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Abstract: To investigate the flexural behaviors of steel
reinforced engineered cementitious composite (ECC) beams,
the behaviors of the steel reinforced ECC beam and the
conventional steel reinforced concrete beam subjected to
flexural load are experimentally compared. The experimental
results show that the flexural strength and ductility of the steel
reinforced ECC beam are 24. 8% and 187. 67% times larger
than those of the steel reinforced concrete beam, and the
substitution of concrete with ECC can significantly delay the
propagation of cracks. Additionally, a simplified constitutive
model of the ECC material is used to simulate the flexural
behaviors of beams by the finite element analysis (FEA). The
results show a good agreement between the simulation and test
results. The crack width of the steel reinforced ECC beam can
be limited to 0. 4 mm under the service load conditions. The
application of ductile ECC can significantly increase the
flexural performance in terms of flexural strength, deformation
capacity and ductility of the beams.
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oncrete is a type of composite material with a high
C compressive strength and good bond strength with
steel reinforcement, which makes it one of the most wide-
ly used materials in construction engineering'"'.
er, concrete has low tensile strength and can become brit-
tle, which results in low ductility and poor durability™'.
In recent years, a class of high performance fiber rein-
forced cementitious composites ( called engineered cemen-
titious composites, ECC) with ultra-ductility has been de-
veloped for applications in the construction industry'* ™.
ECC and concrete have similar ranges of tensile strength
(4 to 6 MPa) and compressive strength (30 to 80
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MPa) "™, but they behave differently in tension. For con-
ventional concrete, it becomes brittle once the first local-
ized crack is formed. However, for an ECC member un-
der uniaxial tension, after the first cracking, the tensile
load capacity continues to increase. The strain hardening
behavior is accompanied by the formation of multiple
cracks and the crack width of the ECC member can be
limited to a considerable low value.

Up to now, many experimental studies have been con-
ducted on the mechanical performance of steel reinforced
ECC members, including coupling beams'”, columns'”,
column-beam connections'™', infill panels[9], frames'"”
precast bridge column"", etc. However, limited effec-
tive numerical simulations have been conducted to study
the structural behaviors of steel reinforced ECC members.

In this paper, a pair of steel reinforced beams are tested
to verify the contribution of the ECC material to the flex-
ural properties of the beams. The influence of matrix
types on the ultimate strength, deformation capacity and
ductility are evaluated. The flexural behaviors of the
beams are numerically modeled with the finite element
software ATENA. The comparisons of strain distribution,
crack patterns, and crack width development between re-
inforced concrete (RC) beams and reinforced ECC (R/
ECC) beams are also studied.

1 Experimental Program

1.1 Material properties

In order to enhance the environmental sustainability of
the ECC, a high volume fraction (80% ) of fly ash was
employed in the cementitious binder in this study. Tab. 1
shows the mixture proportions of the ECC material and
concrete. According to the uniaxial tension tests, the ten-
sile strength of the ECC materials exceeds 5 MPa and the
ultimate tensile strain approaches 4% . A number of cyl-
inder specimens, 100 mm in diameter and 200 mm in
height, were also prepared with concrete and the ECC,
and tested in compression. The compressive strength of
the ECC and concrete were 38.3 and 47.2 MPa, respec-
tively; while the elastic modulus of the ECC and concrete
were 15.50 and 34.49 GPa, respectively. For each beam
specimen, the steel bar with the diameter of 20 mm was
used as the tensile reinforcement. The steel reinforcement
with the diameter of § mm was employed as the compres-
sion reinforcement and supports for the hanging of the
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stirrups along the beam. Tab. 2 shows the mechanical
properties of steel bars.

Tab.1 Mixture proportions of cementing material %

Matrix ¢ . ¢ # ®
(sand) (PVA fiber) ( water) ( water reducer) (coarse aggregate)
ECC 20 2 22 80
Concrete 15 35 30 25

Tab.2 Material properties of steel reinforcement

Yield Ultimate Ultimate Modulus of
Diameter/ . -
strength strength stain elasticity
m f,/MPa f,/MPa fu E./GPa
8 460 600 0.08 200
20 470 615 0.08 204

1.2 Specimen details and loading configuration

Two beam specimens with the dimension of 200 mm
(width) x 300 mm ( height) x 2 350 mm (length) are
tested to investigate the flexural behaviors. One is steel
reinforced ECC (R/ECC) beam, and the other is steel re-
inforced concrete (RC) beam for comparison. Dense stir-
rups with the diameter of 8 mm and the spacing of 100
mm are arranged in a shear span to avoid brittle shear fail-
ure of beams. Each beam is loaded under four-point ben-
ding with a span of 2 050 mm between supports, and
loading is applied symmetrically at 850 mm from the sup-
ports. The loading configuration is shown in Fig. 1.

¢ Applied load

Strain gauges

T T :
LVDT $8@ 100 .
15 850 350 850 5

Fig.1 Schematic illustration of test setup and specimen details
(unit: mm)

A linear variable differential transformer (LVDT) was
employed to monitor the mid-span deflection of the
beam. To measure the strain variations of the steel rein-
forcement, a number of strain gauges were attached to the
longitudinal tensile bars at a spacing of 50 mm and on
two stirrups at a spacing of 75 mm. For the two stirrups,
one is 375 mm from the middle span, and the other is 675
mm from the middle span. The distribution of strain gau-
ges is shown in Fig. 1. The beams are loaded up to failure
(corresponding to 80% of its peak load), followed by an
unloading process to obtain the elastic energy. The data
from strain gauges, LVDTs and load cell are automatical-
ly collected by a data logger.

2 Experimental Results and Discussion
2.1 Load-deflection responses and failure modes

According to the test results, the ultimate load capacity
of the RC beam is 168.5 kN with a mid-span deflection

of 19.2 mm. After that, the loading keeps constant with
further increasing deflections at the two loading points.
Finally, the RC beam is failed by the crushing of concrete
in compression zone. For the R/ECC beam, the flexural
load capacity reaches an applied load of 210.4 kN, which
is 24.8% larger than that of the RC beam (see Fig.2).
In the ultimate stage, hundreds of tiny cracks are ob-
served with a crack spacing of about 6 to 8§ mm for the R/
ECC beam, while only about 8 evident flexural or shear
cracks are observed along the beam span for the RC
beam. The final crack pattern is shown in Fig.3(a). The
results indicate that the substitution of concrete with the
ECC for the steel reinforced beam can significantly de-
crease crack width and improve the flexural stiffness of
the beam, resulting in high post-peak strength and energy
absorption of the beam. The final crack pattern of the R/
ECC beam is shown in Fig.3(b). Compared with the RC
beam, it has the superior compressive deformation capaci-
ty of the ECC that avoids premature failure of the R/ECC
beam and improves ductility consequently.

250

1 1 J
0 40 80 120 160
Deflection/mm

Fig.2 Load-deflection curves of beam specimens

(b)
Fig.3 Failure modes and crack patterns. (a) RC beam; (b) R/
ECC beam

2.2 Strain analysis

Fig. 4 shows the strain distributions along the longitudi-
nal reinforcement of specimens at different load levels.
For the RC beam, the premature flexural cracks occurred
along the RC beam, leading to strain fluctuations along
the longitudinal reinforcement. In contrast, for the R/
ECC beam, the strains distribute uniformly along the lon-
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gitudinal reinforcement due to the formation of multiple
fine cracks along the beam. For each load value, the
strains along the longitudinal reinforcement in the RC
beams are much larger than those in R/ECC beams. This
is due to the superior tensile ductility of ECC and the
good deformation compatibility between steel reinforce-
ment and ECC when inelastic deformation occurs. Fig. 5
shows the comparison of average stirrup strains at two dif-
ferent locations for specimens. Since both beams fail in
the flexural mode, the strain values for all stirrups do not
exceed the steel yield strain. However, the strain devel-
opment is distinctly different for the two beams. It can be
observed from Fig. 5 that the strain values of the RC
beam fluctuates around zero before the applied load rea-
ches around 70 kN ( when the first crack occurs in this
section) . For the ECC beam, the strain values fluctuates
around zero before the applied load reaches about 110 kN,
indicating that the substitution of concrete with the ECC
can significantly delay the propagation and opening of
cracks in the beam. With further loading, the strain values
along the stirrups increase quickly but the strain values for
the ECC beam are much lower than those of the concrete
beam under the same load. Once cracks are formed in the
concrete beam, the shear resistance is significantly re-
duced. However, for the ECC beam,
multiple fine cracks (rather than discrete cracks with large

the formation of

opening) enables the shear resistance to be maintained un-
der further loading. As a result, the substitution of con-
crete with ECC in a flexural member can significantly im-
prove its load and deformation capacity under shear.
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Fig.4 Strain distributions along tensile reinforcement in pure
bending region. (a) RC beam; (b) R/ECC beam
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Fig.5 Strain variations in stirrups for beam specimens. (a)
Top gauge; (b) Middle gauge

3 Finite Element Simulation and Discussions
3.1 Stress-strain relationships

The finite element software ATENA is adopted to con-
duct numerical simulation of the beams. For the ECC,
typical stress-strain curves obtained from uniaxial tension
and compression tests are shown as dotted lines in Fig.
6"*™" . To simplify numerical modelling, the stress-stain
relationships of ECC, steel bars and concrete are de-

scribed in Figs.6, 7 and 8, respectively.
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Fig.6 Stress-strain relationship of ECC. (a) Under uniaxial ten-

sion; (b) Under uniaxial compression
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Fig.7 Stress-strain relationship of steel bars
3.2 Finite element model

According to the symmetry of the beam about its verti-
cal axis, half of the beam model is set up for numerical
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Fig.8 Stress-strain relationship of concrete

analysis. The mid-span section is fixed at the longitudinal

direction. The longitudinal reinforcement is modelled
with truss elements. In this analysis, the beams were
loaded by displacement during the loading
process. The Newton-Raphson iterative procedure is se-
lected as the solution method. Both displacement and re-
sidual convergence criteria are adopted in the computation
and the error tolerance is set to be 0.01. Tab.3 and Tab.
4 show the material parameters of concrete and ECC,

which are obtained from the uniaxial test results.

control

Tab.3 Material properties of concrete

Compressive Compressive strain Crushing Elastic Tensile Fracture
strength/MPa at peak stress strain modulus/GPa strength/MPa energy/(N - m~")
46.2 0.002 0.003 8 32.95 3.26 81.43

Tab.4 Material properties of ECC

First cracking First cracking Ultimate tensile Ultimate tensile Compressive Compressive strain ~ Ultimate compressive
strength/MPa strain/10 =3 strength/MPa strain strength/MPa at peak stress strain
3 0.21 4.5 0.03 38.3 0.004 0.12

3.3 Simulation results and discussion

The comparison of load-deflection curves between the
experimental and simulation results are shown in Fig. 9.
For the RC beam, the predicted curve can be divided into
two stages. The predicted load first increases linearly with
the corresponding deflection before the yield strength rea-
ches 168. 6 kN. After that, the curve suddenly changes
and keeps almost horizontal until the ultimate moment is
reached. The maximum deflection of 65.9 mm is reached
with the crushing of concrete in the compression zone.
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Fig.9 Comparisons of load-deflection curves between simula-
tion and test results. (a) RC beam; (b) R/ECC beam

For the ECC beam, the applied load drops abruptly after
the maximum load carrying capacity is obtained. Accord-
ing to the simulation results, this softening stage corre-
sponds to the compressive softening period of the ECC af-
ter the peak stress is reached. After that, a large deflec-
tion occurs with the load increasing slightly. In general,
the predicted results show reasonable agreement with the
measured results.

Fig. 10 shows the maximum crack width vs. mid-span
deflection curves of specimens at the first 15 load steps.
For the RC beam, the crack width increases almost linear-
ly with deflection. For the R/ECC beam, the increase of
crack width slows down with the increasing deflection of
the beam, and finally the maximum crack width keeps
constant of about 0.4 mm. The significant difference in
crack width development is derived from the different
cracking processes of concrete and the ECC. For conven-
tional concrete, tension-softening process occurs once its
tensile strength is obtained. However, for ECC materi-
als, after the first cracking, tensile load continues to in-
crease with strain hardening behaviour accompanied by
multiple cracks. For each individual crack, the crack

2.5r

2.0 —— RC beam
—&— R/ECC beam

1.5

Crack width/mm
=

0.5

1 ]
0 5 10 15 20
Deflection/mm

Fig. 10 Maximum crack width vs. deflection curves at the

first 15 load steps (1 mm/step)
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tends to open steadily up to a certain crack width, and the
increasing deformation will result in a formation of an ad-
ditional crack. With the same cracking mechanism,
cracking of the ECC member can reach a saturated state
with small crack spacing until the localization of a random
single crack occurs.

Fig. 11 shows the strain distributions along the tensile
steel bars at different stages. Both the beams are at the
elastic stage with the deflection of 1 mm, and the strain
distributions of the two beams distribute uniformly along
the longitudinal bar. Cracks occur in the pure moment re-
gion with the deflection of 5.3 mm, and the stresses car-
ried by the concrete transfer to the reinforcing bars, resul-
ting in a sudden increase in the strains of steel reinforce-
However, for the ECC
beam, the stresses can be undertaken by the ECC due to
the fiber bridging effect after cracking, and multiple tiny
cracking of the ECC has little effect on its tensile
strength. Hence, the strains along the longitudinal rein-
forcement distribute uniformly on the R/ECC beam.
Large cracks occur in the RC beam with the deflection of

ment at the cracked sections.

7.5 mm, and the maximum strain of the steel reinforce-
ment is 5.838 x 10 ~*, which is about 0. 57 times larger
than those of the R/ECC beam (3.720 x10 7).
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Fig.11 Strain distributions along the tensile steel bars at dif-
ferent stages

4 Conclusion

In this paper, a pair of steel reinforced beams with dif-
ferent matrix types are tested in flexure. The flexural
strength and ductility of the R/ECC beam are 24. 8% and
187.67% times greater than those of the RC beam. Ac-
cording to the strain analysis, it can be concluded that the
strains of the R/ECC beam are distributed more uniformly
along the longitudinal reinforcement than those of the RC
beam, and the average stirrup strain for the R/ECC beam
is much smaller than that of the RC beam at the same
load value.

A simplified constitutive model of ECC material is ap-
plied to simulate the flexural behaviours of beams by the
finite element method. The simulation results show a
good agreement with the test results. Based on the simu-

lation results, the strains along the longitudinal reinforce-
ment distribute smoothly for the R/ECC beam due to the
compatible deformation between steel reinforcement and
the ECC. The cracking patterns of the two beams are also
clearly different. Instead of a few large opening cracks
observed on the RC beam, numerous small cracks are ob-
served on the R/ECC beam. The crack width of the R/
ECC beam is limited to 0.4 mm under service load condi-
tions. In summary, for flexural members, the substitu-
tion of concrete with ECC can significantly increase the
flexural performance in terms of flexural strength, de-
formation capacity and ductility.
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