, and the maximum strain in the ECC layer is
2.6%.

%2}
[—

14.3

152.4

304.8 |, 304.8 _|_ 304.8

914.4

—_

Fig.10 Dimensional information of the tested beam (unit: mm)

Based on the above geometric and mechanical parame-
ters of the ECC/concrete composite beam, the yielding
moment and the ultimate failure moment can be calculated
and compared with the test results. As shown in Fig. 11,
the calculated moments have good consistency with the
test results, but the calculated curvatures are a little smal-
ler than the test results. Cracking of the composite beam
leads to degradation of the flexural stiffness and results in
greater curvature for a certain external moment. In the
calculation, the effect of the flexural stiffness degradation
of the composite beam cannot be considered. Further-
more, the calculation method also assumes no sliding be-
tween the concrete and the ECC layer and no relative

20
/g 16 -
Z 12
< ——o— Test result
?:) 8 —=— (Calculation result
g
= 4
0 1 1 1 |
0 100 200 300 400

Curvature/( 10 *mm ! )

Fig.11 Comparison of the calculation and test results
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slip between the steel reinforcement and the ECC materi-
al, which will also underestimate the curvature of the
ECC/concrete composite beam. The proposed calculation
method is feasible for designing the steel reinforced ECC/
concrete composite beam.

7 Conclusion

In this paper, the flexural behaviors of the steel rein-
forced ECC/ concrete composite beam are comprehensively
investigated. Based on the assumption of the plane remai-
ning plane and the simplified constitutive models of mate-
rials, the strain and stress distributions of the cross section
of the composite beam are analyzed, and the calculation
method of the moment capacities at different stages is pro-
posed. According to the Chinese code for design of con-
crete structures, a simplified calculation method of the ul-
timate failure moment is developed. Finally, the proposed
calculation methods are employed to calculate the flexural
responses of a tested beam. Comparison results show that
the calculation results have good consistency with the test
results, and the validation of the developed calculation
method is proved. The suggested calculation method has
certain theoretical significance and reference values.
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