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Abstract

In an era of continued economic development around the globe, numerous
rock-related projects including mining and gas/oil exploration are undertaken in
regions with cold climates. Winters in the Iranian western and northwestern
provinces are characterized by a high precipitation rate and a cold weather.
Under such conditions, rocks are exposed to long freezing periods and several
freeze-thaw (F-T) cycles. It is thus necessary to examine the impact of these
cycles on the physical and mechanical properties of rocks. Considering the
Triaxial Compressive abundant sandstone resources in Iran, in this work, we focused on the Lushan
Strength sandstone by investigating the effects of F-T cycles and freezing temperatures
on the uniaxial and triaxial compressive strengths, cohesion, internal friction
angle, and elastic modulus of the rocks. To study the impact of the number of
F-T cycles on the strength of rocks, the specimens frozen at -16 °C were
subjected to 1, 4, 8, 16, and 32 F-T cycles. Similar tests were also carried out
on the specimens frozen at -24 °C. Furthermore, a number of tests were
undertaken at the ambient temperature (25 °C) on specimens that did not
undergo an F-T cycle. According to the results obtained, an increase in the
number of F-T cycles and freezing temperatures reduced the uniaxial and
triaxial compressive strengths, cohesion, internal friction angle, and elastic
modulus due to the growth of the existing cracks and the nucleation of new
cracks in the rock. Consequently, the effective porosity increased, whereas the
dry specific gravity decreased with more F-T cycles and lower freezing
temperatures.
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1. Introduction

Rock masses are increasingly used as the substrate materials in engineering works, are always

in a wide range of human activities. Facilities
such as storage depots, wells, tunnels, and
underground power plants are exposed to different
rocky mechanics conditions in different types of
bedrocks [1]. A rock is a complex mechanical
medium consisting of joints, cracks, pores, gas,
water, and other fluids [2]. In an era of continued
economic development around the globe,
numerous rock-related projects including mining
and gas/oil exploration are undertaken in regions
with cold climates [3]. Rocks, as the building
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exposed to the freeze-thaw (F-T) weathering
phenomenon. Geological disasters can occur in
cold areas due to F-T cycles in rocks or soils. For
this reason, the impact of F-T cycles on the
mechanical properties and penetrability of rocks
should be thoroughly studied [4]. The geological
disasters include landslide and instability of rocky
slopes [5, 6] and instability of tunnels [7].

Rocks in cold areas are exposed to environmental
perturbations such as explosion, crushing, piling,
earthquake, and landslide. Accordingly, the study
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of mechanical properties of rocks under an F-T
process provides important theoretical and
practical information that helps manage
construction projects and prevent disasters in cold
areas [8]. The presence of primary cracks and
fractures in rocks is inevitable and is considered
as a special feature of any substance. As a result,
these structures and rock masses are ruptured
faster under mechanical loads or by other
environmental factors such as F-T cycles [9]. An
F-T cycle is a common and serious phenomenon
related to the weathering of rocks. Repeated
freezing and thawing of water in the pores of
rocks leads to the expansion of the cracks and
nucleation of small fractures, both quite harmful
to rocks [10]. When the temperature is below the
freezing point, the volume of pore water inside
rocks increases up to 9% as the water phase
changes from the liquid to the solid state. This, in
turn, leads to a change in the pore structure. When
the temperature is above the freezing point, the
frozen water is thawed and moves between pores
causing a reduction in the cohesion of rock
particles. Alternating F-T cycles lead to the
gradual exacerbation of the damage and further
weakening of mechanical properties [2].

Studies on the effect of F-T cycles on the physical
and mechanical properties of rocks are reviewed
below.

In an experimental study, Ozbek investigated the
effects of wetting-drying and F-T cycles on some
of the physical and mechanical properties of
ignimbrite. Specific gravity, porosity, water
absorption, slake durability index, uniaxial
compressive strength, and wave velocity (P) in all
ignimbrite specimens were determined before and
after 10 F-T cycles for each specimen (a total of
50 cycles). In the freezing stage, the specimens
were placed in a freezer at -20 °C for two hours.
In the thawing stage, the specimens were placed at
20 °C for two hours. The experimental results are
suggestive of the impact of wetting-drying and
F-T cycles on the physical and mechanical
properties of rock specimens [11].

Sarkar Noor-E-Khuda et al. conducted an
experimental study to investigate the effect of F-T
cycles on the bending strength of the weathered
granite. They used a controllable F-T chamber in
the temperature range of -70--10 °C. Their results
indicate the physical erosion of granite subjected
to F-T cycles, which significantly reduces the
velocity of longitudinal waves, the rock density,
and its bending strength [12].

Liu et al. proposed a model for estimating the
uniaxial  compressive  strength and the
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deterioration of rocks in the F-T process. They
introduced their model based on the elastic-plastic
theory and damage-fatigue mechanics taking into
account the real distribution of stress in the rock
under an F-T process. The model was validated
using the results of the previous F-T experiments
on low porous saturated sandstone, highly porous
saturated ignimbrites, and unsaturated welded
tuffs [13].

Zhou et al. investigated microscopic damages of
rocks and their dynamic mechanical properties
during F-T cycles. They placed the rock
specimens in water for 12 h to be saturated, and
then at -30 °C for 4 h (freezing stage). The
specimens were then placed at 20 °C for 4 h
(thawing stage). NMR (Nuclear Magnetic
Resonance) spectroscopy is an  analytical
chemistry technique used for determining the
content and purity of a sample. The impact of
loading tests were conducted after the F-T process
to determine the microscopic properties of
sandstone damages and mechanical dynamic
parameters of the rock specimen. Their results
demonstrated that the porosity increased with
increase in the number of F-T cycles. The porosity
growth rate decreased at the beginning of the F-T
process but increased again after a certain number
of cycles. The elastic modulus of sandstone
gradually decreased with F-T cycles but the strain
increased in proportion to the maximum stress [2].
Li et al. conducted NMR studies to examine the
deterioration of the sandstone microscopic
structure during F-T cycles. Each F-T cycle
consisted of four hours of freezing at -30 °C and
four hours of thawing at 20 °C. According to the
results obtained, with increase in the number of
F-T cycles, the density of the rocks decreased and
their porosity increased. The porosity of the rock
specimens increased after 180 F-T cycles [14].
Martinez et al. examined the deterioration of
building rocks during the F-T weathering process.
They divided the specimens into five groups and
tested each group after 0, 12, 24, 48, and 96 F-T
cycles. At the end of the experiments, some rock
properties including volume reduction, open
porosity changes, rock strength, elastic modulus,
and velocity of longitudinal waves were
determined. The results associated the least
durability with the most open porosity (> 10%) in
the rocks. Deterioration is non-linear in these
rocks as they degrade rapidly in catastrophic F-T
cycles [15].

Wang et al studied the static and dynamic
mechanical properties of sedimentary rocks
subjected to the F-T and thermal shock
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weathering phenomena. To achieve a deeper
understanding of the effects of F-T and thermal
shock on rock behavior, they conducted physical
property tests, and static uniaxial compressive and
dynamic impact (split Hopkinson pressure bar
test) tests on red sandstone after freeze-thawing
and thermal shock cycles. The results obtained
indicated deterioration of red sandstone following
the F-T and thermal shock weathering processes
[16].

Momeni et al. examined the influence of F-T
cycles on the physical and mechanical properties
of Alvand granitoid hard rocks in the west of Iran.
The results of this study showed that with increase
in the number of F-T cycles, uniaxial compressive
strength, tensile strength, dry density, and P-wave
velocity decreased, whereas the water absorption
and porosity increased [17].

Khanlari et al. investigated the influence of F-T
cycles on the physical and mechanical properties
of the Upper Red Formation sandstones in the
southwestern Qom province in central Iran.

The results of this study showed that an increase
in the number of F-T cycles decreased uniaxial
compressive strength and P wave velocity,
whereas the effective porosity increased [18].
Chen et al. examined the effect of freezing and
thawing cycle on the mechanical properties. The
specimens were collected from the south end-wall
slope of the Wulin open-pit mine, and the
principal component of the rock specimen was
siltstone with a grain size of 0.1 mm. The number
of freezing and thawing cycle was set to 1, 2, 3,
and 5. The results of this study indicated that the
cohesion and the internal friction angle of the
specimens reduced exponentially with increase in
the freezing and thawing cycle. The reduction of
cohesion and internal friction angle slows down
significantly after three freezing and thawing
cycles [19].

Wang et al. studied deterioration of rock
properties by F-T weathering using the time-
frequency ultrasound method. They wused
ultrasonic  detectors and mechanical tests
including uniaxial compressive test, and tensile
and shear tests on the red sandstone specimens
before and after F-T cycles. After F-T cycles, all
indicators of red sandstone including mechanical
properties such as uniaxial compressive strength,
elastic modulus, tensile strength, cohesion,
internal friction angle, and velocity of longitudinal
waves were determined. After 25 F-T cycles,
uniaxial compressive strength, elastic modulus,
tensile strength, cohesion, internal friction angle,
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and longitudinal waves decreased by 52.5, 63,
87.3, 33.7, 22.6, and 50.6%, respectively [10].
The northwestern and western provinces of Iran
have mild summers and cold winters. High
precipitation rate and air chill are the winter
characteristics of these areas. In these conditions,
rocks are affected by long freezing cycles and
numerous F-T cycles. Therefore, it is necessary to
examine the impact of such processes on the
physical and mechanical properties of rocks.

Most studies in this regard have focused on the
effect of F-T cycles on the physical properties
(such as specific gravity, porosity, and the
velocity of longitudinal waves) and mechanical
properties (such as uniaxial compressive strength
and tensile strength). There are also a few studies
on triaxial compressive strength, elastic modulus
in triaxial compressive strength, cohesion, and
internal friction angle variations including the one
by Wang et al. According to desk studies, this is
the first study on the changes in rock strength
properties in the F-T process in Iran. In addition,
CT scan images were used to calculate the
damage caused by the F-T process. These are
considered to be the distinct features of this
research work.

This work aims at investigating the effect of F-T
cycles on the strength parameters of the Lushan
sandstone.

2. Materials

Sandstone is a sedimentary rock that continued
forming during all geological periods. It consists
mainly of sand and mineral particles in different
colors. Sandstone forms in shallow seas, deltas,
along beaches, and warm deserts. Clays and
silicon dioxide play a key role in the cementation
of sandstone particles [20].

The understudied rock (Figure 1) was a limestone
sandstone with a calcareous cement. Microscopic
studies were conducted on the rock specimen. For
this purpose, a thin section of the rock was
prepared and observed under a microscope. The
microscopic images are presented in Figure 2. The
primary and secondary minerals in sandstone
included calcite, alkaline feldspar, quartz, and
opaque minerals. The rock diagenesis included
cerussitation, calcification, and chert. Shaped and
semi-shaped quartz with calcite were the primary
constituents of the Lushan sandstone.

The minerals are identified with abbreviated
symbols on the images.

Experiments were conducted on sandstone to
determine the porosity and dry specific gravity.
The Brazilian and uniaxial compression tests were
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also employed to determine the tensile strength,
uniaxial compressive strength, elastic modulus,
and Poisson's ratio. Table 1 lists the physical and
mechanical properties of the rock specimens. The
specific gravity, effective porosity, uniaxial
compressive strength, and tensile strength were
determined in compliance with the standards of
the International Society of Rock Mechanics
(ISRM) [21].

z X - < 3 P : Le A
Figure 2. Microscopic images of sandstone (Qz: Quartz, Cal: Calcite, Opc: Opaque Minerals).

Table 1. Physical and mechanical properties of Lushan sandstone.

Effective Dry unit weight Uniaxial compressive Elastic modulus  Poisson's s’freennsuteh
porosity (%) (KN/m?) strength (MPa) (GPa) ratio (MP%I)
10.27 21.88 72.8 17.37 0.26 4.59
3. Specimen preparation completed in 24 h. Figure 4 illustrates some
During the specimen preparation, rock specimens.
micro-mechanical ~ damages to the rock
specimens should be prevented.

Micro-mechanical damages may affect
fracture propagation, causing a reduction in
the  mechanical  properties. The  rock
specimens should be prepared with caution
by slow coring, cutting, and abrasion to
reduce mechanical vibrations [22].

In the first stage, the rock block was placed : _

under the coring device. \;.

In the next step, the cylindrical core was cut \ S

by a cutter to pieces with a height of about Figure 3. A water bath for saturation of specimens.
100 mm. The rock specimens were then
polished using a polisher. Thereafter, the
polished rock specimens were placed in a
water bath for two days until all the pores
were saturated with water (Figure 3).

In the next step, the specimens were placed
in a freezer for 18 h at -16 °C (freezing
stage). After removing from the freezer, the
rock specimens were placed in water at 20
°C for 6 h (thawing stage). An F-T cycle was

4
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4. Effect of F-T cycles on rock strength
parameters

4.1. Methods

The rock specimens were prepared from five
blocks of sandstone (Blocks 1-5) to investigate the
impact of the number of F-T cycles on the rock
strength. To study how the number of F-T cycles
affects the strength properties, the specimens
frozen at -16 °C were subjected to 1, 4, 8, 16, and
32 F-T cycles. Moreover, a secries of the
specimens frozen at -24 °C were tested in one F-T
cycle. Furthermore, experiments were conducted
at the ambient temperature (25 °C) on the
saturated specimens that were not subjected to
F-T cycles.

In this work, the specimens were tested at the
confining pressures of 0 and 5 MPa. The
specimens were connected to a strain gauge
to determine the elastic modulus.

After preparation, the specimens were placed
inside a Hoek triaxial cell. The cell was then
placed under the axial loading jack, and the
confining pressure was increased as required.
The axial pressure was then continuously
increased until the specimen failed.

Figure 5 illustrates the placement of the
Hoek triaxial cell below the axial loading
jack. Figure 6 illustrates the uniaxial
compression test on the rock specimen with
the installed strain gauge (at 0 MPa confining
pressure).

4.2. Results

The results of the triaxial tests with 1, 4, 8, 16,
and 32 F-T cycles with freezing at -16 °C and one
F-T cycle with freezing at -24 °C are presented in
Table 2. The triaxial tests were also carried out on
the specimens that did not undergo an F-T cycle.
To determine the cohesion and internal friction
angle, the failure envelope was plotted for each
specimen (Figures 7-9).

sandstone specimens in each F-T cycle [4]. The
results obtained are presented in Table 3.

am -l

+1
1—sinD
2co0s D

& =sin

) (1)

C=b )
where @ represents the internal friction angle in
degrees, C is the cohesion in MPa, and m and b
are the slope and intercept of the failure envelope
in the o-05 diagram.

As mentioned earlier, the confining pressure was
set at 0 and 5 MPa to determine the elastic
modulus. The results obtained are illustrated in
Figure 10.

4";3’7/4 R

—

Figure 6. Uniaxial compressive test on a sandstone
specimen with a strain gauge.

without F-T cycle

120

95.89 — 101.75

100
80

60
40

c, (MPa)

20

65(MPa)

Figure 7. The failure envelope for specimens with no F-T cycle.
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Table 2. Triaxial test results in different F-T cycles.

Number of cycles Freezing temperature (°C) Confining pressure (MPa) Compressive Strength (MPa)

0 25 0 40.61

0 25 2.5 67.29
0 25 5 81.48
0 25 7 95.89
0 25 9 101.75
1 -16 0 33.21

1 -16 2.5 59.05
1 -16 5 77.98
1 -16 7 86.98
1 -16 9 91.86
4 -16 0 31.01

4 -16 2.5 54.54
4 -16 5 74.87
4 -16 7 79.55
4 -16 9 86.83
8 -16 0 28.52
8 -16 2.5 52.65
8 -16 5 71.84
8 -16 7 78.11
8 -16 9 82.05
16 -16 0 27.51
16 -16 2.5 51.25
16 -16 5 69.43
16 -16 7 75.52
16 -16 9 79.69
32 -16 0 25.01
32 -16 2.5 47.14
32 -16 5 67.16
32 -16 7 73.64
32 -16 9 75.87
1 -24 0 30.7

1 -24 2.5 56.86
1 -24 5 75.48
1 -24 7 84.11
1 -24 9 88.93

Table 3. Cohesion and internal friction angle in different F-T cycles.
Number of F-T cycles Freezing temperature (°C) Cohesion (MPa) Internal friction angle (°)

0 - 8.77 47.94
1 -16 7.63 47.30
1 -24 7.22 47.10
4 -16 7.33 46.12
8 -16 7.05 45.54
16 -16 6.92 44.94
32 -16 6.34 44.89
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c, (MPa)

=== D IR I IDIDN IV I B BN NNNND DN~~~ JO0000000NNINONNO OO
SR RO RO RN OO NN OO COONIR ORI R NCOT A NN~

c,(MPa)

& No. of Cycles 1, -16 C
A No. of Cycles 4, -16 C

———

B No. of Cycles 32, -16 C

y = 6.5443x + 39.058
R> = 0.9447

y =6,1626x + 36,396
R?=0.9412

y=5,7974x + 30,516
R?=0.921

0 2 4 6 8 10
c;(MPa)
Figure 8. The failure envelope for specimens subjected to different cycles of F-T (freezing temperature: -
16 °C).
1 F-T cycle
100
:g o 8411 7 889
60 y = 6.4786x + 36.766
50 5686 R? = 0.941
40 -
30 30.7 ¢ freeze temperature=-24
20
10
0
0 2 4 6 8 10
c; (MPa)

Figure 9. The Failure envelope for specimens subjected to one F-T cycle (freezing temperature: -24 °C).
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Figure 10. Elastic modulus as a function of the number of F-T cycles.

4.3. Discussion

To investigate the impact of F-T cycles on the
uniaxial compressive strength, the ratio of the
triaxial compressive strength of the sandstone

specimens subjected to the F-T process (a;) to

that of the specimens that did not experience the
cycle (o7) was calculated (Table 4). As it can be
seen in Table 4, the wuniaxial and triaxial
compressive strengths of the rock specimens
decrease with increase in the number of F-T
cycles. Of course, the effect of F-T cycles on the

reduction of uniaxial compressive strength is more
o/

0,

significant than the triaxial strength so that

for uniaxial compressive strength decreases from
0.81 to 0.61 by increasing the number of F-T
cycles. Furthermore, strength reduction after one
F-T cycle is higher than the other cycles. This is
consistent with the results of Tan et al. [8].

To investigate the effect of freezing temperature
in the F-T process on the triaxial compressive

strength, o}/ o for an F-T cycle was calculated at

freezing temperatures of -16 and -24 ‘C (Table 5).
According to the results in this table, uniaxial and
triaxial —compressive strengths are further
decreased at a freezing temperature of -24
than -16 °C. In this situation, the effect of freezing
temperature on the reduction of uniaxial
compressive strength is more significant than
triaxial strength.

Table 6 presents the ratio of cohesion in different
F-T cycles (C") to initial cohesion (C) of the rock
specimens that did not undergo an F-T cycle and
the ratio of internal friction angle in different F-T
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cycles (J") to the initial internal friction angle
(@). As it can be seen, cohesion and internal
friction angles are reduced with increase in the
number of F-T cycles. These results are consistent
with those obtained by Yu et al. [4]. Cohesion
reduction is more significant than the internal
friction angle. This is in good agreement with the
results of Tan ef al. [8]. Meanwhile, the cohesion
of the rock specimens, as seen in Figure 11,
further decreases after one F-T cycle. With
increase in freezing temperature in the F-T cycle,
the reduction of cohesion and internal friction
angles is more significant at a freezing
temperature of -24 than -16 C.

According to the above tables, the uniaxial
compressive strength decreases by 39% after 32
F-T cycles, whereas at the confining pressures of
2.5, 5, 7, and 9 MPa, the triaxial compressive
strength decreases by 30, 18, 24, and 25%,
respectively. Cohesion also decreases by 28%
after 32 F-T cycles. Therefore, one can see the
significant impact of the F-T process on the
deterioration of rock properties.

According to Figure 10, the elastic modulus
increases with increase in the confining pressure.
However, the elastic modulus decreases with
increase in the number of F-T cycles. The
reduction rate of the elastic modulus in the first
F-T cycle is higher than that in other cycles,
according to Figure 12.

A relationship was obtained to estimate cohesion
(Eq. 3) with the help of Table Curve®™ software.
The relationships were presented to estimate the
elastic modulus at the confining pressures of 0 and
5 MPa (Egs. 4 and 5) in each F-T cycle.
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L 0.118+0.0075N " ; R=0.913 3)

N

where Cy is the cohesion after N F-T cycles and N
is the number of F-T cycles.

=0.057 +0.0153N **; R*=0.99 )

Ny

!

1

=0.050+0.0107N *°; R*=0.98 5)

Ns

where Eyg is the elastic modulus at a confining
pressure of 0 and Eys is the elastic modulus at a
confining pressure of 5 MPa after N F-T cycles
and N is the number of F-T cycles.

Table 4. At in different F-T cycles (freezing temperature: -16 °C).

O

o, (MPa) L (for F-T=1) 2L (for F-T=4) L (for F-T=8) —L (for F-T=16) L (for F-T=32)

O O O O O
0 0.82 0.76 0.70 0.68 0.61
2.5 0.87 0.81 0.78 0.76 0.70
5 0.95 0.91 0.87 0.85 0.82
7 0.90 0.83 0.81 0.78 0.76
9 0.90 0.85 0.81 0.78 0.75

!

Table 5. g for one F-T cycle.

O

o, (MPa) 2L (for T=-16'C) 2L (for T=-24'C)

O O
0 0.82 0.75
2.5 0.87 0.85
5 0.95 0.93
7 0.90 0.88
9 0.90 0.88
Table 6. o and tan(@ ) as a function of the number of F-T cycles.
Cc tan ()
Number of F-T cycl F ing t t °C ¢’ tn@)
umber of F-T cycles Freezing temperature (°C) C an ( @)
1 -16 0.87 0.98
1 -24 0.82 0.97
4 -16 0.83 0.94
8 -16 0.8 0.92
16 -16 0.78 0.9
32 -16 0.72 0.89
9
8.77
8.5
E 8 7.63
€75 <", 7.05 6.92
g 7
2 \
£ 02 % 634
S 6
5.5
5
0 5 10 15 20 25 30 35

Number of freeze-thaw cycles

Figure 11. Cohesion as a function of the number of F-T cycles.
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21 *
19
£
S 17
v
% 15 _
= \ == Confining pressure=5
g 13 MPa
2 \ == Confining pressure=0
2 11 MPa
m \
’ o
7
0 5 10 15 20

Number of freeze-thaw cycles

Figure 12. Elastic modulus as a function of the number of F-T cycles.

The reduction of rock strength properties during
F-T cycles can be explained as what follows.
When the temperature is below the freezing point,
the volume of pore water in the rock increases by
up to 9% due to ice formation, leading to
expansion of pores and cracks in the rock. This, in
turn, leads to the expansion of the existing cracks
and the nucleation of the new ones. With the ice
thawing, water flows through the cracks, reducing
the elastic modulus and diminishing the strength
properties including uniaxial and triaxial
compressive strengths, cohesion, and friction
angle.

To prove this reason, the dry unit weight and
effective porosity of the rock were determined in
different F-T cycles (Figures 13 and 14). As it can

be seen, the dry unit weight decreases and the
effective porosity increases with increase in the
number of F-T cycles, indicating a growth of the
pores and micro-cracks in the specimens. The
increase in porosity and the decrease in dry unit
weight are larger in the first cycle than the others.
As a result, the reduction of uniaxial and triaxial
compressive strengths, elastic modulus, and
cohesion in the first cycle is more significant than
the other cycles. The dry unit weight and effective
porosity for one F-T cycle were determined at the
freezing temperatures of -16 and -24 °C (Figures
15 and 16).

According to Figures 15 and 16, the effective
porosity is higher in the F-T process at a freezing
temperature of -24 'C than at -16 'C.

BT 9059
o 225 -
E
S 0 21.83
E 21.42
= | 2132
g 215 2012 21.09
E 21 -
=
)
5 205 -
20

Number of F-T cycles

Figure 13. Dry unit weight as a function of the number of F-T cycles.
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Dry unit weight (kN/m3)

Effective porosity (%)

21.85
21.65
21.45
21.25
21.05
20.85
20.65
20.45

14.5 -
14
13.5 -
13 -
12.5 -
12
11.5 -
11 -
10.5 -

10

Effective porosity (%)

15.73

13.81 14.12 14.75

13.45

S N A~ N ®

14 -
12 - 10.11
10 -
0 1 4 8

16
Number of F-T cycles

Figure 14. Effective porosity as a function of the number of F-T cycles.

21.83

21.59

m temperature=-16 °C

= temperature=-24 °C

1

Number of F-T cycles

Figure 15. Dry unit weight at freezing temperatures of -16 and 24 "C.

m temperature=-16 °C

= temperature=-24 °C

1

Number of freeze-thaw cycles

Figure 16. Effective porosity at freezing temperatures of -16 and 24 "C.
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In contrast, the dry unit weight is higher at the
freezing temperature of -16 'C than at -24 'C due
to thermal stress because of the temperature
difference. Thermal stress at the freezing
temperature of -24 'C is higher than that at -16 C.
As a result, more cracks nucleate at -24 C,
leading to a lower strength and elastic modulus
compared to -16 C.

According to the results presented in Figures 7-16,
one can say that F-T cycles have a significant
impact on the strength parameters of the rock.
Thus the effect of F-T cycles should be considered
in numerical modeling for determining the elastic
modulus and rock strength properties.

The CT scan images were also used to investigate
the damage caused by the freezing process. The
CT images of a specimen of sandstone under
various F-T cycles are presented in Figure 17. In
this technique, the darker region indicates a lower
density, whereas the brighter region represents the
materials with a higher density [23]. There is no
visible difference between the images in Figure
17. Therefore, an appropriate parameter, referred

to as the CT value, is required to measure the
damage done to the specimen. This parameter is
measured in Hu, which bears the name of Godfrey
Hounsfield who contributed significantly to the
invention of the CT scan. The CT value reflects
the composition and the structure of materials
[24].

The damage variable (D) (Eq. 6) is used to
describe the damage caused by the F-T process
based on the average CT [25].

_H,-H
HO

D (6)

where H is the average CT value for a specimen
undergoing an F-T cycle and Hy is the average CT
value for a specimen that does not tolerate the F-T
cycle.

The calculated values for the damage variable (D)
are presented in Table 7. As seen, the damage to
sandstone increases with increase in the number
of F-T cycles. The CT values were calculated with
the help of eFilm Workstation V. 4.2.2.

Table 7. CT values and damage variables after 1 and 4 F-T cycles.

Number of F-T cycles CT value (Hu) Damage Variable (%)
0 1764.10 0
1 1745.51 1.05
4 1734.23 1.69

Number of F-T cycles=0

Number of F-T cycles=1

Number of F-T cycles=4

Figure 17. CT scan image of sandstone at different F-T cycles.

5. Conclusions

Rocks are affected by long freezes and numerous
F-T cycles in cold regions. This process results in
the deterioration of rock strength properties. In
this work, we investigated the effect of F-T cycles
and freezing temperature on uniaxial and triaxial
compressive strengths, and cohesion and internal
friction angle of the Lushan sandstone. The results
obtained are summarized as follow:

1) Uniaxial compressive strength and triaxial
compressive strength decreased with increase in
the number of F-T cycles and freezing
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temperatures. The rate of reduction of triaxial
compressive strength was less than the uniaxial
compressive strength.

2) The cohesion and internal friction angles of the
rock specimens decreased with increase in the
number of F-T cycles and freezing temperatures.
The rate of cohesion reduction was greater than
the internal friction angle.

3) The elastic modulus of the rock specimens
decreased with increase in the number of F-T
cycles. The rate of cohesion reduction in the first
F-T cycle was higher than in other cycles.
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4) The dry specific gravity of the specimens
decreased with increase in the number of F-T
cycles and reducing the freezing temperature. In
contrast, the effective porosity increased due to
the expansion of the existing cracks and the
nucleation of the new ones.

5) The CT values obtained from the CT scan
images decreased with increase in the number of
F-T cycles, indicating an increase in the damage
caused by the F-T process.

6) The relationships were also proposed to
estimate the cohesion and elastic modulus after N
F-T cycles.
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