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The grey correlation theory and multiple regression method are used to reveal macro performance degradation rules of road
concrete under loading and freeze-thaw and drying-wetting cycles; then the correlation between mesoscopic pore structure and
residual strength and antifreezing index of concrete is analyzed. Under the freeze-thaw and drying-wetting cycles with 50% loading
level, the pore structure parameters that influence concrete strength show the following sequence: fractal dimension > most
probable pore size > porosity > less harmful pore. The correlation between strength and pore parameters can be represented
with multiple nonlinear equations. A negative correlation is shown between strength and fractal dimension and most probable
pore size. Conversely, a positive correlation is shown between strength, porosity, and less harmful pore. Under the freeze-thaw
and drying-wetting cycles with 80% loading level, the pore structure parameters that influence concrete strength show another
sequence: fractal dimension > porosity > less harmful pore >most probable pore size. The correlation between antifreezing index
and pore parameters should be described with multiple linear equations. The relative dynamic elastic modulus shows a positive
correlation to most probable pore size, pore surface area, and porosity but a negative correlation to less harmful pore and pore
spacing coefficient.

1. Introduction

Establishing the relationship betweenmaterials structure and
performance has been a central content of materials sci-
ence research. Professors Wu and Lian [1, 2] propose that
the relation between different structure dimensions should be
paid attention in research of concrete science and technology.
Currently, scholars at home and abroad have carried out
mechanical and durability research of concrete based on the
mesostructure and microstructure level [3–8]. But the re-
search achievement was rarely obtained about the relation-
ship between pore structure and macro performance. So the
fracture mechanics of concrete are urgent to be resolved. The
destruction of road concrete is attributable to the interac-
tion of loading and environment temperature-humidity. The

performance degradation of concrete would be accelerated
when these factors alternate frequently. The failure condition
of concrete in seasonal frozen area is studied in this paper.The
relationship between mesostructure and macro performance
is established which provides theoretical basis for concrete
application and performance evaluation of this area.

Themesopore structure of concrete has a significant influ-
ence on themacro strength and antifreezing performance [9–
12]. The pore structure is composed of several parameters,
such as porosity, pore surface area, area median aperture,
average aperture, most probable aperture, and pore fractal
dimension. The concrete performance is affected by these
parameters in different aspects and degrees [13–17]. In order
to determine influence degree of every parameter and the
main parameter, the grey system theory [18, 19] is needed
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Table 1: Fatigue test conditions under loading and freeze-thaw and
drying-wetting cycles.

Climatic region

Factors

Loading
Temperature and

humidity
Winter Summer

Alternating cold
and drying-wetting
region

50%; 80%

Temperature:−18∘C∼+5∘C;
humidity:
20%∼40%

Temperature:
25∘C∼35∘C;
humidity:
60%∼80%

as traditional mathematical theory cannot be achieved. Grey
correlation analysis is an effective system analysis method
in grey system theory. It takes the uncertainty system with
small sample and poor information as research object. After
data processing, the main factors that influence research
object would be found in random factors series. Therefore,
it is especially suitable for the analysis of uncertain and
complicated problems.

The basic steps of grey correlation analysis to deal with
the problem are as follows.
(1)Determine reference sequence that reflects the behav-

ior characteristics of system Χ𝑖 = {𝑥𝑖(𝑘)|𝑥𝑖(1), 𝑥𝑖(2), . . .,𝑥𝑖(𝑛)|}, 𝑖 = 0, 1, 2, . . . , 𝑚, and comparative sequence com-
posed of each factor which affects system behavior 𝑌𝑖 ={𝑦𝑖(𝑘)|𝑦𝑖(1), 𝑦𝑖(2), . . . , 𝑦𝑖(𝑛)|}, 𝑖 = 0, 1, 2, . . . , 𝑚.(2) In order to avoid the different data dimension
as different physical meaning of each factor, make refer-
ence sequence and comparative sequence being dimension-
less: Χ𝑖 = {𝑥𝑖 (𝑘)|𝑥𝑖(1)/𝑥𝑖(1), 𝑥𝑖(2)/𝑥𝑖(1), . . . , 𝑥𝑖(𝑛)/𝑥𝑖(1)|},𝑖 = 0, 1, 2, . . . , 𝑚; 𝑌𝑖 = {𝑦𝑖 (𝑘)|𝑦𝑖(1)/𝑦𝑖(1),𝑦𝑖(2)/𝑦𝑖(1), . . . ,𝑦𝑖(𝑛)/𝑦𝑖(1)|}, 𝑖 = 0, 1, 2, . . . , 𝑚. Calculate the difference
sequence and range according toΔ 𝑖(𝑘) = |𝑥𝑖(𝑘)−𝑦𝑖(𝑘)|.Then
calculate grey correlation coefficient of reference sequence
and comparative sequence based on 𝛾𝑖 = (𝑚 + 𝜉𝑀)/(Δ 𝑖(𝑘) +𝜉𝑀), (𝜉 = 0.5); Finally calculate the correlation degree by𝛾0𝑖 = (1/𝑛)∑𝑛𝑘=1 𝛾𝑖(𝑘).(3) Sort the correlation degree so as to reflect influence
degree of each factor.

2. Test Scheme and Method

2.1. Test Scheme Design. The test loading is 50% and ultimate
flexural loading is 80%, which correspond to ordinary traffic
and heavy traffic levels. Freeze-thaw and drying-wetting
cycles’ environmentmainly occurs in the temperatemonsoon
climate region: −18∘C∼+5∘C in winter and 25∘C∼35∘C in
summer. The relative humidity is 20%–40% in winter and
60%–80% in summer, which refers to the average humidity
distribution given by Gao et al. [20] about five regions of
Northeast China and North China, East China and Central
China, Northwest China, South China, and Southwest China.
The design conditions of concrete durability test under load-
ing and freeze-thaw and drying-wetting cycles are shown in
Table 1.

The test scheme is as follows.

First Stage. Firstly, the test beam is loaded 36 thousand times
(50% stress level) or 12 thousand times (80% stress level) on
the fatigue test machine. Then 50 freeze-thaw cycles (50%
stress level) or 25 freeze-thaw cycles (80% stress level) at
4 hours intervals are conducted in environment box, with
temperature range of −18∘C∼+5∘C and humidity range of
20%∼40%with uniform rate. Take out the samples for second
same loading and then place them in the environment box
and reset temperature-humidity program: temperature range
of 25∘C∼35∘C and humidity range of 60%∼80% with control
interval at 4 h and a period of amonth.At the end, the samples
are taken out to test the strength, antifreezing index, and
mesopore structure.

Second Stage. On the basis of the first stage, the cumulative
test is conducted in accordance with the same procedure as
the first phase. At the end, the samples are taken for the tensile
strength test and mesostructure test.

Third Stage. On the basis of the second stage, fatigue loading
was 18 thousand times (50% stress level) or 6 thousand times
(80% stress level). Then 25 freeze-thaw cycles at 4 hours
intervals are conducted in environment box under winter
conditions. Take out the samples for the second 18 thousand
times (50% stress level) or 6 thousand times (80% stress level)
loading and then place them in the environment box and set
the summer temperature-humidity conditions, with control
interval at 4 h and a period of amonth.At the end, the samples
are taken for the above characterization test.

Fourth Stage. The test is conducted in accordance with the
same procedure as the third phase until fatigue destruction.
Then the samples are taken for the above characterization test.

2.2. Materials and Test Methods. Cement is Qinling P.O
42.5R;mineral filler is S95 class; fly ash is class I; coarse aggre-
gate with nominal maximum size is 19mm; fineness modulus
of river sand is 2.6; water-reducing rate of high performance
water reducer is 26%; water is tap water. 28 d concrete tensile
design strength is C1, 4.5MPa, and C2, 5.0MPa.

The fatigue test is carried out on a 10 t MTS-810 fatigue
testing machine; loading frequency is 10HZ, loading mode
is three-point sine wave, and low and high stress ratio is 0.1.
Mesopore structure parameters aremeasured byAutoPore IV
9510 mercury porosimetry. Strength and antifreezing index
test is in accordance with the specification.

3. Results Analysis and Discussion

3.1. Relationship between Pore Structure Parameters and Resid-
ual Flexural Strength under Loading and Freeze-Thaw and
Drying-Wetting Cycles. The analysis result of grey correlation
between pore structure parameters and residual flexural
strength under different loading and freeze-thaw and drying-
wetting cycles is obtained, as is shown in Table 2. It is
known that, in the case of 50% loading level and freeze-thaw
and drying-wetting cycles, the sequence of the correlation
between pore structure parameters and residual flexural
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Table 2: The grey correlation degree between pore structure parameters and strength under different loading levels and freeze-thaw and
drying-wetting cycles.

Strength
Parameters

Porosity/% Total pore surface
area/m2/g

Area median
aperture/nm

Average
aperture/nm

Most probable
pore size/nm

Pore fractal
dimension

50% loading
C1 0.866 0.736 0.531 0.596 0.903 0.845
C2 0.889 0.749 0.549 0.538 0.893 0.850

80% loading
C1 0.862 0.765 0.643 0.601 0.973 0.926
C2 0.886 0.728 0.670 0.575 0.909 0.910

Strength

Parameters
More

harmful
pore/nm

Harmful pore/nm Less harmful
pore/nm

Harmless
pore/nm

Pore spacing
coefficient /

50% loading
C1 0.777 0.627 0.858 0.815 0.716 /
C2 0.749 0.713 0.884 0.807 0.724 /

80% loading
C1 0.856 0.771 0.915 0.823 0.843 /
C2 0.796 0.799 0.891 0.789 0.798 /

strength after three cycles is as follows: most probable pore
size > porosity > less harmful pore > pore fractal dimension>harmless pore>more harmful pore> total pore surface area>pore spacing coefficient>harmful pore> areamedian aper-
ture and average aperture. Results showed that the main pore
structure parameters that influence the concrete strength are
most probable pore size, porosity, less harmful pore, pore
fractal dimension, and pore spacing coefficient. Similarly, in
the case of 80% loading level and freeze-thaw and drying-
wetting cycles, the sequence is as follows: most probable
pore size > pore fractal dimension > less harmful pore >
porosity > more harmful pore > pore spacing coefficient >
harmless pore > harmful pore > total pore surface area >
area median aperture and average aperture. The main pore
structure parameters that influence the concrete strength are
most probable pore size, pore fractal dimension, less harmful
pore, porosity, and more harmful pore.

According to the results of grey correlation analysis,
when establishing the relationship between strength and pore
structure parameters under different loading and freeze-
thaw and drying-wetting cycles, the four parameters of most

probable pore size, porosity, less harmful pore, and pore
fractal dimension can be chosen as the main influencing
factors. Formulas (1)∼(4) are obtained by multiple linear
regression analysis and multiple nonlinear regression anal-
ysis. When the loading level is 50%, a higher accuracy can
be displayed using multiple nonlinear equation with the
correlation coefficient of 0.970. A negative correlation is
shown between strength and fractal dimension and most
probable pore size. Conversely, a positive correlation is shown
between strength and porosity and less harmful pore. The
sequence according to influence degree is as follows: fractal
dimension > most probable pore size > porosity > less
harmful pore. When the loading level is 80%, the 0.999
correlation coefficient can be displayed, using both multiple
linear equations andmultiple nonlinear equations. A negative
correlation is shown between strength and less harmful pore.
Conversely, a positive correlation is shown between strength
and fractal dimension, most probable pore size, and porosity.
The sequence according to influence degree is as follows:
fractal dimension > porosity > less harmful pore > most
probable pore size.

𝜎
𝜎0 = 8.310 + 0.647 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 − 7.432 ×
𝐹𝑝
𝐹𝑝0 − 1.633 ×

𝑅𝑝
𝑅𝑝0 + 1.099 ×

𝑃𝑔
𝑃𝑔0

(multiple linear regression at 50% loading levels, 𝑅 = 0.931) ,
(1)

𝜎
𝜎0 = 0.977 × (

𝑃𝑙ℎ𝑃𝑙ℎ0)
0.986 × ( 𝐹𝑝𝐹𝑝0)

−10.457

× ( 𝐼𝑝𝑅𝑝0)
−2.637

× ( 𝑃𝑔𝑃𝑔0)
1.036

(multiple nonlinear regression at 50% loading levels, 𝑅 = 0.970) ,
(2)



4 Advances in Materials Science and Engineering

Table 3: Grey correlation degree between pore structure parameters and antifreezing index under different loading levels and freeze-thaw
and drying-wetting cycles.

Strength
Parameters

Porosity/% Total pore surface
area/m2/g

Area median
aperture/nm

Average
aperture/nm

Most probable
pore size/nm

Pore fractal
dimension

50% loading
C1 0.905 0.838 0.533 0.585 0.782 0.733
C2 0.930 0.885 0.587 0.569 0.787 0.785

80% loading
C1 0.842 0.896 0.579 0.561 0.749 0.731
C2 0.819 0.943 0.624 0.563 0.737 0.737

Strength

Parameters
More

harmful
pore/nm

Harmful pore/nm Less harmful
pore/nm

Harmless
pore/nm

Pore spacing
coefficient /

50% loading
C1 0.692 0.600 0.835 0.931 0.655 /
C2 0.710 0.699 0.807 0.957 0.704 /

80% loading
C1 0.721 0.644 0.762 0.873 0.695 /
C2 0.690 0.700 0.739 0.900 0.691 /

𝜎
𝜎0 = 0.382 − 0.279 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 + 0.440 ×
𝐹𝑝
𝐹𝑝0 + 0.025 ×

𝑅𝑝
𝑅𝑝0 + 0.433 ×

𝑃𝑔
𝑃𝑔0

(multiple linear regression at 80% loading levels, 𝑅 = 0.999) ,
(3)

𝜎
𝜎0 = (
𝑃𝑙ℎ𝑃𝑙ℎ0)
−0.701 × ( 𝐹𝑝𝐹𝑝0)

−0.547

× ( 𝑅𝑝𝑅𝑝0)
0.564

× ( 𝑃𝑔𝑃𝑔0)
0.411

(multiple nonlinear regression at 80% loading levels, 𝑅 = 0.999) .
(4)

3.2. Relationship between Pore Structure Parameters and
Antifreezing Index under Loading, Freeze-Thaw, and Drying-
Wetting Cycles. The analysis result of grey correlation
between pore structure parameters and antifreezing index
under different loading and freeze-thaw and drying-wetting
cycles is shown in Table 3. The sequence of grey correlation
degree is as follows: harmless pore > porosity > total pore
surface area > less harmful pore > most probable pore
size > pore fractal dimension > more harmful pore > pore
spacing coefficient > harmful pore > area median aperture
and average aperture, in the case of 50% loading level and
freeze-thaw and drying-wetting cycles. Similarly, in the case
of 80% loading level and freeze-thaw and drying-wetting
cycles, the sequence is as follows: total pore surface area >
harmless pore> porosity> less harmful pore>most probable
pore size > pore fractal dimension > more harmful pore >
harmful pore and average aperture > area median aperture >
pore spacing coefficient.

According to the results of grey correlation analysis and
considering the importance of less harmful pore and pore

spacing coefficient, when the relationship between antifreez-
ing index and pore structure parameters is established under
different loading and freeze-thaw and drying-wetting cycles,
the five parameters, porosity, total pore surface area, less
harmful pore, most probable pore size, and pore spacing
coefficient, are chosen. Formulas (5)∼(8) are obtained by
regression analysis. Under these two loading levels and
freeze-thaw and drying-wetting cycles, a higher accuracy
can be displayed using multiple linear equation with the
correlation coefficient of 0.999. The relative dynamic elastic
modulus shows a positive correlation to most probable pore
size, total pore surface area, and porosity but a negative
correlation to less harmful pore and pore spacing coefficient.
When the loading level is 50%, the sequence of pore structure
parameters’ influence on relative dynamic elastic modulus is
as follows: pore spacing coefficient > total pore surface area> porosity > most probable pore size > less harmful pore.
Meanwhile, when the loading level is 80%, the sequence is
as follows: most probable pore size > porosity > pore spacing
coefficient > less harmful pore > total pore surface area.
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𝐸
𝐸0 = −0.336 + 0.291 ×

𝑅𝑝
𝑅𝑝0 + 0.336 ×

𝑆𝑔
𝑆𝑔0 − 0.048 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 + 0.296 ×
𝑃𝑔
𝑃𝑔0 − 0.365

𝐿𝑝
𝐿0

(multiple linear regression at 50% loading levels, 𝑅 = 0.999) ,
(5)

𝐸
𝐸0 = 0.998 × (

𝑅𝑝
𝑅𝑝0)
0.146

× ( 𝑆𝑔𝑆𝑔0)
0.267

× ( 𝑃𝑙ℎ𝑃𝑙ℎ0)
−0.233 × ( 𝑃𝑔𝑃𝑔0)

0.329

× (𝐿𝑝𝐿0 )
−0.891

(multiple nonlinear regression at 50% loading levels, 𝑅 = 0.985) ,
(6)

𝐸
𝐸0 = −0.184 + 1.170 ×

𝑅𝑝
𝑅𝑝0 + 0.132 ×

𝑆𝑔
𝑆𝑔0 − 0.203 ×

𝑃𝑙ℎ𝑃𝑙ℎ0 + 0.521 ×
𝑃𝑔
𝑃𝑔0 − 0.461

𝐿𝑝
𝐿0

(multiple linear regression at 80% loading levels, 𝑅 = 0.999) ,
(7)

𝐸
𝐸0 = (

𝑅𝑝
𝑅𝑝0)
4.612

× ( 𝑆𝑔𝑆𝑔0)
0.058

× ( 𝑃𝑙ℎ𝑃𝑙ℎ0)
−1.633 × ( 𝑃𝑔𝑃𝑔0)

2.134

× (𝐿𝑝𝐿0 )
−1.685

(multiple nonlinear regression at 80% loading levels, 𝑅 = 0.998) .
(8)

4. Conclusion

(1) Under the ordinary traffic loading and freeze-thaw and
drying-wetting cycles, the main pore structure parameters
that influence concrete strength consist of most probable
pore size, porosity, less harmful pore, pore fractal dimension,
and pore spacing coefficient. Meanwhile, under the heavy
traffic loading and freeze-thaw and drying-wetting cycles,
the main pore structure parameters are most probable pore
size, pore fractal dimension, less harmful pore, porosity, and
more harmful pore.The reason is the stress concentration and
stress diffusion process caused by superposition of multiple
fields, along with the pore structure of the compression, and
splitting effect occupied the leading position. The loading
affects the pore size of the structure. As the loading level
increased from 50% to 80%, the pore fractal dimension (pore
complexity) has more influence on the stress diffusion than
porosity. The amount of pore nucleation is only the inducing
factor of the rapid development of concrete damage, but for
the fracture of concrete under overloading, the effect of pore
fractal dimension is more significant.(2) Under the ordinary traffic loading and freeze-thaw
and drying-wetting cycles, the correlation between strength
and pore parameter should be represented with multiple
nonlinear equation. A negative correlation is shown between
strength and fractal dimension and most probable pore size.
Conversely, a positive correlation is shown between strength
and porosity and less harmful pore. The sequence according
to influence degree is as follows: fractal dimension > most
probable pore size> porosity> less harmful pore.Meanwhile,
under the heavy traffic loading and freeze-thaw and drying-
wetting cycles, a same high accuracy can be displayed using
multiple linear equations and multiple nonlinear equations.
A negative correlation is shown between strength and less
harmful pore. Conversely, a positive correlation is shown
between strength and fractal dimension, most probable pore

size, and porosity.The sequence according to influence degree
is as follows: fractal dimension > porosity > less harmful pore>most probable pore size.
(3) Under freeze-thaw and drying-wetting cycles, under

the ordinary traffic or heavy traffic loading, there is a higher
correlation between antifreezing index and the five pore
structure parameters: porosity, total pore surface area, less
harmful pore, most probable pore size, and pore spacing
coefficient.
(4) Under these two loading levels and freeze-thaw and

drying-wetting cycles, the correlation between antifreezing
index and pore parameters should be described withmultiple
linear equation. The relative dynamic elastic modulus shows
a positive correlation to most probable pore size, total pore
surface area, and porosity but a negative correlation to
less harmful pore and pore spacing coefficient. Under the
ordinary traffic, the sequence of pore structure parameters’
influence on relative dynamic elastic modulus is as follows:
pore spacing coefficient > total pore surface area > porosity> most probable pore size > less harmful pore. Meanwhile,
under the heavy traffic, the sequence is as follows: most
probable pore size > porosity > pore spacing coefficient > less
harmful pore > total pore surface area.
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