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The influence of the interaction between carbonization and chloride on concrete corro-
sion was studied; an optimal design scheme for testing the interaction of carbonization and
chloride corrosion of concrete under load is proposed, and simulation analysis has been
made. The simulation results show that this algorithm has the accuracy, which is 9.34 %
higher than that of the traditional algorithm. This allows the normal use function of a
concrete structure to be properly assessed when the concrete structure is under the
combined action of one or more environmental factors.
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ErcnepumenTansHe JOCHiIMKEeHHA B3aeMoOAii kap6oHizanii 6eToHy Ta XJOpPHIHOL epo3il
nijg HaBaHTameHHAM. Zibao Lian

Hocnim:xeHo BOIUB B3aeMozil Kapborizalii Ta xil xmopuzy Ha Koposiito 6eTOHY, 3alIpoIio-
HOBaHO OITHMAJLHY PO3PaXyHKOBY CXeMy BUIIPOOYBaHBL B3aeMoZil xapbouiszariii Ta xjopuzy
Ha KOposiio 6eTOHyY Iif HaBaHTayKeHHAM, IPoBefeHO iMiTallifinmii amanis. PesyabTaTu moe-
JIIOBAHHS IIOKA3YIOTh, L0 Iiell aJrOPUTM Mae IIeBHY TOUHicTb, saka Ha 9,34 % Bue, Hi y
TpaguItitinoro anroputmy. lle m03BoNSe HaNEKHUM YWHOM OIIHUTH HOPMAaJBHY (GYHKIIiFO
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BUKOPUCTAHHA GeTOHHOI KOHCTPYKINI, Koau 6eTOHHA KOHCTPYKIiA BSHAXOAUTBHCA IIif
CIIiNIBHOIO [i€l0 OfHOrO ab0 AeKiNbKOX (haKTOpiB HaBKOJUIIHLOTO CepeJfoBUIIA.

1. Introduction

In the 1920s, with the appearance of ce-
ment material, a new material appeared —
concrete. Due to its good characteristics,
concrete became one of the preferred mate-
rials in the field of civil engineering. How-
ever, in environmental conditions (carbona-
tion, chloride-ion erosion, freeze-thaw cycle,
etc.), the durability of concrete structures
is limited, which leads to huge economic
losses [1]. The durability of concrete struc-
tures during operation is affected not only
by the external environment, but also by
the load [2]. Loading often causes the for-
mation and development of microcracks in
the concrete, improves the cohesion of the
pores, and creates more channels for the
transfer of corrosive media, such as chlo-
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ride ions and carbon dioxide, into the con-
crete, thereby accelerating the deterioration
of concrete durability [3—-5].

This paper investigates the interaction
between concrete carbonization and chloride
erosion as a function of load in order to
reduce the cost of running the algorithm.
Practice has proved that this combination
can not only reduce the calculation time,
but also improve the quality and efficiency
of the test optimization of the interaction
between concrete carbonation and chloride
erosion.

This paper proposes a visual model for
reconstructing signs of the interaction be-
tween concrete carbonization and chloride
erosion; test optimization design is set. In
test optimization design, the horizontal
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depth and vertical depth of the interaction
between concrete carbonization and chloride
erosion are compared in a visual reconstruc-
tion process; and when optimizing tests, a
fuzzy value of the sign of the interaction of
carbonization and chloride erosion of con-
crete was obtained. Its innovation lies in:

(1) In this paper, the carbonation area of
concrete is determined by several methods;
the relationship between carbonization prod-
ucts and depth is obtained and the parame-
ters in the model are determined.

(2) In this paper, a model of chloride-ion
erosion under the influence of carbonation
of unsaturated concrete is established, and
the effect of different crack widths on the
degree of carbonation in vertical and depth
directions is discussed.

(3) The effect of carbonation on chloride
diffusion in concrete was studied by deter-
mining the chloride ion content at different
depths of concrete in the mode of alternat-
ing immersion in a salt solution and car-
bonization.

In this paper, the optimal design of the
interaction test between concrete carbona-
tion and chloride erosion is studied.

At present, a great deal of research has
been carried out at home and abroad on the
durability of concrete under the action of
various single factors, and fruitful results
have been achieved. Many of the conclusions
and empirical formulas have reached con-
sensus in academic circles, and have been
well applied and verified in engineering
practice.

In [6], the deterioration law of concrete
performance under different sulfate concen-
trations was studied, and it has been found
that when the concentration of sodium sul-
fate is lower, the performance of the con-
crete is less affected by the concentration of
sulfate ions, i.e. increasing the concentra-
tion of sulfate will not significantly acceler-
ate the penetration of the candle invasion of
concrete. The article [7] shows that when
the concentration of sulfate solution is
lower,, increasing the concentration of sul-
fate solution will obviously improve the ac-
celeration of concrete candle penetration.
When the concentration of sulfate solution
is greater, with an increase in the concen-
tration, the deterioration rate of concrete
performance gradually slows down. In [8],
candle damage was introduced as an equiva-
lent porosity into the effective diffusion co-
efficient, a nonlinear equation for the diffu-
sion of sulfate ions based on the evolution
of erosion damage was established, and the
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symmetrical effect of candle damage on ion
diffusion was studied. In [9] the mechanism
of stress and fatigue damage caused by the
expansion product of rotten candle in con-
crete under alternating load was proposed,
and a constitutive stress-strain model was
derived, and a model was created for pre-
dicting the durability of concrete with a
symmetrical interaction of sulfate and alter-
nating load. On the basis of neural network
technology, in article [10], neural network
models were established for sulfate ion dis-
tribution in concrete under the action of
single-factor and double-factor sulfate can-
dle, and the experimental values were com-
pared with the predicted values, which were
in good agreement with each other, with
high accuracy. In [11], the basic equation
was reduced to a virtual crack size based on
the analysis of the stress field in the area of
the concrete failure process and a mathe-
matical programming method was applied to
determine the corresponding size of the area
of the destruction process and the intensity
of the applied load when the crack is in a
critical state of propagation, which pro-
vided convenience for solving practical engi-
neering problems. The authors of [12] used
virtual crack model to study the fracture
process area of concrete, and analyzed the
influence of material parameters on the dis-
placement, cohesion, length of fracture
process area and peak external load. In [13],
the effect of transverse cracks in concrete
on chloride ion diffusion was predicted by a
graphic method. At the same time, com-
pared with the experimental data of satu-
rated concrete, it was found that the combi-
nation of cement paste and chloride ions
plays an important role in slowing down the
entry of chloride ions into concrete. The
authors of [14] used the numerical simula-
tion analysis method to study the behavior
of chloride ion penetration into cracked and
undamaged concrete under saturated and
unsaturated conditions, and created a chlo-
ride ion diffusion model with independent
variables of crack width and concrete cover
thickness.

As a matter of fact, many concrete struc-
tures often work under the dual action of
carbon dioxide and chloride ions. However,
there are few studies on these aspects in the
reports. In this paper, an optimal design
scheme of testing interaction between con-
crete carbonation and chloride erosion
under load is proposed.

Functional materials, 29, 4, 2022
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2. Experimental

2.1 Corrosion effect of chloride on con-
crete

The main causes of rebar corrosion can
be divided into the following three types:
concrete carbonization, rebar passivation
caused by chloride ion erosion and rebar
corrosion caused by acidic substances.

Chloride will not only corrode the steel
bars in concrete, but also destroy the con-
crete itself. The results show that when cal-
cium chloride is added into cement slurry,
it will swell greatly with an increase in the
calcium chloride content, which will lead to
the destruction of the specimens to various
degrees. This is because calcium chloride
takes part in the hydration reaction of ce-
ment, producing some hydration substances
containing chlorine, which increases the
volume of the hydration product gel. This
kind of atmosphere-containing substance is
calcium oxychloride, therefore, the chloride
salt at a high concentration has a corrosive
effect on the cement. Adding calcium chlo-
ride will increase the drying shrinkage of
cement slurry by several times, but the dry-
ing shrinkage effect caused by different
curing conditions is very different. The ir-
reversibility of cement paste mixed with
calcium chloride in the cycle of dry shrink-
age and wet expansion is more obvious than
that of pure cement paste.

Chloride ions can enter concrete in two
ways, one is in the composition of the con-
crete mixture, and the other is infiltration
from the outside. The first way can be
avoided by strict quality control, so the re-
search on ion-trapping permeability usually
focuses on the second one. In the natural
state, the transfer of atmospheric ions in
concrete generally has the following mecha-
nisms: diffusion, infiltration, capillary ad-
sorption, physical or chemical adsorption.
Diffusion refers to the transmission and
penetration of atmospheric ions in concrete
when the concrete is saturated or has a high
water content, the transmission and capil-
lary adsorption of atmospheric ions and
water in concrete under the pressure gradi-
ent of water, and the transmission charac-
teristics of chloride ions in low moisture
concrete due to negative capillary adsorp-
tion pressure. When considering the trans-
port behavior of grasping ions in concrete,
the infiltration of grasping ions combined
with water under the action of water head
is rarely considered, because only under the
action of high water pressure, this kind of
influence will be more significant; and even
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under the action of water pressure, the
water infiltration can be dealt with accord-
ing to the diffusion problem. One of them,
that is, the problem of infiltration of core-
hardened soil, can be considered as the dif-
fusion of water in concrete. For one-dimen-
sional problems, it can be described by the
diffusion equation:

9P _ ge0%P (1)
ot ox?’

where P is the water pressure; t is time; x
is the distance of water flow; B2 is the dif-
fusion coefficient of water; and the diffu-
sion coefficient of water in concrete is gen-
erally 1,000,000 times of the permeability
coefficient. The water diffusion coefficient
and permeability coefficient are as follows.

Puwdh (2)
2 _
P Pgou’

where p,,, p, is the apparent density of
water and medium respectively; u is the ma-
terial water content; £ is the permeability
coefficient; w is the water content of the
material.

2.2 Effect of carbonization on concrete

Concrete carbonization consumes the re-
ducing substances in the concrete and gen-
erates neutral carbonates, which reduces the
value of the concrete, and the concrete is
completely carbonized. In this case, the con-
crete loses its protective effect on the rein-
forcement; as a result, the steel bar becomes
open. Under the action of oxygen, water
and other corrosive media, the steel bar be-
gins to rust, which leads to a decrease in
the strength of concrete.

When the cement is fully hydrated, the
pore fluid of concrete is saturated with cal-
cium hydroxide; the pH value is about 12 ~
13 indicating strong alkalinity. The de-
crease in the pH value leads to the destruc-
tion of the passivation film of the reinforce-
ment and corrosion of the reinforcement.
The main chemical reaction equation of the
concrete carbonation process is as follows.

Ca(OH), + CO, — CaCO3 + H,O,  (3)

3Ca0 - 2Si0, - 8H,0 + 3CO, > (4)
— 8CaCO; - 2Si0, - 8H,0 °

3Ca0 - SiO, + 3CO, + NHO — (5)
— 8CaCO; + Si0, - nH,O  °
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2Ca0 - Si0, + 2CO, + nH,0 — (6)
— 2CaCO;3 + SiO, - nH,O

The diffusion rate of carbon dioxide gas
is related to the compactness of concrete
itself, the concentration of carbon dioxide
gas, the temperature and humidity and
other environmental factors, which can be
attributed to external factors related to the
environment and internal factors related to
concrete itself.

(1) Influence of environmental tempera-
ture and humidity

This factor has a great influence on the
rate of destruction of concrete. The change
of relative humidity determines the pore
water saturation of concrete. When the hu-
midity is low, the concrete is in a dry or
low water content state. Although the diffu-
sion rate of CO, gas is faster, the carbona-
tion rate is slower due to the lack of water
required for carbonation reaction.

The formula of the effect of environ-
mental relative humidity on carbonization is

kgu, 1-RH, (7
krm, 1-RHy

where RH; and RH; are the relative humid-
ity of two environments respectively. In ad-
dition, the diffusion rate and carbonization
reaction of gas are greatly affected by tem-
perature, so the carbonization rate increases
with an increase in temperature. The for-
mula of the influence of temperature on
concrete carbonation is:

kr, T, 8)

where Ty, Ty is the absolute temperature of
the environment.

(2) Influence of concrete quality; water-
cement ratio

CO, diffuses through the internal capil-
lary structure or pores of the concrete and
its diffusion rate is highly dependent on the
microstructure of the concrete. The water-
cement ratio is an important parameter to
determine the performance of concrete. The
water-cement ratio basically determines the
pore structure of concrete, which to some
extent also determines the diffusion rate
and depth of CO, in the concrete.

Dosage and grades of cement

The amount of cement directly affects
the amount of absorbed CO, in the concrete,
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so it has a certain influence on the carbona-
tion of the concrete. Fan Ziyan’s research
shows that the amount of CO, absorbed by
concrete depends on the amount of cement
and the hydration degree of the concrete.
The greater the amount of cement, the
slower the rate of carbonization. Different
cement grades, different contents of alka-
line substances in cement hydration reac-
tants, and different amounts of CO, ab-
sorbed by concrete, have a certain influence
on the carbonization rate of concrete.

Admixtures

Under the condition of the same cement
dosage and water-binder ratio, the higher
the content of CO, in cement, the more
Ca(OH), will be produced in hardened ce-
ment stone, therefore, the degree of con-
crete shrinkage will be slower, so the car-
bonization rate of cinnamate cement con-
crete is slower than that of concrete mixed
with active admixture. This is because the
latter has a secondary hydration process,
which will consume a part of Ca(OH),, so
its carbonization speed is faster.

3. Results and discussion

Carbonization and chloride ion invasion
of concrete are the two main factors that
cause steel frying and corrosion in concrete
structures. In the general atmospheric envi-
ronment, only the role of carbon dioxide is
generally considered, while the concrete
structures in the atmospheric area, splash
area and tidal sand area of marine environ-
ment are simultaneously destroyed by chlo-
ride ions and carbon dioxide. Although chlo-
ride ion is the main cause of steel bar rust
candle, on the one hand, carbonation can
not only cause steel bar candle suppression,
but also affect the transmission of chloride
ion in concrete to a certain extent. On the
other hand, chloride ion candle invasion
also has a certain degree of influence on
concrete carbonization.

Through the analysis of chloride ion con-
centration in different depth ranges of
crack and its adjacent section of a cracked
concrete specimen, the influence of load
level, erosion time and the bearing strain
state of concrete around the crack on the
chloride ion concentration in cracked con-
crete was explored.

Important factors of chloride ion diffu-
sion in cracked concrete: the magnitude of
the load, the possibility of introducing a
wedge into cracks in precast concrete after
loading, and the time of chloride ion ero-
sion. The magnitude of the load and the

Functional materials, 29, 4, 2022
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Table 1. Parameters of specimen

Group Test piece number Load value Is there wedge after Is there a crack
unloading
1 S-CL-D Crack initiation load Without No
2 C-CL-D Crack initiation load Have No
3 S-PL-D Peak load Without Yes
4 C-PL-D Peak load Have Yes

Chloride ion conten

o=
\)\T%i-(f e
-
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Depth

—0—5CL-D30 —O—S-PL-D30 S-CL-D180 S-PL-D180

Fig. 1. Changes of chloride ion content with
depth under load.

possibility of introducing a wedge into
cracks after loading are considered in the
concrete loading test. See Table 1 for the
detailed loading scheme of the specimen.

In order to study the influence of the
load level on the chloride ion concentration
in cracked concrete, especially for the proc-
ess of crack development before the con-
crete is unstable under load, the critical
cracking state and the load action in the
unstable failure state of concrete are stud-
ied, and the diffusion of chloride ions in
cracked concrete under the initial cracking
load is comparatively analyzed.

As can be seen from Fig. 1, the wedge
inserted into the crack does not keep the
bearing strain state, and the load level has
a certain influence on the chloride ion dif-
fusion in cracked concrete. At the same
depth, the chloride ion content in the con-
crete with wedge inserted to keep the strain
state under loading is significantly higher
than that in the concrete without wedge in-
serted. It shows that the load level has a
great influence on chloride ion diffusion
rate in concrete in the early stage of ero-
sion; and with increasing erosion time, the
effect of the load level on the rate of diffu-
sion of chloride ions in concrete gradually
becomes stable. The raw data of carbonation
depth measurement are shown in Table 2. In
the table, the sample numbers P and M in-
dicate pure cement concrete and concrete
mixed with fly ash and mineral powder, re-
spectively, and I-IV indicates circulation
system.

Functional materials, 29, 4, 2022
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Fig. 2. Curves of carbonization depth of PIV
and MIV with cycle period.
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Fig. 3. Curves of carbonization depth of MII
and MIV with cycle period.

and MIV were selected to analyze the influ-
ence of mineral admixtures on concrete car-
bonization, as shown in Fig. 2.

Under the same cycle period, the carboni-
zation ages of PIV and MIV are the same. It
can be seen from Fig. 2 that under the same
cycle period, the carbonization depth of
MIV is obviously higher than that of PIV,
which indicates that the anti-blocking per-
formance of MIV is not as good as that of
PIV. This is mainly due to the fact that
after replacing cement with mineral addi-
tives in equal amounts, the content of car-
bonizing substance Ca(OH), in concrete de-
creases, and the rate of carbonization of
concrete increases, which means that the
depth of carbonization increases. Since the
secondary hydration reaction of mineral ad-
mixtures is a long-term process under these
experimental conditions, the carbon dioxide
concentration of rapid carbonization test is
high, and the carbonization rate of concrete
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Table 2. Raw data of measuring carbonation depth by phenolphthalein titration

Cycle period
Test piece number 3 6 9 12 15
PI 2.12 3.12 4.12 4.32 4.12
PII 3.15 4.81 6.13 6.49 7.65
PIV 4.17 5.23 6.55 6.23 8.24
MI 5.64 7.45 8.32 8.12 9.11
MII 7.13 9.22 9.78 10.22 10.56
MIV 7.62 11.34 12.31 13.14 13.45

Content of free chloride

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Depth

+—PII-10 PII-10

Fig. 4. Distribution curve of chloride ion con-
tent in pure cement concrete.

is fast, therefore, the improving effect of
the secondary hydration reaction of mineral
additives on the porous structure of con-
crete cannot be reflected in time. On the
contrary, the reduction of the content of
carbonizing substances Ca(OH), caused by
replacing cement with mineral admixtures
plays a leading role, making the carboniza-
tion depth of concrete mixed with fly ash
and mineral powder greater than that of
pure cement concrete.

Two groups of test data of MII and MIV
were selected to analyze the influence of
chloride ion on concrete carbonation, as
shown in Fig. 8.

In the same cycle, the degree of carboni-
zation of MII and MIV is the same, while
MII is soaked in a chloride solution, and
MIS is soaked in pure water. It can be seen
from Fig. 8 that in the same cycle, the
depth of carbonization of sample MII is less
than that of sample MIV, indicating that
the carbonization resistance of the concrete
improves after soaking in the chloride solu-
tion in the cycle. After 15 cycles, the car-
bonization depth of MIV is 13.45 mm, while
that of MII is 10.56 mm. The main reason
for this phenomenon is that in the process
of circulation, concrete has been dried for a
long time after being taken out of the chlo-
ride solution, and the surface water of con-
crete evaporates outward, while the surface
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Fig. 5. Distribution curve of chloride ion con-
tent in concrete mixed with fly ash and min-
eral powder.

chloride ions still exist in the form of crys-
tals, which fill the concrete pores.

The distribution curves of chloride ion
content of test pieces PII and PIII and test
pieces MII and MIII in the 15th cycle are
shown in Fig. 4 and 5. The carbonization test
was added in cycle II, but not in cycle III.

It can be seen from Fig. 4 and Fig. 5
that the distribution of chloride ion content
in concrete with and without carbonization
in circulation shows some differences. The
distribution curve of chloride ion content in
unbroken concrete is relatively smooth,
while in carbonized concrete it varies from
0.05 mm to 2 mm in depth. There is an
obvious “intersection” between the distribu-
tion curves of chloride ion content in car-
bonized and non-carbonized concrete. In
Fig. 4, the intersection point of the distri-
bution curves of chloride ion content in car-
bonized and non-carbonized concrete ap-
pears at the depth of 0.4 mm. When the
depth is less than 0.7 mm, the chloride ion
content is higher in non-carbonized con-
crete. At a depth of more than 0.7 mm, the
chloride ion content is higher in carbonized
concrete. Figure 5 shows a similar rule, and
its "intersection point” appears at about
1.7 mm. It can be concluded that the effect
of carbonization on the content of chloride

Functional materials, 29, 4, 2022
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Fig. 6. Distribution curve of chloride ion con-
tent in carbonization.

ions in concrete is first decreased and then
increased, and its influence is related to
carbonation depth.

From the above, it can be seen that the
influence of carbonation on the content of
chloride ions in concrete is mainly mani-
fested in two aspects. One is the influence
on chloride ion diffusion, which improves
the compactness of concrete in the car-
bonization area, reduces the porosity of
concrete and hinders the diffusion of chlo-
ride ions. Second is the effect on the bind-
ing capacity of chlorine ions. Carboniza-
tion reduces the binding capacity of con-
crete to chloride ion, and causes the
Friedel salt in the concrete to decompose
in a limited area, releasing the originally
bound chloride ions into free chloride ions,
increasing the concentration gradient of
free chloride ion dispersion, and promoting
the migration of chloride ions from the car-
bonized area to the non-carbonized area.

The distribution curves of chloride ion
content of samples PII and MII and sam-
ples MIII and PIII in the 15th cycle are
shown in Fig. 6 and Fig. 7. P is pure ce-
ment concrete, and M is concrete mixed
with fly ash and mineral powder.

From Fig. 6 and Fig. 7, it can be found
that mineral admixtures increase the chlo-
ride ion content of the concrete surface
layer; therefore, mineral admixtures
change the pore structure of concrete, thus
affecting the deposition of chloride ion on
the concrete surface layer. Fig. 6. For the
concrete with carbonized fly ash and min-
eral powder added in the cycle, the chloride
ion content in the surface layer increased
significantly.

Comparing Fig. 6 and Fig. 7, it is
found that mineral admixtures not only
increase the chloride ion content in the
concrete surface layer, but also have a cer-
tain influence on the chloride ion trans-
mission in concrete (Fig. 7). In non-car-
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Content of free chloride
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Fig. 7. Distribution curve of chloride ion con-
tent in non-carbonization.

bonized concrete, although mineral admix-
ture increases the chloride ion content in
the surface layer, it decreases the chloride
ion content in the interior; thus, the admix-
ture has a positive effect on the chloride ion
permeability resistance of concrete (Fig. 6).
For the carbonized Panning soil specimen,
the chloride ion content of concrete mixed
with fly ash and mineral powder is higher
than in pure cement concrete, because the
carbonization depth of concrete mixed with
fly ash and mineral powder is greater. Due
to migration of chloride ions by carboniza-
tion, chloride ions are more easily trans-
ported into concrete, which leads to the fact
that the chloride ion content in concrete
mixed with fly ash and mineral powder is
higher than in pure cement concrete.

4. Conclusions

In this paper, an optimal design scheme
to test the interaction between carbonation
and chloride corrosion of concrete under
load is proposed. As the most important
factors of carbonization and chloride cor-
rosion of concrete, the interaction between
carbonization and chloride in concrete is
studied under load conditions, and finally,
simulation tests are analyzed. The simula-
tion results show that this algorithm pro-
vides an accuracy that is 9.34 % higher
than that of the traditional algorithm.
This result fully shows that the carboniza-
tion depth determined by the experimental
results, is larger than that measured by
phenolphthalein titration; also, it is found
that the carbonization time increases and
the length of some carbonization zones in-
creases. At the same time, experiments re-
vealed the microscopic effects of carboni-
zation on the pore structure of concrete
and the migration of chloride ions; the
change of porosity and the migration of
chloride ions due to carbonization provide
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some experience and experimental results
for the study of concrete carbonization.
Since there are many factors that affect
the durability of concrete, some effective
methods are needed to achieve the re-
search purpose. The basic methods of du-
rability research include: establishing the
degree and significance of various types of
damage; determining the characteristics of
the product; establishing each type of
mechanisms; establishing the properties
which can be used to indicate that damage
has occurred; how to measure it; design-
ing test instruments to simulate the fail-
ure mechanism in the laboratory; finally,
the laboratory data and field data should
be connected and used in practice, which
allows us to discuss in detail the prob-
lems of the relationship between differ-
ent carbonization times and the time of
action of the chloride salt, as well as
consider the multifield problems of dif-
ferent ratios of moisture and dryness
and different boundary conditions.

References

1. F.Jiang, G.Jiang, W.Song et al.,
Mater., 27, 730 (2020).

Funct.

566

2.

3

10.

11.

12.

13.

14.

. Y.Kim,

Luo Yeke, YU Zhouping, Funct. Mater., 29,
135 (2022).

. G.L.Golewski, Energies, 14, 668 (2021).
4.

B.Lei, W.Li, Z.Li et al., Journal of Materials

in Civil Engineering, 30, 04018220.1-
04018220.10 (2018).
. F.Mu, J.M.Vandenbossche, International

Journal of Fatigue, 158, 106665 (2022).

. Q.H.Xiao, Q.Li, Z.Y.Cao et al., Construction

and Building Materials, 200, 344 (2019).

. W.Grzmil, W.Raczkiewicz, Cement, Wapno,

Beton, 4, 311 (2017).

. L.Mo, Z.Feng, D.Min, Cement and Concrete

Composites, 83, 138 (2017).

A Hanif, M.Usman, Journal of
Cleaner Production, 172, 3056 (2018).

J.Chao, X.Gu, Q.Huang, Cement and Concrete
Composites, 93, 140 (2018).

G.Chen, Y.Lv, Y.Zhang, Engineering Failure
Analysis, 119, 104990 (2021).

J.Ying, Z.Han, L.Shen, Materials, 13, 4631
(2020).

N.D.Van, E.Kuroiwa, J.Kim, J. Materials, 13,
2136 (2020).

B.Zheng, T.Li, H.Qi et al., Construction and Build-
ing Materials, 326, 126632.1-126632.15 (2022)

Functional materials, 29, 4, 2022




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


