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Abstract; To explore the tensile property parameters in the
structural design of bridge deck link slabs made by ecological
high ductility cementitious composites ( Eco-HDCC ), the
tensile properties of Eco-HDCC exposed to interactive freeze-
thaw-carbonation cycles and single carbonation cycles were
studied. The carbonation front of Eco-HDCC was determined
by X-ray diffraction and differential scanning calorimetry-
thermal gravimetric methods. Results indicate that the
carbonation front of Eco-HDCC after interaction tests is
deeper than that of Eco-HDCC after single carbonation tests.
In addition, the ultimate tensile strength for Eco-HDCC
shows an increasing trend after the interaction of 1 to 5 cycles
compared with that of virgin specimens, while the ultimate
tensile strength decreases after the interaction of 10 to 15
cycles. For single carbonation tests, the ultimate tensile
strength of Eco-HDCC increases as cycles increase. After
being subjected to
environments, both the ultimate tensile strain and tensile

interaction and single carbonation
strain energy of Eco-HDCC decrease as cycles increase, and
the decrease degrees of Eco-HDCC after interaction cycles are
larger than those of Eco-HDCC after single carbonation. For
general consideration, the tensile stress-strain relationship of
Eco-HDCC after the interaction of 15 cycles can be adopted
in the design of bridge deck link slabs for the purpose of
safety.
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igh ductility cementitious composites ( HDCC) as a
thpe of fiber-reinforced cement-based composite ma-
terial has an average ultimate tensile strain of more than
0.5% and an average crack width of less than 200
Mm’”. HDCC has a promising application in bridge deck
link slabs which replaces traditional expansion joints. In
addition, HDCC has been used to cast bridge deck link
slabs, and the results indicated that the properties of HD-
CC meet the design requirements of link slabs”™'.

Bridge deck link slabs should be designed to bear ten-
sion-compression complex loads caused by shrinkage,
creep and variable temperatures. The tensile property is a
main factor to affect the performance in service for the
bridge engineering. In addition, bridge deck link slabs
made by HDCC are exposed to the atmosphere, and suf-
fer from different environmental factors based on local
climatic conditions. For instance, in the northwest zone
of China, bridges are subjected to the interaction effects
of freeze-thaw cycles and carbonation. However, in the
south region of China, most bridges are exposed to the
single carbonation environment.

According to the design theory of HDCC, more fibers
will be pulled out if the matrix strength decreases, resul-
ting in higher ductility. However, more fibers will be
ruptured if the matrix strength increases, resulting in a
lower ductility'*’. The matrix of HDCC will be loose af-
ter being exposed to freeze-thaw cycles, and the matrix
strength will decrease, while the tensile ductility of HD-
CC shows an increasing trend. The matrix of HDCC will
be dense after being exposed to the carbonation environ-
ment as the carbonation productions are generated, and
the matrix strength will increase which leads to a decrease
in the ductility of HDCC. During the interaction process
of freeze-thaw cycles and carbonation on HDCC material ,
matrix looseness caused by freeze-thaw cycles may be
compensated by carbonation. Thus, the matrix property
of HDCC after interaction factors exposure is different
from that of HDCC after single factor exposure. Howev-
er, research has seldom been carried out to address the
tensile property of HDCC after being exposed to interac-
tion conditions.

HDCC contains quartz sand and Kuraray- [ PVA fibers
resulting in a high cost. Thus, it is not suitable for pro-
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motion in engineering applications. Using river sand and
domestic PVA fibers to replace quartz sand and Kuraray-
I PVA fibers in traditional HDCC, Zhang et al. ' pre-
pared an ecological HDCC ( Eco-HDCC) material. The
compressive strength of Eco-HDCC was 24. 3 to 50. 0
MPa and the tensile ductility was 0.5% to 3.0% . The
cost of Eco-HDCC was only 1/3 of that of traditional
HDCC.

To satisfy the requirements of bridge pavements, the
Eco-HDCC mixture with a compressive strength above 40
MPa was selected®’. In this paper, the tensile behaviors
of Eco-HDCC exposed to interactive cycles and a single
carbonation environment were compared. In addition, X-
ray diffraction (XRD) and differential scanning calorime-
trythermal gravimetric (DSC-TG) methods were adopted
to reveal the carbonation front after different interaction
cycles or carbonation cycles.

1 Experimental Program
1.1 Materials

The P-] 42.5R Portland cement (C) and Class F fly
ash (FA) were used as the binding materials. River sand
was selected as the fine aggregate. Its bulk density, fine-
ness and maximum diameter were 1 570 kg/ m’, 1.68,
and 1. 18 mm, respectively. The short PVA fibers pro-
duced in China were screened and their main properties
are presented in Tab. 1. Polycarboxylate superplasticizer
with a 40% water-reducing rate was used to adjust the
workability of the fresh Eco-HDCC paste. These materi-
als were mixed with tap water. Moreover, the mixture
proportion of Eco-HDCC with a designed compressive
strength of 40.0 to 48.0 MPa was selected. In addition,
the mass ratio of water to cementitious material (C + FA)

Tab.1 Physical and mechanical properties of PVA fibers

Length/mm  Mean diameter/um  Density/ (kg - m ~3)

Ultimate elongation/ %

Ultimate tensile strength/MPa  Elastic modulus/GPa

12 39 1 300

5t08

=1 250 30

was 0.3, and the mass ratio of sand to cementitious mate-
rial(C + FA) was 0.3. The mass ratio of fly ash to ce-
ment was 1.5, and the mass ratio of polycarboxylate su-
perplasticizer to cementitious material (C + FA) was 0.
08% . The volume content of the PVA fiber was 2% in
the study. Moreover, the fluidity of the fresh Eco-HDCC
paste was (190 +3)mm.

1.2 Specimen preparation

A mixer for mixing mortars was used to prepare Eco-
HDCC material. The procedures for mixing Eco-HDCC
specimens were as follows. Cement, fly ash, river sand
and polycarboxylate superplasticizer powder were mixed
for 90 s at a low speed. Then, water was added and
mixed for 240 s at a high speed. Finally, fibers were add-
ed slowly and mixed for 120 s at a high speed.

The compressive strength and tensile property of Eco-
HDCC were examined in the test''’. Besides , the carbon-
ation fronts of interaction tests and single carbonation tests
were measured. The detailed dimensions and number of
Eco-HDCC specimen are listed in Tab. 2.

Tab.2 The dimensions and number of Eco-HDCC specimen

. Dimension/
Project Number
(mm x mm x mm)
Compressive strength test 100 x 100 x 100 3
Tensile property test 13 x30 x 100 3
Carbonation front 100 x 100 x 400 3

All the fresh Eco-HDCC specimens were placed in la-
boratory with the temperature of (21 +£2) C, and de-
molded at an age of 24 h. Then, the specimens were
cured in a curing room with the temperature of (23 +2)
C and the relative humidity of (95 +£2)% until 28 d.

1.3 Test procedures

1.3.1
Based on the environment conditions for bridge deck

Interaction test

link slabs in the northwest zone of China, an interaction
test programs of freeze-thaw cycles and carbonation were
determined. Notably, during the freeze-thaw process, the
carbonation speed was very low because of low tempera-
tures . Also,
freeze-thaw cycles were not considered because the tem-
perature was higher. Thus, the carbonation phenomenon
and freeze-thaw cycles were not considered at the same
time. In addition, the mean freeze-thaw cycles are about
118 per year in winter lasting for three months”™ | and
the carbonation lasts for nine months. According to the
study on the relationship between tests in the field and ac-
celerated tests in lab, 118 freeze-thaw cycles in the field
can be equivalent to 10 cycles in the lab for accelerated
freeze-thaw tests, and nine months in the field is equiva-
lent to 9. 7 h in the lab for accelerated carbonation
#7 Therefore, an interaction cycle can be equiva-
lent to the environmental condition per year in the north-

during the carbonation process, the

tests

west zone of China.

Based on the environment conditions for bridges in the
southern region of China, a single carbonation factor was
considered. The carbonation age was 9.7 h per cycle.

As the designed service life is 15 years for expansion
joints in the bridge structure'”’ | bridge deck link slabs
for replacing traditional expansion joints were designed to
last for 15 years at least. In addition, interaction tests and
single carbonation tests can be designed for 15 cycles. In
the study, Eco-HDCC specimens were exposed to 0, 1,
3,5, 10 and 15 cyclesm.

The detailed interaction process for each interaction cy-
cle is shown as follows: 1) Eco-HDCC specimens were
immersed into water for 4 d; 2) Specimens were subjec-
ted to freeze-thaw tests for 10 cycles; 3) Eco-HDCC
specimens were dried with a temperature of 60 C for 2 d;
4) Carbonation tests of Eco-HDCC specimens for 9.7 h
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were carried out. After one interaction cycle, the interac-
tion process was conducted again for another interaction
cycle™'.
placed in a carbonation chamber for 9. 7 h per cycle.
Rapid freeze-thaw cycle tests and accelerated carbonation
tests were conducted based on the durability code of con-
crete (GB/T 50082—2009) "',
1.3.2 Tensile behavior

The uniaxial tensile property test of Eco-HDCC was
carried out by using an electro hydraulic servo fatigue tes-
ting machine. Aluminum plates were glued on both sides
at the ends of coupon specimens to facilitate gripping.
Two linear variable differential transformers were used to
measure tensile strain. In addition, all of the tensile tests
for Eco-HDCC were performed at a constant loading rate
of 0.2 mm/min"®.

After the tensile test, the dog-bone specimens were cut
into small prism samples with a dimension of 13 mm x 30

For single carbonation tests, specimens were

mm x 10 mm for fiber dispersion tests. According to the
organic PVA fiber dispersion method'"*’, the degree of
PVA fiber dispersion was evaluated.

1.3.3 Carbonation front

The carbonation front was determined by the transition
point of contents for Ca(OH), and CaCO,, and the tran-
sition point is defined as the point where the contents of
Ca(OH), and CaCQ, tend to be steady with the increase
in depth from the specimen surface'® .

The prism specimens of Eco-HDCC with five surfaces
sealed by paraffin were placed in a carbonation chamber,
and only one surface with a size of 100 mm x 400 mm
was allowed to carbonize.

After predetermined interaction cycles and carbonation
ages, the specimens of Eco-HDCC were drilled into pow-
ders. Powders were taken every 1 mm and were screened
by a 0.075 mm sieve. In addition, the XRD method was
used to analyze the diffraction intensity of calcium hy-
droxide (Ca(OH),) and calcium carbonate ( CaCO, ).
According to the diffraction intensity, the range of the
carbonation front was determined roughly. In addition,
the DSC-TG test was conducted to calculate the contents
of Ca(OH), and CaCO, within the range of the carbona-
tion front. Then, the carbonation front could be obtained
accurately .

2 Results and Discussion
2.1 Fiber dispersion

The fluorescent liquid can be absorbed by organic PVA
fibers, and the fibers present a light blue color. Another
inorganic matrix is dyed by residual fluorescent liquids
and this matrix exhibits a green color. The PVA fiber dis-
persion image is shown in Fig. 1.

The fiber dispersion performance is evaluated by the fi-
ber dispersion coefficient «, and it is calculated by’

Fig.1 PVA fiber dispersion image

a:exp(_ /2“/:‘1)) (1)

where x, is the number of fibers in the i-th image; x, is
the average number of fibers in the total image; n is the
total number of images.

Based on the statistical results of the fiber dispersion
images, the fiber dispersion coefficient is 0.91, which is
close to 1.0. Thus, the fiber dispersion performance is
superior.

2.2 Carbonation front

The XRD and DSC-TG analysis results of Eco-HDCC
with the interaction of 3 cycles are presented in Fig. 2.
Notably, there is an endothermic peak corresponding to
the decomposition of Ca( OH), at around 420 C and an
endothermic peak corresponding to the decomposition of
CaCO, at around 700 C. The dehydration of Ca(OH), is

0CaCO,
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Fig.2 Analysis results of Eco-HDCC with the interaction of 3
cycles. (a) XRD results( carbonation depth of 6 to 7 mm) ; (b) DSC-
TG results
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calculated by the mass loss rate with a temperature from
400 to 550 C, while the decomposition of CaCO, is de-
termined by the mass loss rate with the temperature range
from 550 to 950 T .

Based on the XRD and DSC-TG analysis results, the
carbonation front of Eco-HDCC is determined, as listed
in Tab. 3. It can be seen that as cycles increase, the car-
bonation fronts of Eco-HDCC after interaction cycles and
single carbonation cycles show an increasing trend, while
the carbonation fronts of Eco-HDCC after interaction cy-
cles are larger than those of Eco-HDCC after single car-
bonation.

Tab.3 The depth of the carbonation front for Eco-HDCC

Number of interaction

Depth of carbonation front/mm

cycles or single

carbonation cycles  Interaction cycles  Single carbonation cycles

1 3 3
7 5
10 7
10 17 9
15 22 11

To better understand the difference of carbonation
fronts between interaction cycles and single carbonation

cycles, the freeze-thaw damage coefficient is defined

[16
as- !

(2)

where A, is the freeze-thaw damage coefficient affecting
the depth of carbonation front; d,. is the depth of the
carbonation front under the interactions of freeze-thaw cy-
cles and carbonation, mm; d. is the depth of the carbona-
tion front under single carbonation cycles, mm. If A =
1, freeze-thaw cycles do not affect the depth of the car-
bonation front; if A, <1, freeze-thaw cycles have a posi-
tive effect on the depth of the carbonation front; if A, >
1, freeze-thaw cycles have a negative effect on the depth
of the carbonation front.

As shown in Fig. 3, the coefficients of freeze-thaw cy-
cle damages are larger than 1, which indicates that freeze-
thaw cycles have a negative effect on the carbonation
front of Eco-HDCC. The pore structure of Eco-HDCC will

2.00
1.89

Freeze-thaw coefficient
~
e

| 1 1 1 1
1 3 5 10 15
Number of cycles

Fig.3 The coefficients of freeze-thaw cycles damages

be deteriorated after exposed to freeze-thaw cycles, resul-
ting in a larger pore distribution™ .
speed of Eco-HDCC will be faster during the process of
interaction cycles than that of Eco-HDCC during the

process of single carbonation cycles. Therefore, the car-

The carbonation

bonation fronts of Eco-HDCC after interaction cycles are
larger than those of Eco-HDCC after single carbonation
cycles.

Based on the DSC-TG analysis results, the CaCO, and
Ca(OH), contents of Eco-HDCC at carbonation fronts
are shown in Fig. 4.

14- —=— CaCO; contents for interaction cycles
D CaCO, contents for single carbonation cycles
|\ -a--Ca(OH),contents for interaction cycles
10- ‘\—v—Ca(OH)2 contents for single carbonation cycles
X
$ 8-
=
2
= o
@]
4F
ok
0 1 ! L Il |

1 3 5 10 15
Number of cycles

Fig.4 CaCO, and Ca(OH), contents of Eco-HDCC after dif-

ferent interaction cycles and single carbonation cycles

As shown in Fig. 4, both the CaCO, and Ca(OH),
contents of Eco-HDCC decrease as the cycles increase. In
addition, the CaCO, and Ca( OH), contents of Eco-HD-
CC after single carbonation cycles are higher than those of
Eco-HDCC after the interaction cycles.

Although the carbonation front of Eco-HDCC increases
with the increase of cycles, the carbonation degree at the
carbonation front decreases, resulting in a decreasing trend
in CaCO, and Ca(OH), contents. For the single carbona-
tion tests of Eco-HDCC, the matrix will be denser due to
the generation of carbonation products, and the carbona-
tion speed will be lower. Thus, the carbonation fronts of
Eco-HDCC after single carbonation cycles are lower than
those of Eco-HDCC after the interaction cycles. In addi-
tion, Ca(OH), has been converted into CaCO, products at
the depth of the carbonation front, resulting in higher con-
tents of CaCO,. However, for the interaction tests of Eco-
HDCC, specimens were immersed into water for 4 d before
freeze-thaw cycles, and Ca(OH), can be consumed by fly
ash. Thus, Ca(OH), content is lower than that of Eco-
HDCC after single carbonation cycles.

2.3 Tensile behavior

The compressive strength of Eco-HDCC in the study is
43.4 MPa, which meets the requirement of bridge pave-
ments.
2.3.1

The tensile stress-strain relationship curves of Eco-HD-

Tensile stress-strain relationship

CC after being exposed to interaction cycles and single
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carbonation cycles are shown in Fig. 5. All the curves of
Eco-HDCC can be divided into four stages: the linear e-
lastic stage, nonlinear stage, strain hardening stage and
strain softening stage. Thus, the features of the four sta-
ges are inherent characteristics, and they are independent
of the service conditions. The relationship between tensile
stress and strain is linear at the initial stage, and micro-
cracks form during the tensile loading process resulting in
a nonlinear characteristic in curve. In addition, the first
cracking point of Eco-HDCC occurs at the nonlinear stage
with the accumulation of internal micro-cracks. During
the process of tensile loading, the matrix of Eco-HDCC
will crack, and the tensile stress decreases with a charac-
teristic of sudden drop in curve. After that, the bridging
effect of the fibers will act and the tensile stress of Eco-
HDCC increases with a characteristic of sudden jump in
curve. During the process of “drop-jump” for Eco-HD-
CC curves, the curves present obvious strain hardening
characteristics. Moreover, as the tensile force increases,
the major crack occurs. Thus, a strain softening behavior
can be observed in the curves of Eco-HDCC'™ .

6
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(b)
Fig.5 Tensile stress-strain relationships of Eco-HDCC after

different cycles. (a) Interaction tests; (b) Single carbonation tests

It can be seen from Fig.5(a) that the strain hardening
shape of the tensile curve for Eco-HDCC is related to inter-
action cycles. The strain hardening shapes of Eco-HDCC
present sudden “drop-jump” characteristics after the inter-
action of 1 to 5 cycles, while the shapes show °
characteristics after the interaction of 10 to 15 cycles. A
detailed explanation has been given in Ref. [8].

From Fig.5(b), for Eco-HDCC exposed to the single

‘smooth”

carbonation environment, the strain hardening shows the
characteristic of sudden “drop-jump” regardless of the
carbonation cycles. There is no internal damage for Eco-
HDCC exposed to the single carbonation environment.
Thus, new cracks form during the process of tensile load-
ing for Eco-HDCC resulting in the characteristic of sud-
den “drop-jump” in curves.

2.3.2 Ultimate tensile strength and ultimate tensile

strain

The test results of the tensile property for Eco-HDCC
are shown in Tab.4. In Tab.4, ¢, is the ultimate ten-
sile strength of Eco-HDCC after the interaction cycles of
freeze-thaw and carbonation; ¢ is the ultimate tensile
strength of Eco-HDCC after single carbonation cycles;
&p,c 18 the ultimate tensile strain of Eco-HDCC after in-
teraction cycles of freeze-thaw and carbonation; & is the
ultimate tensile strain of Eco-HDCC after single carbona-
tion cycles.

It can be seen from Tab. 4 that the ultimate tensile
strength for Eco-HDCC shows an increasing trend after
the interaction of 1 to 5 cycles compared to that of virgin
specimens, while the ultimate tensile strength presents a
decreasing trend after the interaction of 10 to 15 cycles.
The detailed reasons to explain the trend of ultimate ten-
sile strength for Eco-HDCC can be found in Ref. [ 8].
However, the ultimate tensile strength of Eco-HDCC ex-
posed to single carbonation cycles increases as the cycles
increase. Carbonation products may increase the density
of the matrix. In addition, for Eco-HDCC exposed to in-
teraction cycles and single carbonation cycles, the ulti-
mate tensile strain shows a decreasing trend as cycles in-
crease.

Tab.4 Test results of tensile property for Eco-HDCC

Cycle Tric/ oo/ eric/ ec/ A A

number  MPa MPa % % 7 °
0 4.57 4.57 2.02 2.02 1.00 1.00
1 4.89 4.74 1.75 1.82 1.03 0.96
3 5.47 4.89 1.50 1.67 1.12 0.90
5 5.10 5.14 1.3 1.49 0.99 0.87
10 4.53 5.22 1.22 1.42 0.87 0.86
15 4.13 5.31 0.97 1.36 0.78 0.71

The trend of ultimate tensile strain for Eco-HDCC after
interaction cycles is illustrated in Ref. [ 8 ]. For single
carbonation cycles, the matrix strength increases as car-
bonation cycles increase, and more fibers will rupture
during the process of tensile loading. Thus, the ultimate
tensile strain will decrease.

To quantitatively compare the tensile property of Eco-
HDCC after interaction cycles with that of Eco-HDCC af-
ter single carbonation cycles, the freeze-thaw coefficient
for ultimate tensile strength A  and the freeze-thaw coeffi-
cient for ultimate tensile strain A, are defined as

A =m (3)

T O_C
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/\S:M (4)

Ec

The values of A, and A, are shown in Tab. 4. When
Eco-HDCC is exposed to the interaction of 1 to 3 cycles,
A, > 1, which indicates that freeze-thaw cycles have a
positive effect on the ultimate tensile strength. When
Eco-HDCC is exposed to the interaction of 5 to 15 cy-
cles, A, <1, which indicates that freeze-thaw cycles have
a negative effect on the ultimate tensile strength. When
Eco-HDCC is exposed to interaction cycles, A, <1, indi-
cating that freeze-thaw cycles have a negative effect on
the ultimate tensile strain.

When Eco-HDCC is exposed to 1 to 3 cycles, the ulti-
mate tensile strength of Eco-HDCC after interaction cycles
is higher than that of Eco-HDCC after single carbonation
cycles. This can be attributed to the carbonation effect,
pozzolanic reaction and hydration reaction of Eco-HDCC
after the interaction tests. After Eco-HDCC is exposed to 5
to 15 cycles, freeze-thaw cycles have a negative effect on
the ultimate tensile strength resulting from the deterioration
of matrix and fiber. In addition, freeze-thaw cycles have a
negative effect on the ultimate tensile strain of Eco-HD-
CC. The fiber property will decrease after freeze-thaw cy-
cles, resulting in a decrease for the fiber bridging effect.
Especially for 15 cycles, the matrix structure of Eco-HD-
CC loosens severely and the fiber property worsens greatly
and thus the ultimate tensile strain of Eco-HDCC exposed
to interaction cycles is much lower than that of Eco-HDCC
exposed to single carbonation cycles.

2.3.3 Tensile strain energy

The energy consumption capacity is an important indi-
cator in the seismic structure design, and it can reflect the
absorbed energy before failure. The tensile strain energy
is defined as the area under the tensile stress-strain curve
of Eco-HDCC, which can represent the energy consump-
tion capacity during the process of tensile loading. Nota-
bly, the tensile strain energy is calculated by the curve ar-
ea from the first cracking point to the ultimate point, as
the strain is not constant before the first cracking point™®’ .

The tensile strain energy of Eco-HDCC after interaction
tests and single carbonation tests are shown in Tab. 5. In
addition, the freeze-thaw coefficient A, is defined as

PF+C
Ap = P, (5)
Tab.5 Tensile strain energy of Eco-HDCC

Cycle Pe.c/ Pe/ A
number (MJ - m~3) (MJ - m~?) 7

0 7.70 7.70 1.00

1 6.89 7.17 0.96

3 6.66 6.98 0.95

5 5.52 6.64 0.83

10 4.36 6.83 0.64

15 3.24 6.17 0.53

It can be seen from Tab. 5 that the tensile strain energy
of Eco-HDCC shows a decreasing trend as the cycles in-
crease, which illustrates that the strain energy dissipation
capacity decreases. In addition, when Eco-HDCC speci-
mens are exposed to interaction cycles and single carbona-
tion cycles, A, <1, which illustrates that freeze-thaw cy-
cles have a negative effect on the tensile strain energy.

The tensile strain energy of Eco-HDCC is related to the
tensile stress and the strain. The ultimate tensile strength
of Eco-HDCC increases after the interaction of 1 to 5 cy-
cles, and the ultimate tensile strength decreases after the
interaction of 10 to 15 cycles, while the ultimate tensile
strain decreases with the increase of interaction cycles.
Because the decrease rate of ultimate tensile strain is fas-
ter than that of ultimate tensile strength, the tensile strain
energy of Eco-HDCC shows a decreasing trend. As single
carbonation cycles increase, the ultimate tensile strength
increases while the ultimate tensile strain decreases. The
strain energy decreases due to the faster decrease rate of
the ultimate tensile strain. In addition, freeze-thaw cycles
affect the ultimate tensile strain severely, resulting in a
negative effect on the strain energy.

For general consideration, the tensile stress-strain rela-
tionship for Eco-HDCC after the interaction of 15 cycles
can be adopted in the design of bridge deck link slabs for
the purpose of safety.

3 Conclusions

1) The carbonation fronts of Eco-HDCC after interac-
tion cycles and single carbonation cycles increase as cy-
cles increase, while the carbonation fronts of Eco-HDCC
after interaction cycles are larger than those of Eco-HDCC
after single carbonation cycles.

2) The ultimate tensile strength for Eco-HDCC shows
an increasing trend after the interaction of 1 to 5 cycles,
while the ultimate tensile strength decreases after the in-
teraction of 10 to 15 cycles. The ultimate tensile strength
of Eco-HDCC increases as single carbonation cycles in-
crease. In addition, the ultimate tensile strength of Eco-
HDCC after interaction cycles of 1 to 3 is greater than that
of Eco-HDCC after single carbonation cycles. When cy-
cles are 5 to 15, the trend of ultimate tensile strength is
the opposite.

3) The ultimate tensile strain and tensile strain energy
of Eco-HDCC decrease as cycles increase. The ultimate
tensile strain and tensile strain energy of Eco-HDCC after
interaction cycles are lower than those of Eco-HDCC after
single carbonation cycles.

References

[1] China Building Materials Federation. JC/T 2461—2018
Standard test method for the mechanical properties of duc-
tile fiber reinforced cementitious composites [ S]. Bei-
jing: China Building Materials Press,2018. (in Chinese)



Tensile behaviors of ecological high ductility cementitious composites exposed to interactive... 373

[2] Lepech M D, Li V C. Application of ECC for bridge
deck link slabs[ J]. Materials and Structures, 2009, 42
(9): 1185-1195. DOI;10. 1617/511527-009-9544-5.

[3] Guo L P, Zhu C D, Fan Y G, et al. Design and applica-
tion of high ductility cementitious composite( HDCC) for
bridge deck link slab repairing[ J]. China Concrete and
Cement Products, 2016(12) ;. 36 —39. DOI. 10. 19761/
j- 1000-4637.2016.12.008. (in Chinese)

[4]Li VC, Leung C K Y. Steady-state and multiple crack-
ing of short random fiber composites[ J]. Journal of En-
gineering Mechanics, 1992, 118 (11). 2246 — 2264.
DOI;10. 1061/ (asce)0733-9399(1992) 118 :11(2246).

[5] Zhang L H, Guo L P, Sun W, et al. Rheological proper-
ty and fiber dispersion of high ductility cementitious com-
posites [ J]. Journal of Southeast University ( Natural
Science Edition) , 2014, 44(5) ; 1037 —1040. DOI.; 10.
3969/j. issn. 1001-0505. 2014. 05. 028

[6] Chai L J, Guo L P, Chen B, et al. Anti-freezing proper-

ty of ecological high ductility cementitious composites un-

der freeze-thaw cycles [J]. Journal of Southeast Univer-
sity ( Natural Science Edition), 2018, 48 (3). 543 —

548. DOI; 10.3969/j. issn. 1001-0505.2018. 03. 024.

Wu H R. Environmental zonation on design methodology

for durability of concrete structures [ D]. Hangzhou ;: Zhe-

jiang University, 2012. (in Chinese)

Chai L J, Guo L P, Chen B, et al. Interactive effects of

freeze-thaw cycle and carbonation on tensile property of

ecological high ductility cementitious composites for
bridge deck link slab[ J]. Construction and Building Ma-
terials, 2018, 186. 773 — 781. DOI: 10. 1016/j. con-

buildmat. 2018. 07. 248.

Ministry of Housing and Urban-Rural Development of the

People’s Republic of China. CECS 220:2007 Standard

—
2
[

—
[ee]
[

—
e}
[

for durability assessment of concrete structures [ S]. Bei-
jing: China Architecture and Building Press, 2007. (in
Chinese)

[10] Li H Y. Study on the relationship between the lab and
natural conditions of hydraulic structure concrete freezing
and thawing [ D]. Changchun; Changchun Institute of
Technology, 2015. (in Chinese)

[11] Zeng S Z. Study on concrete carbonation depth forecast in
jobsite [ D]. Changsha: Zhongnan University, 2013. (in
Chinese )

[12] Ministry of Transport of the People’s Republic of China.
JTG D60—2015 General specifications for design of high-
way bridges and culverts [ S]. Beijing: China Communi-
cations Press, 2015. (in Chinese)

[13] Ministry of Housing and Urban-Rural Development of the
People’s Republic of China. GB/T 50082—2009 Stand-
ard for test methods of long-term performance and dura-
bility of ordinary concrete [ S]. Beijing: China Architec-
ture and Building Press, 2009. (in Chinese)

[14] Zhang L H. Research on preparation, key performance
and mechanism of eco-high ductility cementitious com-
posites [ D]. Nanjing; Southeast University, 2014. (in
Chinese )

[15] Duan P, Yan C J, Zhou W. Effects of calcined layered
double hydroxides on carbonation of concrete containing
fly ash[ J]. Construction and Building Materials, 2018,
160 . 725 —732. DOI;10. 1016/j. conbuildmat. 2017. 11.
099.

[16] Li Y, Wang RJ, Zhao Y. Effect of coupled deterioration
by freeze-thaw cycle and carbonation on concrete pro-
duced with coarse recycled concrete aggregates|J]. Jour-
nal of the Ceramic Society of Japan, 2017, 125(1) : 36 —
45. DOI;10.2109/jcersj2. 16183.

HR- X EERMBREIERT
EEeEMKEREESH BRI HITA

Sk 4R

gfgﬁﬁ‘i‘?hz’3 F,Z.J:‘

kY maE kA

("R RFMHAEE TR R, & 211189)
C AdXFIIAE AR ERIEMFWEAH P S, EF 211189)
ChRaXFIAEIRIEMPELLRT, T 211189)
(" BARAAHEFREARLART RS KA TEAFARELRRE, &% 210029)

FZE: A TR A G AKRIAT S M4 (Eco-HDCC) £ H4r d £ AR 245 #3803t o P & 69 4 dd b ft X 30 27
R T 7k aRARAL X BAE B 5 3 — 5% ALAE A 2t Eco-HDCC 3a4b M 48 64 % vk, 5E R B X ST EATH e £ M EF 7 %
#y 5% Eco-HDCC 2 1 R R 5T ZAF A R Hfo S — AR JG 9 ACTT 5. B R A . 52— s utE A ARk, 2
W % ek AR EAE A JG Eco-HDCC s LAl B4 K ; 5 RE M K EZAF R X340k, 2 m 1 ~5 R ZAE
B J& Eco-HDCC 9 4R [R 35 2% 5 Z X A 4 225 10 ~ 15 R & ZAF A )5 Eco-HDCC 9 4R [R5 4% 2% B K.,
12 2 3 — 2 AAE B T Eco-HDCC # M8 FR 4 A 5% JE RE 3% AL 2R 2K 64 38 Jm i 38 w5 2 5 2 AR R Am 3 — a4 AR R
F,Eco-HDCC #4948 FR354d &7 3 Andafb & 3 4839 R 2 Z R LR AAL K E 89 38 e 2 ILIEARAL % {2 X 7 4F R
F Eco-HDCC #g M FRAifh 5 % Fo 5 T 48 EARAR AP 2. A @ E BT P, 2 e — Z MR AW E, TR
B2 15 Rk aRaAL X ZAE B & Eco-HDCC 84 Fafb b 48 £ % W &% 347 2 M3k 3.

KB A B FH M ARRA TS A REGF— A BACAT B 424 B A — 5 K & 4 2 K A

&4y K S TUS28



