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Abstract

To study the effect of freeze—thaw weathering damage deterioration on the strength of Huashan granite, this paper conducted
a freeze—thaw (FT) cycle test on Huashan granite at — 20 to 20 °C and 0-100 cycles. Thus, the basic physical parameters
change law of Huashan granite after freeze—thaw weathering are obtained. The SHPB (Split Hopkinson Pressure Bar) device
was used to perform uniaxial and confining impact compression of granite, analyze the macro-mechanical test phenomena,
and reveal the influence of freeze—thaw damage on rock strength. The results show that frost heave failure is the principal
mechanism that causes the strength to decrease after freeze—thaw weathering. The static uniaxial compressive strength and
maximum tensile strength of Huashan granite decreased by 38.4 and 21.5% after 100 FT cycles, respectively. The rate of
reduction of peak stress does not necessarily grow with the increase of the number of cycles, and the average reduction rate
in each phase ranges from 0.1 to 2.4%. It means that the damage accumulation of freeze—thaw weathering on rocks is not a
uniformly increasing damage process. The radial restraint of confining pressure can effectively increase the peak stress of
the material. When the strain rate is low, no failure occurs in the specimens due to the hoop restraint of confining pressure.

Keywords Huashan granite - Freeze—thaw weathering - SHPB - Damage mechanics

1 Introduction

Huashan Mountain is a northern branch of the Qinling
Mountains, which is a complete and large granite mountain
on the north side of the Qinling branch. Huashan scenic area
received a total of 218.85 million tourists between 2010 and
2015 (Lv 2016). It has become an important tourist des-
tination and the most representative geological landscape
in Shaanxi Province, China, and plays an important role in
the development of Shaanxi’s tourism economy. The spa-
tial structure formed between the main peak of Huashan
Mountain and the surrounding peaks and deep ravines
interprets the magnificent beauty of Huashan Mountain. It
is a unique style of Huashan Mountain and is rare in the
world. These geological and geomorphological landscapes
are typical granite geological heritage landscapes formed by
magmatic movement, tectonic uplift, weathering and ero-
sion, and human activities during the long geological period.
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From the foothills to the top of the Huashan area, as the
altitude increases, the air pressure and average temperature
also decrease, while clouds, fog, and precipitation gradually
increase, and the wind force also continues to increase. It
can be roughly divided into two climatic zones, the lower
part is warm temperate zone-semi-humid climatic zone, and
the upper mountain zone is middle temperate zone-humid
climatic zone. The large temperature difference between day
and night, distinct seasons, and obvious freezing and thaw-
ing seasons in mountain areas provide conditions for the
deterioration of the weathering damage of the rock mass.
The pore water and fissure water in natural granite will
freeze, thaw, re-freeze, and reciprocate under alternating
temperature changes, which will inevitably cause a series
of deteriorations such as microscopic damage, frost heave
cracking, and destabilization. This is the main weathering
and destruction process of the rock mass (Ruedrich et al.
2011; Sousa et al. 2005; Ghobadi and Babazadeh 2015;
Takarli et al. 2008). Freeze—thaw weathering is one of
the important factors that cause geological disasters. The
deterioration of rocks caused by freeze—thaw weathering
in Huashan area is widespread (Fig. 1). Weathered rocks
can easily cause landslides or collapses under external loads
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Fig. 1 Deterioration of Huashan
granite (Lv 2016)

(rain and snow, earthquakes, engineering construction, etc.),
posing huge hidden dangers to the lives and property safety
of tourists.

It is of theoretical and engineering significance to analyze
and study the mechanical properties of Huashan granite that
has undergone freeze—thaw weathering. However, granite
is a heterogeneous material with natural pores inside. It has
many types and complex properties. There are various inter-
nal factors that affect its mechanical properties, such as min-
eral composition, particle size, microcrack characteristics,
water content, etc. (Chen et al. 2004; Lu 2013; Setzer 1997).
The complex and variable external factors make it difficult to
study the dynamic mechanical properties of Huashan gran-
ite under complex stress conditions. It can be seen that the
systematic experimental research and theoretical analysis
of high strain rate dynamic mechanical properties in rock
materials after freeze—thaw weathering have significant aca-
demic value.

Studying the mechanical properties of rock masses under
freeze—thaw weathering is of great significance to rock mass
strength, resource development and utilization. Scholars
have conducted a large number of experiments and theo-
retical studies. The earliest research in this area dates back
to the late 1960s. Winkler (1968) experimentally found that
if there is more pore water, water undergoes a phase change
at 1 atmosphere and 0 °C. The formation of pore ice will
generate expansive force and cause volume expansion (Con-
nell and Tombs 1971; Liu et al. 2011; Young and McLean
1992). The expansive force increases with the decrease of
temperature and far exceeds the strength of the rock mass.
Inada and YokoTa (1984) divided granite and andesite into
dry group and saturated group and performed freeze—thaw
cycle experiments in different temperature ranges, and ana-
lyzed the change law of freeze—thaw cycles on the compres-
sive strength of rocks. Shen et al. (2016) discussed three
indicators of freeze—thaw temperature, freeze—thaw time,
and freeze—thaw cycle. According to the actual temperature
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in the cold area, a freeze—thaw cycle test of poorly cemented
medium or hard rock with a porosity greater than 10% is
recommended at a cycle temperature of — 20+2 °C to
20+2 °C. For hard rock with slight porosity, the freeze—thaw
duration can be 1 h. The number of freeze—thaw cycles can
be selected according to the non-destructive testing method
of sonic wave velocity.

In terms of physical properties research, Xu and Liu
(2005) systematically studied the damage process, fail-
ure mechanism and influencing factors of rocks during
freeze—thaw cycles. Among them, the porosity, water con-
tent, saturation, number of freeze—thaw cycles, and cycle
time of rocks have a decisive influence on freeze—thaw deg-
radation. Javier et al. (2013) studied the rock’s resistance
to freezing and thawing and the petro physical evolution
during weathering. The specimens were divided into five
groups, and each group was tested after 0, 12, 24, 48 and
96 freeze—thaw cycles. At the end of the cycle, volume loss,
changes in open porosity, visual impairment, evolution of
mechanical properties, and ultrasonic propagation were
measured. These rocks appear in a non-linear decay pattern,
first a long-term appearance of stability, followed by rapid
and catastrophic decay. During the stabilization period, new
microcracks will appear in the old microcracks as the test
progresses. When the critical threshold is exceeded, microc-
racks can become cracks and grow rapidly, causing the rock
to break after a small number of cycles. Shi (1997) studied
the effect of freeze—thaw cycles on the mechanical proper-
ties of concrete. The test specimens experienced temperature
changes of — 30 to 10 °C and 0, 30, 60, and 90 freeze—thaw
cycles. Its compressive strength, splitting tensile and shear
strength, elastic modulus, Poisson’s ratio and other prop-
erties all change with the number of freeze—thaw cycles.
Through microscopic inspection, the number of freeze—thaw
cycles increased, and cracks on the cement slurry and cracks
on the aggregate-cement slurry contact surface gradu-
ally increased and expanded. Park et al. (2004) tested the
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physical parameters and temperature changes of granite
and sandstone in the construction area due to the needs of
underground gas pipeline projects. The experimental results
show that the thermal conductivity does not change much
with decreasing temperature, but the specific heat capacity
and thermal expansion coefficient decrease with decreasing
temperature. The specific heat at — 160 °C is about 40% of
the specific heat value at 20 °C.

In terms of mechanical damage research, Liu et al.
(2005) conducted a freeze—thaw cycle test on granite at a
minimum temperature of — 36.5. The results show that the
uniaxial compressive strength of the granite after repeated
freeze—thaw cycles decrease by 5-15%, the elastic modu-
lus decrease by 32—46%, and the Poisson’s ratio increase by
10-19%. This is because the rock mass damage and cracks
increase under the action of freeze—thaw cycles. Khanlari
et al. (2015) selected 5 different types of sandstone for 30
freeze—thaw cycles, and measured the P-wave velocity,
porosity, and uniaxial compressive strength of the specimens
after each five cycles. The results show that rock strength
and petrographic properties such as grain size and contact
between individual grains do not provide sufficient infor-
mation about the durability of the material to freeze—thaw
cycles, while the pore size distribution of the compressive
strength of sandstone during freeze—thaw cycles is a main
factor. Al-Omari et al. (2015) studied the limestone used
in the restoration of the UNESCO World Heritage Site of
the Castle of Chambord, France. The castle’s rocks undergo
a freeze—thaw cycle every year. Limestone samples under
laboratory conditions undergo up to 50 freeze—thaw cycles
at 8 different saturations. The results show that when the
water content reaches 80-85%, it will cause damage to the
rocks after a few freeze—thaw cycles. If the rocks are 100%
saturated, the damage will be more rapid. Li et al. (2019)
performed triaxial compression and three-point bending
tests on granite specimens after freeze—thaw cycles at dif-
ferent temperatures (— 20, — 30, — 40, and — 50 °C). The
X-ray diffraction (XRD) method was utilized to analyze that
the rock mineral composition did not change before and after
freezing and thawing. However, its microstructure becomes
relatively loose and rough, the number of damaged torus
is increased, and the peak intensity is reduced in macro-
scopically. Yamabe and Neaupane (2001) used sandstone
to perform one or more freeze—thaw cycles at different
temperatures, and subjected uniaxial and triaxial dynamic
shock to freeze—thaw damaged samples. The results show
that the axial deformation of a single freeze—thaw saturated
rock mass is mainly plastic deformation, and the dry rock
mass is mainly elastic deformation. The lower the freezing
temperature, the more cycles and the smaller the compres-
sive strength of the rock. The compressive strength increases
with increasing confining pressure.

At present, most of the researches in this area are static
tests on rock materials after freeze—thaw weathering,
and there are few studies on uniaxial or triaxial dynamic
mechanical tests. At the same time, there are relatively few
studies on the freeze—thaw damage mechanisms that lead to
a reduction in compressive strength. Therefore, in this paper,
a split Hopkinson pressure bar (SHPB) device is used to
analyze and study the dynamic impact mechanical properties
and dynamic failure laws of Huashan granite after freezing
and thawing.

2 Materials and Methods

2.1 Preparation of Freeze-Thaw Weathering
Huashan Granite Specimens

The granite material used in this research was taken from
the Huashan area in Shaanxi Province, China. The granite
specimen is off-white and belongs to medium-fine-grained
biotite granite. According to polarization microscope visual
evaluation, the main mineral components are potash feldspar
(40%), plagioclase (25%), quartz (20%) and biotite (8%).

According to the requirements of the Engineering Rock
Mass Test Method Standard (GB/T 50266-2013) (2013), all
specimens are processed into cylindrical specimens with a
diameter of 48 mm and a thickness of 25 mm during the
dynamic load test. In the static load test, the specimens are
processed into cylindrical specimens with a diameter of
48 mm and a thickness of 100 mm. The double-side sander
is used for fine processing to ensure that the parallelism error
is less than 0.05 mm, the error along the specimen height
and diameter is not more than 0.3 mm, and the maximum
deviation of the end surface perpendicular to the specimen
axis is not more than 0.25°, as shown in Fig. 2.

This experiment combines the experience of various
scholars and the local climate change in four seasons and the

Fig.2 Huashan granite specimen
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temperature difference between day and night. The freezing
temperature is set to — 20 °C, and the melting temperature
is 20 °C. The number of freeze—thaw cycles is mainly com-
bined with the damage and weathering of the rocks used in
the freeze—thaw process. The maximum number of cycles
is set to 100 times.

The freeze—thaw cycle equipment uses a TRX-80
freeze—thaw environment box, as shown in Fig. 3. The
device consists of a refrigeration system, a control system,
a circulation system, and a protection system. The circula-
tory system is divided into two kinds of internal and external
circulation. During external circulation, the constant tem-
perature liquid in the tank can be drawn out to establish a
second constant temperature field. It can also be used as a
cold source to direct the refrigerated liquid in the tank to the
experimental container outside the machine to cool down.
During the internal circulation, the liquid temperature in the
tank can be uniform and stable. The temperature correction
function can make the temperature accurate to 0.01 °C. The
temperature range of this test is — 20 to 20 °C. The liquid
medium added in the freezing and thawing environment tank
is propylene glycol. The temperature—time change of the
specimen in a cycle of freeze—thaw cycle is shown in Fig. 4.

2.2 SHPB Equipment

SHPB system and schematic diagram are shown in Fig. 5.
The system mainly includes a launch device, an impact bar,
an incident bar, a transmission bar and a damping device.
When SHPB system works, the strain gauge affixed to the
incident bar and transmission bar, referred to as a strain
gauge A and B. The high-pressure gas drives the impact
bar at a certain initial velocity, and the impact bar hits the
incident bar, and a stress pulse signal ¢, is generated on the
incident bar, that is, the incident wave. The incident wave
propagates along the bar and is recorded at the strain gauge
A. When it propagates to the specimen, it causes the speci-
men to deform. At this time, a part of the wave generates an
reverse pulse signal, that is, the reflected wave ¢,. A reflected

Fig. 3 TRX-80 freeze—thaw environment box

@ Springer

wave through the strain gauge A is recorded again. The
other part of the pulse penetrates the specimen and passes
to the transmission bar, which is the transmitted wave ¢,,
and is recorded when passing through the strain gauge B.
According to the one-dimensional stress wave theory, the
key parameters such as dynamic stress, strain and strain rate
of the specimen can be deduced and obtained using the inci-
dent, reflected and transmitted pulses, and the stress—strain
curve can also be obtained. The displacements u; and u, of
the front and rear end faces of the specimen during the test
are expressed as:
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Fig.4 Temperature—time curve of a freeze—thaw cycle

Fig.5 SHPB device
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where, ¢, represents the elastic wave velocity of the bar; €,
and &, are the strains of the front and rear end faces. £, on the
strain gauge A includes an incident strain pulse €; propagat-
ing to the right and a reflected strain pulse ¢, propagating to
the left. £, on the strain gauge B is the transmission strain
pulse €, propagating to the right, so the displacement of the
two strain gauges can be expressed as:

u :/ cole; —€g,)dt 3)

0

t
u2=/ coe,dt “
0

The theoretical basis of Hopkinson pressure bar technol-
ogy is the one-dimensional stress wave theory. Assuming that
the stress pulse in the compression bar is a one-dimensional
elastic wave, the axial strain measured by the strain gauge on
the surface of the compression bar under the one-dimensional
stress condition can replace the strain on the end face of the
specimen. Therefore, by collecting the strain signals through
the strain gauges on the incident bar and the transmission bar,
the stress and strain of the specimen can be calculated using
the one-dimensional elastic wave theory. It is also assumed that
the force is uniform throughout the axial direction of the speci-
men, so that the force at the end face of the specimen can be
considered to replace the force of the entire specimen. Ignoring
the effect of stress wave dispersion, the specimen is deformed
uniformly under impact load. The calculation method is sim-
plified to the two-wave method, that is,

£, =€, t+¢, 5)

It can be known that the loads of the front and rear end
faces are:

P, =FEA(g; — €,) (6)

P, = EAg, @)

Therefore, the average strain of the specimen can be
expressed as:

t t
U —u, ¢ 2c
£ = —= = — e.—e —¢ )dt = —— edr (8
== =1/ lame-e) L/Or @®)
with the continuous development of loading time, the speci-
men deforms and the length L becomes shorter. The defor-
mation rate of the specimen, that is, the strain rate:

_ de, _ZCosr

) ®

The average stress of the specimen is expressed as:

—P—1+P2—ﬂ(£—e +£)—E
s 2A _2A 1 r l‘_A

s s s

0 & (10)

where, A is the cross-sectional area of the specimen; L is the
length of the specimen; E is the elastic modulus of the pres-
sure bar; and A is the cross-sectional area of the pressure bar.

In actual engineering, most rocks are in a triaxial com-
plex stress state. The peak intensity and post-peak intensity
of rocks are all related to the influence of confining pressure.
Therefore, the triaxial confining pressure test can more com-
prehensively reflect the actual mechanical problems of the
rock, which is of great significance for the stability prediction
of the surrounding rock (Li et al. 2020). The active confining
pressure equipment used in this study is shown in Fig. 6. The
device is a metal sleeve that can be used on SHPB equipment,
which includes a pressure vessel composed of a cylinder and
two end caps, and a rubber sleeve at the center. The hydraulic
oil is injected into the container during use. As the pressure
increases, the specimen in the rubber sleeve receives radial
pressure, which is active confining pressure.

3 Results
3.1 Static Parameters

After different freezing and thawing cycles, the static param-
eters such as density, elastic modulus, shear modulus, uni-
axial compressive strength and maximum tensile strength of
Huashan granite are shown in Table 1. It can be seen from
the table that as the number of freeze—thaw cycles increases,
the pores and microcracks in the rock gradually increase,
resulting in a decrease in rock density. Due to freeze—thaw
damage, both the static uniaxial compressive strength and
the maximum tensile strength of the rock are significantly
reduced, and the law is more obvious. Compared with
the static compressive strength under normal conditions,
after 100 freeze—thaw cycles, the compressive strength of

Fig.6 Active confining pressure equipment
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TabI(:: 1 Static. p arameter.s of FT cycle Density Elasticity Shear modu-  Static uniaxial com- Quasi-static maximum
Huashan granite under different (p) kg/m3 modulus (E) lus (G) GPa  pressive strength (f,) tensile strength (7) MPa
freeze—thaw cycles
GPa MPa
0 2569 24.445 10.237 99.019 6.170
20 2569 19.195 7.660 78.97 5.510
40 2569 18.304 6.981 69.498 5.169
60 2568 17.403 6.862 68.846 5.144
80 2568 18.018 7.421 67.342 5.088
100 2566 16.342 7.111 61.043 4.844

Huashan granite decreased by 38.4%. Compared with the
quasi-static maximum tensile strength under normal condi-
tions, the compressive strength of Huashan granite after 100
freeze—thaw cycles was reduced by 21.5%.

To test the resistance of rocks to freezing and thawing
weathering, the freezing resistance coefficient is used for
quantitative analysis, and the calculation equation is:

O o-cf
——— x 100%

Cp =
! O,

1D
c
where, ¢ is the frost resistance coefficient, o, is the original
uniaxial static compressive strength, and o, is the uniaxial
static compressive strength of the rock after freeze—thaw
cycles.

To evaluate the weathering degree of the rock after the
freeze—thaw cycle, the weathering degree coefficient of the
rock is introduced, the calculation equation is:

1
K, = g(Kn + K + Ky) (12)

where, K is the weathering degree coefficient; K, = Z—' is the
2

porosity coefficient; K = % is the uniaxial static compres-
2
sive strength coefficient; K,, = :ﬁ is the water absorption
2

coefficient. n;, R, @, are the original porosity, uniaxial static
compressive strength, and water absorption of the rock,
respectively. n,, R,, @, are the weathered porosity, uniaxial
static compressive strength and water absorption,
respectively.

It can be seen from Table 2 that the frost resistance coef-
ficient of Huashan granite increases with the number of
freeze—thaw cycles. By dividing the weathering degree coef-
ficient into the weathering degree, Huashan granite is not
weathered when it is within 60 freeze—thaw cycles. When
the cycle is greater than 60 times, it enters a mild weather-
ing stage.
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Table 2 Frost resistance coefficient and weathering degree coefficient
of Huashan granite after different freeze—thaw cycles

FT (cycle) Frost resistance coefficient, Weathering
qf(%) degree coeffi-
cient, Ky
0 _ _
20 20.25 0.93
40 29.81 0.90
60 30.47 0.90
80 31.99 0.89
100 38.35 0.87

3.2 Crushing Huashan Granite Specimens

From the state of the Huashan granite fragments after uni-
axial impact compression, it can be found that with the
increase of the average strain rate, the size of the frag-
ments destroyed by the specimen decreases significantly,
and the number of fragments increases, showing a clear
rate dependence (Fig. 7). In the case of the same number
of freeze—thaw cycles, when the strain rate is small, the
rock specimens show the fracture characteristics of axial
splitting, and most of them are tensile fracture sections.
When the strain rate increases, the crushing form of the
specimen is mostly crushing failure. With the increase
of the number of cycles, the initial freeze—thaw damage
increases, and the degree of fragmentation of the speci-
men increases at the same strain rate, indicating that the
freeze—thaw cycle has a significant effect on the initial
damage of the sample structure, and finally determines the
degree of macroscopic impact compression and fragmen-
tation. In particular, the specimens with a large number
of freeze—thaw cycles showed crushing failure at various
strain rates.

In the study of mechanical properties of rock materials,
uniaxial impact compression is often the most basic analysis.
In nature, rock masses are usually under complex stress envi-
ronments and are subject to stress in three directions. There-
fore, considering the existence of confining pressure is very
necessary for the study of dynamic mechanical properties
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Fig. 7 Huashan granite uniaxial
impact fragmentation

FT Avg. strain rate (s™")

(cycle) 182 207 268

| . .
20 . .
40 . .
60

80

100

@ Springer



4748

Y. Lietal.

of rocks. The load combination of active confining pressure
and axial impact compression is used to study the dynamic
mechanical response law of rocks with confining pressure
and axial dynamic impact.

In the triaxial impact compression test, the circumfer-
ential confining pressure has a strong restraining effect on
the radial deformation of the specimen, effectively inhib-
its the expansion of internal cracks, and thereby improves
the integrity of the specimen after impact loading. Due to
the existence of confining pressure, it constraints make the
specimens more complete at various strain rates, with only
a few discontinuous cracks and no obvious fracture. Fig-
ure 8 is an example of a fragmentation diagram of Huashan

granite with confining pressure when the average strain rate
is 268 s~!. When the confining pressure is 5 MPa, there are a
lot of obvious cracks in Huashan granite, but the specimen is
still relatively intact; when the confining pressure is 10 MPa,
only a few cracks exist on the surface of the specimen, and
the whole is intact.

3.3 Impact Compression Stress—Strain Curves

The stress—strain trend of Huashan granite under uni-
axial impact compression under different strain rates and
freeze—thaw cycles is shown in Fig. 9. It can be observed
from the figure that the dynamic impact compression

Confining pressure (MPa)

5 10

Fig. 8 Huashan granite impact
fragmentation
FT (cycle)
0
60
100
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Fig.9 Uniaxial stress—strain relationship of Huashan granite after dif-
ferent freeze—thaw cycles

failure process of Huashan granite has obvious stages.
The stress—strain curve can be roughly divided into four
parts: compaction stage, linear stage, yield stage and fail-
ure stage. The general law is consistent with the crushing
state of the specimen. The larger the strain rate, the larger
the corresponding peak stress. At the same time, the peak
stress decreases with the number of freeze—thaw cycles.
The change law of peak stress after Huashan granite
freeze—thaw damage is shown in Table 3. The equation for
calculating the total reduction of peak stress in the table is:

0y — O0;

%X 100% (13)

Ototal reduction = o
where, o, is the peak rock stress under normal condi-
tions, and o, is the peak stress of the rock after i cycles of
freeze—thaw.

The average reduction in a phase is the difference
between peak stresses of the two phases divided by the
number of freeze—thaw cycles in that phase. It can be seen
that the total reduction in peak strength increases with
the number of cycles. When the strain rate is 182 s7!. the
final total reduction of peak stress of Huashan granite is
the largest, which is 70.1%. It can be found from the aver-
age reduction in the phases that the rate of peak stress
reduction does not necessarily increase with the number
of cycles, and the average reduction rate in each phase
ranges from 0.1 to 2.4%. This shows that the damage accu-
mulation of freeze—thaw cycles on rocks is not a damage
process with a uniform increase in speed.

Ground stress is a stress that exists in the earth’s crust.
It is generally divided into two parts, the first part is caused
by the weight of the overlying rock mass, and the second
part is the tectonic stress transmitted from the adjacent
part. Ground stress is the effect of internal stress on the
crust due to geological tectonic movements during a long
geological age. Generally, the deeper the rock is buried,
the greater the vertical ground stress it is subjected to. The
active confining pressure in the test effectively simulated
the three-dimensional stress state of the rock.

The peak stress changes of Huashan granite at the
strain rate of 268 s~! in the presence of confining pressure
are shown in Table 4. It can be seen from the table that
when the confining pressure is 5 MPa or 10 MPa, the total
increase in peak intensity will increase compared to that
at 0 confining pressure. At 5 MPa, the increase range is
from 7 to 26%, and at 10Mpa, the increase range is from
15 to 34%.

It can be seen from the stress—strain curves of different
confining pressures that the peak stress changes signifi-
cantly with the number of freeze—thaw cycles (Figs. 10 and
11). The triaxial stress—strain curve is very similar to the
curve trend obtained from uniaxial impact compression.
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Table 3 Peak stress analysis of

; Avg. strainrate  FT (cycle) Peak stress (MPa) Total peak stress Avg. reduction in
Huashan granite after freeze— ) reduction (%) each phase range
thaw damage %)

182 0 90.3 - -
20 46.8 48.2 24

40 44.3 51.0 0.3

60 41.4 54.2 0.3

80 31.7 64.9 1.2

100 27.0 70.1 0.7

207 0 94.6 - -
20 89.8 5.00 0.3

40 73.3 22.5 0.9

60 71.7 24.2 0.1

80 64.0 32.30 0.5

100 63.0 334 0.1

268 0 144.7 - -
20 137.7 4.8 0.2

40 121.9 15.7 0.6

60 111.7 22.8 0.4

80 102.3 29.3 0.4

100 90.5 37.5 0.6

Table 4 Variation of peak stress at Huashan granite strain rate of
268 57!

Confining pres- FT (cycle) Peak stress (MPa) Total peak
sure (MPa) stress increase
(%)
0 0 144.7 -
20 137.7
40 121.9
60 111.7
80 102.3
100 90.5
5 0 265.3 83.3
20 234.3 70.2
40 229.5 88.3
60 150.7 349
80 118.3 15.6
100 88.2 -25
10 0 284.9 96.9
20 264.5 92.1
40 223.0 82.9
60 154.5 38.3
80 138.6 355
100 99.9 10.4
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Generally, it has gone through the compaction stage, elas-
tic stage, yield stage and plastic stage. When the strain
rate is small, the granite is not damaged due to the hoop
constraint of the confining pressure. Therefore, the peak
at this time is only the nominal peak, not the ultimate peak
strength under this condition.

4 Discussion

Huashan granite has been subjected to various external loads
for a long time in nature, and a large number of micro-cracks
and pores have formed inside. The existence of these dam-
ages deteriorates the mechanical properties of the rock mass.
In the Huashan area, the temperature difference between day
and night is large, and the four seasons are distinct. The
long-term freeze—thaw weathering leads to the continuous
generation and expansion of internal natural damage. Weath-
ered rocks are prone to cause numerous geological disasters
under the action of external loads, potentially threatening
the safety of human activities in the area, and causing huge
hidden dangers to lives and property.

4.1 Factors Affecting the Deterioration of Rock
Freeze-Thaw Damage

Rock freeze—thaw damage degradation is a complex pro-
cess coupled with multiple factors. In summary, the main
influencing factors include four categories: lithology, water
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Fig. 11 Stress—strain diagram of Huashan granite with 10 MPa con-
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saturation, number of freeze—thaw cycles, and freeze—thaw
cycles and cycle temperature ranges.

Lithology is one of the factors that has the greatest
influence on the damage degradation of rocks during the
freeze—thaw cycle. The composition of the minerals in the
rock, the content of each mineral component, the size of
the mineral particles, the strength of the cement, the dis-
tribution and development of joints, the porosity, and the
strength of the rock will all affect the degree of damage and
deterioration. It is known from experiments and relevant lit-
erature conclusions that the mineral particles are not dense,
the strength of the cement is smaller, the joints are more
developed, the porosity is greater, and the strength of the
rock is smaller, which is more affected by the freeze—thaw
cycle damage, and vice versa.

The content of water in the rock’s void is a major factor
affecting the freeze—thaw damage. According to the analysis
in the previous section, the process of freeze—thaw cycle
degradation is actually the repeated freezing and melting
process of water in the pores. Under completely dry con-
ditions, if the temperature variation range is not large, the
freeze—thaw cycle has almost no degradation effect on the
rock. If the water is saturated, the rocks are more or less
damaged due to different water saturation levels.

The number of freeze—thaw cycles has a very significant
effect on the deterioration of rock freeze—thaw damage. Dif-
ferent rocks have altered durability. In general, for the same
type of rock, the more freeze—thaw cycles, the longer the
cycle, and the greater the damage. The test results show that
as the number of freeze—thaw cycles increases, the strength
of the rocks decreases significantly.

The temperature range of freeze—thaw cycles has a greater
impact on the deterioration of freeze—thaw damage. The
greater the temperature range, or the lower the freezing tem-
perature, the greater the degree of rock damage. The larger
the freezing and thawing temperature range is, the more the
two phases of ice and water are transformed into each other,
and the more obvious the frost heave effect is, the faster the
rock degradation rate is.

4.2 Stress and Strain Analysis of Huashan Granite
after Freeze-Thaw Weathering

At the same strain rate, when the number of freeze—thaw
cycles increases, the peak stress and elastic modulus of the
specimen (the slope of the line connecting the two points
with the peak stress of 40 and 60% corresponding to the
rising section of the stress—strain curve) show a gradual
decrease. This is because the effects of freeze—thaw cycles
lead to aggravation of the internal damage of the specimen
and increase of cracks, which reduces the cohesive force
between particles in the rock. Therefore, the strength and
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elastic modulus decrease significantly as the number of
freeze—thaw cycles increases.

As the number of freeze—thaw cycles increases, the
dynamic peak strength of the rock decreases. Although the
peak strength of different specimen has a certain degree of
dispersion, this trend is still very significant, which shows
that the freeze—thaw cycle will indeed cause the accumu-
lation of rock damage, thereby reducing the mechanical
properties of granite. With the increase of the number of
freeze—thaw cycles, the peak strain tends to become larger,
but this law is more discrete. Freezing and thawing causes
the cracks inside the rock to increase, the deformation space
increases during the failure process, and the deformation
ability is enhanced. Both the strain rate and the confining
pressure have a certain strengthening effect on the peak
strength and the rate effect is more obvious. The circum-
ferential restraint force of the confining pressure effectively
restrains the specimen from crushing after being impacted,
and increases the peak stress of the specimen.

Under the action of freezing and thawing, the frost heave
force of water causes the formation of new micro-cracks
between the particles with small initial bonding force in
the rock, and causes the original weaker cracks to expand
rapidly. When the number of cycles continues to increase,
the cracks that could not be expanded by the frost heave
force are further expanded. Due to the heterogeneity of the
rock, the freeze—thaw damage is a continuous accumulation
process as a whole, but the relationship between the crack
expansion rate and the number of freeze—thaw cycles needs
further study.

5 Conclusions

Freeze—thaw weathering damage deterioration effect is one
of the main factors affecting the strength of Huashan gran-
ite. Based on the SHPB test, the fracture morphology and
mechanical properties of rock specimens after impact com-
pression are analyzed. By summarizing the macro-mechan-
ical test phenomena, revealing the influence of freeze—thaw
damage on Huashan granite strength, the following conclu-
sions are obtained:

(1) Due to freezing and thawing damage, the static uniax-
ial compressive strength and maximum tensile strength of
Huashan granite are significantly reduced, and the law is
more obvious. Compared with the normal state, after 100
freeze—thaw cycles, the compressive strength of Huashan
granite decreased by 38.4%, and the compressive strength
decreased by 21.5%.

(2) It can be found from the average amount of peak
reduction in the phases that the rate of peak intensity
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reduction does not necessarily increase with the number
of cycles. The average rate of reduction in each phase
ranges from 0.1 to 2.4%. This shows that the damage
accumulation of freeze—thaw cycles on the rocks is not a
uniformly increasing damage process.

(3) From the stress—strain trends in different confining
pressures, it can be seen that the peak stress changes sig-
nificantly with the number of freeze—thaw cycles. The
stress—strain curve of confining pressure is very similar
to the curve trend obtained from uniaxial impact com-
pression. In general, they have undergone a compaction
phase, an elastic phase, a yield phase, and a plastic phase.
When the strain rate is low, the Huashan granite does not
fail due to the hoop restraint of confining pressure. There-
fore, the peak value at this time is only the nominal peak
value, not the limiting peak intensity under this condition.
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