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Abstract: In order to enhance the durability of steel encased
concrete beams, a new type of steel reinforced engineered
cementitious composite ( SRECC) beam composed of steel
shapes, steel bars and ECC is proposed. The theoretical
analyses of the SRECC beam including crack propagation and
stress-strain distributions along the depth of the composite
beam in different loading stages are conducted. A theoretical
model and simplified design method are proposed to calculate
the load carrying capacity. Based on the proposed theoretical
model, the moment and
corresponding curvature is derived. The theoretical results are

relationship between the

verified with the finite element analysis. Finally, an extensive
parametric study is performed to study the effect of the matrix
type, steel shape ratio, reinforced bar ratio, ECC compressive
strength and ECC tensile ductility on the mechanical behavior
of SRECC beams. The results show that substitution concrete
with ECC can effectively improve the bearing capacity and
ductility of composite beams. The steel shape and longitudinal
reinforcement can enhance the loading carrying capacity,
while the ductility decreases with the increase of steel shape
ratio. ECC compressive strength has significant effects on both
load carrying capacity and ductility, and changing the ultimate
strain of ECC results in a very limited variation in the
mechanical behavior of SRECC beams.
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teel reinforced concrete members are widely used in
S the design of tall buildings, especially in the region
of high seismic intensity. The concrete encased steel
beams, which make full use of the steel shapes and con-
crete, have been used in Japan for more than four dec-

ades'"” and have become more and more popular in build-
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ing construction. The encased steel shapes can provide
sufficient ductility, strength and energy absorption for the
composite beams. Concrete can protect the steel shapes
and drastically reduce the possibility of potential local
buckling of the encased steel'™. due to the
brittleness of concrete and low tensile strength, concrete
cracking and corrosion of steel reinforcement have be-
come a major durability problem, which reduces the serv-
ice life of the concrete structure, especially under severe
environmental method
should be put forward to control crack width and crack
development so that the corrosion of the internal steel bars
and steel shapes can be greatly reduced.

Recently, engineered cementitious composite (ECC) with
[34

However,

circumstances. Therefore, a

the characteristics of high ductility’™ has been developed
for applications in the construction industry. ECC and con-
crete have similar ranges of tensile strength (4 to 6 MPa)
and compressive strength (30 to 80 MPa), but they behave
very differently in tension. Due to the bridging effect of the
fiber, ECC possesses a strain-hardening behavior accompa-
nied by multiple stable micro-cracks compared with common
concrete. This material exhibits excellent crack control up to
a tensile strain of 3% to 6%, and failures accompanied by a
crack spacing of 3 to 6 mm and crack width of about 60
pwm””’. As a consequence, it is suggested to substitute con-
crete with ECC in the composite beam to prevent the oc-
currence of large cracks and protect the steel reinforcement
from corrosion during its service life. Super high ductility
of ECC can in turn effectively improve the flexural bearing
capacity and ductility of the beam'®.
since ECC is highly ductile with a ultimate strain capacity
even higher than steel, ECC shows good deformation com-
patibility with steel reinforcements which effectively pre-
vents the bond-slip between steel reinforcement and
ECC'.
behavior of four steel shape reinforced high ductile con-
crete (HDC) short beams. The research showed that the
shear capacity of short beams can be improved significantly
by using HDC. However, up to now, no research record
can be found related to the flexural behavior of steel shape
reinforced ECC (SRECC) beams.

Theoretical modeling of ECC structures has been com-
prehensibly studied. The theoretical modeling of ECC
beams was first proposed by Maalej et al'”. In their
study, it is assumed that the beam fails by exhausting the

Simultaneously,

Deng et al. '™ performed experiments on the shear
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strain capacity of the material either at the tensile face or
at the compressive face. Based on the constitutive models
of ECC materials and some basic assumptions, the flexur-
al strength of unreinforced ECC beams was obtained.
Maalej et al. "' also came up with a new composite beam
that substitutes concrete with ECC in the tension side of
the concrete beam. The calculation method of this compos-
ite beam was derived subsequently by Dong et al'!. In
terms of ECC columns, the theoretical methods for calcu-
lating the load carrying capacity of the steel reinforced
ECC columns were well derived by Pan et al'”'. The load
carrying capacities in the case of axial compression, large
eccentric compression and small eccentric compression
were obtained based on the plane-section assumption and
perfect bond between the steel bars and ECC.

In this study, based on the basic assumptions and con-
stitutive models of materials, the theoretical model for cal-
culating the load carrying capacity of SRECC beam is de-
rived. Then, based on the proposed theoretical model, the
moment-curvature curve is acquired by a conventional strip
method. Finite element analysis is conducted to verify the
proposed theoretical model. Finally, a parametric study is
performed to evaluate the influence of different parameters
on the mechanical performance of SRECC beams.

1 Theoretical Analysis of SRECC Beam

Fig. 1 shows the cross section of a SRECC beam com-
posed of steel shapes, steel bars and ECC. According to
the Code for Design of Concrete Structures (GB 50010—
2010)™", the theoretical model can be achieved on the ba-
sis of the following assumptions: Firstly, the cross section
of the composite beam remains plane under transverse
loading and thus strain varies linearly along the cross sec-
tion. Secondly, there is no relative sliding between steel
reinforcement and the matrix since ECC shows a very simi-
lar deformation ability as steel reinforcement !,
the strain hardening behavior of the ECC material is fully
considered and the maximum strain in the compressive
zone reaches the ultimate compressive strain of ECC.
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Fig.1 Schematic illustration of cross section of SRECC beam
1.1 Stress-strain behavior of materials

The stress-strain behaviors of different materials inclu-
ding ECC, the steel bar and steel shape are demonstrated
in Fig. 2.
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Fig.2 Constitutive models of materials. (a) ECC in uniaxial ten-
sion; (b) ECC in compression; (c) Reinforcing bar and steel shape

The stress-strain relationships of ECC in tension and
compression are described respectively by a bilinear curve
(see Fig. 2(a)) and a polyline curve (see Fig.2(b)),
respectively. The stress-strain relationship of ECC in uni-
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where g, and o, are the first cracking strain and corre-
sponding strength in tension, respectively; &, and o, are
the ultimate tensile strain and corresponding strength, re-
spectively.

The stress-strain relationship of ECC in compression'"
is given by
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where ¢, and o, are the maximum elastic strain and cor-
responding stress, respectively; &, and o, are the peak
strain and corresponding stress, respectively; &, is the ul-
timate compressive strain and o, is the ultimate compres-
sive stress (in the post-peak branch).

The steel reinforcement is described by a perfect elas-
tic-plastic model'” shown in Fig.2(c).

1.2 Failure characterization of SRECC beam

Similar to the steel reinforced concrete beams™, the
loading process for SRECC composite beam can be also di-
vided into three stages including elastic stage, working
stage, and ultimate failure stage, which are shown in Fig. 3.
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Fig. 3  Stress and strain distributions of cross section of
SRECC beams. (a) Elastic stage; (b) Working stage; (c) Ultimate
failure stage

1) Elastic stage. At a low loading level, the deflection
increases linearly with the external load, and the strain is
linearly distributed along the cross section of the beam.
The working condition of the beam is similar to that of an
elastic beam. The stress in ECC, steel shapes and steel
bars are all in the elastic stage, and the stress exhibits a
linear distribution along the section. Fig.3(a) shows the
stress and strain distribution of the composite beam in the
elastic stage.

2) Working stage. When the strain at the utmost edge
«» ECC starts to enter the
strain hardening stage accompanied by multiple tiny cracks
appearing in the tension zone. Due to the high ductility

of the tension zone exceeds &

and excellent crack controlling ability of ECC, the com-

posite beam presents more dense cracks with small crack
spacing. During this stage, stiffness reduces slightly due to
the appearance of the multiple tiny cracks. Compared with
steel reinforced concrete beams, the multiple fine cracks,
owing to the bridging effect of fibers, can not only prevent
stress change in the steel reinforcement at the cracks but al-
so provide a high effective moment of inertia, so no obvi-
ous change of the cross section curvature will be found. In
this stage, the steel shape and steel bars maintain linear
elasticity and ECC in the compression zone begins to enter
the elastic-plastic stage as shown in Fig.3(b).

3) Ultimate failure stage. In theory, two types of pos-
sible flexural failures of the SRECC beam can be expec-
ted, i. e. ECC crushing failure after steel yielding and
ECC crushing failure without steel yielding. Generally,
the second is a typical brittle failure mode, and can be
prevented by choosing a reasonable amount of steel bar or
steel shape. Therefore, the failure mode (see Fig.3(c))
of ECC crushing after steel yielding will be analyzed in
depth in the following section.

With the further increase of external loading, steel bar
and steel shapes in the tension zone yield successively.
Strain increases more quickly than stress, and a sudden
increase of the cross section curvature and deflection oc-
curs during the process. However, the external load still
increases with the curvature after the tensile steel rein-
forcement enters the yielding stage due to development of
yielding of steel web. Flexural cracks continue to propa-
gate towards the upper side of the beam until crushing of
ECC in the compression zone occurs. Compared with
the SRECC beam can
fully take advantage of the material property of ECC so
that strength and ductility can be greatly improved. When
reaching the ultimate stage, most of the ECC in the ten-
sion zone is still in the strain hardening stage except for
the part outside the tensile steel bar. ECC in the tensile
zone can continue to sustain tensile stress together with
the steel reinforcement, resulting in the improved flexural

steel reinforced concrete beams,

strength of the beam. In addition, failure is initiated by
the yielding of encased steel shapes or steel bars followed
by the crushing of ECC. Fiber at the edge of the com-
pression zone reaches the ultimate compression strain of
ECC in the ultimate stage. It should be noted that the ul-
timate compressive strain of ECC is nearly twice as much
as concrete, which can effectively increase the deforma-
tion ability or ductility of the beam. Meanwhile, this fea-
ture can also encourage the steel shape to develop suffi-
ciently, which further improves the flexural strength of
the SRECC beam. The ultimate load carrying capacity of
the SRECC beam can be calculated based on the stress
distribution along the cross section in the ultimate stage.

1.3 Derivation of load carrying capacity of SRECC
beam under different conditions

As described previously, ECC has some particular
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properties, and the design of the SRECC beam corre-
spondingly differs from that of the conventional steel rein-
forced concrete beam. For all steel reinforced beams, the
ideal failure mode arises from the yielding of steel rein-
forcement followed by the crushing of ECC when the fi-
ber at the edge of the compression zone reaches the ulti-
mate compressive strain. Due to the high ductility of ECC
materials, steel shapes in tension can fully develop, and
the top flange of the steel shape is more likely to be in ten-
sion. Consequently, according to the location of neutral
axis and stress distribution of the encased steel shapes un-
der failure condition, five possible conditions are discussed
for determining the load carrying capacity of the SRECC
beam including: 1) Flange of steel shape is in tension and
yield; 2) Flange of steel shape is in tension but no yield;
3) Force is zero on the flange of steel shape; 4) Flange of
steel shape is in compression but no yield; 5) Flange of
steel shape is in compression and yield.

Fig. 4 shows the stress and strain distributions of ECC
at the ultimate stage. It can be seen from Fig. 4 that ECC
in the compressive zone enters the phase of stress soften-
ing while partial ECC in the tension zone has exceeded
the ultimate tensile strain. In the light of the assumption
of the plane section, the stress along the cross section of
ECC is calculated as

o (x) =0, +%[3(x) —e.] h <x<h,
() = 5 e(x) h,<x<h,
() =15 () =E:a(x) L <x<h,
0.(%) =Ey(1 —a) e(x) h, <x<h,
7y(0) =0y~ 22 8(x) ~5,) h,<x<h
“
(3)

where x is the distance from the extreme tension fiber to
an arbitrary point along the depth of the beam; o(x) and
e(x) are the stress and strain at the height of x, respec-
tively; g, is the tensile strain at the edge of the cross sec-
tion; E, is the initial elastic modulus of ECC; « is the re-
duction coefficient of the elastic modulus in the nonlinear
ascent stage“:"]; h, is the distance from the extreme ten-
sion fiber to the point where the material reaches its ulti-
mate tensile strain; h, is the summation of h, and the
depth of the inelastic microcracking zone; h, is the dis-
tance from the extreme tension fiber to the neutral axis; A,
is the distance from the extreme tension fiber to the point
where the material starts to change stiffness in compres-
sion; A is the distance from the extreme tension fiber to
the point where the material reaches the peak stress in the
compressive zone; & is the height of the composite beam.

Based on the five stress states of steel shapes, the ulti-
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Fig.4 Stress and strain distributions of ECC
mate failure moments can be obtained and are shown in
Fig. 5.
1) Flange of steel shape is in tension and yield ( see
Fig. 5(a)). According to the force equilibrium of the
cross section, we have

h,
f;A: +j/ bo,(x)dx +

h

h h
bo,(x)dx +j boy(x)dx =
hy

hy

h, Iy
bor (0dx + [ bo(0dx + A, +f A, +FAL +fith,
h, h,

(4)

On the basis of the moment equilibrium of the cross
section, the ultimate moment can be expressed as

h, hy
M =f xbo, (x)dx +f xbo,(x)dx +fAa, +fAa, +
h,

u
h,

! ! h(l ’ ’ '
fﬂAaf(h _aa) +fatwha(aa +7) _fyAs(h _as) -
h

jhixbcr}(x)dx —j;xbau(x)dx —fhxbcrs(x)dx (5)

where ¢ is the distance from the neutral axis to the top
flange; d is the distance from the neutral axis to the point
where the steel reaches the yield strength in the tension
zone.

2) Flange of steel shape is in tension but no yield (see
Fig.5(b)). According to the force equilibrium and mo-
ment equilibrium, we can obtain

h, hy h
fIA! +jh bor, (x) dx +jh bo () dx + | boy(x)dx =

h, hy
bor,(x)dx +f bo,(x)dx +f,A, +fA, +
h, h,

2 2
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Fig.5 Stress and strain distributions of ECC and steel rein-
forcements. (a) Flange of steel shape in tension and yield; (b) Flange
of steel shape in tension but no yield; (c¢) Force is zero on the flange of
steel shape; (d) Flange of steel shape in compression but no yield;

(e) Flange of steel shape in compression and yield

3) Force is zero on the flange of the steel shape ( see
Fig.5(c)). Obviously, from the force equilibrium condi-
tion, the following equation can be obtained

h, hs h
bor,(x)dx +J bo,(x)dx +j boy(x)dx +f1A! =
hy hy hs

h, Ny d
bor, (x)dx +f bo,(x)dx +f,A, +f,A, +f,dtw(ha _7)
h, hy 2
(8)
and then the ultimate moment can be expressed as
h, h,
M, = f xbo (x)dx +f xbo,(x)dx +f Aa, +fA.a, +
h, h,

1 2 h, —d
z.fdtwd(ha +aa _?d) +fatw(ha _d)( +a”)+
h,

fAga, ~fAU(h =al) - | xbo,(0)dx -
hy
hy h
J xbo,(x)dx —f xbo(x)dx 9)
h, hy

4) Flange of steel shape is in compression but no yield
(see Fig. 5(d)). Similarly, from the force equilibrium
condition, we have

h, hy h
j bor, (x) dx +j bor,(x)dx +f bo(x)dx +fIA +
I hy hs

e

, e 2 hy hy
AL i = L]ba'l(x)dx +Lzba'2(x)dx +fA, +

Fag +fty L vfih —e—d) (10)

and the moment can be expressed as

h, hy
M, = f xbo, (x)dx +J xbo,(x)dx +fAa, +fA.a, +
h, h,

y hs™s

M(ha

2d
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( ha _d _e) _f‘atwez
a+=— )"

h, hy h
f xbo,(x)dx —f xbo,(x)dx —f xbos(x)dx
hy h, hs

(h +a, -5 —faA;f%;(h —a) -

(1)

where e is the distance from neutral axis to the top of the
flange.

5) Flange of steel shape is in compression and yield
(see Fig.5(e)). The force equation and ultimate moment
are derived as

h, hy h
f bor,(x)dx +f bor,(x)dx +j bo(x)dx +fIA +
hy h, hy

SUAL + e =d) +fin, S =

hy hy
j bo, (x)dx +f bo,(x)dx +f A, +f A, +
h, h,

fte & s pah —e —d) (12)

and

h

s :
M, = f wbo, (%) dx +J xbo,(x)dx + fA.a, +
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a’Taf
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where the steel shape reaches the yield strength in the (a)
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1.4 Simplified design method e T
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sulting in a complex calculation formula. Therefore, the S A, E o
stress distribution of ECC in the tension and compression A, ‘0,0,
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for the stress distribution. 45  ue
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By combining Eq. (15) with Eq. (17), «, is solved as

(Tlc +0—|
o =7

(18)

20,

The distance between the resultant tensile force and the
neutral axis is obtained as

Fig. 6 Simplified stress and strain distributions of ECC and
steel reinforcements. (a) Flange of steel shape in tension and yield;
(b) Flange of steel shape in tension but no yield; (c) Force is zero on
the flange of steel shape; (d) Flange of steel shape in compression but
no yield; (e) Flange of steel shape in compression and yield
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where x, can be substituted by B,(/# —x), B, is the ratio
between the distance from the resultant tensile force to the
neutral axis and depth of the neutral axis. The values of
parameters «, and 3, depend on material property, sec-
tional dimensions and steel ratios, etc.

In view of the above discussions, the simplified calcu-
lation method is obtained as follows:

1) Flange of steel shape is in tension and yield ( see
Fig.6(a)), in which x <a!, ¢ >d. With the same meth-
od, the force equilibrium can be derived by

a,Bo,bx +fA] =00, ,b(h-x) +
fyAs +faAaf +faA:\[' +ft h

a"w'a

(20)

and the ultimate moment of the cross section is given by

le TA !
Mu :alﬁla-q)bx(‘x_T) +J§Ab(x_a5) +
a,o,bB,(h -x)° +fA,(h—-a, -x) +fAlc+
h
St e+ 5 ) +1 AL =a, - (21)

where c is the distance from the neutral axis to the tension
flange of the steel shape, ¢ =d/, — x; d is the distance
from the neutral axis to the point where the steel shape
reaches the yield strength in the tension zone, d = xf,/
(e E)-

2) Flange of the steel shape is in tension but no yield
(see Fig.6(b)), in which x < g/, ¢ <d. For the SRECC
beam, the ultimate moment can be given by

o,B,0,bx +fA, =,0,b(h —x) +fA +f A+

d2 —C2 , C
f“t“’(ha +C—d) +fatw( 2d ) +faAafg (22)
Bl'x A1 ’
= e B e
a,0,bB,(h -x)’ +fA(h-a,-x) +
, 1 o
faAafd + 2fatw[(ha +C) _d] +
1 ,
(- G)rAhma @y

3) Force is zero on the flange of steel shape (see Fig.
6(c)), in which x = a. The force equilibrium equation is
given by

B0 ,bx +f A =0,0,b(h-x) +f A +

fAy (=5 ) (24)

and the ultimate moment capacity of the beam is given by

M = b @ A’ ’
o =0 B0, bx| x — ) +fA(x-a)) +
a0, bB,(h-x)" +fA(h-a, -x) +
%fatwdz +%fatw(h§ -d) +fA(h-a, -x)
(25)

4) Flange of steel is in compression but no yield (see

Fig.6(d)), in which x >a, e <d. Similarly, the force
equilibrium equation is given by

2
e

B0 bx + AL +f AL ity 5= o b(h =) +

FA LA+, Lt (h —e—d)  (26)

and the ultimate moment capacity is given by

M, = alﬁlocpbx(x —[%) FfAN(x—al) +

2

0,0, bB,(h=x)" +f,A(h-a, -x) +faA{df% +

L 2 é L 2 3
3fatw(d + d)+2fatw[(ha—e) & +

fAs(h—a,-Xx) (27)

where e is the distance of the neutral axis to the top flange
of the steel shape, e=x-d',.

5) Flange of steel shape is in compression and yield
(see Fig.6(e)), in which x > a!, e >d. From the force
equilibrium, we have

!

0B, bx + [AL +fLAY + 11, (e ~d') +f11, S =
a,0,b(h—x) +f A +f A, +f.1, % +fit,(h,—e-d)
(28)

According to the moment equilibrium, the ultimate

moment capacity can be simplified by

M, = a,,Blcrcpbx(x _Bé—x) FfAN(x—al) +

a,0,bB,(h-x)* +fA(h—-a, -x) +flALe+
L ! ’ L 4 L ! 2 _ 12
3f Jod 3fatwd+ 2fatw(e d”’) +

Lt lh—e) &1 +fA(h-a, -2

2 (29)

where d’ is the distance of the neutral axis to the point
where the steel shape reaches the yield strength in the
E).

eu"a

compression zone, d' =xf./(e

In the aforementioned equations, there is only one un-
known parameter x. Hence, the computational procedure
can be initiated by assuming a stress state of the cross sec-
tion, and then the value of x and the corresponding ulti-
mate moment capacity can be calculated.

To avoid over-reinforced failure, it is worth noting that
the ideal failure mode should also satisfy the following
condition which is determined by strain compatibility.
The condition is that both the encased steel shape and
steel bar yield in tension at the ultimate stage, and we

have
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h-a, h-a

X <m and x (30)

“1+//(e.E)

2 Verification of Theoretical Modeling for SRECC
Beam

According to the proposed theoretical models, the mo-
ment-curvature relationship of SRECC beams can be cal-
A SRECC
beam is chosen to analyze the mechanical behavior of the

culated by a conventional strip method".

proposed beam. The clear span of the beam is 1 800 mm
with a cross section of 180 mm x 250 mm. The embedded
structural steel shape has a cross section of 100 mm depth
by 100 mm flange breadth, web and flange thicknesses of
6 mm and 8 mm, respectively. The ratio of reinforced
bars is 1% for the SRECC beam. The beam is designed
with the stirrup with the diameter of 8 mm and the spac-
ing of 100 mm to prevent premature shear failure. The
material constitutive models are stated in the above sec-
tion. The elastic modulus of the steel reinforcement is
206 GPa, and the yield and ultimate strength of the en-
cased steel shape and steel bars are 270 and 552 MPa, re-
spectively. The compressive strength of ECC and con-
crete are 22 MPa, while the elastic modulus of ECC and
concrete are 14.3 and 32 GPa, respectively. The beam is
loaded under four-point bending with a span of 1 800 mm
between two supports. The external loads are applied
symmetrically with 500 mm from the supports.

To verify the validity of the proposed theoretical mod-
eling, the flexural behavior of the SRECC beam is simu-
lated with the software ABAQUS. In this model, it is as-
sumed that no relative slip occurs between the steel bars
or steel shapes and ECC. To avoid stress concentration,
four steel plates are fixed on the loading and supporting
zones. The finite element model of the SRECC beam is

illustrated in Fig. 7.

y
X1,z
Fig.7 Finite element model of steel reinforced ECC composite
beam

Fig. 8 depicts the comparison of the moment-curvature
curves from the theoretical and simulation results. It can
be seen that the theoretical results show a good consisten-
cy with the simulated results, indicating that the theoreti-
cal model can be used to predict the mechanical property

of SRECC composite beams.
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Fig.8 Comparison between simulation results and theoretical
results

3 Parametric Study

The flexural behavior of the composite beam is related
to some key parameters, such as matrix type, encased
steel shape ratios, longitudinal reinforced bar ratios,
compressive strength and ultimate tensile strain of ECC.
Thus, a parametric study was carried out to discuss the
effects of the parameters.

3.1 Effect of matrix type

For the specimens of steel reinforced concrete ( SRC)
beam and SRECC beam, all the design parameters are
identical except for the material type of the matrix. The
constitutive relationship of concrete under uniaxial com-
pression is adopted according to the Chinese Code for De-
sign of Concrete Structure (GB 50010—2010) Bl and the
tensile strength of the concrete is ignored. The moment-
curvature curves between SRECC beam and SRC beam
are exhibited in Fig. 9.
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(b)
Fig.9 Moment-curvature curves with different matrix types.
(a) Elastic and working stages; (b) Whole stage
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It can be observed from Fig. 9(a) that due to the lower
elastic modulus of the ECC, the initial stiffness of the
SRECC beam is smaller than the SRC beam. However, a
sudden curve change of the SRC beam can be seen at a
curvature of 0.57 x 10 ~°(point A) due to the cracking of
concrete in the tensile side, while no obvious change can
be seen in the SRECC beam. The stiffness of the SRECC
beam is similar or even slightly larger than that of the
SRC beam when the curvature is larger than 0.57 x 10 ~°.
This can be explained by the fact that the multiple fine
cracks formed in ECC components lead to a high effective
moment of inertia, which compensates for the lower elas-
tic modulus. Then, the moment-curvature curves increase
linearly before the yielding of steel bars. After that, the
slope of the curves changes suddenly, as shown in Fig.9
(b). As for the SRC beam, the flexural capacity increa-
ses gently due to the process of steel web yielding from
bottom to top until concrete in the compression zone rea-
ches the ultimate compressive strain. For the SRECC
beam, although the peak compressive strain of ECC is
larger than that of concrete, the curvature of point D
when the strain reaches e, is smaller than point C when
the concrete reaches the ultimate strain. This is because
ECC in tension can provide tensile resistance to the
beam, which reduces the neutral axis height. When the
cross section reaches the maximum moment ( point E),
the flexural load capacity of the SRECC beam can reach
67.7 kN -m, which is 17.5% larger than that of the SRC
beam. As shown in Fig.9(b), point E is located between

point D and point F when strain reaches e_, and the mo-

ment difference of point D, point E and point F is quite
small. The small change in the moment is because the
plastic development of the steel shape for the SRECC
beam can be more sufficient than that of the steel rein-
forced concrete beam due to the higher ultimate compres-
sive strain of ECC material. Therefore, the ductility of
the SRECC beam is correspondingly greater than that of
the SRC beam. Substituting concrete with ECC can pro-
vide a significant enhancement in both the load carrying
capacity and ductility.

3.2 Effect of encased steel shape ratio

The influence of the ratio of encased steel shapes on the
flexural behavior can be evaluated by changing the area of
encased steel shapes, as shown in Fig. 10. It can be found
that increasing the ratio of encased steel shapes leads to the
increase of stiffness and ultimate bending moment. How-
ever, there is an apparent decrease of ultimate curvature
with the increase of the steel shape ratio. It may be ex-
plained by the fact that a higher steel shape ratio leads to
an enhancement of the tensile zone, resulting in the neutral
axis shifting downwards. Therefore, the ultimate curvature
will decrease when the stain at the edge of the compressive
zone reaches the ultimate compressive strain of ECC.
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Fig.10 Moment-curvature curves with different encased steel
shape ratios

3.3 Effect of longitudinal reinforced bar ratio

Fig. 11 shows the moment-curvature curves of the com-
posite beams with different longitudinal bar ratios. As ex-
pected, the specimen with more reinforced bars achieves
a much greater stiffness and ultimate bending moment.
The increase is more pronounced than the increasing ratio
of encased steel shapes, indicating that increasing longitu-
dinal bar ratio is an effective measure to improve the stiff-
ness and ultimate moment capacity of the SRECC beam.
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Fig. 11

reinforcement ratios

Moment-curvature curves with different longitudinal

3.4 Effect of compressive strength of ECC

The parametric study is carried out by changing the
compressive strength of ECC from 20 MPa to 40 MPa.
Fig. 12 depicts the effect of compressive strength of
ECC on the ultimate moment and curvature of the SRECC
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Fig.12 Moment-curvature curves with different ECC strengths



Flexural behavior of steel reinforced engineered cementitious composite beams 81

beam. Both the ultimate moment and curvature increase
with the increase of compressive strength. This may be
because increasing ECC compressive strength will result
in the increase of the tensile zone,
steel shapes locate in the tensile zone and the flexural
bending moment can be increased.

which means more

3.5 Effect of ultimate tensile strain of ECC

Due to the influence of material composition and fabri-
cation process, the ultimate tensile strain of ECC may
range from 1% to 7% . In this study, a parametric study
with various values of ultimate tensile strain of ECC is
carried out to appraise the influence on the ultimate mo-
ment and curvature of the SRECC beam. It is clearly seen
from Fig. 13 that varying the ultimate strain of ECC re-
sults in a very limited variation in both the ultimate mo-
ment and ultimate curvature. The main reason is that a
large proportion of ECC at the tensile zone does not ex-
ceed the ultimate strain even when the ultimate tensile
strain is 1. 5%, and stress softening of ECC will not oc-
cur. It can be concluded that the increase of the ultimate
tensile strain has little contribution to the ultimate moment
and curvature, and ECC with 1. 5% ultimate strain can
provide a sufficient tensile deformation ability for the
SRECC beam.
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Fig.13 Moment-curvature curve with different ultimate tensile
strains

4 Conclusions

1) Theoretical models and a simplified design method
of the SRECC beam are proposed based on the basic as-
sumption and the constitutive relationships of materials,
and the design method provides a simple yet reasonable
accurate prediction for the mechanical performance of the
SRECC beam.

2) For a steel reinforced ECC beam,
conventional concrete with ECC can not only limit the
generation of large cracks and prevent the encased steels
from corrosion, but also improve the strength and ductili-
ty of the composite beams.

substitution of

3) The increase of steel shape ratio, longitudinal bar
ratio and ECC compressive strength can effectively im-
prove the bending stiffness and ultimate moment of the
SRECC beam, while the ductility behaves differently with

various parameters. The excessive ratio of steel shapes u-
sually results in a decline in ultimate curvature, while the
increase of ECC compressive strength can improve the ul-
timate curvature to some extent.
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RUGMIGIE ECC HE R Z T Hae
Bkk weA F R

(AHRXFRELIRAFE ARELIHFHRELLET, G 210096)

WE AT R ARG IR g 206 R g af JOH P AL, 32 B —FF 6,45 B4R 4R A Fe ECC A A #7 AL 4 2.
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