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Abstract: In the Huainan and Huaibei mining areas, a layer of calcareous clay is buried deep in the
surface soil layer (at approximately 400 m). This layer is in a high-stress state and is prone to freezing
pipe fractures in the freezing method. To obtain the true triaxial mechanical properties of this clay in
its frozen state, this study conducted a cross test (L16(4%)) to explore the change law of the strength
of frozen calcareous clay under the influence of multiple factors. The results showed that the true
triaxial stress—strain curve of frozen calcareous clay was divided into three stages: the strain within
0.5% showed linear elasticity. Under compressive stress, ice crystals and their cements were damaged
or melted and shrank. At approximately 5%, they showed plastic hardening. The soil particles and
ice crystals in the frozen soil recombined and became denser, resulting in irreversible deformation.
As the compression progressed, cracks bred and swelled. The failure stage was manifested as strain
hardening due to the test loading conditions. As the deformation increased, the stress also slightly
increased. The consistent strength-influencing factors could be obtained through range and hierarchy
analyses. The primary and secondary order of influence of o1 was the confining pressure 3, water
content w, temperature T, Bishop parameter b, and salt content ¢. The influence weight of each factor
was quantitatively calculated. In the significance analysis, when the interaction was not considered,
the effects of the pressure and moisture content on the strength were always significant. The effect of
temperature was significant only when the significance level (2 > 0.05. The salt content and b value
had no significant influence on the strength, and the significance of each factor followed the order
of the results of the range analysis method and analytic hierarchy process; when considering the
interaction, the interaction factors had different effects on the strength. When Q) > 0.01, the influence
of factor A (temperature T) x B (water content w) on the strength showed significance, even exceeding
that of temperature. This demonstrated that when studying the strength characteristics of frozen
soil, it is necessary to comprehensively consider the various factors and their interaction to more
accurately characterize the mechanical behavior of frozen solids.

Keywords: frozen calcareous clay; true triaxial orthogonal test; analytic hierarchical process; signifi-

cance test; interaction

1. Introduction

The geotechnical strength index is an important survey parameter for the development
and utilization of underground space. Under normal circumstances, conventional soil is
considered a two- (saturated) or three-phase system, and laboratory testing and research
have been conducted on such soils. For shallow rock and soil, the unconfined uniaxial
compressive strength under different factors have been considered [1-3]. Such soils meet
the engineering requirements; however, when the deep rock and soil are in a state of high
stress, the contribution of the confining pressure to the strength cannot be ignored. To
simulate a real stress environment, it was necessary to conduct false or true triaxial indoor
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tests [4-6]. The factors influencing the strength in such tests include the water content
(or saturation), soil properties, loading rate, confining pressure, and dry density. The
strength of conventional soil is generally low, and the influence of various factors on the
strength was not significant. Frozen soil is a four-phase system. Artificial ground freezing
curtains are used as temporary support measures in major underground projects such as
coal mine shaft excavation, subway tunnels, and special underground spaces. The influence
of various factors on the properties of frozen structures, such as thermal conductivity [7,8]
and strength, is greatly enhanced and more complex. Cai [9] conducted an unconfined
compressive strength test on frozen clay under different water and Nay;SO4 contents. The
test results showed that the deformation of frozen soil was significantly affected by the
change in the water and salt contents. Its strength increased to the maximum value first
and then decreased with the increase of water content and salt content. Through a series
of triaxial tests, Niu [10] found that the deformation and strength of frozen soil were
significantly affected by temperature, moisture, and pressure. When the moisture content
was low, and the confining pressure increased, a silty clay transitioned from strain softening
to strain hardening. With the increase in the water content, the initial tangent modulus
gradually changed from a linear distribution to a parabolic one with the confining pressure.
Lai [11] and Du [12] analyzed the change characteristics of sand strength with the moisture
content at different temperatures and the dependence of sand strength on the temperature
under the same moisture content; the influence of moisture content on the strength of
frozen soil did not purely depend on the moisture content. For a certain type of soil, there
is a fixed moisture content (optimal moisture content). When it is greater than this value,
the strength of frozen soil decreases with the increase in the moisture content [9,13-17].
The temperature, water content, salt content, and confining pressure significantly affect
the strength of frozen soil. In terms of true triaxiality, the influence of Bishop parameter b
on the strength of frozen soil, particularly the second principal stress, cannot be ignored.
Hence, scholars have conducted true triaxial tests that are more representative of the real
stratum stress state. For example, Dai [18] discussed the effects of the water content,
consolidated confining pressure, and intermediate principal stress ratio on the strength
of branched clay and reached a reliable conclusion. As reported by Chen [19], when the
consolidated confining pressure was less than the structural strength of the structural loess,
the stress—strain curve was a softening type; otherwise, it was a hardening type. Ma [20]
and Zhang [21] conducted a true triaxial test on frozen sand under the influence of Bishop
parameter b and accordingly performed an analysis.

Many factors affect the strength of frozen soil, not just the ones mentioned in the above
studies. Most scholars considered only two or three of the many factors, and research on
the interaction effects of the various factors is lacking. Hence, in this study, we considered a
layer of calcareous clay in the deep surface of the Huainan and Huaibei mining area (buried
at approximately 400 m) as the research object. This layer is in a high-stress state and
highly prone to freezing pipe fractures in the freezing method. To obtain the true triaxial
mechanical properties of this clay in its frozen state, we conducted true triaxial orthogonal
tests on calcareous clay under the influence of five factors: temperature, water content, salt
content, confining pressure, and Bishop parameter b. The primary and secondary order
of influence of the various factors on the strength of the frozen soil was analyzed, and the
weight of the influence of each factor on the peak strength was quantitatively calculated
through the analytic hierarchy process. Finally, the interaction and non-interaction between
the factors were considered, and statistical theory was applied to elaborate the influence of
each factor. The degree of significance provided a certain reference value for the design
and construction of underground structures in frozen soil.

2. Test Design and Test Results
2.1. Orthogonal Experimental Design Scheme

Frozen soil is used as a curtain for coal mine shaft excavation, and its strength is an
important design index. Studies have shown that many factors affect the strength of frozen
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soil, including water and salt content, confining pressure, temperature, and indoor test
loading rate. In this study, we used a calcareous clay exhibiting strong plasticity as the
test object. Table 1 presents the basic physical properties of this clay. Considering the
temperature, water and salt content, confining pressure, and intermediate principal stress
coefficient b, a true triaxial test was conducted on the frozen calcareous clay. Because of the
many factors considered and the large number of tests required, an orthogonal test method
was used to explore the influence of the various factors on the strength of this frozen
soil. The orthogonal test design is presented in Table 2. A five-factor four-level (L14(4°))
orthogonal test was conducted. The corresponding levels of each factor were: (Factor A)
Temperature T = —5-—20 °C; (Factor B) water content w = 15-22.5%; (Factor C) salt content
1 = 0-3%; (factor D) confining pressure o3 = 1-4 MPa; (Factor E) principal stress coefficient
b=0,0.33,0.67, and 1.

Table 1. Geotechnical test results of the studied frozen soil [22].

Moisture Wet Dry Specific Liquid Plastic Plasticit Liquid
Soil Type Content w Density p Density p,y pes Void Ratio Limit wr Limit wp y Limit
Gravity G Index Ip
(%) (g/ecm?) (g/em®) s (%) (%) Index I,
Caé;;‘;m 22,62 2.04 1.66 2.736 0.64 54 35 19 ~0.65

Table 2. True triaxial test factors of calcareous clay and their corresponding levels. (Note: The salt
content in this table was the salt content in 100 mL of pure water, that is, the mass percentage of
anhydrous CaCl, [23]).

Four Levels

Five Factors L b v H
o) - 0 o -
MOiStT;:f;tg)lt e 15 17.5 20 225
Salt(;zzttg?tc 1)/) /% 0.0 1.0 2.0 3.0
Confmm% éiiiiug)vs) 03 /MPa 1 2 3 4
BISth};a}::(l;iI]?fter b 0 033 0.67 1

2.2. Test Loading Mode

Sample preparation: The dimensions of the test block sample were
100 mm x 100 mm x 100 mm. After the undisturbed soil sample was dried, ground, and
sieved, it was sprayed with different concentrations of CaCl, solution in layers, mixed
evenly, placed in a Ziplock bag, and allowed to stand for 24 h. The sample was then con-
trolled using the dry density and volume. The mixed soil samples of corresponding quality
were packed in a grinding tool in layers and pressed to prepare standard samples for use,
as shown in Figure 1. Before the test, the standard sample was frozen at the required low
temperature for more than 48 h, and a true triaxial test was conducted.

0,

O3 &o,
X iOOmm/i ; o /l / o
Y3 . J4Y2
100mm + €b63 e -
S L T T

Figure 1. Test loading method.
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Loading mode: For the test, we adopted a ZSZ-2000 microcomputer-controlled true
triaxial frozen soil test platform. Figure 2 shows its loading device. The frozen soil
triaxial test platform could realize independent sample loading in the three principal stress
directions. The sample could be tested along different stress paths in the 3D stress space.
The sample was loaded along the three principal stress directions using rigid plates. As
shown in the three views in Figure 3, the F6 direction was the fixed end, which gave
the reaction force in the F2 direction. Loading in the five directions, F1 to F5 was done
independently by the servo cylinder through the force transmission rod. F3 and F5 were the
loading directions of the first principal stress; F1 and F4 were the loading directions of the
second principal stress; F2 and F6 were the third principal stress loading directions. Six steel
plates were placed in a staggered overlap manner to realize the compression process of the
sample. This test adopted a loading method with a constant principal stress ratio b in the
control, where b = (0, — 03) /(07 — 03). The parameter 03 was a constant. By shifting the
term and taking the derivative of this formula, we find that {(0») = bl(c7), and ¢ were the
loading rate in the direction of the first principal stress, and { = 25N/s. The specific loading
process of the test is shown in Figure 1. After the sample reached the required temperature
for the test and stabilized for 30 min, a three-way synchronous pressure o3 was applied
to place the specimen in a state of equal stress in the three directions. The specimen was
then stabilized and consolidated until its deformation was unchanged. Different loading
rates were subsequently set in the o7 and o, directions. The ratio of the two loading rates
was equal to b to realize the true triaxial test process while keeping b unchanged. The test
failure threshold was when the deformation in the direction of the major principal strain
reached 15 mm, that is €1 = 15%, or when the test monitoring curve shows that the sample
was evidently damaged, that is, when the strain in the first principal strain-first principal
stress curve grew almost vertically, the corresponding strength was the failure strength.

r

Z.S7-2000 microcomputer controlled true three-axis frozen soil
testing machine

Y loading

=g
:F-"&l;:— I cylinder I

Figure 2. True triaxial test platform for frozen soil.
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Figure 3. Three views of lapped rigid plates for frozen soil samples.

2.3. Test Results and Discussion

Considering that the test factors and loading environment of each sample of this true
triaxial orthogonal test were different, there were many test curves; therefore, only some
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test equivalent stress—strain curves were selected for the analysis, as shown in Figure 4,
where q was the von Mises stress, see Equation (1). The first principal strain £; was the sum
of the strains in the F3 and F5 directions; the volume strain ¢, was the sum of the strains in
directions F1 to F6, and the sign indicated that the pressure was positive.

1
q= \/2 {(01 —02)2+(Uz—03)2+(03—01)2} ey
Q‘S 40 1 1 1 1 1 1 1 1 1 1 1 1 1
% 3.5 —0— 3*Sample [

—o— 8*Sample [
—4— 11%Sample[
J

So00Ff

I

—
1 2 3 4 5 6 7 8 9 10

Volumetric strain €,

Figure 4. True triaxial stress—strain and volume deformation curves of frozen calcareous clay.

Figure 4 shows that the equivalent stress—strain relationship of the frozen calcareous
clay was divided into three stages. The first was the linear elastic stage. Due to the
high water content in the three selected samples, the samples were consolidated and
frozen for a long duration. When the first principal strain was less than 0.5%, there was a
certain instantaneous strength between the soil particles and cementation between the soil
particles and ice crystals. Frozen soil samples exhibited good integrity and resistance to
small deformations and rapid stress growth. The second was the plastic hardening stage.
During this period, due to the increase in stress, the phenomenon of ice crystal pressure
melting occurs. The soil and ice crystal particles, and pores reappeared in the frozen soil
sample. The sample became denser, the bearing capacity was further improved, and plastic
deformation from the first principal strain occurred, reaching approximately 5%. The third
was the strain hardening failure stage. The occurrence of this stage depended on the test
loading conditions. As mentioned above, a six-direction independent rigid loading mode
was applied to control the load applied to the frozen soil samples. Frozen soil typically
has certain residual stress after failure; if the frozen soil sample does not completely lose
its bearing capacity or the test process was terminated, the force acting on the sample
will continue to increase. As shown in Figure 4, the reason for the gradual growth in
the deviator stress in the later stage was the rapid growth and expansion of the cracks
in the sample under the action of the high stress applied (close to the ultimate bearing
capacity). The samples expanded first and then shrank during the entire loading process.
The expansion increased the gap between the rigid plates. When the specimen was placed
between the rigid plates became incompressible, it overflowed from the gap between the
plates, resulting in large deformation and unloading of the frozen soil specimens. This was
also the reason for the evident shrinkage of the body.

Table 3 presents the results of the true triaxial orthogonal test conducted on the
saline calcareous clay. The range analysis of the data listed in Table 3 was performed.
Tables 4 and 5 list the analysis results. From a comparison of the R-values in Table 5, the
primary and secondary order of influence affecting the peak strength o of frozen calcareous
clay was as follows: pressure 03, water content w, temperature T, Bishop parameter b,
and salt content . The primary and secondary order affecting ¢ is shown in Table 6: the
Bishop parameter b, confining pressure 3, water content w, temperature T, and salt content
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1. Comparing the value of L, factor C (that is, the salt content ) had a certain effect on the
peak strength and second principal stress of frozen calcareous clay compared with the other
four factors, but the degree of influence was weaker, and the four levels show a trend of
first increasing and then decreasing. The Bishop parameter reflected the magnitude of the
second principal stress. Therefore, the influence of this factor on the second principal stress
was the most significant. This was self-evident; the sample was more compact, the existence
of an external force increased the friction on the sliding surface, the cohesive force increased,
and the peak strength increased. Existing research results show that [24,25] temperature
was the main factor affecting the strength of frozen soil; this was because the moisture in the
sample freezes in a low-temperature environment. The lower the temperature, the greater
the volume percentage of the ice crystal cement. The lower the unfrozen water content,
which increased the strength of the cementation between the soil particles, the higher the
strength. However, the presence of salt changes the concentration of the aqueous solution
in the sample, thereby changing its freezing temperature, and the water was difficult to
freeze. Therefore, the greater the concentration of the salt solution, the greater the decrease
in the peak intensity.

Table 3. Design and results of true triaxial orthogonal test conducted on saline calcareous clay [23].

Five-Factor and Four-Level (L;4(4%)) Orthogonal Test on Saline Calcareous Clay

Factor

Temperature Moisture Salt Content Confining Bishop Test Results
T/°C Content w/% Pl% Pressure Parameter b
Test Number ° o3/MPa T1max/MPa Tomax/MPa

1 -5 15 0 1 0 3.789 1

2 -5 17.5 1 2 0.33 5.694 3.22
3 -5 20 2 3 0.67 5.35 458
4 -5 22.5 3 4 1 6.11 6.11
5 —10 15 1 3 1 10.209 10.209
6 —10 17.5 0 4 0.67 9.568 7.734
7 —10 20 3 1 0.33 3.064 1.683
8 -10 225 2 2 0 3.474 2

9 -15 15 2 4 0.33 10.396 6.102
10 —15 17.5 3 3 0 6.509 3
11 —15 20 0 2 1 5914 5914
12 —15 225 1 1 0.67 3.071 2.387
13 -20 15 3 2 0.67 7.94 5.981
14 -20 17.5 2 1 1 5.197 5.208
15 -20 20 1 4 0 8.411 4
16 -20 22.5 0 3 0.33 6.941 4.302

Table 4. Analysis of the degree of influence of various factors on the major principal stress oy [23].

Factor Level A B C D E Optimal Level Factor Priority
L1 5.236 8.083 6.553 3.780 5.546
First principal L2 6.579 6.742 6.846 5.755 6.524
stress L3 6.473 5.685 6.104 7.252 6.482 A4B1CyDyEy D>B>A>E>C
O1max/ MPa L4 7.122 4.899 5.906 8.621 6.857
R 1.886 3.184 0.940 4.841 1.311
Table 5. Analysis of the degree of influence of various factors on the intermediate principal stress o [23].
Factor Level A B C D E Optimal Level Factor Priority
L1 3.728 5.823 4.737 2.570 2.500
Second L2 5.406 4.790 4954 4.279 3.827
principal stress L3 4.351 4.044 4.473 5.523 5.171 ArB1CoD4Ey E>D>B>A>C
Oomax/ MPa L4 4.873 3.700 4.194 5.987 6.860
R 1.678 2.123 0.760 3417 4.360
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Table 6. Critical values of Fn(fy,f,) for F verification [26].
Significance Level 2 0.1 0.05 0.01 0.005
f1=36(=12 2.606 3.490 5.953 7.230
f1=3£6=19 2.397 3.13 5.010 \
1.984 2.42 3.523 \

f1,=9,£=19

To systematically study the relationship between the peak stress ¢; and the interme-
diate principal stress 0, of frozen saline calcareous clay and the confining pressure o3,
water content w, temperature T, Bishop parameter b, and salt content 1, according to the
dimension analysis theory, an exponential function was used to compare the test data in
Table 4. The calculation formula could be obtained by fitting in Origin as follows:

@

o = 86.6208T0‘1975 . w—1.23085 . 1’[]—0.00776 . 0.:(’)).59654 . b0'02066, RZ — 0.966

To more intuitively reflect the significant effects of the confining pressure and water
content on the peak stress and the second principal stress in the range analysis, the confining
pressure 03 and water content w were drawn for a temperature T = —10 °C and salt content
1 = 1%. Figures 5 and 6 show the 3D trend charts of the peak stress ; and second principal

stress 0, under different b values, respectively.

9. 220
8.542

0 g 7.864
< 7.186
=
s 2 6.508
£ )
g 5. 830
= 5. 152
= 4.474
£
”_Projection g} 3.796
wface i 3.118
2.440

Figure 5. Three-dimensional trend chart of water content, confining pressure, and high principal

stress under different b values [23].

©

9. 080
8.418
7.756
7.094

~ o
0/MPa

6.432
5.770
5. 108

g o

4. 446
3.784
3.122
2. 460

Second principal stregg

Figure 6. Three-dimensional trend chart of water content, confining pressure, and intermediate

principal stress under different b values [23].
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Figure 5 shows that as the value of b increases, the slope of the curved surface becomes
steeper, indicating that an increase in b directly increased the stress in the oy direction,
the average principal stress increased, and the frozen soil was compacted. Although the
second principal stress also increased, it accelerated the melting effect of ice crystals in the
frozen soil and increased the restraint and occlusion of soil particles. Therefore, the strength
significantly increased when b = 0 or b # 0, while the peak stress between b = 0.33 and
1 gradually decreased. This was because although the stress in the o, direction increased,
the occlusion between the soil particles was increased to a certain extent, and the strength
was increased; however, the 03 direction constraint remained unchanged. The principal
stress o1 significantly increased, and the strength of the sample decreased as the moisture
content increased; the change in the moisture content cannot significantly affect the first
principal stress 1. For example, when the confining pressure was 1 MPa, the first principal
stress was 4.895 MPa for 15% water content, and the first principal stress was 2.972 MPa
for 22.5% water content, which was reduced by 1.923 MPa, and the rate of change was
39.3%. The confining pressure had a significant influence on the first principal stress o7y.
For example, when the water content was 15%, the first principal stress with a confining
pressure of 1 MPa was 4.895 MPa, and the first principal stress with a confining pressure
of 4 MPa was as high as 11.193 MPa, which was an increase of 6.298 MPa, and the rate of
change was 56.3%.

The 3D trend chart of 0, under different b values, shown in Figure 6, was the same
as that of the peak stress o because 0, and 01 were dependent on each other. When the
stress in the o; direction reached the peak, the sample was broken, and there was no room
for growth in 0. As the confining pressure increased, the sample was sufficiently dense,
and it was difficult for dilatancy to occur. The restraint and compaction effect of o, became
insignificant; therefore, the distance between the curved surfaces became smaller as the
value of b increased; the water content increased under freezing conditions. The most
intuitive effect of the enhancement in the peak stress of the soil was the volume content of
the ice crystals in the frozen soil and the cementation of the ice crystals on the soil particles.
However, the increase in the confining pressure also caused compression and melting and
weakened the contribution of the increase in the water content to the increase in the peak
stress. Therefore, the confining pressure was the main significant factor for the increase in
the peak stress and the second principal stress, whereas, for the stress in the oy direction,
the b value was the most significant factor. For example, when the confining pressure
was 4 MPa, the Bishop parameter b increased from 0 to 1, and the corresponding second
principal stress increased from 4 to 9.128 MPa, which was an evident increase.

3. Levels of Analysis

The range analysis method was conducted to obtain the order of priority among the
influencing factors without considering the interaction of the various factors. However, it
was not possible to obtain the influence of the factors and their levels on the test results’
influence weight. Therefore, the analytic hierarchy process was introduced to explore the
weights of the above five factors on the strength of the frozen calcareous clay.

3.1. Hierarchical Analysis Theory

Similar to Table 2, considering its more general situation, we supposed that there were
k influencing factors, namely AW A@ . A® and the number of levels of each factor
was nj, ny, ..., ng. As shown in Figure 7, the AHP model of the orthogonal experiment
had a three-layer structure comprising the index, factor, and level layers.
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Figure 7. Orthogonal test AHP model.

Therefore, the sum of the test data under the j-th level of the defined factors were
called the influence effect of the j-th level of the factor on the test, wherei=1,2 ..., k;
j=1,2..., ng If the value of the inspection test index was high, let M;; = Kij; otherwise,
let M;; = 1/K;;. Among them, the effect matrix of the horizontal layer on the experiment is
shown in Equation (3), and S is expressed in Equation (4).

M 0 0
Moy 0 0
M,1 0 0
0 M, 0
0 My, --- 0
A= - (3)
0 My, 0
0 0 My
0 0 Moy
0 0 Mk
1/t 0 0
e A @)
0 0 - 1/t

1j
where t; = El M (j=1,2,--k).

Therefore, matrix A right multiplied by matrix S was the normalization process of
each column of matrix A, and matrix AS was called the level standard influence effect
matrix. The range of the factors was R; (i =1, 2, ..., m), which was called the influence of
factors on the experiment. The weight matrix of the influence of factors on the experiment
is expressed in Equation (5):

R1 RZ ... Rm
CZ(%K‘ LR, gRi) ©®)
i=1 i i=1

Finally, the influence weight of each factor level on the index @ = ASCT was obtained
by the analytic hierarchy process. @ was (n'* n?* ... n**) x 1 vector, which indicated the
influence of each level of the factor on the experiment.

3.2. Discussion on the AHP Result
The above method yields the following:

C=(0.155 0.262 0.077 0.398 0.108) (6)
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0.039 0 . 0
R ?
0 0 0039/ 5 .
5.236 0 0 0 0
6.579 0 0 0 0
6.473 0 0 0 0
7.122 0 0 0 0
0 8.084 0 0 0
0 6.742 0 0 0
0 5.685 0 0 0
0 4.899 0 0 0
0 0 6.533 0 0
0 0 6.846 0 0
A= 0 00 6.104 0 0 ®)
0 0 5.906 0 0
0 0 0 3.780 0
0 0 0 5.756 0
0 0 0 7.252 0
0 0 0 8.621 0
0 0 0 0 5.546
0 0 0 0 6.524
0 0 0 0 6.482
0 0 0 0 6.856
Therefore, the degree of influence of the various factors on the peak intensity oy was
as follows:
5.236 0 0 0 0 0.0317
6.579 0 0 0 0 0.0389
6.473 0 0 0 0 0.0391
7.122 0 0 0 0 0.0431
0 8.084 0 0 0 0.0826
0 6.742 0 0 0 0.0689
0 5.685 0 0 0 0.0581
0 4.899 0 0 0 0.155 0.0501
0 0 6.533 0 0 0.039 0 . 0 0.262 0.0197
T 0 0 6.846 0 0 0 0.039 --- 0 ’ 0.0206
@ =ASCT = 5 o0 6104 0 0 e ggg “looss| ©
0 0 5.906 0 0 0 0 <0039/ 5 . 0.108 0.0177
0 0 0 3.780 0 ) 0.0587
0 0 0 5.756 0 0.0893
0 0 0 7.252 0 0.1126
0 0 0 8.621 0 0.1338
0 0 0 0 5.546 0.0234
0 0 0 0 6.524 0.0275
0 0 0 0 6.482 0.0289
0 0 0 0 6.856 0.0273
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@ = ASCT =

3.728
5.406
4.351
4.873

o]

S OO OO OO OO OO OO oo

0 0 0 0 0.0274
0 0 0 0 0.0397
0 0 0 0 0.0320
0 0 0 0 0.0358
5.823 0 0 0 0.0541
4.790 0 0 0 0.0445
4.044 0 0 0 0.0376
3.700 0 0 0 0136 0.0344
0 4737 0 0 0.054 0 s 0 0'172 0.0159
0 4954 0 0 0 0.054 --- 0 0'062 _ | 0.0166 (10)
00 4473 0 0 ce R 0'277 0.0150
0 4.1% 0 0 0 0 - 0054/ ¢ 0'354 0.0140
0 0 2570 0 ' 0.0384
0 0 4279 0 0.0640
0 0 5.523 0 0.0826
0 0 419% 0 0.0896
0 0 0 2.500 0.4460
0 0 0 3.827 0.6828
0 0 0 5.171 0.9226
0 0 0 6.860 1.2239

From the calculation result obtained using Equation (9) without considering the
interaction, the four levels of each factor have the highest influence weight on the peak
stress oq: factor A was A4 = 0.0431; factor B was By = 0.0826; factor C was C, = 0.0206;
factor D was D4 = 0.1338; and factor E was E4 = 0.0289. Thus, the optimal level of the
experiment was A4B1CyD4Ey4, and the primary and secondary order of influence of each
factor was determined by the sum of the weights at each level of the five factors. The
order of the primary and secondary influence of each factor was D > B > A > E > C.
Similarly, the degree of influence of each factor on the intermediate principal stress o,
was obtained. As expressed in Equation (10), the weights with the highest influence were
Ap =0.397; By = 0.0541; C; = 0.0166; Dy = 0.0896; and E4 = 1.2239. The optimal level of o
was E > D > B > A > C. Both these results were consistent with the range analysis results.
Moreover, the influence weight of each level of the factor on the peak intensity was obtained
through the analytic hierarchy process.

4. Significance and Interaction Analysis
4.1. Significance Analysis Method

The magnitude of the variation was characterized by the sum of the squares of the
variation, which was defined as:

5= (5 - %) an

i=1

~ 1 L
where, X = 'Zl X;.
1=
The estimated value of the deviation SS; was expressed as:

ss; = Qi / f (12)

where f was the degree of freedom, and fr = N — 1, N was the total number of trials,
fi = k—1, k was the level of factor i, f, = fr — f;.
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Based on the above deviation definition method, the calculation process of the signifi-
cance level of the five-factor four-level orthogonal test reported in this paper was as follows:
The sum of the squared deviations St was:

16 1 [ \?2
St = le? ~ 16 (Z x,-> (13)

i=1

2
16
Lety = 11—6 ( Y xi> . From the data listed in Table 3, we obtained #= 645.63; then, the
i=1

sum of the squared deviations of each factor S4, Sg, ..., S was expressed as:

2
4 16
1 2 1 .
Sa i '):1 TAi — 16 <'Zl xz)
1= 1=

S 1 4 T2 1 16
B= 1151 Bi — 16 (;1 xi> (14)
2
16
Sg = %,Z Tl%z - 116 (‘21 xl)
1= 1=

In the formula: Ty;, Tg;, - - -, Te; were the sum of the test values of each factor at a
certain level, e.g., T4; was the sum of the four groups of test values at the level of factor 1.
The sum of squares of the error effect deviation S, was:

Se=Sr—(Sa+Sg+---+SE) (15)

The sum of the squared deviations of the error effect reflected the fluctuation value of
the test error in this set of data. From Equations (13)—(15), the sum of the squared deviations
corresponding to each factor was obtained. For example, the calculation process of S4 was:

Tp1 = (3.789 +5.694 4 5.35 + 6.11) = 20.943
(16)
Su = (20.9432 4 26.3152 4 25.892 + 28.4892) /4 — 645.63 = 7.621

Table 7 presents the rest of the calculation results. Referring to the corresponding
degrees of freedom of the factors according to Equation (12), the estimated value of the
deviation SS; of each factor was determined.

Table 7. Significance test on influencing factors of peak intensity oy.

Factor Sum of Squares Degrees of Freedom F Ratio Significance
A 7.621 3 3.494 I
B 22.826 3 10.466 I
C 2.181 3 1.000 \%
D 51.719 3 23.713 I
E 3.808 3 1.746 v
Error 2.18 12 0.01 \
Sum 88.152 15 \ \

Considering the ratio of deviation estimates:

_SSi _ Si/fi
' SSe S/ fe

(17)

For a given significance level (), if

F > Fa(fi, fe) (18)
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The influence of factor i on the test index was significant; otherwise, it was not significant.

4.2. Significance Analysis without Considering Interaction

The test data listed in Table 3 were calculated and tested using the above calculation
method, and the critical values of the F test listed in Table 6 were compared. Table 7 lists
the test results.

The results of the significance study of the peak stress c'; showed that under complex
stress conditions (under true triaxial conditions), the confining pressure and water content
had significant effects on the strength, and the temperature effect was significant when
Q> 0.05. The influences of the salt content and b value on the intensity were not very
significant. The order of significance of each factor was consistent with the results of the
range analysis method and analytic hierarchy process.

4.3. Significance Analysis Considering Interaction

In the real state, the influence of frozen soil strength was not the result of single factors
that were independently affected and then simply superimposed. The interactive influence
of various factors could not be ignored. For example, the water content was the factor
determining the volumetric ice content of frozen soil. However, an increase in the salt
content reduced the freezing temperature of the water in the soil, making it difficult to
freeze, and the volumetric ice content naturally decreased, thereby reducing the strength.
At the same time, the application of a confining pressure caused the compression—-thaw
effect in the frozen soil, and the ice crystal cementation and melting affected the intensity.
There were complex interactions between the various factors affecting the intensity. The
above analysis results that did not consider the interaction between the factors could only
be qualitatively analyzed to a certain extent. Hence, it was necessary to make the following
significance analysis considering these interactions.

According to the basic idea of the orthogonal experiment design, the L3,(4”) orthogonal
experiment table was used to design the experiment. The orthogonal experiment table
head design was implemented in strict accordance with the experimental procedures. Due
to many factors, the table head was too large, and the table head design is not presented
herein. This study only considered the interaction between factors A, B, and C. Some of
the 32 groups of effective tests were consistent with the test conditions listed in Table 3,
and the test results could be used. Most of the remaining test results were calculated from
Equation (2). The data obtained were analyzed for significance using the method described
in Section 4.1. Table 8 presents the results.

Table 8. Significance test of factors affecting the peak intensity ; when the interaction was considered.

Factor Sum of Squares Degrees of Freedom F Ratio Significance
A 5.286 3 2.259 Vv
B 46.950 3 20.064 II
AxB 8.259 9 3.529 v
C 2.340 3 1.000 VIII
AxC 4.606 9 1.968 VI
BxC 2.547 9 1.088 VI
D 81.744 3 34.933 I
E 18.564 3 7.933 111
Error 2.34 19 0.01 \
Sum 173.296 31 \ \

The test results showed that for the significance levels listed in Table 6, the effects of
the confining pressure, water content, and intermediate principal stress coefficient b on the
peak stress were all significant; the interactions A x B, A x C, and B x C had different
degrees of influence on 1, and the significance of the three interactions exceeded the degree
of influence of the salt content. When Q) > 0.01, the influence of A x B on the equivalent
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stress was significant, and its influence even exceeded that of the temperature. From the
results listed in Table 8, we concluded that the order of significance of the influence of
various factors on the peak stress was as follows: confining pressure D, water content B,
intermediate principal stress coefficient b, interaction A x B, temperature A, interaction
A x C, interaction B x C, and salt content C. Hence, when studying the strength of frozen
soil, it was necessary to comprehensively consider the various factors and their interactions
to more accurately characterize the mechanical behavior of frozen soil.

5. Conclusions

In this study, a true triaxial orthogonal test was conducted on frozen calcareous
clay to explore its strength change characteristics under the influence of multiple factors,
including the degree of influence of each factor. The following conclusions were drawn
from the results:

(1) The characteristics of the stress—strain curve of frozen calcareous clay could be divided
into three stages: the strain was within 0.5%, showing linear elasticity, and under the
effect of pressure, the ice crystals, and their cements were damaged or compressed,
and they shrink; at approximately 5%, they showed plastic hardening. The soil
particles and ice crystals in the frozen soil recombined and became denser, resulting
in irreversible deformation. With the compression process, cracks bred and expanded.
The failure stage was manifested as strain hardening due to the test loading conditions.
As the deformation increased, the stress also slightly increased. In this stage, the
soil sample was squeezed out, and the volume deformation could not represent its
true change.

(2) Through analytic hierarchy process, the peak stress o1 of each factor under four levels
was quantitatively calculated, and the maximum value of influence weight of oy was
Ay =0.0431; By = 0.0826; C, = 0.0206; and D4 = 0.1338; E4 = 0.0289, the maximum
and minimum weight was 0.1338 and 0.0197, respectively, and the optimal level was
A4B1CyD4E,. By comparing the sum of the weights of the four levels of each factor,
the order of primary and secondary influence consistent with the range method was
obtained, which was D > B > A > E > C. Similarly, the maximum and minimum weight
of 0 was 1.2239 and 0.014, respectively, and the order of o, wasE>D >B> A > C.

(3) When the interaction was not considered under true triaxial conditions, the effects
of the confining pressure and water content on the strength were always significant.
The temperature effect was significant only when the significance level () > 0.05. The
salinity and b value had a significant effect on the strength. The impact was not
significant, and the ranking of the significance of each factor was consistent with
the results of the range analysis method and the analytic hierarchy process. When
considering the interaction, the interaction factors had different effects on the intensity.
When () > 0.01, A x B was equivalent, and the effect of stress was significant, even
exceeding that of the temperature. When studying the strength of frozen soil, it was
necessary to comprehensively consider the various factors and the interaction between
them, to more accurately characterize the mechanical behavior of frozen soil.
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