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In the seasonal frozen area of northeast China, cement concrete is usually in a working environment of cold climate and chlorine
erosion coupling effect. In general, with a reasonable addition of air entraining agent (AEA) and multimineral admixtures such as
fly ash, blast furnace slag, and silica fume, the durability of cement concrete under the effects of freeze-thaw and salt solution can
be significantly improved in cold regions. However, due to several more compositions of cement concrete with multiple mineral
admixtures, it would take excessive trial mixtures to select the desired mixture proportion based on the conventional method. This
means a great deal of costs of raw materials and laboratory experimental time. In this paper, the experimental scheme of mixture
proportion for air-entrained concrete with multimineral admixtures was designed based on the orthogonal experiment design
method. Based on the compressive strength, rapid chloride permeability, and weight loss and relative dynamic elastic modulus
after salt freeze-thaw cycles, the influence of different mineral admixtures and their dosages on the durability of concrete subjected
to freeze-thaw in salt solution was analyzed. After that, based on genetic algorithm, an optimization of mixture proportion was
proposed, which only requires less trial mixes and accessible optimization process. The test results indicated the superiority of air-
entrained concrete with multimineral admixtures when serving in salt freeze-thaw environment. Eventually, it was also verified

that the optimized concrete in this paper could achieve pleasurable durability performances under salt freeze-thaw cycles.

1. Introduction

With the advantages of high strength, considerable dura-
bility, and promising economy, concrete has been one of the
most widely used building materials in civil engineering
since the 20th century [1-6]. When optimizing mix pro-
portion of concrete in many, if not most, engineering
construction of China, the trial mix with highest strength is
the chosen mix proportion [7-12]. Actually, the durability
indexes of concrete deserve the same attention as the
strength index, especially when the concrete is working in
harsh environment [13-17]. In northeast China where the
authors are located, as an example, de-icing salt has been
invariably used to melt ice and snow on roads for decades
[18-20]. Consequently, concrete pavements and bridges

suffer from freezing and thawing environment strengthened
by salt solution. A large number of cases have shown that the
durability of concrete with rosy frost resistance will be
greatly reduced when serving in this salt freeze-thaw con-
dition. The presence of salt solutions eventually results in
premature spalling of the concrete surface [21, 22], which
gives rise to additional maintenance costs every year [23, 24].

The air entraining agent (AEA) is undoubtedly the most
critical admixture in order to improve the frost resistance of
concrete [25, 26]. The addition of air entraining agent brings
a large number of tiny, enclosed bubbles inside the concrete.
The work of Wellman et al. indicated that these bubbles
block the growth of the bodies of ice and the generation of
hydraulic pressure as water freezes in capillary cavities,
effectively improving the frost resistance of concrete [27].


mailto:wangws@jlu.edu.cn
mailto:zhuzqjlu@163.com
https://orcid.org/0000-0002-1624-3790
https://orcid.org/0000-0003-0442-7477
https://orcid.org/0000-0001-8220-1153
https://orcid.org/0000-0002-4211-8424
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5572011

There are quite a few influential factors impacting air en-
trainment, in which bubble size and bubble distribution are
decisive factors [28-30]. However, it is extremely difficult to
obtain the bubble size and distribution in fresh concrete for
engineering builders. As a rule, measuring the total air
content as a quality control measure of air entrainment is
practical [30]. Subsequently, much of research has suggested
that the optimal air contents are invariably below 7% when
giving consideration to concrete strength, frost resistance,
and workability [31]. Recently, super air meter has become a
popular tool for assessing air-void system of fresh concrete.
Not only does the total air-void content matter but also the
distance between different air bubbles plays an important
role in controlling freeze-thaw damage in concrete. Powers
indicated that the reason for that is the spacing factor of air
voids rather than the air content, and concrete with spacing
factor less than 200 ym should have a good freezing-thawing
resistance [32]. Yuan et al. used CT to obtain the bubble
structure distribution information and proposed the void-
to-void distance as a factor to evaluate the freezing-thawing
resistance with deicing salts performance of cement concrete
[33].

On the other hand, environment-friendly mineral ad-
mixtures for concrete such as fly ash (FA), blast furnace slag
(BES), and silica fume (SF) are strongly recommended to
improve salt freeze-thaw resistance because of their con-
tributions to microstructure of concrete [34, 35]. Studies on
mechanism for salt freeze-thaw have suggested that the
invasion of chlorides is responsible for damage from salt
crystals, high degree of saturation, and additional hydraulic
pressure [36, 37]. This damage can be alleviated by rational
addition of mineral admixtures, which are pozzolanic and
finer than cement, filling pore structure, and interfacial
transition zone of concrete. Consequently, the penetration
coeflicient of chloride ion would be reduced significantly
[38]. Moreover, the reasonable combination of multimineral
admixtures would enable concrete to show better perfor-
mance than that of single mineral admixture [39, 40]. For
instance, when being used together as the composite mineral
admixtures in cement paste, FA can reduce the autogenous
shrinkage, while SF can increase the autogenous shrinkage,
making up each other accordingly [41]. In the case of ad-
dition of SF, BFS, and FA at the same time, Sun et al. believed
that SF provides main prophase strength amongst these
three types of mineral admixtures due to its highly early
pozzolanic reaction [42]. Then, BFS begins to develop its
pozzolanic effect during transitional period. After 28 days,
FA also gradually exhibits its own properties and provides its
contributions to the strength of concrete. In terms of im-
provement of resistance to concrete deteriorating factors,
Bapat emphasized that the use of mineral admixtures in
concrete is the cheapest alternative [43].

In northeast China, the design strength grade of C40 is
sufficient for construction concrete in many cases. By con-
trast, the durability of concrete served in salt-frost environ-
ment has been more emphasized heavily recently. When
taking the concrete technical factors such as design re-
quirements, construction methods, times, and strength grade
into consideration, the high-performance concrete might not
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be suitable for adoption. Accordingly, the air-entrained
concrete with multimineral admixtures would be an over-
whelmingly feasible and economical choice to improve the
resistance of concrete to salt frost erosion. However, when
using conventional method to design the mix proportion of
air-entrained concrete with multimineral admixtures, a large
number of trial mixes are required to select the desired
combination of materials that meets special performance,
which would be costly, time-consuming, and sometimes
uneconomical and wasteful [44, 45]. From these consider-
ations, a simple genetic algorithm was applied to optimize the
mix proportion design of this multiconstituent concrete in
this paper. The genetic algorithm is a global optimizing
method which imitates biological evolution and has an ad-
vantage over many other methods on handling multiple
objectives [46]. Actually, the fitness functions of different
indices such as strength, slump, material price or else, have
been adopted by researchers in order to obtain optimum mix
proportions for target concrete properties through genetic
algorithm [47, 48]. In this paper, aiming at improving the
resistance of concrete to salt frost erosion, the mix proportion
of air-entrained concrete with multimineral admixtures was
designed based on genetic algorithm, in which the fitness
functions of salt freeze-thaw resistance indices were adopted.

This paper discussed the mix proportion design of air-
entrained concrete with multimineral admixtures based on
genetic algorithm. Firstly, the authors earmarked the air
content of concrete as a priority parameter and divided it
into three feasible levels, because the influence of air
entraining agent on the frost resistance of concrete is much
more significant than that of mineral admixtures according
to available literature and field experience. Then, the dosages
of fly ash (FA), blast furnace slag (BFS), and silica fume (SF)
were earmarked as secondary parameters, and the number of
trial mixes with different dosages of mineral admixtures was
reduced by orthogonal design. Subsequently, the salt freeze-
thaw resistance indices such as strength, rapid chloride
permeability, weight loss, and relative dynamic module of
elasticity of concrete were tested and analyzed. Finally, fit-
ness functions for testing results were derived through re-
gression analysis and the optimum concrete mix proportions
were obtained through genetic algorithm.

2. Materials and Methods

2.1. Raw Materials. All materials used in this paper were
obtained from a concrete construction site in Jilin Province,
China. The grade P.O. 42.5 ordinary Portland cement was
procured from Jilin Yatai Dinglu Cement Ltd., and the
physical properties meet the requirements of Chinese
specification GB 175-2007. Studies have shown that concrete
mixed with fly ash (FA), blast furnace slag (BES), silica fume
(SF), or air-entrainment agent (AEA) has better salt freeze-
thaw resistance [49-52]. In order to achieve the reasonable
application of mineral admixtures and AEA in concrete to
improve the salt freeze-thaw resistance, FA, BFS, SF, and
AEA were introduced into cement concrete. The properties
and main chemical compositions of cement, FA, BFS, and SF
are shown in Table 1.
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TABLE 1: Properties and main chemical compositions of cement
and mineral admixtures.

Properties Cement FA BES SF
Specific gravity 312 2.19 2.83 2.18
Surface area ratio (m?*/kg) 358 420 450 18500
SiO; (%) 20.62 51.27 3228 90.21
CaO (%) 65.07 3.21 40.23 0.23
ALO; (%) 5.14 2892 12.92 0.61
MgO (%) 0.87 1.85 7.40 0.52
Fe,05 (%) 3.96 763 225 022
Loss on ignition (%) 1.6 341 1.02 1.9

Triterpenoid saponin AEA with the type of SJ-2 was used
to achieve different air contents in cement concrete. And
naphthalene superplasticizer was also introduced into trial
concrete mixes to keep consistent workability. Referring to
the study of Rakinul Islam [53], natural sand with maximum
size of 9.5 mm was used as coarse aggregate and well-graded
river sand with fineness modulus of 2.0 was used as fine
aggregate, which were obtained from Jilin Province, China.
The specific gravities for natural gravel and river sand are
2.76 and 2.64, respectively. The sieving test results of coarse
and fine aggregates are shown in Table 2.

2.2. Mixture Proportion and Specimen Preparation. In this
paper, the reasonable dosages of AEA and multimineral
admixtures were studied through the orthogonal experi-
mental design [54-56]. Considering that the influence of
AEA on the frost resistance of concrete is higher than that of
multimineral admixtures [31], the AEA content was
regarded as the priority parameter and divided into three
feasible range levels of air content, ie., (2.5+0.5)%,
(4.5+0.5)%, and (6.5%0.5)%. Then, the orthogonal exper-
imental design for the dosages of multimineral admixtures at
each range level of air content was carried out, which is
presented in Table 3. In the orthogonal experimental design,
based on the existing literature [54-57], the dosage of FA or
BEFS should be controlled within 30% by the total weight of
cementitious materials, respectively. Meanwhile, the total
dosage of FA and BFS was limited to less than 40% by the
total weight of cementitious materials. By contrast, the
dosage of SF was controlled not to exceed 10% due to its high
activity and cost.

Table 3 provides an orthogonal experimental design with
three factors at three levels, in which “A” means the total
dosage of FA and BFS, “B” is the dosage ratio of FA to BFS,
and “C” means the dosage of SF.

According to the orthogonal design in Table 3, a total of 9
groups of concrete proportions are listed in Table 4. Cement,
FA, BFS, and SF were used as the main components of
binders and the total binder content in all concrete speci-
mens was kept at 423 kg/m>. A target concrete strength grade
of C40 was selected for pavement concrete mixtures, and the
water-to-binder ratio was also kept constant at 0.40. After
that, a concrete mixer was applied to mix all the raw ma-
terials, and naphthalene superplasticizer was carefully added
to the mixture to maintain a slump range of 50-70 mm, as

shown in Figure 1(a). In accordance with the Chinese
specification JTG E30-2005, three groups of air content
range levels, (2.5+0.5)%, (4.5+0.5)%, and (6.5+0.5)%,
were controlled and are illustrated in Figure 1(b). Then, the
concrete specimens were casted and cured in the temper-
ature and humidity control chamber for 28 days. Three
replicates for each specimen were prepared for each test.

2.3. Test Methods

2.3.1. Compressive Strength Test. The compressive strength
at the age of 28 days was tested according to the Chinese
specification GB/T 50081-2019. The specimen sizes of
compressive strength test are 100 mm x 100 mm x 100 mm
and the universal testing machine was performed on three
replicate specimens for the mechanical tests, as shown in
Figure 2. For the compressive strength test, the loading rate
was set as 0.5MPa/s. During the whole process of test
loading, the load and deflection of the specimens were
recorded in real time. Then, the corresponding compressive
strength (S,) could be calculated as follows:

S, =—5, (D

in which F. and Fyare the compressive and flexural failure
loads, respectively, and A is the area of the pressure surface
of specimens; A = 100> mm? in this paper.

2.3.2. Rapid Chloride Permeability Test. The rapid chloride
permeability test of cement concrete was carried out to
evaluate the resistance to chloride ion penetration of con-
crete according to the Chinese specification GBT 50082-
2009 (ASTM 1202). These specimens of rapid chloride
permeability test were 100 mm in diameter and 50 mm in
height. The side surfaces of all specimens were firstly coated
with rapid setting epoxy. These specimens were placed inside
an automatic vacuum water-soaking machine to saturate for
18 hours and then the rapid chloride permeability of con-
crete specimens was determined. The setups of surface re-
sistivity test and rapid chloride permeability test are
illustrated in Figure 3.

2.3.3. Salt Freeze-Thaw Cycle Test. For the purpose of
making explicit the damage process of salt freeze-thaw, the
concrete specimens with size of 40 mm x 40 mm x 160 mm
were immersed in 3% concentration salt solution and ex-
posed to freeze-thaw condition at the same time. A special
freeze-thaw machine was adopted to create temperature
conditions, as shown in Figure 4. The duration of one freeze-
thaw cycle was 12 hours, in which the lowest and highest
temperature were —18°C and 18°C, respectively. The freeze-
thaw test was terminated when any specimen showed
considerable surface damage or reduction in relative dy-
namic modulus of elasticity value of more than 80% of the
initial value.

After multiple salt freeze-thaw cycles, the weight of
concrete specimens and ultrasonic propagation speeds in
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TaBLE 2: Sieving results of coarse and fine aggregates.

Size (mm) 9.5 475 236 118 0.6 03 0.15
. Coarse 4 95 99 — — — _
1 1 0
Cumulative sieve residue (%) Fine — 3.44 1525 27.62 46.70 77.84 95.65

TaBLE 3: The orthogonal experimental design of concrete with multiadmixtures in this paper.

Properties Level T (L-I) Level II (L-II) Level IIT (L-IIT)
“A”-dosage of FA and BFS (%) 10 25 40
“B”-dosage ratio of FA/BFS 1:3 2:2 3:1
“C”-dosage of SF (%) 3 6 9
TABLE 4: Mix proportions of concrete with multiadmixtures (kg/m?).
Séoup A B C (Ckegl}:lr;)t Water (kg/m3 ) FA (%) BFS (%) SF (%) Fineaggregate (kg/mS) Coarse aggregate (kg/ms)
1 L-I L-I L-1 368 170 2.50 7.50 3.00 584 1240
2 L-I L-II L-II 355 170 5.00 5.00 6.00 584 1240
L- L-

3 L-I I I 343 170 7.50 2.50 9.00 584 1240
4 L-II L-I L-II 292 170 6.25 18.75 6.00 584 1240
5 L-II L-II IIi_I 279 170 12.50 12.50 9.00 584 1240
6 L-1I ILI-I L-I 305 170 18.75 6.25 3.00 584 1240

L- L-
7 I L-I I 216 170 10.00 30.00 9.00 584 1240
8 ILI_I L-II L-II 241 170 20.00 20.00 3.00 584 1240
9 ILH ILH L-1 228 170 30.00  10.00  6.00 584 1240

Note: the dosages of FA, BFS, and SF are the weight ratio by the total binder.

specimens were measured, as shown in Figure 4. Then, the
variations of weight loss (WL,) and relative dynamic elas-
ticity modulus (EM,) of specimens can be calculated by
using equations (2) and (3), respectively:

factors affecting the compressive strength of concrete with
triple-admixtures are as follows in the order of primary and
secondary: dosage of SF > dosage ratio of FA/BFS > dosage of
FA and BFS. This shows that the dosage of SF has more
influence on the compressive strength of concrete than the

WL, = w x 100%, (2)  other two factors. On the whole, the compressive strength of
0 concrete with triple-admixtures first increases and then

) decreases with the increase of dosage of FA and BFS. As the

EM, = E, _ () x 100%, (3) dosage ratio of FA/BFS increases, the compressive strength
Ey  (v)’ of concrete with triple-admixtures shows a downward trend.

where W, and v, are the initial weight of concrete specimens
and ultrasonic propagation speed in specimens before ex-
posed to salt freeze-thaw condition, respectively, and W,
and v, are the weight of concrete specimens and ultrasonic
propagation speed in specimens after multiple salt freeze-
thaw cycles, respectively.

3. Results and Discussion
3.1. Orthogonal Experimental Analysis

3.1.1. Compressive Strength. The range analysis results of
compressive strength of concrete with triple-admixtures are
shown in Figure 5. It can be seen from Figure 5 that the

This may be due to the fact that BFS enhances the strength of
concrete better than FA. However, the compressive strength
of concrete with triple-admixtures increases significantly
with the dosage of SF increasing. This is because SF contains
a large amount of amorphous silica, which has a strong
cementing force and can react with cement in a very short
time to form a high-strength substance and then improve the
strength of concrete. On the other hand, although the dosage
of SF has the greatest impact on the compressive strength of
concrete with triple-admixtures, the other two factors still
have important effects that cannot be ignored. In addition,
comparing the compressive strength results of concrete with
different air contents, it can be seen that the compressive
strength of concrete with triple-admixtures decreases with
the increase of air contents.
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FIGURE 1: Parameters control of cement concrete during the specimen preparation. (a) Slump. (b) Air content.

FIGURE 2: Compressive strength test of cement concrete used in this paper.

FIGURE 3: Rapid chloride permeability test of cement concrete in this paper.

3.1.2. Rapid Chloride Permeability. The range analysis re-
sults of rapid chloride permeability of concrete with triple-
admixtures are shown in Figure 6. It can be seen from
Figure 6 that the factors affecting the rapid chloride per-
meability of concrete with triple-admixtures are as follows in

the order of primary and secondary: dosage of SF > dosage of
FA and BFS>dosage ratio of FA/BFS. Among them, the
range results of the dosage of SF are much larger than those
of the dosage of FA and BEFS and their dosage ratio, which
shows that the dosage of SF has an absolute influence on the
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FIGURE 4: Salt freeze-thaw cycles test of cement concrete.
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FIGURE 5: Range analysis between compressive strength and orthogonal experimental levels of cement concrete. (a) Air content of
(2.5+0.5)%. (b) Air content of (4.5+0.5)%. (c) Air content of (6.5+0.5)%.
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FIGURE 6: Range analysis between rapid chloride permeability and orthogonal experimental levels of cement concrete. (a) Air content of
(2.5+0.5)%. (b) Air content of (4.5+0.5)%. (c) Air content of (6.5 +0.5)%.

rapid chloride permeability of concrete with triple-admix-
tures. Moreover, the rapid chloride permeability of concrete
with triple-admixtures shows a downward trend as the
dosage of SF increases. This is due to the small particle size of
SF, which can change the size and number of air voids in
concrete and effectively reduce the pore size. In addition,
incorporating FA and BFS can also reduce the permeability
of concrete, thereby improving its durability against salt and
freeze-thaw cycles. Therefore, the rapid chloride perme-
ability of concrete with triple-admixtures decreases with
increase of dosage of FA and BES as well as dosage ratio of
FA/BFS. Simultaneously, comparing the rapid chloride
permeability results of concrete with different air contents, it
can be seen that the rapid chloride permeability of concrete
with triple-admixtures decreases slightly with the increase of
air contents.

3.1.3. Weight Loss after 50 Salt Freeze-Thaw Cycles. The
range analysis results of weight loss after 50 salt freeze-thaw
cycles of concrete with triple-admixtures are shown in
Figure 7. It can be seen from Figure 7 that the factors af-
fecting the weight loss after 50 salt freeze-thaw cycles of
concrete with triple-admixtures are as follows in the order of
primary and secondary: dosage of FA and BFS > dosage ratio
of FA/BFS > dosage of SF. Among them, the range results of
the dosage of FA and BFS are much larger than those of the
dosage ratio of FA/BFS and dosage of SF, which shows that
the dosage of FA and BFS has more influence on the weight
loss after 50 salt freeze-thaw cycles of concrete with triple-
admixtures. The weight loss after 50 salt freeze-thaw cycles of
concrete with triple-admixtures shows a downward trend as
the dosage of SF increases. The reason is mainly due to the
small particle size of SF, which can participate in the
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FIGURE 7: Range analysis between weight loss and orthogonal experimental levels of cement concrete. (a) Air content of (2.5 +0.5)%. (b) Air

content of (4.5+0.5)%. (c) Air content of (6.5+0.5)%.

hydration reaction of cement to produce a hard and strong
cementing substance, which improves the density of con-
crete and improves its resistance to chloride ion penetration.
Moreover, the weight loss after 50 salt freeze-thaw cycles of
concrete with triple-admixtures also decreases as the dosage
of FA and BFS increases. However, as the dosage ratio of FA/
BEFS increases, the weight loss after 50 salt freeze-thaw cycles
of concrete with triple-admixtures first decreases and then
increases. The active SiO, in the FA will react with the
cement hydration product CH to form C-S-H gel to fill the
pores of the interface layer between the aggregate and the
cement paste and improve its durability. Overall, comparing
the weight loss after 50 salt freeze-thaw cycles of concrete
with different air contents, it can be seen that the weight loss
of concrete with triple-admixtures decreases slightly with the
increase of air contents.

3.1.4. Relative Dynamic Elasticity Modulus after 50 Salt
Freeze-Thaw Cycles. The range analysis results of relative
dynamic elasticity modulus after 50 salt freeze-thaw cycles
of concrete with triple-admixtures are shown in Figure 8.
It can be seen from Figure 8 that the factors affecting the
weight loss after 50 salt freeze-thaw cycles of concrete with
triple-admixtures are as follows in the order of primary
and secondary: dosage of FA and BFS > dosage ratio of
FA/BFS > dosage of SF. Among them, the range results of
the dosage of FA and BFS are much larger than those of
the dosage ratio of FA/BFS and dosage of SF, which shows
that the dosage of FA and BFS has more influence on the
relative dynamic elasticity modulus after 50 salt freeze-
thaw cycles of concrete with triple-admixtures. The rel-
ative dynamic elasticity modulus after 50 salt freeze-thaw
cycles of concrete with triple-admixtures shows a
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FIGURE 8: Range analysis between relative dynamic elasticity modulus and orthogonal experimental levels of cement concrete. (a) Air
content of (2.5+0.5)%. (b) Air content of (4.5+0.5)%. (c) Air content of (6.5 +0.5)%.

downward trend as the dosage of SF as well as FA and BFS
increases. However, as the dosage ratio of FA/BFS in-
creases, the weight loss after 50 salt freeze-thaw cycles of
concrete with triple-admixtures first decreases and then
increases. The reinforcing effect of the secondary hy-
dration reaction of active SiO, in the FA with cement is
greater than the reinforcing effect of BFS and SF on
concrete. Meanwhile, comparing the relative dynamic
elasticity modulus after 50 salt freeze-thaw cycles of
concrete with different air contents, it can be seen that the
relative dynamic elasticity modulus of concrete with
triple-admixtures decreases slightly with the increase of
air contents.

3.2. Influence Analysis of Salt Freeze-Thaw Cycles on
Durability of Concrete

3.2.1. Weight Loss versus Salt Freeze-Thaw Cycles. During the
salt freeze-thaw test in this study, the index of weight loss
rate most directly reflected the process of the gradual surface
erosion of concrete specimens subjected to freeze-thaw
cycles in salt solution. The test results of weight loss at each
air content range level varying with the number of salt
freeze-thaw cycles are demonstrated in Figure 9.

In Figures 9(a)-9(c), the weight loss of concrete with
triple-admixtures increases with the number of salt
freeze-thaw cycles. Generally, in the conventional freeze-
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FIGURE 9: Weight loss of concrete with triple-admixtures versus salt freeze-thaw cycles. (a) Air content of (2.5 +0.5)%. (b) Air content of

(4.5+0.5)%. (c) Air content of (6.5+0.5)%.

thaw cycle of concrete, the value 5% of weight loss is used
as the evaluation index of concrete frost resistance. By
comparing the 9 groups of weight loss results designed by
orthogonal experiments, it can be seen that the weight loss
increases with the increase in the number of salt freeze-
thaw cycles. The addition of mineral admixtures can re-
duce the weight loss of concrete during the salt freeze-
thaw process to a certain extent, which is beneficial to
improve the resistance to salt freeze-thaw cycles of con-
crete. At the same time, the changes in the weight loss of
concrete with different dosages of mineral admixtures are
consistent with the range analysis results in Section 3.1.3.
In addition, by comparing the weight loss of concrete with
different air contents, it is obvious that the weight loss

decreases with the increase of air content. This shows that
adding AEA to increase air content can improve the salt
freeze-thaw resistance of concrete.

3.2.2. Relative Dynamic Elasticity Modulus versus Salt
Freeze-Thaw Cycles. On the other hand, the relative dy-
namic modulus of elasticity can also characterize the
performance changes in concrete during the salt freeze-
thaw cycles. The test results of relative dynamic modulus
of elasticity at each air content range level varying with the
number of salt freeze-thaw cycles are demonstrated in
Figure 10. In Figures 10(a)-10(c), the relative dynamic
modulus of elasticity of concrete with triple-admixtures
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F1GURE 10: Relative dynamic modulus of concrete with triple-admixtures versus salt freeze-thaw cycles. (a) Air content of (2.5+0.5)%.

(b) Air content of (4.5+0.5)%. (c) Air content of (6.5+0.5)%.

decreases with the number of salt freeze-thaw cycles. The
value 80% of relative dynamic modulus of elasticity is used
as the evaluation index of concrete frost resistance. By
comparing the 9 groups of relative dynamic modulus
results designed by orthogonal experiments, it can be seen
that the relative dynamic modulus decreases with the
increase in the number of salt freeze-thaw cycles.
Meanwhile, the addition of mineral admixtures can re-
duce the variation of relative dynamic modulus of con-
crete during the salt freeze-thaw process to a certain
extent, which is also beneficial to improve the resistance to
salt freeze-thaw cycles of concrete. Besides, the changes in
the relative dynamic modulus of concrete with different
dosages of mineral admixtures are consistent with the
range analysis results in Section 3.1.3 and the change law

in Section 3.2.1. Apart from this, by comparing the relative
dynamic modulus of concrete with different air contents,
it is obvious that the relative dynamic modulus increases
with the increase of air content. This shows that adding
AEA can improve the salt freeze-thaw resistance of
concrete.

3.3. Mixture Proportion Optimization Based on Genetic
Algorithm. In order to reflect the relationship between
durability and mix proportion of concrete, the variance
test fitting equation results are shown in Tables 5-7, which
characterize the weight loss of concrete specimens after
120 salt freeze-thaw cycles. And the fitting results have
been proved to be effective through significance test.
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TaBLE 5: Fitted quadratic equations of weight loss after 120 salt freeze-thaw cycles at air content of (2.5+0.5)%.

Group no. Degree of freedom Estimated value F-value p-value Significant

A 1 —43.44 34,77 <0.0001 Yes

B 1 -0.69 3.08 0.0065 Yes

C 1 ~63.46 7.20 <0.0001 Yes

A? 1 51.62 16.2 <0.0001 Yes

B’ 1 -0.59 9.23 <0.0001 Yes

AXxB 1 11.15 40.9 <0.0001 Yes

AxC 1 167.23 7.48 <0.0001 Yes

BxC 1 18.93 9.65 <0.0001 Yes

Intercept 1 14.30 439.1 <0.0001 Yes
TaBLE 6: Fitted quadratic equations of weight loss after 120 salt freeze-thaw cycles at air content of (4.5+0.5)%.

Group no. Degree of freedom Estimated value F-value p-value Significant

A 1 -1.25 1.01 0.3271 No

B 1 0.52 2.31 0.0330 Yes

C 1 —-216.31 24.52 <0.0001 Yes

A’ 1 -14.23 4.47 0.0003 Yes

B’ 1 -0.54 8.44 <0.0001 Yes

AxB 1 -4.09 15.03 <0.0001 Yes

AxC 1 566.20 25.31 <0.0001 Yes

BxC 1 55.85 28.46 <0.0001 Yes

Intercept 1 12.16 450.12 <0.0001 Yes
TaBLE 7: Fitted quadratic equations of weight loss after 120 salt freeze-thaw cycles at air content of (6.5 +0.5)%.

Group no. Degree of freedom Estimated value F-value p-value Significant

A 1 0.81 0.65 0.5258 No

B 1 5.22 23.35 <0.0001 Yes

C 1 -17.56 1.99 0.0618 No

A? 1 -3.78 1.19 0.2505 No

B? 1 -0.89 13.74 <0.0001 Yes

AxB 1 -2.32 8.54 <0.0001 Yes

AxC 1 174.15 7.79 <0.0001 Yes

BxC 1 -9.01 4.59 0.0002 Yes

Intercept 1 2.84 487.87 <0.0001 Yes

The genetic optimization was applied to find the opti-
mum mix proportion in this section based on the effective
quadratic equations of test results on concrete with different
mix proportions. Considering that the purpose of this paper
is to improve the resistance to salt frost erosion, quadratic
equations of weight loss in Tables 5-7 were chosen as the
fitness functions of genetic algorithm. In this paper, it is a
simple genetic algorithm optimization problem with the
input variables “A,” “B,” and “C” and output variable
“weight loss.” The population size was regulated as 1000,
mutation rate was 0.001, recombination rate was 0.5, and the
number of generations was 300. The experimental simula-
tion results at each air content range level are given in
Figure 11.

As it can be seen from the above results, the weight loss
values tend to be stable with the increasing of generation
number. And the optimum variables obtained from the
genetic algorithms are listed in Table 8.

To verify the usefulness of the genetic algorithm pro-
grams, the optimum variables in Table 8 were substituted
into the fitted quadratic equations; the corresponding values
of compressive strength and rapid chloride permeability at
each air content range level could be obtained, respectively.
The results and mix proportions are shown in Table 9.

It is observed that higher air content would contribute to the
reduction of weight loss. However, when the air content is raised
up to (6.5+0.5)%, the compressive strength of concrete de-
creases significantly. The optimum mix proportion of concrete
with air content of 6%-7% has the minimum dosage of mineral
admixtures, and it shows the rapid chloride permeability about
three times that of other groups, which means a lower chloride
ion penetration resistance. Therefore, the final recommended
optimum mix proportion of concrete with multimineral ad-
mixtures in this paper is that the dosage of FA is 5.06%, dosage of
BES is 6.75%, dosage of SF is 7.77%, and the air content should
be controlled at the range of (4.5+0.5)%.
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F1GURE 11: Relative dynamic modulus of concrete with triple-admixtures versus salt freeze-thaw cycles. (a) Air content of (2.5+0.5)%.
(b) Air content of (4.5+0.5)%. (c) Air content of (6.5+0.5)%.

TaBLE 8: The optimum variables obtained from the genetic algorithms.

Air content Iteration number A B C Weight loss (%)
(2.5+0.5)% 178 24.2 0.343 8.8 5.92
(4.5+0.5)% 248 11.8 0.748 7.8 3.86
(6.5+0.5)% 283 10.3 0.338 33 3.28
TaBLE 9: The optimum mix proportions and predicted values of concrete under salt freeze-thaw cycles.

Air content Compressive strength (MPa) Chloride permeability (C) Weight loss (%) FA (%) BFS (%) SF (%)
(2.5+£0.5)% 51.94 202.36 5.97 6.19 18.02 8.84
(45+£0.5)% 49.17 234.37 3.32 5.06 6.75 7.77
(6.5+0.5)% 37.44 631.77 4.92 2.60 7.70 3.04

4. Conclusions

serving in salt freeze-thaw condition. Firstly, the orthogonal
experiment about different dosages of three kinds of mineral

The object of this research is to propose a mix proportion
design method for air-entrained concrete with multi-
admixtures, which would improve the durability of concrete

admixtures was designed to reduce the number of trial mixes
and three range levels of air content were taken into consid-
eration simultaneously. Then, the salt freeze-thaw resistance
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indices of concrete such as compressive strength, rapid chloride
permeability, weight loss, and relative dynamic modulus of
elasticity were tested. Finally, the test results were fitted into
quadratic equations and an ordinary genetic algorithm was
applied to optimize the mix proportion. Based on the results of
this research, the following conclusions are reached.

(1) In order to evaluate the salt freeze-thaw resistance of
concrete, indices such as compressive strength, rapid
chloride permeability, weight loss, and relative dy-
namic modulus of elasticity should be considered at
the same time, which reflect the basic strength,
chloride ion penetration resistance, surface erosion
resistance, and internal defects resistance of concrete
suffering from freeze-thaw environment.

(2) Combined with engineering experience and correl-
ative study, applying orthogonal design would re-
duce the number of trial mixes significantly.
Quadratic fitting and genetic algorithm are both
practical methods to analyze and optimize data for
the problem discussed in this paper. The method
proposed by the authors will considerably improve
the quantity and efficiency of mix proportion design
for this kind of multiconstituent concrete.

(3) It may cause obvious difference in salt freeze-thaw
resistance of concrete when changing the propor-
tions of mineral admixtures and air content. An
appropriate amount of mineral admixtures would
improve pore structures and chloride ion penetra-
tion resistance of concrete, while overmuch mineral
admixtures, especially FA, would bring negative
impact on strength and surface erosion resistance.
On the other hand, the addition of AEA could
prominently improve salt freeze-thaw durability of
concrete, while overmuch air content will cause
obvious decrease in concrete strength.

(4) Finally, the recommended optimum mix proportion
of air-entrained concrete with multimineral ad-
mixtures in this paper is that the dosage of FA is
5.06%, dosage of BFS is 6.75%, dosage of SF is 7.77%,
and the air content should be controlled at the range
of (4+0.5)%.

This study only evaluated the macroscopic durability
behaviour of concrete with triple-admixtures subjected to
freeze-thaw cycles in salt solution and did not conduct in-
depth analysis from the aspect of microscopic mechanism,
which is also the future direction of this research work.
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