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Abstract: In order to improve the load capacity, seismic
performance and performance-cost ratio of the columns, the
concrete at the base of reinforced concrete (RC) columns is
substituted with engineered cementitious composites (ECC) to
form ECC/RC composite columns. Based on the existing
material properties, the mechanical behaviors of the ECC
columns, ECC/RC composite columns and RC columns were
numerically studied under combined vertical and horizontal
loading with the software of ATENA. Then, the failure
mechanism of ECC columns and ECC/RC composite columns
were comprehensively studied and compared with that of the
RC columns. Then, the effects of the height of the ECC, the
axial compression ratio, and the transverse reinforcement ratio
on the mechanical behaviors of the composite or the ECC
column are studied. The calculation results show that the
ultimate load capacity, ductility and crack resistance of the
ECC or ECC/RC composite columns are superior to those of
the RC columns. The ECC/RC composite column with a
height of the ECC layer of 1.2h (h is the height of the cross
section) can achieve similar mechanical properties of a full
ECC column. With high shear strength, ECC can undertake
the shear force and significantly reduce the amount of stirrups,
avoiding construction issues and promoting its engineering
application.
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hina is an earthquake-prone country and has suf-
fered from a few serious earthquakes, which caused
tremendous economic and life loss. Previous earthquake
damage investigations show that the frame structures, es-
pecially short columns, exhibit shear failure due to the
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brittleness and deficiency in the shear strength of the con-

crete!!.

To increase the seismic performance of frame
structures, the columns are reinforced with additional
transverse reinforcement, which serves as confinement of
the core concrete and leads to enhancement of the shear
capacity. With additional transverse reinforcement, brittle
shear failure can be avoided. However, for reinforced
concrete structures, though transverse reinforcement can
provide composite action with concrete and achieve virtu-
ally ductile deformation behavior, the inherent brittleness
of concrete cannot be improved and its deficiency with re-
spect to steel/concrete interaction and interfacial bond de-
terioration are still challenges for conventional reinforced
concrete. To modify the brittleness of concrete and in-
crease the interfacial bond between concrete and steel re-
inforcement using fiber reinforced concrete ( FRC) is pro-
posed to substitute the concrete in the column. FRC is a
kind of high performance concrete with high strength and
resilience. However, for the FRC material, after the first
crack is formed, tensile softening still occurs. Hence,
FRC cannot maintain tensile strength under a continuous
increase in tensile strain, resulting in limited improvement
of seismic resistance by using FRC.

In recent years, a class of high performance fiber rein-
forced cementitious composites with ultra-ductility has
been developed for application in the construction indus-
try'”’. The ultimate elongation can reach 3% to 5% sub-
jected to uniaxial tensile load, with a crack spacing of 3
to 6 mm and a crack width of about 100 pwm"™'. Tt is de-
signed based on micromechanics, which is used as the ba-
sis for the tailoring of fiber, matrix and interface"™ .
Studies have shown that the use of ECC materials in engi-
neering structures can significantly improve the bearing
capacity, ductility and energy dissipation of the struc-
141 Thus , the substitution of concrete with ECC in
the RC column has better seismic performance. However,
due to the high cost of ECC compared with concrete, the
application of ECC for a whole column is not economic.
Therefore, the present study proposes replacing the con-
crete with ECC at the base zone of the column where the
maximum moment occurs. The ECC/RC composite col-
umns are expected to reduce the cost of materials but to

tures .

ensure maximum seismic performance and make their ap-
plication in practical engineering economically feasible.
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Few studies on the seismic performance of ECC/RC
composite columns have been reported currently, and it is
particularly necessary to carry out relevant research work
Therefore,
based on the material properties tested in our group' "™
ECC or ECC/RC composite columns and RC columns
were numerically simulated under combined vertical and
horizontal loading with the software of ATENA. Then,
the failure mechanisms of the ECC column and ECC/RC
composite column were comprehensively studied and
compared with that of the RC column, which is valuable
for reference in real engineering applications.

1 Numerical Modeling of ECC/RC Composite
Columns

to promote their engineering applications.

1.1 Stress-strain relationship

In this study, the software of ATENA is employed to
conduct the numerical analysis. This software is suitable
for a nonlinear mechanical analysis of concrete structures,
and the validity by using the software has been verified by
the experimental results of the steel reinforced ECC and
ECC/RC composite beams'”’. In this simulation, con-
crete is modeled by the elements of “3D Nonlinear Ce-
mentitious 2” with the stress-strain relationship shown in
Fig. 1. The parameters of the stress-strain relationship of
concrete are listed in Tab. 1.
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Fig.1 Stress-strain relationship of concrete

Tab.1 Parameters of stress-strain relationship of concrete
f./MPa £ fa E,/GPa  f/MPa G,/(N-m™")
38.2 0.002 0.003 3 32.95 2.82 81.43

ECC material is modeled by the elements of “3D Non-
linear Cementitious 2 User” , and the stress-strain relation-
ship of ECC is shown in Fig.2. The typical parameters of
the ECC stress-strain curve are obtained from uniaxial ten-

. . . 5-16
sion and compression tests, as shown in Tab. 2"/

Tab.2 Parameters of stress-strain relationship of ECC
o/MPa Eie o/MPa &
3 0.000 21 4.5 0.03

oo/MPa g Ecu
38.3 0.004 0.012

The steel reinforcement is described by a bilinear curve
with strain hardening (see Fig.3). The yield strength,
ultimate strength of steel reinforcement are 460 and 600
MPa, respectively. The ultimate tensile strain is 0. 08 and

the modulus of elasticity is 200 GPa.

o

Onl-—mmmmmmmm -,
_______ n
= n

e "
1\
1\
1
P
| \
1 \
N
|
|
|
|
.

\
N

& En &
(a)

Stress

Assumed ; - --- Experimental

|
|
2oor--f] |
I
I

1204 ~fr—=-r--

173e4 &9 1.5y

(b)
Fig.2 Stress-strain relationship of ECC. (a) Under uniaxial ten-

sion; (b) Under uniaxial compression
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Fig.3 Stress-strain relationship of reinforcement

1.2 Finite element model

The columns are simulated herein using the constitutive
models described above. The dimensions of the cross sec-
tion of the columns are 250 mm x 250 mm, and the
heights of the columns are 1 100 mm and 600 mm. The
horizontal load is applied at 1 000 mm and 500 mm from
the top of foundation, respectively, indicating that the
shear span ratios for the two types of columns are 4. 0 and
2.0, respectively. The columns are reinforced with four
16-mm-diameter bars symmetrically. They are designed
with proper stirrups with the diameter of 8 mm and the
spacing of 150 mm in shear span.

Three-dimensional finite element models are adopted
for this study. The finite elements model of the ECC/
concrete composite columns are shown in Fig. 4 and the
parameters of the columns are shown in Tab. 3. In this a-
nalysis, the base of the foundation beam is fully fixed.
The spring elements are used to consider the bond behav-
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ior between the steel bars and the matrix ( concrete or
ECC). The bond-slip model of the interface elements is
defined based on the “ CEB-FIP Model Code 1990 "',
Perfect bond between concrete and the ECC layer is as-
sumed in the finite element analysis. The columns are

Axial compression

loaded with displacement control during the loading
process. The “Newton-Raphson” iterative procedure is
selected as the solution method. Both displacement and
residual convergence criteria are adopted in the computa-
tion and the error tolerance is set to be 0. 01.
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Fig.4 Finite element models of ECC/concrete composite columns. (a) Column; (b) Short column; (c¢) Column sections (unit; mm)

Tab.3 Parameters of columns

Specimen I/mm u Hg p/ % p/ % fo/MPa fo/MPa
RC-L 1 000 0.23 0 1.5 0.668 38.2 38.3
E/R-L 1 000 0.23 1.2h 1.5 0.668 38.2 38.3
ECC-L 1 000 0.23 ! 1.5 0.668 38.2 38.3
RC-S 500 0.45 0 1.5 0.668 38.2 38.3
E/R-S 500 0.45 1.2h 1.5 0.668 38.2 38.3
ECC-S 500 0.45 I 1.5 0.668 38.2 38.3

Notes: E/R-L column is the ECC/concrete composite column; [ is the height of column; u is the axial compression ratio; Hy, is the height of ECC
layer; h is the height of the column section; p and p, are the ratios of the longitudinal reinforcement and stirrup, respectively; f, and f; are the cubic

compressive strength of the concrete and ECC, respectively.

2 Calculation Results and Discussion

2.1 Failure mechanism and cracking patterns of long
columns

The cracking patterns of the columns with an effective
height of 1 000 mm in the ultimate stage are shown in
Fig. 5, and the calculation results of the specimens are
shown in Fig. 6 and Tab.4. In general, all the specimens
(including RC, ECC and E/R columns) fail in the flex-
ural model. The final failure of the composite column is
due to the major crack occurring at the base of the col-
umn, which is similar to the RC or ECC column. Ac-
cording to the calculation results, the peak loads of the
composite column and ECC column are 31. 42% and
35.83% higher than that of the RC column, respectively.
The ultimate displacements of the composite and ECC
columns are 31.44% and 35.83% larger than that of the
RC column. The ductility coefficients of the composite
and ECC columns are 4. 00 and 4. 13, which are 12.04%

and 15.69% larger than that of the RC column, respec-
tively. Interestingly, the ECC/concrete composite col-
umn with the ECC height of 1. 24 shows very similar me-
chanical behaviors (including the peak load, the ultimate
displacement and the ductility coefficient) with the ECC
column.

(a) (c)

Fig.5 Crack patterns of columns. (a) RC column; (b) Compos-
ite column; (c¢) ECC column

(b)
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Fig.6 Load-displacement curve of columns

For the RC column, the cracks concentrate on the base
of the column. For the ECC/concrete composite column,
the cracks concentrate on the interface between the con-
crete and ECC, but the maximum crack width is much
smaller than that of the RC column, which is due to the

well crack controlling ability of ECC material. When the
tensile steel reinforcement starts to yield, the crack width
of the RC column is 0. 74 mm, which is much larger than
the limit value for concrete structures from the Code for
Design of Concrete Structures ( GB 50010—2010) """,
while the maximum crack width of the composite column
or ECC column is only 0. 38 or 0. 18 times that of the RC
column. With the increase in the displacement to the peak
point, the maximum crack width of the RC column rea-
ches 1.63 mm, while it is controlled to be approximately
0.64 and 0.4 mm in the composite column and the ECC
column, respectively. The maximum crack width in the
RC column is much larger than that of the composite col-
umn or the ECC column, indicating that the use of ECC
can greatly reduce the crack width at the base of column
at different stages.

Tab.4 Calculation results of each column specimen

Yield Peak Ultimate »
Specimen Displacement/  Load/ Wi/ Displacement/  Load/ Wi/ Displacement/  Load/ Wia” Cl(?:fcfilil;t
mm kN mm mm mm mm kN mm
RC-L 6.53 52.19 0.74 14.00 56.58 1.63 23.31 48.09 1.96 3.57
E/R-L 7.06 59.58 0.28 24.00 74.36 0.64 28.23 63.21 1.14 4
ECC-L 7.35 63.43 0.13 18.00 76.85 0.4 30.32 65.32 0.87 4.13
RC-S 3.10 137.12 1.03 5.96 146.6 1.91 10.35 124.61 2.08 3.34
E/R-S 3.54 169.39 0.35 11.99 199.8 1.31 14.53 169. 83 1.63 4.1
ECC-S 3.68 173.42 0.33 11.93 202.51 1.18 14.86 172.13 1.22 4.04
2.2 Failure mechanism and cracking patterns of

short columns

The cracking patterns of the columns with an effective
height of 500 mm in the ultimate stage are shown in Fig.
7 and the calculation results of the specimens are shown
in Fig. 8 and Tab. 4. For the RC short column, the col-
umn fails due to the brittle shear failure of concrete with
the yield of transverse steel reinforcement, while the
composite and ECC short columns exhibit flexural failure
by the formation of a major flexural crack at the base of
the column after the longitudinal reinforcement yield.
Compared with the RC short column, the peak loads of
the composite and ECC short columns are 36. 29% and
38. 13% higher than that of the RC short column, respec-
tively. The ultimate displacements of the composite and
ECC columns are larger than that of the RC column by
40.39% and 43.57% , respectively. The ductility coeffi-
cients of the composite and ECC short columns are 4. 10
and 4.04, which are 22.8% and 21.0% larger than that
of the RC column, respectively.

The maximum crack widths of the composite and ECC
short columns are smaller than that of the RC short col-
umn during the loading process, which shows a similar
trend to the long columns. When the columns start to
yield, the crack width of the RC short column is 1. 03
mm, which is 2.94 and 3. 12 times those of the compos-
ite and ECC short columns respectively. The crack

(a) (b) (¢)
Fig.7 Crack patterns of short columns. (a) RC short column;
(b) Composite short column; (c¢) ECC short column
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Fig.8 Load-displacement curve of short columns

width of the RC column exceeds 1. 91 mm at the peak
load. However, with the ECC application in the col-
umns, the maximum crack width can be controlled to ap-
proximate 1.31 mm. This is attributed to the fiber bridg-
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ing effect and effective crack controlling ability of the
ECC. For the RC column, the crack width increases rap-
idly after the first cracking and the deformation of the col-
umn is accompanied by a limited number of cracks. In
contrast, for the ECC column, the deformation of the
column is accompanied by multiple cracking in the ECC
before crack localization occurs.

3 Parametric Analysis

It is proved from the above analysis that the substitu-
tion of concrete with ECC at the base of the column can
avoid the shear failure of short columns and significantly
improve the strength and ductility and effectively control
the width of cracks. In this section, the effect of different
parameters, including the height of the ECC layer, the
axial compression ratio and transverse reinforcement ratio
on the mechanical behaviors of columns are comprehen-
sively studied, which is valuable for reference in real en-
gineering applications.

3.1 Effect of the height of ECC layer

Since the cost of ECC material is much higher than that
of conventional concrete, strategic application of ECC in
concrete structures can effectively increase its perform-
ance-cost ratio. Hence, for an ECC/concrete composite
column, a proper height of the ECC layer should be de-
termined by a parametric study. Four specimens, Z-1, Z-
2, Z-3 and Z4, which represent the height of the ECC
layers of 0.4h, 0.8k, 1.2h and [, respectively, are nu-
merically studied to evaluate the effect of the height of the
ECC on the mechanical behaviors of the composite col-
umn. Fig.9 shows the load-displacement curves of com-
posite columns with different heights of the ECC layers.
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Fig.9 Load-displacement curve of composite columns with
different heights of ECC layers

It is found from Fig. 9 that a higher ECC layer can im-
prove the ultimate strength and displacement of the com-
posite columns. However, the increase amplitude of ulti-
mate strength and displacement becomes smaller with the
increase in the height of ECC layers. From Fig. 9, the
mechanical performance of Z-3 is very similar to that of
Z-4. The ultimate strength and the ultimate displacement

of Z-3 is 0. 968 and 0. 931 times those of Z4 , respective-
ly, indicating that an ECC/concrete composite column
with an ECC height of 1.2A can almost achieve a similar
mechanical performance to the full ECC column.

3.2 Effect of axial compression ratio

As is known to all, with the increase in the axial com-
pression ratio, the peak load of the RC column tends to
increase while the ultimate displacement tends to de-
crease. In this study, three axial compression ratios of
0.23, 0.45 and 0. 68 are applied to specimens Z-23, Z-
45 and Z-68 for mechanical analysis. The load-displace-
ment curves of the specimens are shown in Fig. 10.

120

90

60

Load/kN

30

Displacement/mm

Fig.10 Load-displacement curve of composite columns with
different axial compression ratios

According to the calculation results in Fig. 10, with the
increase in the axial compression ratio, the peak load of
the composite column increases significantly while the ul-
timate displacement decreases, which follows the same
trend as normal RC columns. The peak loads of Z-45 and
7Z-68 increase by 18. 17% and 34. 88% compared with
those of Z-23 and the ultimate displacement is reduced by
10.34% and 34.61% , respectively. The ductility coeffi-
cients of Z45 and Z-68 are 2.97 and 2. 24, which are
25.74% and 44% lower than that of Z-23, respectively.
This indicates that the reduction of the ductility coefficient
is nonlinear with the increase in the axial compression ra-
t10.

3.3 Effect of transverse reinforcement ratio

The transverse reinforcement ratio is an important pa-
rameter affecting the mechanical behavior of the RC col-
umns. A small transverse reinforcement ratio may lead to
the brittle shear failure in the RC columns. Existing stud-
ies show that the shear strength of ECC is much higher
', To prove the advantage of ECC
in enhancing the shear capacity of columns, six column
specimens are designed and simulated with different trans-
verse reinforcement ratios (0, 0.4% and 0. 67% ) and
different matrices ( concrete and ECC). The load-dis-
placement curves of columns with different stirrup ratios
and matrices are presented in Fig. 11. For RC-0 and RC-

than that of concrete!
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40, the load suddenly decreases at the displacement of 3
and 10 mm, respectively, and the maximum compressive
strain of the cross section cannot reach the ultimate strain
of concrete, indicating that the two columns fail in brittle
shear failure due to the insufficiency of the stirrups. For
RC-67, it exhibits flexural failure due to concrete com-
pression failure after the yield of the tensile steel rein-
forcement in the cross section. However, three ECC col-
umns with different transverse reinforcement ratios show
the same failure mode, i.e., the flexural failure due to
the ECC compression failure after the yield of tensile steel
reinforcement. For the ECC columns, the load increases
linearly with the corresponding displacement before the
yield of steel reinforcement. After that, the curves dra-
matically changed and kept almost horizontal until the ul-
timate strength is reached. The maximum displacement of
the ECC column is 39 mm, which is much larger than
that of the RC columns. In particular, the ECC column
without transverse reinforcement, shows very similar me-
chanical behaviors as the other two ECC columns with
transverse reinforcement ratios of 0.4 and 0. 67, which
indicates that the use of ECC can effectively enhance the
shear capacity of columns and can fully replace the func-
tion of stirrups in the columns.
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Fig. 11
stirrup ratios

Load-displacement curve of columns with different

4 Conclusions

In this paper, the mechanical behaviors of steel rein-
forced ECC/concrete composite columns under combined
vertical and horizontal loading are numerically studied, as
well as those of the RC and ECC columns. The failure
mechanisms and crack patterns of three kinds of columns
are discussed and compared. Then, a parametric study is
conducted to illustrate the effects of the height of the ECC
layer, axial compression ratio and transverse reinforce-
ment ratio on the mechanical behavior of the ECC/con-
crete composite columns or ECC columns. The conclu-
sions can be drawn as follows:

1) Substitution of concrete with ECC can lead to the
change of the failure mode of the short column from brit-
tle shear failure to flexural failure, and can effectively in-

crease mechanical properties such as ultimate load capaci-
ty, ductility, and cracking resistance capacity.

2) A thicker ECC layer at the base can improve the
peak load and ductility of the composite columns. The
ECC/concrete composite column with a height of an ECC
layer of 1.2h can achieve similar mechanical performance
of the whole ECC column.

3) The ultimate strength of the ECC/RC composite
column or ECC column increases with the axial compres-
sion ratio. However, the ductility shows a clear decrease
with the increase in the axial compression ratio.

4) The use of ECC can significantly enhance the shear
capacity of the column and can fully replace the function
of stirrups in the columns.
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