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Abstract: The scales of fluctuation of uncertain thermal parameters are the key to evaluating the
spatial variability of artificially frozen soil, and it can directly affect the thermal engineering analysis
of artificial frozen walls. In this study, the thermal conductivity, heat capacity, and thermal diffusivity
at different temperatures (from −2.0 ◦C to 0 ◦C) are tested. Then the vertical and horizontal scales of
fluctuation for the uncertain thermal parameters are estimated on the basis of the spatial recurrence
method, curve fitting method, and correlation function method. A computational formula of the
oblique fluctuation scale for the uncertain thermal parameters is proposed, and the oblique fluctuation
scale for different angles is calculated and analyzed. The results show that the scales of fluctuation
of uncertain thermal parameters calculated by the three methods are slightly different. The oblique
fluctuation scale is larger than the vertical fluctuation scale, but is smaller than the horizontal
fluctuation scale. The scales of fluctuation of uncertain thermal parameters are varied, and it is
related to the temperature, water content, density, and depth. The results of the scale of fluctuation
of uncertain thermal parameters in different directions reflect the spatial variability of artificially
frozen soil, which has important reference significance for stochastic thermal analysis of artificial
frozen engineering.

Keywords: frozen soil; thermal parameters; spatial variability; the scale of fluctuation; different directions

1. Introduction

Artificially frozen soil is a multiphase composite anisotropic medium composed of
soil particles, pore water, soil gas, and ice. It is very important to analyze the temperature
field of artificially frozen soil because the thermal characteristics of frozen soil can directly
affect the mechanical parameters and mechanical properties [1–3]. Many studies had
focused on the thermal properties of artificial frozen soils, and the analytic solutions
and numerical solutions of the temperature field for artificially frozen soil around the
freezing pipe had been developed [4–10]. However, the complex geological environment
and physicochemical processes make the frozen soil show strong spatial variability and
correlation characteristics [11–13]. On the macroscopic aspect, the distribution of soil
particles and ice particles is stochastic; the transformation of unfrozen water and ice
crystals is dynamic, and the air content in the pores is variable. On the microcosmic
aspect, the composition, polarity, and direction of mineral molecules are random; and
the distance between water molecules and the number of hydrogen bonds are variable.
Therefore, the soil parameters of artificially frozen soil are random. Therefore, the thermal
parameters (e.g., thermal conductivity, heat capacity, and thermal diffusivity) of frozen soil
are uncertain [14–17]. In artificial freezing engineering, the uncertain thermal parameters of
artificially frozen soil can cause the randomness of the thermal characteristic of the artificial
frozen wall. Traditional deterministic thermal analysis of artificial frozen soils around the
freezing pipe is difficult to clarify the stochastic characteristics.
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Random field models can scientifically reflect the spatial characteristics of geotechnical
parameter uncertainties, and it is recognized as a more effective method to describe the
randomness of geotechnical parameters [18–21]. After describing the soil profile as a
random field, the mean value and variation coefficient of sample points can be obtained by
in-situ tests and laboratory tests. The local average method of random field can be used
to transfer the characteristics of geotechnical medium test points to the spatial average
characteristics. The key parameter of this process is the variance reduction function.
The specific expression of the variance reduction function needs to be determined by
correlation structure and fluctuation scale [22–25]. At present, a series of numerical studies
reveal the statistical characteristics and dynamic development process of stochastic thermal
characteristics for frozen soil. However, the spatial autocorrelation structure and fluctuation
scale of uncertain thermal parameters made some assumptions because of the lack of actual
statistical data in previous studies [26–29]. Previous studies have suggested that the
correlation structure is insensitive to the variance reduction function after the geotechnical
parameters are simulated as random fields [30–32]. Hence, the scales of fluctuation of
uncertain thermal parameters are the key to evaluating the spatial variability of artificially
frozen soil. More analysis is necessary to estimate the scale of fluctuation of uncertain
thermal parameters in different directions for artificially frozen soil.

In this study, the soil samples are taken from Luyang District. It is located in Hefei city,
Anhui province, China. A series of thermal parameters tests for the artificially frozen soil
are carried out, and the thermal conductivity, heat capacity, and thermal diffusivity under
different temperature conditions (0 ◦C, −0.4 ◦C, −0.8 ◦C, −1.2 ◦C, −1.6 ◦C, and −2.0 ◦C)
are obtained. Then the vertical and horizontal scales of fluctuation for the uncertain thermal
parameters are estimated on the basis of the spatial recurrence method, curve fitting method,
and correlation function method. A computational formula of the oblique fluctuation scale
for the uncertain thermal parameters is proposed, and the oblique fluctuation scale for
different angles is calculated. Through the change rules of the vertical scale of fluctuation,
horizontal scale of fluctuation, and oblique fluctuation scale, the variation characteristics
of the uncertain thermal parameters for artificially frozen soil are analyzed in detail. This
study can provide a theoretical basis and reference for the stochastic thermal analysis of
artificial frozen engineering.

2. Materials and Methods
2.1. Background Description and Collection

The soil samples were collected from the artificial frozen wall. It is near Mengcheng
Road Station of Hefei Metro Line 5, North Mengcheng Road Station, Luyang District, Hefei
City, Anhui Province. Mengcheng road is an important traffic corridor in Hefei city. The
surrounding environmental conditions are complex and the soil around Mengcheng Road
Station is quite complicated. The geological conditions are poor, and the complex geology
of special rock and soil includes fracture, seepage deformation, filling, expansive soil,
weathered rock, and residual soil. The mechanical properties and structural characteristics
of soil are unstable. Hence, the artificial freezing method is used to protect soil stability
and reduce soil permeability.

The method of drilling and sampling is adopted to obtain the initial soil samples.
Firstly, cover each sample with preservative film after obtaining the undisturbed samples
by the hole-drilling method. After that, these samples with the preservative film were
quickly put into the foam box; also, some ice bags were necessary for every foam box.
Secondly, these foam boxes took a car from Hefei City to Xuzhou City. Thirdly, all the
samples were taken out of the foam box after getting to our laboratory. After that, these
samples with the preservative film were quickly put into the freezer. According to the
properties of samples, the overall properties should be inferred, and the obtained sample
characteristics should have the same distribution and independence. That is to say, the
components in the sample should have the same distribution as the whole, and they should
be independent of each other. In the vertical direction, sampling intervals are 1 m. In the
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horizontal direction, considering the engineering site conditions and sample distribution,
the sample spacing is 2 m. On the other hand, XY-1 rotary drilling method is used to drill
holes, and the Φ108 mm drilling tool is equipped to drill cores. Small angle edge angle,
reasonable drilling structure, and dynamic energy effect are selected to reduce penetration
resistance, so as to improve the accuracy of data.

2.2. Measurement and Extraction of Parameters

In the process of engineering construction, the variety of soil properties can be ob-
served by the change of sample data. The thermal conductivity, thermal diffusivity, and
volumetric heat capacity of samples at different temperatures and depths are different. The
spatial variability of soil parameters is the inherent property of soil. The measurement
and calculation of basic thermal parameters are the basis of thermal engineering analysis.
Therefore, the thermal parameters at temperatures of 0 ◦C, −0.4 ◦C, −0.8 ◦C, −1.2 ◦C,
−1.6 ◦C, and −2 ◦C are used in this paper to specifically describe the related properties of
artificially frozen soil. The specific steps are as follows:

The first step is test preparation. The soil sample was made into a standard soil sample
of 61.8 × 40 mm. After the sample is made, a thermistor connected to the collector is
installed on the surface of the sample, which is used to monitor the temperature change.
The thermal conductivity was measured by the thermal probe method, and the thermal
capacity was measured by the QL-30 thermal analyzer.

The second step is the temperature setting. After the preparation of standard samples,
the samples were put into an incubator and adjusted to 0 ◦C, −0.4 ◦C, −0.8 ◦C, −1.2 ◦C,
−1.6 ◦C, and −2 ◦C, respectively. In the process of adjustment, the thermistors can effec-
tively reflect the temperature changes. After adjusting the temperature in the insulation
box to the set temperature and keeping it stable, the thermal conductivity and volumetric
heat capacity are measured, respectively.

The third step is data processing. After obtaining the measured results of thermal con-
ductivity and thermal capacity, the thermal diffusivity was calculated. The basic parameters
of soil samples such as density, moisture content, and dry density were obtained by basic
geotechnical tests. The basic physical parameters of frozen soil in vertical and horizontal
directions are listed in Table 1, and the vertical and horizontal thermal parameters of frozen
soil are listed in Tables 2–4.

Table 1. Basic physical parameters of frozen soil in vertical and horizontal directions.

Number
Density (g/cm3) Dry Density (g/cm3) Water Content

V H V H V H

1 2.01 2.06 1.60 1.62 26.01% 26.98%
2 2.12 2.12 1.60 1.60 32.45% 32.28%
3 2.34 2.42 1.79 1.85 30.41% 30.48%
4 1.93 1.97 1.45 1.48 33.22% 33.46%
5 2.18 2.12 1.71 1.68 27.67% 26.52%
6 1.85 1.81 1.46 1.43 26.62% 26.85%
7 1.92 1.92 1.55 1.54 23.61% 24.42%
8 1.9 1.86 1.54 1.48 23.36% 25.89%
9 1.84 1.83 1.47 1.48 25.07% 23.26%

10 1.77 1.85 1.39 1.42 27.68% 30.16%
Notes: V represents the vertical direction; H represents the horizontal direction.
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Table 2. Vertical and horizontal thermal conductivity of frozen soil.

Number

Thermal Conductivity (W/(m·◦C))

−2.0 ◦C −1.6 ◦C −1.2 ◦C −0.8 ◦C −0.4 ◦C 0 ◦C

V H V H V H V H V H V H

1 1.552 1.513 1.408 1.478 1.580 1.571 1.473 1.379 1.460 1.368 1.490 1.539
2 1.444 1.428 1.444 1.433 1.527 1.455 1.269 1.347 1.429 1.362 1.293 1.401
3 1.546 1.529 1.470 1.481 1.624 1.486 1.465 1.483 1.305 1.433 1.522 1.453
4 1.426 1.474 1.382 1.454 1.327 1.517 1.509 1.436 1.330 1.457 1.413 1.381
5 1.367 1.437 1.374 1.469 1.342 1.402 1.183 1.431 1.303 1.433 1.433 1.461
6 1.600 1.503 1.580 1.479 1.572 1.446 1.535 1.484 1.446 1.490 1.291 1.472
7 1.581 1.568 1.398 1.500 1.431 1.446 1.280 1.448 1.448 1.448 1.474 1.520
8 1.636 1.658 1.582 1.485 1.472 1.493 1.320 1.454 1.508 1.378 1.437 1.470
9 1.498 1.451 1.539 1.486 1.314 1.370 1.585 1.475 1.423 1.429 1.378 1.459

10 1.560 1.529 1.449 1.426 1.283 1.355 1.406 1.518 1.397 1.355 1.483 1.479

Table 3. Vertical and horizontal heat capacity of frozen soil.

Number

Heat Capacity (106 J/(m3·◦C))

−2.0 ◦C −1.6 ◦C −1.2 ◦C −0.8 ◦C −0.4 ◦C 0 ◦C

V H V H V H V H V H V H

1 2.209 2.093 2.132 2.138 2.185 2.204 1.924 1.886 1.975 2.017 1.926 2.106
2 2.232 2.086 2.086 2.145 2.238 2.203 2.120 2.193 1.977 2.009 2.036 2.035
3 2.195 2.090 2.422 2.381 2.071 2.215 2.268 2.344 2.417 2.413 1.974 1.897
4 2.271 2.316 2.193 2.161 2.162 2.347 1.934 1.903 1.972 2.037 1.962 1.965
5 2.299 2.312 2.253 2.245 2.224 2.196 2.047 2.101 1.920 1.903 2.116 2.313
6 2.316 2.485 2.035 1.813 2.194 2.116 2.025 2.073 2.176 2.099 2.063 1.978
7 2.171 2.097 2.008 2.032 1.906 1.765 2.087 2.229 2.004 2.013 1.884 1.739
8 2.092 1.921 2.002 1.905 1.933 1.935 2.168 2.321 1.925 2.043 1.982 2.003
9 2.147 2.078 2.244 2.266 1.836 1.790 1.887 2.018 2.136 2.190 1.949 2.020

10 2.185 2.093 2.216 2.185 2.052 2.098 1.915 2.028 2.033 2.019 2.057 2.077

Table 4. Vertical and horizontal thermal diffusivity of frozen soil.

Number

Thermal Diffusivity (10−6 m2/s)

−2.0 ◦C −1.6 ◦C −1.2 ◦C −0.8 ◦C −0.4 ◦C 0 ◦C

V H V H V H V H V H V H

1 1.552 1.513 1.408 1.478 1.580 1.571 1.473 1.379 1.460 1.368 1.490 1.539
2 1.444 1.428 1.444 1.433 1.527 1.455 1.269 1.347 1.429 1.362 1.293 1.401
3 1.546 1.529 1.470 1.481 1.624 1.486 1.465 1.483 1.305 1.433 1.522 1.453
4 1.426 1.474 1.382 1.454 1.327 1.517 1.509 1.436 1.330 1.457 1.413 1.381
5 1.367 1.437 1.374 1.469 1.342 1.402 1.183 1.431 1.303 1.433 1.433 1.461
6 1.600 1.503 1.580 1.479 1.572 1.446 1.535 1.484 1.446 1.490 1.291 1.472
7 1.581 1.568 1.398 1.500 1.431 1.446 1.280 1.448 1.448 1.448 1.474 1.520
8 1.636 1.658 1.582 1.485 1.472 1.493 1.320 1.454 1.508 1.378 1.437 1.470
9 1.498 1.451 1.539 1.486 1.314 1.370 1.585 1.475 1.423 1.429 1.378 1.459

10 1.560 1.529 1.449 1.426 1.283 1.355 1.406 1.518 1.397 1.355 1.483 1.479

2.3. Calculating Method of Fluctuation Scales

The basic parameter for describing spatial variability of uncertain thermal parameters
is the scale of fluctuation. The definition of fluctuation scale can be interpreted as a distance.
The soil property index in this scale is basically related, whereas the soil property index
outside this scale is basically unrelated. At present, the research on the scale of fluctuation is
mainly based on the spatial recursive method and correlation function method. The model
of soil profile successfully completes the transition from point characteristic to spatial
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average characteristic. In this paper, the fluctuation scale of sample data is calculated by
the correlation function method, spatial recursive method, and curve fitting method. At
the same time, elliptic correlation structures are proposed to describe spatial variability at
different angles.

(1) Horizontal and vertical directions
Based on the random field theory, the fluctuation scale is defined as follows:

lim
h→∞

hΓ2(h) = 2 lim
h→∞

∫ h
0

(
1− ∆z

h

)
ρ(∆z)d(∆z)

= 2
∫ h

0 ρ(∆z)d(∆z)
= δu

(1)

In Equation (1), δu is a constant, which is called the fluctuation scale. It is used to
describe the degree of correlation between two spacing soil parameters. Equation (1) shows
that the specific value of the fluctuation scale can be calculated by the integral method when
the type of standard correlation function ρ(∆z) is known. Based on this idea, the correlation
function method fits the original data with several types of correlation functions to obtain
the fluctuation scales, namely δu. The standard correlation function and corresponding
fluctuation scale are shown in Table 5. The calculation steps of the correlation function
method are as follows:

Table 5. Standard correlation function and corresponding fluctuation scale.

Form ρ(∆z) δu

Single index e−bτ 2
b

Quadratic index e−(bτ)2 √
π

b

Exponential cosine 1 e−bτ cos(bτ) 1
b

Exponential cosine 2 e−bτ cos(ωτ) 2b
(b2+ω2)

Firstly, the collected data is standardized. See if the raw data has trend weight. If so,
the trend component can be obtained by linear regression, and then standardized by the
following Equation (2).

X0(i) =
X(i)− X(i)

X(i)
(2)

where X(i) is the trend component of the original data X(i), and X(i) is the standard
deviation of X(i). The standardized X(i), namely X0(i), can be regarded as the statistical
mean. Taking ∆z as a multiple of sample spacing ∆z0, namely ∆z = i∆z0, taking different
constant i and substituting it into Equation (3), the calculated values of a series of standard
correlation functions can be obtained.

ρ(τ) = ρ(∆z) = ρ(i∆z0) = E[X(z)X(z + ∆z)]

= 1
n−1

n−i
∑

k=0
X(zk)X(zk+i)

(3)

(3) Observe the calculated value of the standard correlation function, draw Figure
ρ(τ) ∼ τ with the calculated value points, and then observe the fitting standard correlation
function formula according to the broken line diagram of the Figure ρ(τ) ∼ τ. Regression of
the equation is carried out to obtain the specific values of the parameters in the correlation
function. Finally, the values of the fluctuation scale can be obtained by looking up Table 5.
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The spatial recursive method is a method for calculating the fluctuation scale of
soil parameters based on the variance reduction function Γ2(h). From the definition of
fluctuation scale, when h large enough, there are

δu = hΓ2(h), h→ ∞ (4)

In the process of calculating the scale of fluctuation, h is taken as the multiple of
sampling interval ∆z0 and substituted into Equation (4). δu can be rewritten as:

δu = ∆zΓ2(∆z) = i∆z0Γ2(i∆z0) (5)

Then the variance reduction function is defined as:

Γ2(i) =
Var(i)

σ2 (6)

where Var(i) is the spatial mean variance and σ2 is the determined variance. The value of
the fluctuation scale can be obtained by Γ2(i) ∼ i scatter plot.

The calculation steps of the spatial recursive method are as follows: Firstly, the ex-
pected value E[Y(z)] and standard deviation σ of the parameters at the initial point i = 1
are calculated. Take i = 2, that is to say, take the mean of two adjacent sample points,
and construct a new set of data to calculate the mean and standard deviation of the set of
data. Where the mean value is unchanged and the standard deviation is recorded as D(2),
then the standard deviation reduction coefficient Γ(2) = D(2)/σ at i = 2 can be obtained.
The scatter plot with i as abscissa and Γ(i) as ordinate is drawn, and the point is depicted
on the plot. In accordance with the above steps, i = 1, 2, 3 · · · n is used to determine the
corresponding value of x, and Γ2(i) ∼ i scatter plots are drawn in turn. In the Γ2(i) ∼ i
scatter plot, the fluctuation scales can be obtained by finding the stable point of Γ(i) and
substituting the value into Equation (5).

Curve fitting method is a method for calculating the fluctuation scales based on the
spatial recursive method. The calculating steps of the curve fitting method are as follows:
The first step is as same as the spatial recursive method. The hΓ2(h) ∼ h graph is drawn
to find the maximum value

(
hΓ2(h)

)
max, and the corresponding h is used as a stationary

point to calculate the fluctuation scale δu. Then the fluctuation scales are determined by the
array

(
h, hΓ2(h)

)
. A function P = hΓ2(h) = f (h) is used to fit and optimize. When h→ ∞ ,

the value of the function is δu = lim
h→∞

f (h). Fitting functions are shown in Table 6.

Table 6. Curve fitting method function.

P = f(h) Γ2(h) δu

h
1+kh

1
1+kh

1
k

h(1+h)
1+kh

1+h
1+kh

1
k

h(1+h2)
1+kh

1+h2

1+kh
1
k

h
[
c + (1− c)e−bx

]
c + (1− c)e−bx c

(2) Oblique direction
The thermal properties of artificial frozen soils have their own spatial variability in a

different engineering environment. According to the classification of the fluctuation scale
for the soils, isotropy, transverse anisotropy, rotational anisotropy, general anisotropy, and
general rotational anisotropy were proposed [33]. According to the classification of the
fluctuation scale of the soil sample, the sample soil sample belongs to transverse anisotropy.
That is, the main direction (longer line) shows the smoothest change in soil structure and
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the smaller main direction (shorter line) shows the rapid change in soil structure. The
fluctuation scale of an anisotropic random field is considered an ellipse, and the general
formula is:

(θϕ cos ϕ)2

θ2
x

+

(
θϕ sin ϕ

)2

θy
= 1 (7)

When θx is the fluctuation scales in the horizontal direction; θy is the fluctuation scales
in the vertical direction; θϕ is the fluctuation scales in the oblique direction. Let θx = θ1 and
θy = θ2, Equation (7) can be rewritten as:

θ2
ϕ

1
1+tan2 ϕ

θ2
1

+
θ2

ϕ
tan2 ϕ

1+tan2 ϕ

θ2
2

= 1 (8)

When θ1 and θ2 represent the major and minor fluctuation scale, respectively.
According to Equation (8), the oblique fluctuation scale can be written as

θϕ =

√
θ2

1θ2
2
(
1 + tan2 ϕ

)
θ2

2 + θ2
1 tan2 ϕ

(9)

The oblique fluctuation scale can be calculated by Equation (9), and the schematic
diagram of the oblique fluctuation scale is shown in Figure 1.
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Figure 1. Schematic diagram of the oblique fluctuation scale.

3. Results and Analyses
3.1. Vertical Fluctuation Scale

Figure 2 shows the vertical scale of fluctuation of different thermal parameters for the
same calculation method. It can be seen that the fluctuation scale of the three coefficients
calculated by the spatial recursion method is between 0.5 m and 1.1 m. The fluctuation scale
calculated by volumetric heat capacity is obviously lower than that obtained by the other
two parameters. However, the fluctuation scale obtained by the correlation function method
is generally between 0.35 m and 0.8 m, and the curve fitting method is between 1.3 m
and 1.75 m. It can be seen that there are errors between the fluctuation ranges calculated
by different methods. The spatial recurrence method has the smallest fluctuation scale,
followed by the correlation function method and the curve fitting method. The fluctuation
scale is constantly changing in the process of temperature change. There is no obvious
upward or downward trend, but a constant fluctuation within a fixed scale. Figure 3 shows
the vertical scale of fluctuation of the same thermal parameters for different calculation
methods. It can be seen that the scale of fluctuation calculated by the curve fitting method
is larger than that calculated value by the other two methods. The results obtained by
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the correlation function method and spatial recursive method are similar. The fluctuation
scale of thermal conductivity fluctuates greatly and it generally meets the requirement
of the distance of the vertical fluctuation scale. The fluctuation scale of volumetric heat
capacity and the thermal conductivity calculated by the correlation function method and
spatial recursive method is similar. The curve fitting method is larger than the two methods
mentioned above. From the calculation results of thermal diffusivity, we can see that the
fluctuation scale calculated by the three methods is fluctuating. That is, the curve fitting
method is greater than the correlation function method and the spatial recursive method.
The vertical scale of fluctuation of the same thermal parameters calculated by the same
methods for artificially frozen soil is different. It is related to the temperature, water content,
density, depth, and freezing process.
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Figure 3. Vertical fluctuation scales of the same thermal parameters for different calculation methods.
(a) thermal conductivity; (b) thermal diffusivity; (c) volumetric heat capacity.

3.2. Horizontal Fluctuation Scale

In general, the vertical fluctuation scale of a soil is smaller than the horizontal fluctua-
tion scale of the soil. That is, the spatial variability of the soil is different in the vertical and
horizontal directions. Vertical spatial variability is much greater than horizontal variability,
which is determined by the formation process and history of artificial frozen soil. The com-
putational process of horizontal fluctuation scale is the same as vertical fluctuation scale.
The horizontal scales of fluctuation of different thermal parameters for same calculation
method are shown in Figure 4. The horizontal fluctuation scale of spatial recurrence method
are 1.2~2 m, the horizontal fluctuation scale of correlation function method is 0.95~2.05 m,
and the horizontal fluctuation scale of curve fitting method is 2.0~2.85 m. Among the
calculation results of the horizontal fluctuation scale of thermal conductivity, three different
methods are close to each other. The fluctuation scale of the thermal conductivity is slightly
larger than the other two parameters. It can be seen that the fluctuation scale calculated
by each parameter fluctuates in a very small range as the temperature decreases. The
horizontal fluctuation scale is obviously larger than the vertical fluctuation scale. Figure 5
shows the comparison of fluctuation scale obtained by different methods with the same
parameter in the horizontal direction. Similar to the vertical fluctuation scale, the results
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calculated by the curve fitting method are larger, and the results calculated by the other
two methods are similar or even coincide with each other. The horizontal fluctuation scale
is generally larger than the vertical fluctuation scale, which is caused by the formation of
the soil layer. The calculation results of the thermal diffusivity and volumetric heat capacity
by the spatial recursive method have an obvious fluctuation trend, while the other two
fluctuation trends are not obvious.
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Based on the vertical and horizontal fluctuation scale of uncertain thermal parame-

ters, the oblique fluctuation scale has great reference and application significance for the 

heat transfer process of artificially frozen soil around the oblique freezing pipe. It can be 

seen from Equation (9) that the calculation process of the oblique fluctuation scale is 

based on vertical and horizontal fluctuation scales. With the basic formula of the ellipse 

and the transformation of the trigonometric function, the oblique fluctuation scale can be 

obtained. Figures 6–8 show the oblique fluctuation scale of thermal conductivity, thermal 

diffusivity, and volumetric heat capacity for the spatial recurrence method, curve fitting 

method, and correlation function method. It can be seen that the fluctuation range of 

uncertain thermal parameters for 30, 45, and 60 degrees is not invariable. The oblique 

fluctuation scale is between the horizontal and vertical scale of fluctuation, which accords 

with the actual situation of the soil. The oblique fluctuation scale of thermal conductivity 

calculated by the correlation function method is smaller than that calculated by the spa-

tial recursion method and curve fitting method. The oblique fluctuation scale of thermal 

diffusivity calculated by the spatial recursion method is in the middle of the curve fitting 

method and correlation function method. The oblique fluctuation scale of volumetric 

heat capacity by the spatial recursion method is smaller than that calculated by the curve 

fitting method and correlation function method. At different temperatures, the scale of 

fluctuation of thermal conductivity, thermal diffusivity, and volumetric heat capacity has 

a consistent trend. In the case of three angles, the fluctuation scale of the dip angle always 

fluctuates between horizontal and vertical fluctuation ranges, which do not exceed its 

limit value. It fits well with the characteristics of the elliptic model. 
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Figure 5. Horizontal fluctuation scales of the same thermal parameters for different calculation
methods. (a) thermal conductivity; (b) thermal diffusivity; (c) volumetric heat capacity.

3.3. Oblique Fluctuation Scale

Based on the vertical and horizontal fluctuation scale of uncertain thermal parameters,
the oblique fluctuation scale has great reference and application significance for the heat
transfer process of artificially frozen soil around the oblique freezing pipe. It can be seen
from Equation (9) that the calculation process of the oblique fluctuation scale is based on
vertical and horizontal fluctuation scales. With the basic formula of the ellipse and the
transformation of the trigonometric function, the oblique fluctuation scale can be obtained.
Figures 6–8 show the oblique fluctuation scale of thermal conductivity, thermal diffusivity,
and volumetric heat capacity for the spatial recurrence method, curve fitting method, and
correlation function method. It can be seen that the fluctuation range of uncertain thermal
parameters for 30, 45, and 60 degrees is not invariable. The oblique fluctuation scale is
between the horizontal and vertical scale of fluctuation, which accords with the actual
situation of the soil. The oblique fluctuation scale of thermal conductivity calculated by
the correlation function method is smaller than that calculated by the spatial recursion
method and curve fitting method. The oblique fluctuation scale of thermal diffusivity
calculated by the spatial recursion method is in the middle of the curve fitting method and
correlation function method. The oblique fluctuation scale of volumetric heat capacity by
the spatial recursion method is smaller than that calculated by the curve fitting method and
correlation function method. At different temperatures, the scale of fluctuation of thermal
conductivity, thermal diffusivity, and volumetric heat capacity has a consistent trend. In
the case of three angles, the fluctuation scale of the dip angle always fluctuates between
horizontal and vertical fluctuation ranges, which do not exceed its limit value. It fits well
with the characteristics of the elliptic model.
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Figure 6. Oblique fluctuation scale of different thermal parameters for spatial recursion method. (a) 

thermal conductivity; (b) thermal diffusivity; (c) volumetric heat capacity. 
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Figure 7. Oblique fluctuation scale of different thermal parameters for curve fitting method. (a) 

thermal conductivity; (b) thermal diffusivity; (c) volumetric heat capacity. 
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Figure 8. Oblique fluctuation scale of different thermal parameters for correlation function method. 

(a) thermal conductivity; (b) thermal diffusivity; (c) volumetric heat capacity. 
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4. Discussion

In engineering construction, especially in artificial freezing engineering, the study of
frozen soil properties plays a decisive role in the smooth progress of engineering construc-
tion. In this paper, the spatial variability of frozen soil in the Luyang District of Hefei City
was studied in detail by using the spatial recurrence method, curve fitting method, and
correlation function method. By the elliptical model, the variation trend of the oblique
fluctuation scale at different temperatures (0 ◦C, −0.4 ◦C, −0.8 ◦C, −1.2 ◦C, −1.6 ◦C, and
−2.0 ◦C) described in detail. At the same time, the fluctuation scale of three parameters
such as thermal conductivity, thermal conductivity, and heat capacity at different tempera-
tures is analyzed. It not only has high engineering significance, but also promotes research
on the spatial variability of artificially frozen soil. However, in the process of studying the
spatial variability of uncertain thermal parameters in different directions for artificially
frozen soil, some issues remain to be discussed. Firstly, although the spatial variability of
artificially frozen soil is an inherent property, it is found that the scales of fluctuation of
uncertain thermal parameters are varied and the calculated value by the three methods is
slightly different. Secondly, the fluctuation scale is used to describe the spatial variability of
artificially frozen soil at present. With the deepening of research, the parameters describing
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the soil properties should be comprehensive and specific. Thirdly, when calculating the
fluctuation scale, considering the insufficient data, the average value of the data is selected.
Notwithstanding these limitations, through the substitution of a trigonometric function, the
formula for calculating the range of oblique fluctuation scale is deduced, and the difference
of fluctuation scale calculated by spatial recurrence method, the curve fitting method and
the correlation function method is compared. It can provide an important reference for the
stochastic thermal analysis of artificial freezing engineering.

5. Conclusions

The uncertain thermal parameters can directly affect the thermal engineering analysis
of artificial frozen soil. This is very disadvantageous to the safety design and construction
of the artificial freezing method. This paper focused on the scale of fluctuation of uncertain
thermal parameters in different directions for artificially frozen soil. Through the change
rules of the vertical scale of fluctuation, horizontal scale of fluctuation, and oblique fluctua-
tion scale, the spatial variability of the uncertain thermal parameters for artificially frozen
soil is obtained. The frozen soil samples are collected from Luyang District of Hefei and the
thermal conductivity, thermal diffusivity and heat capacity for the different temperature
(from −2.0 ◦C to 0 ◦C) are tested. The vertical fluctuation scale, oblique fluctuation scale
and horizontal scale of fluctuation for the uncertain thermal parameters are estimated on
the basis of the spatial recurrence method, curve fitting method and correlation function
method. The vertical fluctuation scale is 0.5~1.1 m and the horizontal fluctuation scale is
1.2~2 m by spatial recurrence method. The vertical fluctuation scale is 0.35~0.8 m and the
horizontal fluctuation scale is 0.95~2.05 m by curve fitting method. The vertical fluctuation
scale is 1.3~1.75 m and the horizontal fluctuation scale 2.0~2.85 m by correlation function
method. The vertical fluctuation scale is smaller than the horizontal fluctuation scale. The
oblique fluctuation scale of uncertain thermal parameters can be computed by the horizon-
tal and vertical fluctuation scale and the elliptic model theory. The oblique fluctuation scale
is larger than the vertical fluctuation scale, but it smaller than the horizontal fluctuation
scale, which means that the oblique spatial variability of uncertain thermal parameters is
larger than that of horizontal spatial variability, but smaller than that of vertical spatial
variability. Vertical and horizontal fluctuation scales are slightly different according to
the spatial recurrence method, the curve fitting method and the method of correlation
function method. Therefore, all three methods can be used to evaluate scale of fluctuation
of uncertain thermal parameters in different directions for artificial frozen soil. They are
reasonable. The results of spatial scale of fluctuation are sufficient for the study of spatial
variability of artificial frozen soil. The scale of fluctuation of uncertain thermal parameters
in different directions of artificially frozen soil can provide the key calculation parameters
for random field calculation of frozen engineering.
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