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Abstract: The goals of this paper are to study the frost
resistance of steel slag concrete (SSC), research the damage
mechanisms, and predict the service life of SSC in cold
regions. First, the stability of steel slag (SS) was tested,
and then SS samples with different treatment dosages
were used as aggregates to replace natural aggregates of
equal volumes in the preparation of C40 concrete. The
microstructures of concrete and micro properties of cement
hydration products were investigated in nanospace in this
research. In addition, rapid frost resistance durability tests
were carried out under laboratory conditions. The results
revealed that the ordinary concrete (OC) exhibited a more
serious damage phenomenon, and the mass loss and rela-
tive dynamic elastic modulus of OC were changed by 5.27
and 62.30%, respectively. However, with increases in the SS
content, the losses in mass were lowered. Furthermore, the
relative dynamic elastic modulus decreased less, and the
frost resistance of the specimens was stronger. The range
of mass loss rate was between 2.233 and 3.024%, and the
relative dynamic elastic modulus range was between 74.92
and 91.09%. A quadratic function with a good fitting degree
was selected to establish a freezing-thawing damage calcu-
lation model by taking the relative dynamic elastic modulus
as the variable. Then, the freezing-thawing durability life-
span of concrete in the colder regions of northern China was
successfully predicted by using the damage calculation
model. The results of SSC20–60 showed the better frost resis-
tance durability when the content of SS sand was 20% and

the dosage of SS stone was 60%. Its frost resistance lifespan
was more than twice that of OC, which demonstrated that
SS as an aggregate could effectively improve the frost resis-
tance lifespan of concrete to a certain extent.

Keywords: steel slag concrete, microstructure, freezing-
thawing damage model

1 Introduction

In the process of steel production, the United States geo-
logical survey estimated in 2015 that the amount of SS
produce yearly would be about 170–250 million metric
tons, and that China could produce about 120 million
tons of SS in one year [1,2]. Great amounts of SS have
been disposed as waste, which in turn results in the
waste of resources and environmental pollution. There-
fore, using and recycling of SS from the steel manufac-
turing industry is an important issue and it is urgent that
we take effective measures to apply SS to concrete, which
is of great significance for conserving resources and building
a green and environmental protection environment.

At the present time, researchers had completed a
large number of experimental studies regarding the prop-
erties of steel slag concrete (SSC) [3–8], and most of these
experiments have included investigating the compressive
strength, tensile and flexural strength, the bulk density,
and so on. Subathra Devi and Gnanavel [9] studied the
properties of concrete manufactured using SS; the results
showed that for conventional concrete, the partial repla-
cement of fine and coarse aggregates by SS improved the
compressive, tensile, and flexural strength. Chunlin et al.
[10] researched the possibility of concrete prepared with
SS as fine and coarse aggregates, volume deformation,
compressive and flexural strength of concrete containing
SS, and (or) scrap tire particles as aggregate were experi-
mentally investigated by strength test; the results indi-
cated that the mechanical strength of SSC was acceptable,
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though slightly lower flexural strength than that of con-
ventional was noticed. Wang used SS to replace natural
aggregate in pervious concretes (PCs) and researched the
properties of the PCs, including the compressive strength,
the splitting tensile strength and the flexural strength as
well as the bulk density; the connected porosity and the
water permeability coefficient were studied. In general, steel
slag (SS) can be used as alternative aggregate to replace
natural aggregate in preparing PCs [11]. However, most of
the existing research studies have only focused on the basic
properties of SSC and less on the frost resistance of SSC.
Under the circumstance of cold regions, the concrete would
bear the freezing-thawing damage, thereby reducing the
service life of concrete. Therefore, the research on frost
resistance of SSC is of great significance to solve the frost-
resisting durability of concrete structures in cold regions.

In order to solve the freezing-thawing damage pro-
blems of concrete and increase the service life of concrete
structures in severe cold regions, SS was used to replace
natural aggregate into C40 concrete in this work. The
replacement levels of SS were 20, 40, and 60%, respec-
tively. Relative dynamic elastic modulus loss rates have
been widely used due to the ease of achieving nondes-
tructive testing results [12–20] and the relative dynamic
elastic modulus damage model of concrete established by
Sun et al. [21] has been confirmed to achieve a good fit-
ting accuracy. Therefore, the freezing-thawing damage
model was established by using the relative dynamic

elasticity as a variable to predict service life under cold
conditions in various regions of the north. In addition,
the microstructure of concrete and properties of hydra-
tion products were also investigated in nanospace in this
research, combined with micro and macro physical phe-
nomena, and the causes of their superior frost resistance
of SSC were comprehensively analyzed. Therefore, these
results in this work would be of great significance to
provide reference and predict the damage degree of SSC
serving in cold regions in the future.

2 Experimental overview

2.1 Raw materials

The P·O 42.5 grade Ordinary Portland cement applied in
this study was produced by the Jidong Cement Company.
The concrete’s main physical performance indicators are
shown in Table 1.

The fly ash utilized in this research investigation was
produced by the Hexi Power Plant in Baotou City, and its
physical properties are detailed in Table 2.

The natural aggregate was selected from Baotou City.
The fineness modulus of the sand was 2.9, and the par-
ticle sizes of the stone ranged from 5 to 25 mm. The phy-
sical performance indicators are outlined in Table 3.

Admixture: The water reducing rate of polycarbox-
ylate superplasticizers can reach 30%. This study’s testing
results also conformed to the GB 8076-2008 “concrete
admixture.”

SS stone with particle sizes ranging between 5 and
25 mm, and SS with particle sizes less than 5mm, is
selected as the sand component in this study. The

Table 1: Physical performance indexes of cement

Fineness [80 μm] (%) Specific surface area (m2/kg) Setting time (min) Flexural and compressive strength (MPa)

Initial setting Final setting 3 days 28 days

3.3 341 130 226 5.6/25.2 8.9/49.2

Table 2: Physical properties of fly ash

Apparent
density
(kg/m3)

Water
demand
ratio (%)

45 μm
fineness
(%)

Activity index (%)

3 days 7 days 28 days

2,300 99 19.4 59.1 63.3 82.4

Table 3: Physical properties of natural aggregate

Category Apparent density (kg/m3) Bulk density (kg/m3) Water content (%) Soil content (%) Water absorption (%)

Sand 2,600 1,620 1.4 1.7 0.9
Stone 2,750 1,470 0.3 0.7 0.8
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physical properties of steel slag aggregate (SSA) are
detailed in Table 4.

The SS stone is shown in Figure 1(a). It can be seen in
the figure that the appearance was grayish and light
brown. The surfaces were rough and irregular with small
holes observed. The SS sand and internal appearances
are shown in Figure 1(b) and (c). As shown in the figure,
the appearance characteristics exhibited gray-black col-
oration, and the internal appearance was scanned using
an electron microscope. There were a large number of
internal holes observed which ranged between 10 and
100 μm, and the surface areas were irregular.

In the present investigation, the chemical composi-
tion of the SS was analyzed using X-ray fluorescence
spectroscopy. The specific composition is detailed in
Table 5. The main chemical composition of the SS was
similar to that of Portland cement clinker, and it dis-
played certain cementitious properties. However, when
compared with cement clinker, the SSA contained higher
iron content, which helped improve such physical prop-
erties of the concrete as shrinkage and frost resistance.

The alkalinity coefficient calculated according to the
chemical composition of the SS could then be used to
measure the activities. The definition of SS alkalinity in
China adopts the method of Mason B [22], in which the
alkalinity value can be measured in formula (1).

( ) ( )= / +R ω ωCaO SiO P O ,2 2 5 (1)

where R represents alkalinity value (%), ω indicates the
content of chemical components (%).

The alkalinity of the SS in this study was determined
to be 2.4%, or in the medium alkalinity range. Therefore,
the activity of the SS was considered to be good.

The results of this study’s X-ray analysis are shown in
Figure 2. The SS contained mineral components such as
C3S, C2S, C2F, RO phase (FeO, MnO, MgO, and other solid
solutions), and small amounts of residual steel. The sili-
cate minerals were found to be helpful in improving the
activity of the SS, as well as the interface properties
between the aggregate and the cement. It is known that
the RO phase directly affects the stability of SS. SS con-
tains some minerals, such as olivine and rose pyroxene,
which makes the wear resistance of SS better than that of
ordinary gravel. Therefore, it is considered to be feasible
to replace natural aggregates with SS.

2.2 Mixture proportion

The mix proportions of the C40 ordinary concrete (OC)
utilized in this study were designed according to JGJ
55-2011 “Specification for mix proportion design of OC.”

Table 4: Physical properties of SSA

Category Apparent density (kg/m3) Bulk density (kg/m3) Water content (%) Soil content (%) Water absorption (%)

SS sand 3,520 2,110 0.25 0.2 4.3
SS stone 3,560 1,820 0.20 0.18 3.5

Figure 1: The appearance of SS: (a) SS stone; (b) SS sand; and (c) internal appearance.

Table 5: Chemical composition of SSA

Composition CaO MgO Fe2O3 Al2O3 SiO2 F-CaO Other

Mass fraction (%) 38.89 12.14 25.28 2.70 16.20 0.64 4.15
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Also, the SS was mixed using various proportions. Finally,
five groups of SSC with the best content characteristics
were selected. The specific mix proportions are detailed
in Table 6.

2.3 Test method

2.3.1 SS stability test

For the SS stability test, the GB/T24175-2009 “SS stability
test method” was referred to, a YZF-2S cement autoclave

machine was used to carry out the test, and the stability
of the SS was determined by measuring the autoclaved
pulverization rates. The principle was that the free CaO
and MgO in the SS were autoclaved under 2.0 MPa satu-
rated steam. The stability of the SS was determined by
measuring the sizes of the SS digestion pulverization
rates. The smaller the rate was, the better the stability
of the SS would be.

The experimental steps were as follows:
(1) First, 10 kg SS stone was selected in the 5–25mm

particle size range and completely broken; then crushed
through a 9.5mm square pore sieve; placed in a
105 ± 5°C oven for drying; cooled; and passed through
a secondary 4.75mm square pore sieve screen. Three
samples of 800 g were weighed in a 4.75–9.5mm
residue. Then, 10 kg SS sand with particle sizes less
than 4.75mm was selected; oven-dried and cooled;
and passed through a 2.36mm square pore sieve.
Samples measuring 2.36–4.75mm were selected, and
three 800 g samples were weighed.

(2) After all of the samples had been washed, they were
placed into an autoclave for 3 h. Then, the samples
were removed and dried after cooling; weighed; denoted
as m0; passed through a 1.18mm sieve; and weighed as
m1. The pulverization rate formula was as follows:

R

B A
A

M

BF
M

R----RO

F----C2F

M---MgO

A----C3S

B----C2S

10 20 30 40 50 60 70 80
2θ (°C)

Figure 2: XRD pattern of SSA.

Table 6: Concrete mix ratio (kg/m3)

Number Cement Fly ash Fine aggregate Coarse aggregate Water Admixture

aC 280 120 768.6 0 1061.4 0 170 6
SSC20–20 280 120 556.3 182 907.7 280.9 170 6
bSSC20–40 280 120 556.3 182 680.8 561.9 170 6
SSC20–60 280 120 556.3 182 453.8 842.8 170 6
SSC40–20 280 120 417.2 364 907.7 280.9 170 6
SSC60–20 280 120 278.2 546 907.7 280.9 170 6

aC: Ordinary concrete.
bSSC20–40: Steel slag concrete with 20% steel slag sand and 40% steel slag stone.

Figure 3: (a) Freezing-thawing specimens and (b) measurement of relative dynamic elastic modulus.
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= ×f m
m

100%,1

0
(2)

where f represents pulverization rate (%), m0 indi-
cates the mass of samples after test (g), m1 indicates
the mass of samples after passing 1.18 mm sieve (g).

(3) Test results: The average autoclaved pulverization
rates of the fractions were 3.31 and 3.55%, respec-
tively. In addition, with references made to YB/T
4201-2009 “SS sand for ordinary ready-mixed mortar”
and YB/T 4329-2012 “Application Technology of SS
Sand for Cement Concrete Pavement,” both were within
5.9%, which met the requirements of this study.

2.3.2 Freezing-thawing test

The freezing-thawing parameters were tested according
to the GB/T 50082-2009 “Standard for test methods of the
long-term performance and durability of OC.” An IMDR
concrete rapid freezing-thawing machine was used to
carry out the freezing-thawing cycle test of the concrete.
Specimens in the size range of 100mm × 100mm ×
400mm were designed using a fast-freezing method.
After 24 days, the specimens were immersed in water at
approximately 20°C, then removed after 4 days, and the
surface moisture was wiped dry. Prior to testing, the
water was required to pass the upper surfaces of the spe-
cimens and exceed 5mm, as shown in Figure 3(a). The
freezing-thawing test set 150 cycles. The mass losses and
relative dynamic elastic modulus were tested every 25
cycles. The determination of the elastic modulus is shown
in Figure 3(b). The testing process could be stopped if one
of the following conditions occurs: (1) The freezing-
thawing cycles reached a specified number; (2) The rela-
tive dynamic modulus of elasticity decreased to 60%;
(3) The mass loss rate reached 5%.

3 Results and analysis

3.1 Experimental phenomena

The failure phenomena observed in this study are shown
in Figure 4. From left to right in the figure, (according to
the number of freezing-thawing cycles) the observations
followed 0, 50, 100, and 150 cycles. It was found that the
surfaces of the specimens prior to testing were complete
and smooth, and there was dense cement slurry wrapped
on the outside. However, when the specimens were removed
after the 50th cycle, the cementmortar epidermis outside the

OC had begun to fall off. The main reason for this was that,
with the increase of freezing-thawing cycles, the micro pores
on the surface of OC continued to develop and were con-
verted to large holes, so that the surface of OC was seriously
damaged [23]. By comparison, the number of holes on the
surfaces of SS was fewer in number. The reason for this was
that SS could produce C–S–H gels and fill some of the pores,
which could effectively prevent the flow of the aqueous solu-
tion, and the hydrostatic pressure or osmotic pressure could
be reduced, thereby further reducing the degree of freezing-
thawing damage in SSC [24]. When the freezing-thawing
cycles were carried out to the 100th cycle, the aggregate
was found to be exposed, and the OC was observed to be
the most severe. This was due to the repeated freezing-
thawing of water in the capillary of concrete, which led to
the continuous extension and expansion of cracks, and
finally led to the mutual penetration of cracks. At the
same time, the completely closed microbubbles began to
produce frost heave cracking under the effects of expansion
pressure stress and osmotic pressure stress, and the network
or flocculent C–S–H gels formed by cement hydration began
to increase [25]. Meanwhile, the specimens of the SSC20–60
group only displayed the phenomenon of cement mortar
epidermis shedding. When the freezing-thawing was carried
out to the 150th cycle, the specimens were found to be
damaged to varying degrees. The damages to the OC were
the most serious, with even the aggregate falling off. How-
ever, the SSC with different dosages only showed the mortar
falling off, with the aggregate remaining intact. The main
reason for these results was that with the increase of
freezing-thawing cycles, aqueous solution continuously
enters the concrete and freezing-thawing occurs in the
pores. When the expansion pressure produced by ice
crystal exceeded the force that concrete could bear, the
surface would exhibit a frost heave cracking phenomenon,
and a large number of micro-cracks would form on the
surface, resulting in the gradual accumulation of damage
[26].

In the present research investigation, a comparison
of test phenomena after 150 freezing-thawing cycles was
made. It was found that the OC was more seriously
damaged when compared with the SSC. However, the
SSC only underwent shedding of the outsourcing mortar
layers, which indicated that SS as an aggregate mixed
with concrete could more effectively resist the damages
caused by freezing-thawing cycles. The reason for this
was that SS could react to the cement hydration produc-
ing C–S–H gels, which would play a good filling role,
thereby improving the density of SSC [27], so that the
hydrostatic pressure or osmotic pressure could be reduced,
which resulted in the overall structure being denser [28].
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In addition, the interfacial transition zone (ITZ) between
SS and cement stone was small, which could form strong
interfacial adhesion, so that the overall structure was sta-
bler, thereby further reducing the degree of freezing-
thawing damage in SSC [29].

3.2 Microscopic study

Concrete is a kind of porous material, and through the
reaction of water and cement, it will form a hardening

slurry which can cement sand and stone together, and
the original internal space filled by water will not be fully
filled by hydration products, which will become pores.
These pores are usually referred to as fine pores, and
the pore size is generally several nanometers to several
microns, which has an important influence on the frost
resistance of concrete [30,31]. Therefore, it is necessary to
analyze the microstructure of concrete and properties of
hydration products in nanospace. A Sigma500 SEM was
used to analyze the broken specimens of OC and SSC20–60
in this study; test instruments are shown in Figure 5. The

Figure 4: Failure characteristics. (a) C, (b) SSC20–20, (c) SSC20–40, (d) SSC20–60, (e) SSC40–20, and (f) SSC60–20.
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transition zones between the aggregate and the cement
stone interfaces, along with the hydration products, are
shown in Figures 6 and 7.

Figure 6(a) shows that there were obvious micro-
cracks about 2 μm wide in the interface transition zone
of OC due to the unfavorable bonds between the natural
aggregate and the cement paste. With the progress of
freezing-thawing cycles, after the aqueous solution entered
the concrete, it froze and thawed continuously, and when
the expansion pressure generated by ice crystals exceeded
the force that the concrete could bear, the performance of
the bonding interface between aggregate and cementitious
materials in OC would be further seriously damaged [32].
According to the viewpoint of random damage in damage
mechanics, the initial damage area of concrete is in ITZ

where the connection between crystals can be regarded as
a “micro-spring system” [33]. Figure 6(b) shows that the ITZ
of SSC20–60 were denser due to the close bonds between the
SSA and the cement stone. In other words, the number of
“micro-springs” was greater. Therefore, when the two were
subjected to the same freezing-thawing damage conditions,
the degrees of cracking damage of the SSC were lower and
the macroscopic freezing-thawing resistance was better
than that of the OC specimens.

Figure 7 shows that the hydration products in the ITZ
were mainly coral-like C–S–H gels. It can be seen that the
aggregate in Figure 7(a) is surrounded by fibrous and
coralline gels which are not sufficiently bound. Besides,
with the increase of the freezing-thawing cycles, SO4

2−

and the Ca(OH)2 in the cement stone reacted to generate
CaSO4, and the CaSO4 would react with hydrated calcium
aluminate in cement to generate calcium trisulphoalumi-
nate hydrate (AFt), then the AFt would generate great
stress; when the generated stress exceeded the bearing
capacity of concrete, the internal micro-cracks of concrete
specimens would increase and further develop [34–36].
The chemical composition of the SS was similar to that
of the cement. Hydration reaction of dicalcium silicate
and tricalcium silicate occurred in a later period, and the
chemical reaction can be found in formulas (3) and (4).
More gels were produced when hydration occurred during
the later period, as illustrated in Figure 7(b). There were
holes on the surfaces of the SS which allowed the gels
and aggregate to be more closely embedded. At the same
time, this had also reduced the number of pores and effec-
tively prevented the flow of the aqueous solution [37].

Figure 5: Scanning electron microscope.

Figure 6: ITZ: (a) C and (b) SSC20–60.
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Then, hydrostatic pressure or osmotic pressure could be
reduced [38], which resulted in the overall structure being
more stable and the frost resistance of the SSC being
improved.

( ) ( )

⋅ + = ⋅ ⋅

+ −

n x y
x

2CaO SiO H O CaO SiO H O
2 Ca OH ,

2 2 2 2

2
(3)

( ) ( )

⋅ + = ⋅ ⋅

+ −

n x y
x

3CaO SiO H O CaO SiO H O
3 Ca OH .

2 2 2 2

2
(4)

3.3 Freeze-thaw resistance

3.3.1 Mass loss

Mass loss rates are important reference factors in the
study of concrete freeze-thaw damages; the mass loss
rate of concrete specimen after freezing-thawing is calcu-
lated according to formula (5). The average value of each
group was taken as the final mass loss rate.

=

−

×

G G
G

ΔWn 100%,n0

0
(5)

where G0 represents the mass of concrete specimens before
freezing-thawing cycles, Gn indicates the mass of concrete
specimens after N times of freezing-thawing cycles.

Figure 8 shows the mass loss rates of the concrete
after 0, 50, 100, and 150 freeze-thaw cycles. At the early
stage of the freezing-thawing, the folding lines were all
relatively gentle. The main reason for this was that the
concrete had been soaked before the freeze-thaw cycles

and reached the state of water absorption saturation in
theory. Therefore, the mass losses were not obvious at
the beginning of the freeze-thaw cycles [39]. When the
freeze-thaw tests were carried out to the middle and late
stages, the loss rates of each group were found to be
significantly higher, which corresponded to the observed
appearances of the specimens. This was due to the fact
that with the increases of the freezing-thawing cycles,

−SO4
2 and the Ca(OH)2 in the cement stone reacted to gen-

erate CaSO4, and the CaSO4 would react with hydrated
calcium aluminate to generate AFt, then the AFt would
generate great stress; when the generated stress exceeded

Figure 7: Hydration products: (a) C and (b) SSC20–60.
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the bearing capacity of concrete, the internal micro-
cracks of concrete specimens result in gradual increases
in the spalling amounts of cement mortar on the surface
[40]. It was found that, after 150 freeze-thaw cycles,
the mass loss rate of the OC reached a specified value
of 5%, and the specimens were considered to have become
damaged. The mass loss rates of the concrete with dif-
ferent dosages of SSA in descending order were as fol-
lows: 3.024% for SSC20–20; 3.015% for SSC40–20; 2.658%
for SSC20–40; 2.432% for SSC60–20; and 2.233% for SSC20–60.
The reasons for these results were that SS could react to
cement hydration and produce C–S–H gels and fill some
pores; the number of pores was reduced and effectively
prevented the flow of the aqueous solution, so that the
hydrostatic pressure or osmotic pressure could be reduced
[41], which resulted in the overall structure being stabler,
thereby further reducing the degree of freeze-thaw damage
in the SSC. Therefore, it could be ascertained from the
experimental results that appropriate increases in the SS
admixture could effectively reduce the mass loss rates of
the SSC.

3.3.2 Relative dynamic modulus of elasticity analysis

The dynamic elastic modulus of the specimens was tested
by DT-20W, and the dynamic elastic modulus of each
cycle of each group of specimens was computed using
formula (6).

=

−

×E E E
E

Δ 100%,n
n0

0
(6)

where E0 represents the dynamic modulus of concrete
specimens before freezing-thawing cycles, En indicates
the dynamic modulus of concrete specimens after N times
of freezing-thawing cycles.

Figure 9 shows the fractional changes in the relative
dynamic modulus of elasticity of the specimens following
the freezing-thawing cycles. As the freeze-thaw tests
progressed, the relative dynamic modulus of elasticity
of the concrete exhibited varying degrees of decline,
which indicated that the internal damages were gradu-
ally accumulating and intensifying. It was observed that
when the number of freeze-thaw cycles reached 50, the
internal damages to the specimens in each group were
small, and the modulus of dynamic elasticity was main-
tained above 90%. The reason for this was that aqueous
solution continuously entered the interior of concrete,
and freezing-thawing occurred in the pores. When the
expansion pressure produced by ice crystal exceeded

the force that the concrete could bear, the concrete would
produce frost heave cracking and form some micro-
cracks, thereby resulting in damage [42]. SSC20–40 and
SSC20–60 showed the smallest decline in modulus of
dynamic elasticity, with almost no change observed.
The SSC20–60 Group showed the slowest decline, indi-
cating that the internal damages caused by the freezing-
thawing conditions were also small. Then, after 150
freezing-thawing cycles, themodulus of elasticity decreased
to 62.3%, which was close to the specified value of 60%, at
which point the specimens were considered to be damaged.
The main reason for these results was that the increase of
freezing-thawing cycles and the repeated freezing-thawing
of aqueous solution in the capillary of concrete led to the
continuous extension and expansion of cracks, and finally
to the mutual penetration of cracks, so that the concrete
was seriously damaged [43]. However, the SSC20–20 Group
decreased to 74.92%, and the other SSC were more than
80%, indicating good performance in terms of frost resis-
tance. This study determined that the decreases of the
relative dynamic elastic modulus of SSC specimen groups
were as follows: SSC20–20: 25.08%; SSC20–40: 16.88%;
SSC20–60: 8.91%; SSC40–20: 18.73%; and SSC60–20: 15.41%.
The relative dynamic modulus of the SSC decreased with
the increases in the freezing-thawing cycles. However, the
relative dynamic modulus decreased less with the increase
of SS content. The bonding interfaces of the SSA and the
cement slurry were better than those of the ordinary aggre-
gate and the cement slurry. Therefore, when the concrete
specimens were at the same freezing-thawing damage
degree, the cracking damages were smaller and the frost
resistance was better.
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3.3.3 Freezing-thawing damage model and life
prediction based on relative dynamic elastic
modulus

In order to investigate the causes of the freezing-thawing
damages to SSC, this study conducted an analysis based
on the gradual accumulation of small internal damages
using a damage mechanics theory as the basis. The
freeze-thaw damage process could be expressed as fol-
lows: (1) Micro-cracks were generated within the con-
crete; (2)Macro-cracks appeared; and (3)Matrix damages
occurred [44]. During the experimental tests, concrete
cracking had occurred after water absorption resulting
in increases in the masses of the specimens. The relative
dynamic modulus of elasticity was used as a variable
in order to respond to the degrees of freezing-thawing
damage (D) to SSC. The equation was as follows:

= −D E
E

1 .α

0
(7)

In formula (7), D denotes the degree of concrete damage;
E0 represents initial dynamic modulus; and Eα indicates
dynamic modulus after freezing-thawing test. Based on
the above equation and with reference to the literature
[45,46], a quadratic and exponential function is chosen
to express the freeze-thaw damage model; the models are
depicted in Table 7.

The fitting results are shown in Tables 8 and 9. It can
be seen from the tables that the fitting accuracy R2 of
the quadratic function was between 0.982 and 0.999.
The fitting accuracy R2 of the exponential function was
between 0.926 and 0.960. Therefore, the quadratic func-
tion model was able to better reflect the freezing-thawing
damage law of the SSC.

Figure 10 reveals the curve fitting of the relative
dynamic elastic modulus of the quadratic function of
the SSC. According to the model, the freeze-thaw cycles
of the SSC could be calculated when the relative dynamic
elastic modulus decreased to 60%. The results are detailed
in Table 9. According to ref. [47], the annual average

Table 7: Damage calculation model

Unary quadratic function E E aN bN cα 0
2

/ = + +

Exponential function E E aeα
bN

0/ =

Eα/E0: The relative dynamic elastic modulus of concrete. a, b, c: the
correlation coefficients.
N: The freezing-thawing cycle coefficient.

Table 8: Results of fitting parameters of exponential function

Test specimen number a b R2

C 1.02833 −2.94 × 10−3 0.946
SSC20–20 1.0234 −1.84 × 10−3 0.930
SSC20–40 1.01809 −1.25 × 10−3 0.932
SSC20–60 1.00687 −6.19 × 10−4 0.960
SSC40–20 1.01627 −1.31 × 10−3 0.926
SSC60–20 1.01485 −1.09 × 10−3 0.934

Table 9: Results of the fitted parameters of the quadratic function

Test specimen number a b c R2

C −9.58 × 10−6 −1.090 × 10−3 1.00074 0.999
SSC20–20 −8.63 × 10−6 −3.869 × 10−4 1.00070 0.999
SSC20–40 −5.36 × 10−6 −3.744 × 10−4 1.00398 0.982
SSC20–60 −2.51 × 10−6 −2.225 × 10−4 1.00037 0.999
SSC40–20 −6.79 × 10−6 −2.133 × 10−4 0.99873 0.998
SSC60–20 −5.52 × 10−6 −2.076 × 10−4 1.00062 0.999
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Figure 10: Fitting curves of relative dynamic elastic modulus and
freezing-thawing cycles.
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numbers of freezing-thawing cycles in northern China are
as follows: 84× in the north; 118× in the northwest; and
120× in the northeast.

After improving upon the lifespan prediction model
of Vesikari [48], the relationship between freezing-
thawing cycles and the service life is proposed. Then,
after referring to a large number of data, the value of the
conversion coefficient k of the number of indoor and
outdoor freezing and thawing cycles was summarized
[49,50].

=t kN
M

, (8)

where t represents the service life of concrete, k indicates
the rapid freezing-thawing coefficient in the laboratory,
taken as 1:8 in this paper, i.e., number of the freeze-thaw
cycles indoor equivalent to 8× of the natural environ-
ment, M indicates the number of freeze-thaw cycles
that concrete structures may undergo in the natural
environment, and N indicates the number of freezing-
thawing cycles of concrete when the relative dynamic
elastic modulus is decreased to 60%.

According to the number of freeze-thaw cycles and
prediction model of concrete in Table 10, the durability
life of concrete in northern regions can be obtained, and
the results are shown in Table 11.

In Table 11, the anti-freezing-thawing lifespans of
different specimens were measured in years. The freezing-
thawing lifespan of the SSC with different dosages in
northern China had increased. The anti-freezing-thawing
lifespans of the SSC were greatly improved when compared
with those of the OC. The freezing-thawing lifespan of con-
crete in the Group SSC20–60 was more than twice that of the
OC. In addition, when compared with the OC, the freezing-
thawing life durability of the SSC specimens had been
greatly improved, which indicated that the incorporation

of SS as an aggregate was an effective method for improving
the anti-freezing-thawing durability of concrete.

4 Conclusion

(1) Appropriate increases in the amount of SSA could
effectively improve the frost resistance of concrete,
and the frost resistance of SSC20–60 was superior to
that of the other examined groups.

(2) The performance of OC and SSC20–60 was analyzed in
nanospace to research the damage mechanisms. It
was concluded that the high density of SSC can effec-
tively inhibit the aqueous solution into the concrete,
thereby avoiding the damage to the concrete caused
by the expansion pressure formed by the ice crystals.
Therefore, SSC20–60 exhibited better frost resistance
durability.

(3) A freeze-thaw damage calculation model of SSC was
established with the relative dynamic elastic mod-
ulus as the variable. It was found that the freezing-
thawing durability lifespans of the SSC20–60 and
SSC60–20 were longer, at 357 and 250 cycles, respec-
tively. It was observed that after adding a certain
amount of SS to the concrete specimens, the freezing-
thawing durability lifespanswere significantly improved
when compared with OC.

(4) Combined with the average number of freeze-thaw
times in northern China, the freeze-thaw durability
of SSC was predicted according to the damage calcu-
lation model. It was concluded that SSC had better
freeze-thaw durability, and the freeze-thaw cycle life-
span of SSC20–60 was predicted to be longer than that
of OC, at more than twice that of the OC. The results
confirmed that the concrete prepared with SS as an

Table 10: Number of frozen and melting circulation of concrete when the relative dynamic elastic modulus reached 60% (N)

Specimen number C SSC20–20 SSC20–40 SSC20–60 SSC40–20 SSC60–20

Number of freezing-thawing cycles 155 194 242 357 227 250

Table 11: Freezing-thawing cycle life of concrete when the relative dynamic elastic modulus reached 60% (years)

Numbering C SSC20–20 SSC20–40 SSC20–60 SSC40–20 SSC60–20

North-east area 10.3 12.9 16.1 23.8 15.1 16.7
North-west region 10.5 13.2 16.4 24.2 15.4 16.9
North China 14.8 18.5 23.0 34.0 21.6 23.8
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aggregate could achieve improved freezing-thawing
durability, which provided a reference for the future
application of SSC in practical engineering projects.

(5) A freezing-thawing damage calculation model was
established in this study by using the relative dynamic
elasticity as a variable. It was found that the accuracy
of its correlation coefficient values could reach more
than 0.982. Therefore, the model established in this
study was considered to have significant reference
value for the prediction of frost resistance durability
lifespans of SSC in cold regions.
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