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Abstract: To understand the influence of fly ash (FA) content on the microstructure and strength of
concrete under freeze–thaw cycles (FTCs), four groups of concrete with different FA contents (0–30%)
were tested under FTC condition. Mass loss rate, relative dynamic modulus of elasticity (RDME),
splitting tensile strength and other damage indicators were selected to describe the impact of macro
properties. The micro physical changes, porosity and pore size distribution parameters were obtained
through scanning electron microscope (SEM) and nuclear magnetic resonance (NMR) experiments.
The influence mechanism of FA content on the frost resistance durability of concrete under FTC was
discussed from the macro and micro perspectives. The results show that under the action of FTC, the
addition of FA fills the pores, reduces the pore spacing, improves the strength of concrete, and makes
the RDEM and splitting tensile strength of concrete increase first and then decrease. Among them,
20% FA concrete has the best frost resistance. The pore structure parameters show that the content of
pores smaller than 100 nm has a great impact on the frost resistance durability of FA concrete, and
increasing the content of these pores can improve the frost resistance durability of concrete.
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1. Introduction

Freeze–thaw attack is one of the main reasons for durability degradation of concrete
structures in cold regions, which seriously affects the service life of concrete structures
in these regions [1,2]. Buildings in cold environments will be damaged by freeze–thaw
due to the extension of winter duration [3,4]. In cold regions such as Northeast China,
almost 100% of the concrete structures have been damaged by freeze–thaw damage [5].The
microporous structure inside the concrete enables it to absorb and retain water [6]. When
the tensile stress caused by pore water icing volume expansion exceeds the tensile strength
of concrete, microcracks will occur, more water will be absorbed into the pores after ice
melting, and new microcracks will be produced in the next FTC. The freeze–thaw damage
will lead to the change of the microporous structure in concrete, accelerate the migration of
ions, directly affect the macro mechanical properties of concrete, and reduce the durability
of concrete structures and their service life [7,8]. As an important component structure of a
concrete face rockfill dam, due to long-term contact with the reservoir and direct exposure
to water and the atmospheric environment, the face concrete in the water level change area
is prone to freeze–thaw damage, which poses a serious threat to the safety of the dam [9].
At present, few studies exist on the freeze–thaw durability of face concrete of rockfill dams,
so it is of great significance to study the damage mechanism of face concrete under the
action of freeze–thaw.

Coal is the largest energy source in China, and fly ash (FA) is the main solid waste
of coal-fired power plants. It has broad application prospects in concrete production [10].
Because of its pozzolanic characteristics, FA can be used as a cement substitute in con-
crete and other building applications. It can not only reduce the entry of chloride ions
and other corrosives and improve the durability of concrete, but also reduce produc-
tion costs and environmental pollution. FA has been widely used in the construction
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industry [11]. Ma et al. [12,13] showed that using a certain amount of recycled powder
in concrete has good economic and environmental benefits. The composition of FA is
similar to that of recycled powder, in which sio2 and Al2O3 can promote the pozzolanic
effect and combine with calcium hydroxide to produce additional cement gel, reducing
the permeability and porosity. Since the sphericity of FA particles reduces the discharge
channel and void space, which will reduce the amount of water required in the mixture
by about 2–10%, the reduction of the drainage channel limits the water entry [12]. As a
partial substitute of cement, FA can fill micropores to make concrete denser and reduce its
permeability [13,14]. This study showed that adding FA to improve freeze–thaw durability
is an effective method [15,16]. To meet the freeze–thaw durability of face concrete in cold
areas, FA is widely used as a concrete admixture. Therefore, researchers have conducted
considerable research on the frost resistance of ordinary concrete from a macro point of
view, and put forward practical suggestions [14–16]. Benli et al. [17] studied the effect of
different amounts of FA and silica fume on the frost resistance of self-compacting mortars.
Islam et al. [18] studied the weight and volume changes, compressive strength, dynamic
modulus of elasticity, permeability characteristics, and resistance to rapid chloride ion per-
meability of specimens with different FA contents, and measured the damage degree. The
research showed that FA concrete presented enhanced freeze–thaw deterioration resistance.
Ke et al. [19] made concrete specimens with different FA contents and selected mass loss
rate, dynamic modulus of elasticity, compressive strength, and porosity as damage indexes
to study and analyze the freeze–thaw failure mechanism of concrete. Feng et al. [20] take
the mass loss rate as the frost resistance design index, and think that 45% FA can obtain
the best frost resistance performance. In the micro evaluation of concrete freeze–thaw
damage, SEM technology is used to study the damage mechanism of bond force between
reinforcement and concrete and the micro pore structure after FTC [21]. Liu et al. [22]
considered the microstructure of cement paste from the perspective of thermodynamics,
and quantitatively analyzed the damage caused by freezing and thawing water pressure
through numerical simulation. Convolutional neural network (CNN) is used to identify
the microscopic corrosion damage of steel rust and to test the cracks in concrete bridge
structures [23]. Wang et al. [24] measured the micropore structure of the paste before and
after freeze–thaw by using a high pressure mercury intrusion porosity (MIP), indicating
that the FTC will lead to an increase in micropore content in the pore size range from
25 nm to 250 nm. Through the microscopic test index, combined with the pore system, the
freeze–thaw deterioration mechanism of concrete is analyzed and the effective measures to
improve frost resistance are summarized [25]. Nuclear magnetic resonance (NMR) tech-
nology can obtain pore structure information such as porosity and pore size distribution,
which has been widely used in the study of micro pore structure of rock samples during
freezing and thawing cycles [26–28]. By summarizing the previous research results in the
frost resistance durability of concrete, it can be found that the frost resistance of conven-
tional concrete is mostly studied through macro frost resistance test indicators such as mass
loss rate, RDEM, strength, etc. However, previous studies rarely considered the influence
of microscopic parameters on macroscopic properties. In terms of microscopic testing
methods, there are still some inadequately considered aspects. SEM and MIP experiments
require that the sample size be very small, which makes it difficult to represent the situation
of the whole test piece. SEM images can only obtain real-time observation of a very small
area, and the high pressure during the MIP experiment will introduce additional structural
damage [6]. In addition, the mix proportion of surface concrete is different from that of con-
ventional concrete, and the current conclusions are difficult to represent the face concrete of
rockfill dam. Considering the importance of face slab concrete to a rockfill dam, this paper
studies the influence of FA content on the degradation of mechanical properties of face slab
concrete under FTC conditions, and the relationship between macro quantitative change
and micro qualitative change.

In this study, through the FTC test of concrete with different contents of FA (0–30%),
the changes in the macroscopic comprehensive mechanical properties (mass loss, RDEM,
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and splitting strength) of concrete under the action of FTC were tested, and the changes
in microphysics, porosity and pore diameter, were determined using SEM and NMR.
The effects of different contents of FA on the mechanical properties and microstructure
of concrete were studied. In addition, the relationship between the splitting strength,
RDEM, and pore structure of concrete with different FA contents was established, and the
mechanism of the effect of FA content on the degradation of the mechanical properties of
concrete was revealed from micro to macro.

2. Experimental Program

The purposes of this experiment are to explore the effect of FA content on the freeze–
thaw resistance of concrete and to explain its influence mechanism from micro to macro.
According to the requirements of Chinese standard design code for concrete face rockfill
dams [29], the content of fly ash should not exceed 30%; thus, four groups of concrete
specimens with different FA contents were tested by FTC in accordance with 0, 10%, 20%,
and 30% of the weight of cementitious materials, and the macroscopic properties and
microstructure indexes of the specimens were tested. The flow diagram of the experiment
is shown in Figure 1.

Buildings 2022, 12, 2113 3 of 18 
 

mechanical properties of face slab concrete under FTC conditions, and the relationship 
between macro quantitative change and micro qualitative change. 

In this study, through the FTC test of concrete with different contents of FA (0–30%), 
the changes in the macroscopic comprehensive mechanical properties (mass loss, RDEM, 
and splitting strength) of concrete under the action of FTC were tested, and the changes 
in microphysics, porosity and pore diameter, were determined using SEM and NMR. The 
effects of different contents of FA on the mechanical properties and microstructure of con-
crete were studied. In addition, the relationship between the splitting strength, RDEM, 
and pore structure of concrete with different FA contents was established, and the mech-
anism of the effect of FA content on the degradation of the mechanical properties of con-
crete was revealed from micro to macro. 

2. Experimental Program 
The purposes of this experiment are to explore the effect of FA content on the freeze–

thaw resistance of concrete and to explain its influence mechanism from micro to macro. 
According to the requirements of Chinese standard design code for concrete face rockfill 
dams [29], the content of fly ash should not exceed 30%; thus, four groups of concrete 
specimens with different FA contents were tested by FTC in accordance with 0, 10%, 20%, 
and 30% of the weight of cementitious materials, and the macroscopic properties and mi-
crostructure indexes of the specimens were tested. The flow diagram of the experiment is 
shown in Figure 1. 

 
Figure 1. Flow diagram of the experiment. 

2.1. Materials 
The cement used in the experiment was PO 42.5 ordinary Portland cement produced 

by Hubei Cement Plant, with a specific surface area of 350 m2/kg. The initial setting time 
was 3 h and 18 min, and the final setting time was 3 h and 59 min. The fine aggregate was 
the river sand with a silt content of 0.89% produced in Yichang, Hubei Province, and its 
fineness modulus was 2.78, and the saturated surface dry apparent density was 2612 
m2/kg. Coarse aggregate was composed of gravels with a diameter from 5 to 40 mm, and 

Figure 1. Flow diagram of the experiment.

2.1. Materials

The cement used in the experiment was PO 42.5 ordinary Portland cement produced
by Hubei Cement Plant, with a specific surface area of 350 m2/kg. The initial setting time
was 3 h and 18 min, and the final setting time was 3 h and 59 min. The fine aggregate
was the river sand with a silt content of 0.89% produced in Yichang, Hubei Province,
and its fineness modulus was 2.78, and the saturated surface dry apparent density was
2612 m2/kg. Coarse aggregate was composed of gravels with a diameter from 5 to 40 mm,
and the unit weight was 2500 kg/m3. The class I fly ash with fineness of 8.7% used in the
experiment was provided by Yichang Building Materials Co., Ltd. (Yichang, China). Shanxi
Building Materials Co., Ltd. (Weinan, China) provided the air-entraining agent and the
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water-reducing agent for the experiment. Tap water was used in all the mixtures. The design
of mix proportion and the numbering of the concrete specimens are shown in Table 1.

Table 1. Design of mix proportion and numbering of the concrete specimens (in kilograms per
cubic meter).

Cement FA Sand Stone Water Dosage of FA Water-Reducing Agent Air-Entraining Agent

340 0 553 1291 136 0% 1% 0.02%
306 34 553 1291 136 10% 1% 0.02%
272 68 553 1291 136 20% 1% 0.02%
238 102 553 1291 136 30% 1% 0.02%

2.2. Freeze–Thaw Test

This study examines the mechanisms underlying the effect of FA content on face slab concrete’s
frost resistance. Concrete specimens with dimensions of 100 mm × 100 mm × 400 mm were used
to measure the mass loss rate and RDEM, and the size of 100 mm × 100 mm × 100 mm
was used to measure the splitting tensile strength. After the specimen was finished in the
steel mold, it was placed on the vibrating table to vibrate and compact. After 24 h, the steel
formwork was removed and placed in a standard maintenance box with a temperature of
20 ± 3 ◦C and a relative humidity of 95% for 24 days. Before FTC, samples were immersed in
water for 4 days to make them water-saturated, and then placed into a freeze–thaw machine.

According to Chinese code GB/T 50082-2009, the FTC tests were carried out with
the TR-TSDRSL freeze–thaw machine [30]. The temperature in one cycle set by the FTC
system decreased from 8 ± 2 ◦C to −17 ± 2 ◦C, and then increased to 8 ± 2 ◦C within
4 h. After predefined numbers of FTCs (n = 0, 25, 50, 75, 100) were reached, all specimens
were removed from the test chamber to measure the RDEM and weight, and then recorded.
Dynamic elastic modulus test is a kind of non-destructive testing, and the instrument used
was a DT-W18S dynamic elastic modulus tester to detect the internal damage degree of
face concrete specimens during a freeze–thaw cycle. In accordance with the procedure
requirements, the failure of the specimen is judged by the reduction in RDEM to 60% or its
mass loss rete of more than 5.0%. Three concrete specimens were taken as a group, and
the average value was taken. Three layers of butter and three layers of plastic film were
used as antifriction pads to reduce the influence of test error [31]. Every 50 FTCs, the cube
specimens were removed from the freeze–thaw testing machine, and the splitting tensile
strength, porosity and pore size distribution were tested.

2.3. Splitting Tensile Strength Test

The splitting tensile strength of the concrete was the macroscopic index to evaluate
its frost resistance, and these macroscopic mechanical properties were determined by the
characteristics of their internal microstructure. To determine how FA affects the mechanical
properties of concrete after FTC, the splitting tensile strength was tested using the WAW-
Y1000C-type microcomputer control electrohydraulic servo universal test with a loading
rate 0.05 MPa/s (0.5 kN/s). The splitting tensile strength test of concrete was carried out
with the specimen of 100 mm × 100 mm × 100 mm.

2.4. Microscopic Test

By analyzing the microstructure of concrete, we can determine its macroscopic me-
chanical properties, such as splitting tensile strength. A diamond saw was used to collect
representative samples from the concrete after splitting test with thickness, length, and
width of 1 mm, 3 mm, and 3 mm. Through SEM, the effect of FA content on the microstruc-
ture and mechanical properties of concrete under FTC was revealed microscopically. The
microstructure arrangement of C-S-H and other hydration products in concrete under the
action of FTC was analyzed using a JEOL JSM 7500F Scanning Electron Microscope (SEM).
Before the SEM test, the samples were pretreated by drying, vacuuming, and spraying
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with high-pressure gold to obtain high-quality images. In order to avoid the change of the
surface characteristics of the specimen during SEM analysis, the samples were freeze-dried;
this method is a process in which the frozen sample is placed in high vacuum air and the
water or dehydrating agent in the sample is removed by sublimation. NMR microstructure
analysis was performed by Suzhou Niumag Analytical Instrument Co., Ltd. using an NMR
microstructure analysis system (type: MacroMR12-150H-I, Suzhou, China). In order to fully
understand the internal pore structure of the specimen before and after FTC, we selected 0,
50 and 100 FTCs specimens for NMR testing. In order to eliminate the influence of uneven
freeze–thaw at both ends of the test results during NMR testing, the sample was cut into a
cylinder with a diameter of 50 mm and a height of 50 mm using a cutter. The process is
shown in Figure 2. After sampling, we used a vacuum saturator with a pressure of 0.1 MPa
to saturate the concrete sample, and the evacuation time was 4 h. Next, we soaked the
sample in distilled water for 24 h. To avoid water evaporation impacting the test result, we
wiped off the surface of the water before taking the sample from the water and wrapping it
in plastic, placing it on the NMR instrument to ensure the pore parameters of the sample,
and determining the average value [28,32,33]. The concrete specimens with unknown
porosity were measured by NMR, and the results of porosity and pore size distribution
could then be obtained.
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3. Experimental Results
3.1. Surface Change

The surface change of four groups of concrete specimens subjected to 50 and 100 FTCs
is shown in Figure 3. After 50 and 100 FTCs, the apparent changes of the four groups of
concrete samples are basically the same. With the increase in FTC, the degree of apparent
damage of concrete increases gradually, which is consistent with the research results of
Yao et al. [34]. As the thermal expansion coefficient of ice is greater than that of concrete,
the concrete surface will be subject to freeze–thaw action in both directions during the FTC,
and is more vulnerable to freeze–thaw damage. During the FTC experiment, the apparent
changes caused by 25 FTCs were small, so 50 and 100 FTCs were selected to explain this
problem. It can be seen from Figure 3 that after 50 FTCs, the color of the sample without
FA and the sample with 30% FA became darker, and the surface cement paste felled. The
surface of the sample with an FA content of 20% is relatively complete. After 100 FTCs,
the surface of the specimens with an FA content of 0 and 30% is relatively rough, and the
cement mortar drops seriously. From the perspective of appearance damage, the concrete
specimen with 20% FA has the lightest surface color and the least loss of cement paste on
the surface, so it can be seen that the damage degree is the smallest. However, there are
many holes on the surface of the sample without FA, the aggregate has been exposed, and
obvious defects can be seen on four corners, which shows that the damage is the greatest.
The damage degree under FTC is described by the surface change of the specimen, which
has been used in references [34–36].
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3.2. Mass Loss and RDEM

During FTC, the mass loss rate can be used to determine the degree of concrete spalling.
During the process of FTC, it can be seen from the observation of the concrete surface that
the surface gradually changes from a dense structure to a porous and loose structure, which
is also the reason for the decline of the mass of the specimen. The mass loss rate for the
four groups of specimens is shown in Figure 4. It can be seen that, with the increase of FTC,
the mass loss rate of concrete samples decreases first and then increases, and the mass loss
rate of 10% and 20% FA content samples is basically the same. After 100 FTCs, the mass
loss rate of the four groups of samples was 0.18%, 0.129%, 0.132% and 0.16%, respectively.
The maximum sample of concrete without FA is 0.18%. The sample with an FA content
of 10% and 20% is the minimum, close to 0.13%. In the process of FTC, once microcracks
occur, the intrusion of water will lead to the change of material weight. Generally, if
the surface-peeling mortar weighs more than the water absorbed by the concrete, then
the concrete sample will weigh more; otherwise, it will weigh less. Before 25 FTCs, the
increased water mass is greater than the reduced mass of freeze–thaw damage, so the mass
loss is negative. Figure 4 describes the difference of mass loss of samples with different FA
contents after FTC, and the difference is not obvious, which indicates that the evaluation of
early freeze–thaw damage of hydraulic concrete by mass loss rate is not very accurate, and
it must be supplemented with other damage indicators.

Material properties are reflected by dynamic elastic modulus, and the loss of dynamic
elastic modulus of concrete after FTC means that the material is no longer elastic [31]. As
shown in Figure 5, the RDEM test results were positive. The RDEM of concrete specimens
with FA first increases and then decreases with the increase in FTC time, whereas that of the
specimen without FA is decreasing all the time. After 100 FTCs, the RDEM of the specimen
without FA is the smallest, which is 91.8%. RDEM reflects the internal compactness of
concrete specimens and then their damage changes. FTC will cause internal damage to
the concrete specimens, which will make the structure change from compact to loose, and
cause the RDEM to decrease. The small increase in RDEM value may be related to its
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continuous hydration reaction. The addition of FA reduces the loss of RDEM because the
pozzolanic activity of FA produces more hydrated calcium silicate gel, which fills the pore
space and makes the interior of the concrete compact. The RDEM of the specimen mixed
with 20% FA decreases the slowest, indicating that it has good freeze–thaw resistance.
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Figure 5. RDEM of concrete specimens.

3.3. Split Tensile Strength

The splitting tensile strength of the four groups of concrete specimens with different
FA contents was tested every 25 FTCs. The effect of FA content on the splitting tensile
strength of concrete under FTC action is shown in Figure 6. The splitting tensile strength of
concrete specimens mixed with FA first increases and then decreases with the increase of
FTCs, whereas the splitting tensile strength of the concrete specimen without FA decreases
all the time. When FA is added to concrete, the splitting tensile strength increases, with the
strength of the concrete with 20% FA content increasing the most. Owing to the filling effect
of FA, the pozzolanic effect produces more gel to make the concrete compact and improve
the strength. Before 25 FTCs, due to the prolongation of age and continuous hydration, the
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splitting tensile strength of the concrete mixed with FA increases slightly, which is the same
as the mass loss. In the whole test process, the splitting tensile strength of the concrete
without FA is always lower than that of the other three groups of specimens and decreases
the fastest, followed by that of the specimen with 30% FA, and then that of the specimen
with 10% FA. The splitting tensile strength of the specimen with 20% FA decreases the
most, indicating that the freeze–thaw resistance of concrete can be improved by adding an
appropriate amount of FA. This conclusion is consistent with the results of reference [37].
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Figure 6. Splitting tensile strength of concrete.

3.4. SEM Analysis

In macroscopic tests, the FA content of concrete has a significant effect on frost resis-
tance. The macroscopic properties of materials depend on their composition and internal
structure [38]. To further explore the effect of FA content on the internal damage of
concrete after freeze–thaw from a microscopic point of view, 0 and 100 FTCs specimens
were selected because the difference between these two groups was the largest. The pore
structures of four FA content specimens 0 and 100 FTCs are clearly observed in Figure 7
(10,000× magnification, the scale length is 1 µm).

Figure 7 shows that after 100 FTCs the internal pores of the four groups of concrete
specimens increase, the structure becomes loose, the hydration products change from dense
to loose, and microcracks appear. In Figure 7a, some holes are present in the 0 FTC concrete
sample. The sample without FA has more pores and a looser structure, providing more
channels for water transmission. In Figure 7b–d, the overall structure of the 0 FTC concrete
sample is denser, and the pores are smaller. Some FA particles can be observed at the center.
Given that FA exists in cement paste, it participates in the hydration reaction of cement,
forming a certain amount of calcium silicate hydrate gel, filling the pores, and making the
structure compact. After 100 FTCs, the hydration products of the specimen without FA
become very loose and the integrity of the structure is damaged, which is the reason for
the decrease in RDEM and splitting tensile strength under FTC. For the test piece added
with FAwith a particle distribution range of 1–100 µm fills some large pores, due to its
filling effect, resulting in the increase in the proportion of small pores and slowing down
the freeze–thaw damage of the structure. The structure of the 20% FA specimen is relatively
compact and has good integrity, indicating that the freeze–thaw resistance effect of 20% FA
content is the best.

Cement and FA are hydrated together to form an overall structure by overlapping
their hydration products. Hydration products fill the pores in the concrete, reduce the
porosity, refine and improve the pore structure, and improve the frost resistance.
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3.5. NMR Analysis
3.5.1. Porosity Evolution

The frost resistance of concrete reflects the important indexes of concrete durability.
Most scholars [39–41] think that the main factor influencing concrete’s frost resistance is
the pore structure, considering that concrete has different scales of pores. The ratio of
pore volume to total volume in concrete is called porosity. Figure 8 shows the porosity
of concrete samples measured by NMR. The porosity of concrete specimens with FA first
decreases and then increases with the increase of FTCs, whereas the porosity of the concrete
specimen without FA is always increasing. The addition of FA reduces the porosity of
concrete specimens, and the porosity of the concrete with 20% FA is the lowest. In the
FTC process, the porosity of the specimen without FA is always higher than that of the
three other groups. After 100 FTCs, the porosity of the sample without FA increases to
15%, whereas that of the sample with 20% FA is the lowest at 12.3%. The porosity of the
four groups of concrete is 1.241, 1.218, 1.087, and 1.213 times higher than that of unfrozen–
thawed concrete. This result is due to the influence of repeated entry and exit of water
in and out of concrete pores, hydrostatic pressure, and osmotic pressure in the processes
of freeze–thaw, which further develops, expands, and intersects with one another and
increases the porosity. The porosity of the concrete mixed with 20% FA before and after
freeze–thaw is always the lowest among the four groups, which further confirms that the
content of 20% FA can reduce the porosity of concrete.
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Figure 8. Porosity of concrete with different FA contents.

The results are consistent with the RDEM and splitting tensile strength results, which
were all due to the filling effect of FA, which filled the pores of cement paste, thereby reduc-
ing the internal space of concrete, refining and improving the pore structure, and decreasing
the porosity. The addition of FA improved the microstructure of concrete, strengthened the
bond between aggregate and cement paste, and improved its frost resistance. However, if
the amount of FA is excessive, the cement gel will be relatively reduced, and the remaining
pores will be more after the FA particles are filled.

3.5.2. Pore Size Distribution Evolution

A cement mortar’s pores are distributed among cement grains as a result of cement
hydration. Porosity, pore size distribution (PSD), and pore connectivity affect the per-
meability and frost resistance of concrete. Among them, the PSD can better evaluate the
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comprehensive properties of hydrated cement paste. The porosity and PSD in the samples
under different FTC were detected by NMR. The PSD of the samples under 0 FTC is shown
in Figure 9. The total porosity of the four groups of FA concrete specimens is 12%, 11.6%,
11.3%, and 11.8%, of which that of the specimen with 20% FA is the smallest at 11.3%.
Figure 9 illustrates that the addition of FA reduces the proportion of pores with sizes larger
than 100 nm and increases the content of pores with diameters smaller than 100 nm. The
addition of FA fills some pores larger than 100 nm and reduces the porosity. When 30%
FA is added, the porosity increases in the range of 1000–10,000 nm, which may be because
the addition of excessive FA reduces the volume of cement slurry, lowers the degree of
cementation, and increases the number of pores. Adding FA to concrete improves its bubble
structure, increases the number of small bubbles and gel pores, and reduces the number
of atmospheric bubbles, thus decreasing the distance between two bubbles, which has a
positive contribution to the freeze–thaw durability of concrete.
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Figure 9. Pore size distribution under 0 FTC.

The pore size distribution after 100 FTCs is shown in Figure 10. The total porosity
of the four groups of concrete specimens is 14.9%, 13.1%, 12.3%, and 14.3%, of which the
porosity of 20% FA concrete is the lowest at 12.3%. Figure 10 demonstrates that, after the
FTC, the addition of FA increases the proportion of holes in the range of 10–100 nm and
reduces the number of holes larger than 100 nm. Compared with the concrete specimen
with 30% FA content, that with 20% FA has a similar number of voids in the range of
10–100 nm but a lower number of voids larger than 100 nm. In combination with the results
of RDEM and splitting strength, the reason 20% FA has better freeze–thaw resistance than
30% FA is explained from the microscopic point of view. Figures 9 and 10 demonstrate
that after 100 FTCs, the porosity of concrete specimens with FA content in the four groups
increases by 23.9%, 12.9%, 8.9%, and 21.1%. Among them, the increment in the test piece
with FA content of 20% is the smallest, which is only 8.9%, and the maximum increment in
the specimen without FA is 23.9%. Therefore, the addition of FA controls the increase in
porosity in the FTC process, and the effect of 20% FA is the best.

Generally speaking, concrete deteriorates as the number of macroscopic pores in-
creases, the number of microscopic pores decreases, and microcracks expand. In the FTC
process, the water in the pores of concrete condenses into ice, which increases in volume
and leads to expansion. When the expansion stress exceeds the tensile strength of concrete,
microcracks will appear around the hole. Combined with the changes in mass loss rate,
RDEM, and splitting tensile strength of concrete after FTC, the change in micropore size
is related to macroscopic frost resistance. The pore content smaller than 100 nm has great



Buildings 2022, 12, 2113 12 of 17

influence on the frost resistance durability of fly ash concrete. The freeze–thaw damage of
concrete will be delayed when the number of pores smaller than 100 nm increases and the
number of pores larger than 100 nm decreases. When the number of pores with diameters
larger than 100 nm increases, the freeze–thaw damage of concrete will be aggravated.
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4. Discussion

In order to determine the freeze–thaw degradation mechanism of concrete, micropa-
rameters and macroparameters were fitted to concrete with different FA contents under
freeze–thaw conditions. The relationships between pore structure and RDEM, and between
pore structure and splitting tensile strength were determined, and the influence mechanism
of FA on the freeze–thaw durability of concrete is discussed below.

4.1. Relationship between RDEM and Pore Structure

To obtain reliable test results, concrete specimens with different FA contents after FTC
were analyzed to determine the relationship between RDEM and pore structure. Figure 11
illustrates the relationship between RDEM and the porosity of concrete specimens with
different FA contents under the action of FTC. RDEM decreases with the increase in porosity,
and a nonlinear negative correlation is presented.

The most probable pore diameter refers to the pore with the most obvious change
in total volume when the pore diameter of this part changes [42]. It is obtained from
NMR pore size distribution data, and it is the pore with the largest percentage of porosity.
Figure 12 depicts the relationship between the evolution of RDEM and the most probable
pore diameter. The figure shows a negative linear correlation between the RDEM of
concrete and the most probable pore size no matter how much FA is added in the FTC. At
the microlevel, freeze–thaw damage affects the number of pores connected and the way
water is transported.
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Figure 11. Relation between RDEM and porosity.
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4.2. Relationship between Splitting Tensile Strength and Pore Structure

To study the effect of FTC on the splitting tensile strength of concrete, we investigated
the relationship between splitting tensile strength and pore structure of specimens with
different FA contents under FTC condition. The relationship between splitting tensile
strength and the porosity of concrete under FTC is shown in Figure 13. In Figure 13 and the
above formula, there is a nonlinear negative correlation between splitting tensile strength
and porosity, regardless of FA content. As porosity increases, splitting tensile strength
decreases. In microstructure analysis, increased porosity leads to more water transport
channels and accelerated freeze–thaw damage.

The relationship between the splitting tensile strength of concrete blocks with different
FA contents and the most probable pore size is shown in Figure 14. The figure illustrates
that the relationship between the splitting strength and the most probable pore size is
linear and negative in the FTC process. The splitting tensile strength decreases with the
increase in the most probable pore size, which is due to the increase in internal microcracks
and capillary pores after repeated FTC. Concrete microstructure distribution is affected
by these pores and pore water migration is accelerated by them. Water becomes ice, and
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volume expansion causes tensile stress, resulting in new microcracks and thus reducing
the strength.
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Figure 14. Relationship between splitting tensile strength and the most probable pore size.

4.3. Mechanism of the Effect of FA Content on the Mechanical Properties of Concrete

The relationship between the content of FA and splitting tensile strength and RDEM
under FTC condition shows that the addition of FA improves the initial splitting tensile
strength and frost resistance of concrete. The micro-morphology shows that the concrete
with 20% FA content has a denser structure and fewer pores. According to the relationship
between porosity and RDEM, the RDEM decreases with the increase in porosity. The
relationship between porosity and splitting tensile strength shows that the splitting tensile
strength decreases with the increase in porosity. The most probable pore size represents the
largest pore in the porosity, so it reflects the porosity to a certain extent and affects RDEM
and splitting tensile strength. This finding is proved by the linear negative correlation
between the most probable size and RDEM and splitting tensile strength. The analysis
results show that the addition of FA reduces the mass loss rate of concrete, RDEM, and
porosity, and increases the splitting strength. The reason is that the pozzolanic activity of FA
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produces more hydrated calcium silicate gel, fills part of the pore space, improves the pore
structure, reduces the migration of pore water, and enhances the freeze–thaw resistance
of concrete. Given that the secondary hydration of FA needs cement hydration products
as activators, when the content of FA is excessive, the amount of cement is very small.
Consequently, hydration products of cement are very few, and the secondary reaction of FA
slows down. The amount of hydrated calcium silicate gel produced is small, which is not
enough to effectively fill the pores and spaces in the concrete that are beneficial to strength
and durability; as a result, the internal structure of the concrete is loose, and finally the
porosity of the concrete increases and the frost resistance decreases.

5. Conclusions

The relationship between the mechanical properties and microstructure of concrete
with different FA contents under FTC was studied, and the influence mechanism of FA
content on the frost resistance durability of concrete was revealed from macro to micro. On
this basis, the relationship between RDEM, splitting tensile strength and pore structure of
the face slab concrete with the studied mix ratio was obtained. The main conclusions are
summarized as follows:

(1) The effect of FA on the strength of concrete under freeze–thaw cycles mainly in-
cludes the changes in initial strength and frost resistance durability of concrete. After
100 FTCs, the splitting tensile strength of the test pieces with an FA content of 0, 10%,
20% and 30% are 2.94 MPa, 3.24 MPa, 3.47 MPa and 3.15 MPa, respectively. The
splitting tensile strength of the concrete with an FA content of 20% is the highest,
reflecting the best frost resistance.

(2) The frost resistance of concrete is mainly affected by the content of pores with a pore
diameter lower than 100 nm. The filling and secondary hydration of FA can improve
the porosity and PSD of concrete to some extent, but excessive FA content will affect
the secondary reaction and the formation of hydrated calcium silicate gel. 20% FA
concrete has the lowest initial porosity, more pores below 100 nm, and more uniform
pores, so it has the largest initial splitting tensile strength and the best frost resistance.

(3) In the process of FTC, there is a nonlinear negative correlation between RDEM and
porosity of concrete with different FA contents, and there is a linear negative correla-
tion between the splitting strength and the most probable pore size. These relation-
ships indicate that the strength of concrete under FTC is mainly controlled by porosity,
and FA content affects the evolution of porosity during freeze–thaw cycles.

(4) This study provides a certain reference for the improvement of initial strength and
frost resistance of concrete in cold regions, and gives the suggested FA parameters,
which can provide a new idea for concrete mix proportion design based on durability.
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