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� Interaction effect accelerates the deterioration rate of the pore-structure.
� The relationship between flexural strength and pore structure is analyzed using gray relational analysis.
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a b s t r a c t

To explore the correlation between the flexural strength decay and the pore structure evolution of pave-
ment concrete in seasonal frozen regions, 4 stages of an interaction experimental scheme were designed.
The characteristic parameters of pore structure under the interactions were quantitatively characterized,
and the correlation between the flexural strength decay and the microstructure evolution was discussed.
The results show that the flexural strength of concrete under this interaction presents a parabolic atten-
uation trend. The specific surface area, the most probable aperture and the less harmful pores were the
most important microstructure parameters affecting the flexural strength of concrete; their gray correla-
tions were 0.8 or greater. Further, the regression analysis shows that there is a good linear relationship
between the flexural strength attenuation and the pore structure evolution; the regression coefficient
reaches 0.845.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Pavement concrete undergoes fatigue load and freeze–thaw
interaction in seasonal frozen regions, accelerating the deteriora-
tion rate of the concrete structure [1,2]. The performance and dura-
bility of pavement concrete will deteriorate due to microstructural
damage occurring in the early stage of life [3,4]. As a result, the
development and application of concrete pavement were restricted
in seasonal frozen regions [5]. Pavement concrete is a porous mate-
rial, and the strength of the concrete was affected directly by the
internal pore structure. The pore structure deterioration was the
attenuation mechanism of flexural strength [6–8].

Omkar et al. compared the pore structure of concrete before and
after fatigue load, and they concluded that an increase in pore
volume fraction by approximately 10% resulted in a reduction in
the compressive strength by approximately 50% [9]. Zhang et al.
determined that the pore grading transferred from a smaller pore
to a larger pore by studying the structure of concrete pores under
the action of the freeze–thaw cycle [10]. Park et al. found that the
long-term strength loss of concrete was caused by an increase in
the total porosity and amounts of smaller pores in the material
[11]. Some other literature showed that the loss of long-term
strength is induced by an increase in porosity and an increased
incidence of microcracking in cement paste [12,13]. On the other
hand, some research has been conducted on the correlation
between the macroscopic properties of concrete and its pore struc-
ture. Ozturk et al. established the relationship between concrete
strength and porosity by regression analysis of a large number of
experimental data [14]. Older et al. studied the strength and pore
structure of concrete with different water-cement ratios and estab-
lished a model of the relationship between strength and pore size
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distribution using a linear regression method [15]. Kumar et al.
introduced the average pore size to establish the relationship
between the concrete strength and pore structure based on the
porosity [16]. Zhou et al. found that there was a good linear corre-
lation between porosity parameters and strength [17]. Jin SS et al.
established a multivariate model of the fractal dimension and
strength of concrete through regression analysis [18].

Therefore, a considerable amount of research has been reported
on concrete strength and pore structure. However, the current
studies mainly focus on the compressive strength of the concrete
and the effect of a single environmental factor on the concrete.
The deterioration of the flexural strength of pavement concrete
was more important than the compressive strength [19]. The pave-
ment concrete in seasonal frozen regions is subject to load fatigue
and freeze–thaw cycles, causing pore damage and attenuation of
flexural strength [20]. Little studies involve the external environ-
ment that cannot reflect the true relationship between the pore
structure and pavement concrete strength.

This paper aims to determine the relationship between the pore
structure of pavement concrete and its flexural strength under the
interaction of fatigue load and the freeze–thaw cycle. Furthermore,
the gray relational method was used to analyze the pore structure
and flexural strength under this interaction. Finally, the model
between the deterioration of the flexural strength of pavement
concrete and the evolution of microstructures was established.
2. Materials and methods

2.1. Materials

The cement selected in this study is P.O 42.5R Portland cement
with a density of 3112 kg/m3. Its chemical composition is listed in
Table 1. Fly ash with a specific area of 270 m2/kg produced by
Datang Hangcheng Co. Ltd. and mineral powder with a specific
area of 560 m2/kg produced by Yaozhou Co. Ltd. were both added
to improve the performance of the concrete pavement.

According to the standard [21], the coarse aggregates were
obtained from Fuping in northwest China. Crushed limestone with
grain sizes ranging from 4.75 mm to 19 mm was used as coarse
aggregates. Main properties of the coarse aggregates are listed in
Table 2. Fine aggregates with a density of 2650 kg/m3 were
obtained from Ba Bridge, Shaanxi.

A high-performance superplasticizer (KDSP-1) produced by
Shanxi Kaidi Building Materials Co. Ltd. was used as water reducing
agent. The rate of water reduction can be as high as 26%, the gas
content can reach 5%, and the recommended dosage is approxi-
mately 0.8–1.2%.

2.2. Mix proportion design

The mix designation of concrete (C40) can be carried out in
accordance with the standard [22]. In order for the road concrete
to have excellent mechanical properties and durability, the mix-
ture must be optimized. An orthogonal L9(34) test was adopted
here to optimize pavement concrete. The adopted slump, flexural
strength (ff), compressive strength (fc), and the relative dynamic
elastic modulus after 200 freeze–thaw cycles (D200) were as opti-
mization indicators. The experimental plans and results are shown
in Table 3.
Table 1
Chemical composition of P.O 42.5R.

Composition C3S C2S

W (%) 57.46 21.88
The results of the orthogonal pavement concrete test were ana-
lyzed using the range analysis method, and the influence of the
water to binder ratios, water reducing to binder ratios, admixture
content and unit cement dosage on the workability, as well as
the mechanical properties and durability of the pavement con-
crete, were determined. The optimization results are shown in
Table 4.

All mixtures were cast in a mold with dimensions of 100 mm �
100 mm � 400 mm consolidated by a vibrating table and trowel
finished. All samples were demolded after 24 h and cured for 90
days under a temperature of 20 ± 2 �C and relative humidity of
approximately 95%. After curing, interaction tests were carried out.

2.3. Test methods

2.3.1. Interaction test
The freeze–thaw cycle in seasonal frozen regions usually takes a

longer period, and the effect on the cement pavement is time-
dependent. Both the role of traffic load on the pavement and effect
on the cement pavement are instantaneous [23]. That means the
relationship between freeze–thaw and fatigue load is not a com-
plete coupling relationship but an interaction. Thus, the interaction
of traffic load and the freeze–thaw cycles was simulated in this
investigation.

Fatigue loading was completed by MTS-810, and the effects of
ordinary traffic and heavy traffic on cement pavements were sim-
ulated by 0.5 and 0.8 of the ultimate load of concrete, respectively
[24]. A three-point sine wave function with a loading frequency of
10 Hz and a 0.1 ratio between the low stress and high stress was
adopted to simulate vehicle driving on the road [25]. The freeze–
thaw test was carried out in accordance with the Chinese Standard
GB/T 50082-2009 [26]. A fast freeze–thaw test device (KDR-III) was
used to complete the freeze–thaw cycle. The freezing temperature
of concrete ranged from -18 �C to 5 �C. The time for each freeze–
thaw cycle was 4 h, which included 2 h for freezing and 2 h for
thawing.

According to recommendations in the literature, a four-stage
interaction of the fatigue load and freeze–thaw cycle was designed
[27]. The interaction test is comprised of 7.2 million fatigue loads
and 75 freeze–thaw cycles. Through the preliminary interaction
test, it was found that the pavement concrete was destroyed pre-
maturely under the interaction of high stress levels and the
freeze–thaw cycle. Therefore, reducing the number of freeze–thaw
cycles to 50 in each interaction test avoided excessive destruction
of the specimen. At the same time, due to the slow pavement con-
crete damage in the early stage, the microstructure and strength of
the specimens after the first interaction test were not tested. In all,
the controlled concrete was defined as stage I, and the specimens
after two interaction tests were defined as stage II. Then, the spec-
imens subjected to every interaction test were defined as either
stage III and stage IV. The detailed program of the interaction test
is shown in Fig. 1 and Table 5.

2.3.2. Flexural strength test
The flexural strength test of pavement concrete was carried out

by using a YES-300B tester. According to the standard [28], the
loading rate ranged from 0.05 MPa/s to 0.08 MPa/s.

Every group with 3 specimens was tested with fatigue load and
freeze–thaw cycle interaction under stress levels of 0.5 (0.5S and
C3A C4AF f-CaO

7.03 13.14 0.59



Table 3
Design and results of pavement concrete orthogonal experiment.

No. Water to binder
ratios

Water reducing to binder ratios
(%)

Admixture content
(%)

Unit cement
dosage
(kg/m3)

Test result

Slump
(mm)

28 d ff
(MPa)

28 d fc
(MPa)

D200
(%)

1 0.37 0.6 15 295 35 6.07 45.3 85
2 0.37 0.8 25 315 45 5.68 41.7 89
3 0.37 1.0 35 335 50 6.43 49.9 86
4 0.34 0.6 25 335 35 6.94 48.2 88
5 0.34 0.8 35 295 30 6.53 46.8 87
6 0.34 1.0 15 315 35 6.61 47.5 85
7 0.31 0.6 35 315 20 6.04 50.2 88
8 0.31 0.8 15 335 25 5.86 43.5 87
9 0.31 1.0 25 295 25 6.12 44.9 91

Controlled concrete

Fatigue load (7.2 million times)

Freeze-thaw cycling (75 or 50 times)

Interaction test

Interaction test

Stage I

Stage II

Interaction test

Stage III

Interaction test

Stage IV
End

Fig. 1. Flow chart of interaction experiment.

Table 4
Concrete pavement mix design.

Water to binder ratios (%) Cement Powder Flay ash Water Coarse aggregate Sand Water reducer

kg/m3

0.34 315 63 42 143 1114 734 2.52

Table 2
Main properties of coarse aggregates.

Items Density (kg/m3) Crushing value (%) Needle plate (%) Sediment percentage (%) Organic content (%)

Test value 2800 7.0 4.5 0.4 0.4
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F-T) and 0.8 (0.8S and F-T). After testing, the flexural strength of
the specimen was determined, and the average value of the test
result was taken as the result.
Table 5
Test scheme of fatigue load and freeze–thaw interaction.

Interaction phase Stress level of 0.5

Fatigue load (million times) Freeze-thaw cycles (

I 0 0
II 14.4 75
III 21.6 150
IV 28.8 225
2.4. Pore structure quantification

2.4.1. Mercury injection test
Vibratory grouting technology was adopted in the construction

of concrete pavement, and the pore structure of pavement concrete
varies with the slab thickness. To ensure the mercury injection test
results are representative, stratified sampling was used in this
study. 5 mm � 5 mm � 5 mm slices were obtained from the mid-
dle of concrete specimens using a cutting machine, and the sam-
pling location was as shown in Fig. 2. After sampling, the surface
of each slice was cleaned with anhydrous ethanol, and then the
slices were dried in an oven.

Porosity is the ratio of the pore volume to the concrete volume,
and it can reflect the concrete density. The specific surface area
(SSA) is the total area of the internal pores per unit mass of mate-
rial, which can reflect the pore size distribution in the case of the
same porosity. The average pore diameter (APD) and area middle
aperture (AMA) can reflect the pore size from the diameter and
area of pores, respectively. The pore parameters and pore size dis-
tribution of pavement concrete were measured by an AutoPore IV
9510 mercury porosimeter, from the Northwest Research Institute
of Chemical Industry. The first mercury injection and mercury
removal were performed to obtain a mercury injection curve and
mercury removal curve after the slices were evacuated. Then, sec-
ondary mercury injection was performed to obtain the porosity
and pore size distribution (PZD), and SSA, APD, AMA and most
probable aperture (MPA) were obtained by data processing.
Stress level of 0.8

times) Fatigue load (million times) Freeze-thaw cycles (times)

0 0
14.4 50
21.6 100
28.8 150



Y1

Y2

Y3

I

I Unit : mm

Fig. 2. Sampling locations of the mercury injection test.

A. Shen et al. / Construction and Building Materials 174 (2018) 684–692 687
2.4.2. Optical microscopy test
The pore spacing factor (PSF) is the distance between bubble

centers, and it can reflect the ability of pores to diffuse internal
stresses in concrete structures. Stomatal structure parameters
were measured by a digital stereomicroscope (SZ-DM200, Chongq-
ing Ott Optical Instrument Co., Ltd.). 1-cm-thick slices were
obtained from the middle of concrete specimens, and the surface
of the slices were cleaned with anhydrous ethanol. Abrasive papers
with grits from #200 to #1000 were used to polish the slices. A pol-
ishing machine with chromium oxide was adopted to polish the
slice surfaces, and then the slices were cleaned and dried. PSF could
be calculated by the length and quantity of stoma according to the
standard [22].
3. Results and discussion

3.1. Flexural strength

The flexural strength result is illustrated in Fig. 3. The flexural
strength of concrete under interaction showed a parabolic attenu-
ation trend. Compared with the initial flexural strength, the flexu-
ral strength of pavement concrete decayed by 0.29 MPa (stage II),
0.68 MPa (stage III) and 2 MPa (stage IV) under the interaction of
the 0.5 stress level and the freeze–thaw cycles. Meanwhile, the
flexural strength of pavement concrete decayed by 0.56 MPa (stage
II), 1.22 MPa (stage III) and 3.13 MPa (stage IV) under the interac-
tion of the 0.8 stress level and the freeze–thaw cycles. Clearly, the
flexural strength attenuation of concrete was not significant in the
early stage. With the increase in interaction times, the deteriora-
tion of the flexural strength gradually increased until the service
life of the pavement concrete was seriously affected because the
flexural strength was greatly reduced at the late stage.
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Fig. 3. Flexural strength of concrete under different interactions.
Compared with the interaction under different stress levels, the
flexural strength with interaction under a stress level of 0.8 is
lower than that with interaction under a stress level of 0.5, respec-
tively, by 4% (stage II), 8.3% (stage III) and 21.8% (stage IV). This
suggests that the higher stress level will accelerate the concrete
flexural strength attenuation. In particular, the interaction of heavy
traffic and freeze–thaw cycles will considerably deteriorate the
flexural strength of pavement concrete at the late stage of
interaction.
3.2. Characteristic parameters of pore structure

Specimens subjected to the interaction were sampled for pore
structure testing. The average values of the pore characteristic
parameters of different sampling locations were used as the pore
structure test results of the whole specimen, as shown in Fig. 4.

In Fig. 4(a), the porosity inside the pavement concrete with dif-
ferent interactions decreases first and then increases, and the
porosity at the 0.8 stress level is greater than that at the 0.5 load
level. Compared with the initial porosity of pavement concrete,
the porosity in stage II is reduced by 55.5% (0.5 stress level) and
38.9% (0.8 stress level). It is suggested that the porosity decreases
and the compactness increases in the early stage of interaction.
Then, the porosity increases and the internal density decreases
continuously with the increase in the interaction phase. It can be
seen that the loading stress and the crystallization expansion of
the freeze–thaw cycle promote the development of pores and
accelerate the pore structure damage.

In Fig. 4(b), the change trend of the specific surface area is com-
posed of two parabolas, which are gradually transited from a con-
cave parabola to a convex parabola. Before the first turning point,
the specific surface area was reduced and was then increased
between the first and second turning points; finally, the specific
surface area decreased after the second turning point. This result
was caused by the composite effect of pore over-compression
and the splitting effect. Comparing the specific surface area under
the interaction of different stress levels, it differs by 0.8% (stage II),
5.6% (stage III) and 2.3% (stage IV) between the 0.5 stress level and
the 0.8 stress level. Little attenuation difference occurs for the
specific surface area under the interaction of different stress levels.

As presented in Fig. 4(c) and (d), the average pore diameter and
area middle aperture have similar patterns of change, both increas-
ing first and then decreasing. This means that in the early stages of
interaction, the pores in the concrete are constantly coarsening.
Combined with the porosity change, this is due to the load effect
and the freeze–thaw effect on the compression of small pores
and expansion of large pores, resulting in the overall increase in
pore diameter. Then, the expansion and deformation of the large
pores reached the limit and the split occurred, resulting in an over-
all decrease in number of pores. After stage II, the average pore
diameter and area middle aperture continuously decrease, show-
ing that the interior pores of the pavement concrete continue to
refine after considerable fatigue loading and freeze–thaw
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Fig. 4. Variation in characteristic parameters of concrete pavement under different interactions.
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Fig. 6. Variation in pore size distribution in pavement under interaction at the 0.8
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interaction. In Fig. 4(e), the most probable aperture slightly
decreases and then tends to be 38.6 nm, which shows that the
effect of interaction on the most probable aperture is not
significant.

The pore spacing factor of pavement concrete increases with
the increase in interaction, and the growth trend is approximately
exponential, as shown in Fig. 4(f). The hole spacing factor increases
by 17.8% (stage II), 38.4% (stage III) and 84.8% (stage IV) under
interaction of the 0.5 stress level. When the test condition is under
interaction of the 0.8 stress level, the hole spacing factor increases
by 10.6% (stage II), 23.8% (stage III) and 74.5% (stage IV). The
increase in the pore spacing factor indicates frost resistance atten-
uation of pavement concrete after interaction. In particular, the
pore spacing factor of stage IV of interaction is as high as 0.279
mm (0.5 stress level) and 0.263 mm (0.8 stress level), which show
that the frost resistance of pavement concrete is seriously attenu-
ated. Comparing the pore spacing factor under the interaction of
different stress levels, it can be found that the pore spacing factor
under the interaction of the 0.5 stress level is larger than under the
0.8 stress level. This is because the low stress level corresponds to
more freeze–thaw times in the design of the scheme, indicating
that the effect of the freeze–thaw action on the pore spacing factor
is more significant than that of the load.

3.3. Pore size distribution

The pores inside the concrete are divided into harmless pores
(aperture smaller than 20 nm), less harmful pores (aperture range
from 20 nm to 50 nm), harmful pores (aperture range from 50 nm
to 200 nm) and more harmful pores (aperture larger than 200 nm)
according to the aperture division principle by Wu ZW [29]. The
average value of the pore size distribution in different sampling
positions is used as the pore size distribution of the specimens
under interaction, as shown in Figs. 5 and 6. From the figure it
can be seen that the harmless pores gradually disappear, and the
more harmful pores increase. There are small changes of less harm-
ful pores and harmful pores.

Combining the pore size distribution analysis with the change
rules of the pore characteristic parameters under the interaction,
it is clear that some of the small pores are compressed, and big
pores expand in the early stage of interaction. As a result, the pro-
portion of harmless pores is reduced by compression, and harmful
pores expand into more harmful pores. In this stage, the total pore
volume in the pavement concrete decreases, and the porosity
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Fig. 5. Variation in pore size distribution in pavement under interaction at the 0.5
level.
decreases. The increase in the interaction results in higher concrete
porosity and the presence of more harmful pores. When the expan-
sion deformation of big pores reaches the limit, the pores will split
into small pores and cause an increase in the proportion of harmful
pores.
3.4. Pore structure deterioration mechanism

Fig. 7 illustrates the deterioration process of the pore structure
under different stages of interaction. Fig. 7(a) shows that there are
many different kinds of pores in pavement concrete after interac-
tion. A crack with a width of approximately 4 mm is generated
around the pore. Fig. 7(b) shows that the pores continue to
increase, an obvious crack appears in the pores density, and origi-
nal cracks expand in both length and width. Further, a vertical
microcrack occurs in the middle of the original crack under inter-
action of fatigue load and freeze–thaw cycling. In stage IV of inter-
action, as shown in Fig. 7(c), the set cement becomes loose, while
the pore expands and gradually connects. A large number of micro-
cracks can be seen inside the matrix and the interface transition
zone. As the interaction proceeds, the cracks continuously expand
and penetrate to form cross cracks, causing serious damage to the
internal structure. The expansion and contraction stresses caused
by the freeze–thaw cycle as well as the load stress may cause these
results. Thus, the complex stress on the concrete pavement leads to
pore structure deterioration, resulting in the generation of a large
number of new cracks.
4. Correlation analysis of flexural strength and pore structure

4.1. Gray relational analysis

The gray relational analysis (GRA) results in essential contents
of the gray system theory formulated by Deng Julong [30]. The
word ‘‘gray” here means poor, incomplete, uncertain, etc. It can
be used to look for the link in an unknown system through limited
data. In this paper, there are many parameters that can character-
ize pores but less data of each parameter. To reflect the significant
effect of different pore parameters on the macroscopic perfor-
mance, GRA has been adopted to discuss the influence of different
pore parameters on the flexural strength of pavement concrete
[31,32].
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Fig. 7. Microstructure of concrete specimens under different stages of interaction.
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The flexural strength under interaction as the original reference
sequence represented by Y(k), the pore characteristics parameters
and the pore size distribution are used as the comparability
sequence represented by Xi(k). Their absolute difference at point
k is denoted by DiðkÞ,where i ¼ 1;2; :::;m; k ¼ 1;2; :::n. Based on
the output parameter value desired, Eq. (1) was used for normaliz-
ing the experimental data.
X 0
iðkÞ ¼ XiðkÞ=Xið1Þ

Y 0ðkÞ ¼ YðkÞ=Yð1Þ ð1Þ

After normalizing, the gray coefficient at point k is calculated
using Eq. (2).
ciðkÞ ¼
Dmin þ n � Dmax

DiðkÞ þ n � Dmax
ð2Þ
where Dmin ¼ miniminkDiðkÞ, Dmax ¼ maximaxkDiðkÞ, and n � ½0; 1�
is the distinguishing coefficient and is chosen as n ¼ 0:5 in this
paper.

Then, the gray grade is obtained from Eq. (3).

ci ¼
1
n

Xn

k¼1

ciðkÞ ð3Þ

where the gray grade ci represents a numerical measurement of the
correlation between the reference sequence and the comparability
sequence. The more coincidental the two sequences are, the closer
the value of the gray grade is to 1.
4.2 Regression analysis based on gray theory

Concrete strength is determined by its internal microstructure,
the essence of the deterioration of the flexural strength of pave-



Table 6
Gray correlation degree between flexural strength and pore characteristic parameters under interaction.

Stress level Porosity SSA AMA APD MPA PSF

0.5 0.7643 0.8264 0.5507 0.5788 0.8960 0.6487
0.8 0.8013 0.8062 0.5759 0.5552 0.8507 0.6870

Table 7
Gray correlation degree between flexural strength and pore size distribution under interaction.

Stress level <20 nm 20 nm–50 nm 50 nm–200 nm >200 nm

0.5 0.6716 0.8687 0.7768 0.6830
0.8 0.7158 0.8834 0.7692 0.6693
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ment concrete under the interaction of fatigue loading; freeze–
thaw is the damage evolution of the microstructure [6,33]. There
are many parameters that characterize the pore structure of con-
crete, which reflect the internal defects of concrete structures in
different aspects and affect the flexural strength of concrete to a
certain extent. The calculation results of GRA are shown in Tables
6 and 7.

It can be seen from Table 6 that the correlation between the
most probable aperture and the flexural strength is the highest,
and the gray correlation is above 0.85. The correlations between
the flexural strength and the pore parameters of the interaction
of different stress levels are basically similar. Under the interaction
of the 0.5 stress level, the order of correlation is the most probable
aperture > specific surface area > effective porosity > pore spacing
factor > average pore diameter > area middle aperture. While
under the interaction of the 0.8 stress level, the correlation of area
median aperture is higher than the average pore diameter.

It can be seen from Table 7 that the correlation between the
flexural strength and pore size distribution under interaction of
different stress levels are different. The order of correlation is less
harmful pores > harmful pores > more harmful pores > harmless
pores under interaction of the 0.5 stress level, while the order of
correlation is less harmful pores > harmful pores > harmless
pores > more harmful pores under interaction of the 0.8 stress
level. The correlation between flexural strength and less harmful
pores is highest, and the gray correlation is above 0.85. The conclu-
sion is that the less harmful pores have a significant effect on flex-
ural strength.

It can be seen that the gray correlation of the most probable
aperture, specific surface area, or the less harmful pores and flexu-
ral strength reach 0.8 or greater under the interaction through the
above analysis. At the same time, some research results show that
the porosity has an important influence on the strength [34–36].
Therefore, the porosity and most probable aperture, specific sur-
face area and less harmful pores are adopted as influence factors
of flexural strength. The regression analysis result of flexural
strength and microstructure under interaction through SPSS is as
follows:

f
f 0

¼ �0:410
Pp

Pp0
þ 0:395

S
S0

þ 0:660
Ps

PS0
þ 2:349

PM

PM0
� 2:002

R2 ¼ 0:877 ð4Þ

where f, Pp, S, Ps, PM are respectively the flexural strength, porosity,
less harmful pore, specific surface area and the most probable aper-
ture after interaction; f0, Pp0, S0, PS0, PM0 are respectively flexural
strength, porosity, less harmful pore, specific surface area and the
most probable aperture before interaction.

It can be seen from the regression results that there is a nega-
tive correlation between the porosity and loss of flexural strength,
while the correlation between the less harmful pores, the specific
surface area or the most probable aperture and the flexural
strength are positively correlated. Furthermore, the regression
coefficient R2 reaches 0.877, showing that there is a good linear
relationship between the flexural strength loss and the pore struc-
ture evolution under the interaction.
5. Conclusion

In this paper, the deterioration mechanism of concrete pore
structure under the interaction of fatigue loading and freeze–thaw
with different stress levels has been tested. Pore structure charac-
teristic parameters, pore size distribution and a correlation analy-
sis of flexural strength and pore structure were discussed. The
following concluding conclusions can be drawn:

(a) The flexural strength of pavement concrete shows a para-
bolic attenuation trend under the interaction of fatigue load
and the freeze–thaw cycle. As the load stress level increases,
the degree of concrete deterioration deepens. The concrete
strength decreased by 28.1% (0.5 stress level) and 43.8%
(0.8 stress level) in stage IV of interaction, respectively.

(b) The porosity inside pavement concrete under interaction
decreases first and then increases, and the greater of load
stress level is, the larger the porosity. However, there is
not much attenuation difference of the specific surface area
under the interaction of different stress levels, and the effect
of interaction on the most probable aperture is not signifi-
cant. At stage IV of interaction, the pore spacing factor
reached 0.276 mm (0.5 stress level) and 0.263 mm (0.8
stress level), indication that the frost resistance of pavement
concrete is seriously reduced. The effect of the freeze–thaw
action on the pore spacing factor is more significant than
that of the load.

(c) The more harmful pores increase continuously, while the
harmless pores decrease under the interaction. Cracks are
generated with the pore structure deterioration. As the
interaction proceeds, the set cement becomes loose, while
the pores expand and gradually connect. A large number of
microcracks can be seen inside the matrix and the interface
transition zone, causing serious damage to the internal
structure.

(d) The gray correlation of the most probable aperture, specific
surface area, and less harmful pores and flexural strength
reach 0.8 or more, which were the most important
microstructures affecting the flexural strength. There is a
good linear relationship between the flexural strength and
pore structure under the interaction.

The current study investigated the deterioration process of
micropores under interaction. Cracks and the interface transition
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zone are important factors affecting the deterioration of the flexu-
ral strength of concrete. Therefore, a model containing the three
factors, which can be used to predict concrete damage needs to
be further investigated.
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