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Abstract The freeze-thaw damage of granite was

studied used SHPB tests and numerical simulation in

the paper. All the granite samples were taken from

high altitude localities in Tibet, China, which were

made impact loading test after freeze-thaw cycles. The

strain rate was unified in the use of SHPB tests

combined with numerical simulation to analyze the

relationship between dynamic strength and freeze-

thaw cycles. The results shows, under different freeze-

thaw cycles, the shapes of the reflected and transmitted

waves before and after freeze-thaw are different,

mainly reflected in the great difference of the curves

before and after the peak. With the increase of the

freeze-thaw cycles, the peak value of the strength

curves decrease apparently and the peak stress

decreases apparently after 10 cycles. Samples have

different strain rates with the same incident wave

under different freeze-thaw cycles. The dynamic

strength of granite is associated with the strain rate

and the freeze-thaw cycles. Study on the freeze-thaw

damage of granite under impact loading is the basis of

the granite dynamic constitutive relation and it is

important to analyze the stability of open-pit mine

slope in seasonal frozen regions.

Keywords Freeze-thaw cycles � Numerical

simulation � SHPB test � Dynamic strength � Rock

1 Introduction

The rock failure due to freeze-thaw weathering

occurs mainly in the environments where tempera-

tures frequently fluctuate above and below freezing

point (Yavuz et al. 2006). The physical and mechan-

ical properties of rock change after different freeze-

thaw cycles. When water turns into ice, it increases in

volume by up to 9%, thus giving rise to an increase in

the pressure within the pores (Bell 2000). The volume

expansion due to phase change between wa-

ter and ice during the freeze process could result in

the extension of micro crack. In addition, the uneven

contraction and expansion of the different mineral

compositions of rock is one of the important causes

for freeze-thaw damage.

The effects of freeze-thaw cycles on the physical

and mechanical properties of rocks have been studied
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by researchers in different ways. Celik (2017) studied

water absorption and P-wave velocity of travertine

rocks during freeze-thaw weathering process. Sonder-

gld and Rai (2007) studied the change rule of the

compression coefficient and resistance coefficient of

the sandstone due to the freeze-thaw cycles. Ince and

Fener (2016) determined the deteriorated pyroclastic

rock’s index mechanical properties and developed a

statistical model for estimating percentage loss of

uniaxial compressive strength. Hashemi et al. (2018)

investigated the performance of the Schmidt hammer

test in the durability assessment of carbonate building

stones against frost weathering. Wang Liping et al.

(2019) studied the physical parameters and the triaxial

compression mechanical characteristics of fine sand-

stone and coarse sandstone subjected to different

freeze-thaw cycles. Ghobadi et al. 2016 predicted the

long-term durability of tuffs against freeze-thaw using

a decay function. Walbert et al. (2015) tested and

analyzed the physico-mechanical properties of three

French limestones during the freeze-thaw cycles.

Graham and Au 1985 investigated softening of natural

clay by freezing-thawing. Saad et al. 2010 determined

the influence of water flows into porous network on

frost weathering of rocks. Mutluturk et al. 2004

proposed a decay function model for the integrity loss

of rock under freeze-thaw cycles. Altindag et al.

(2004) and Amin et al. (2013) supplied and verified the

decay function model again. Huang et al. (2018)

established a damage constitutive model under freeze-

thaw and evaluated the stability of rock engineering in

cold regions. Khuda et al. (2017) investigated the

effect of freeze-thaw cycles on the flexural strength of

granite panels. The CT scan and nuclear magnetic

resonance are also used in the study of the rock freeze-

thaw damage (Li et al. 2016; Liu et al. 2016). In

general, studies on the physical and mechanical

properties of rock and the failure mechanism of rock

under freeze-thaw cycles are the main aspects in this

area. Nowadays, researches mainly focus on the static

mechanical properties in this area, however, there are

very few researches on the dynamic strength of the

rock under freeze-thaw cycles.

The split Hopkinson pressure bar (SHPB) technique

is one of the primary experimental methods used to

evaluate the dynamic-mechanical properties of rock

(Anderson and O’donoghue 1992; Bailly et al. 2011).

Using the same impact velocity in SHPB test, the

strain rates of rock samples are different under

different freeze-thaw cycles, so it is hard to obtain

the dynamic characteristic of rock with the same strain

rate under the freeze-thaw cycles. It is an effective

method to obtain large number data utilizing LS-

DYNA finite element software, which has been

recognized as one of the best computer software for

simulating the dynamic behavior (Yu et al.2010). The

detailed and abundant data could be obtained through

simulating the process of SHPB test. The HJC

constitutive model (Holmquist et al. 1993) can be

used to describe the mechanical behavior of rock

under high-speed impact. At present, some research-

ers have carried out a serious of studies on the

selections of the parameters of the HJC model (Wu

et al. 2011; Christopher 2011; Polanco-Loria et al.

2008). Many researchers have verified the reliability

of the HJC model (Christopher 2011; Khoogar et al.

2013; Liu et al.2012). The SHPB tests could be

complementary with the numerical simulation to

study the dynamic strength of rock under freeze-thaw

cycles.

The statistics shows that the area of permafrost,

seasonal permafrost and instantaneous permafrost on

the earth accounts for almost 50% of the land area,

mainly distributed in Russia, Canada, China, Alaska of

United States, northern Europe and other places. In

China, Area of permafrost regions and seasonal

regions is 21.5% and 53.5% respectively, that is there

is almost 75% of the land area changes periodically

from winter to summer, and its total area of cold area

ranks third in the world (Xu 2006). A large number of

rock engineering projects are more or less affected by

freeze-thaw damage, such as Yulong copper mine and

Zhibula copper mine which are located in Tibet, high

altitude areas, where the stability of rock slopes are

easily affected by freeze-thaw.

the open-pit mining slope in such cold region would

resist dynamic load such as blasting load, so it is

useful to make research on the change law of the rock

dynamic strength under freeze-thaw cycles. In this

paper, on the basis of the change law of the dynamic

strength of granite under freeze-thaw cycles were

obtained according to the results of dynamic tests and

numerical simulations.
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2 Test Method and Results

2.1 Test Method

The granite were drilled from an open-pit mine in

Tibet. The diameter of the rock core is about 50 mm.

All the samples are made into cylinders with the

diameter of 50 mm, while the heights for the uniaxial

compressive strength test, tensile strength test and

SHPB test are 100 mm, 35 mm, and 30 mm respec-

tively. All the samples are selected using P-wave

velocity tester. The samples for the different kinds of

tests are divided into four groups, and each group had

three samples. The temperature varies from - 20 to

20 �C, and the maximum freeze-thaw cycles is 60.

Physical–mechanical properties of the granite sam-

ples are tested every 20 cycles. The main instruments

are: cryogenic box, rock P-wave velocity tester,

electrothermal blowing dry box, electronic scales,

specimen saturation equipment and 200 tons electro-

hydraulic servo controlled rock pressure testing

machine, split Hopkinson pressure bar (SHPB). The

cryogenic box is used for freeze thaw cycle test, and

the freeze time is 12 h, the thawing time is 12 h, total

24 h; the rock P-wave velocity tester is used for

measuring the longitudinal wave velocity of the

samples to help select samples; the electrothermal

blowing dry box is used for drying the samples; the

electronic scales is used for weighing the samples to

calculate the density; the specimen saturation equip-

ment is used for specimen saturation, and the vacuum

pressure value is 0.1 MPa, the extraction time is 6 h

and the soaking time is 24 h; 200 tons electrohydraulic

servo controlled rock pressure testing machine is used

for testing the static mechanical properties of the

samples; the SHPB testing system is used for testing

dynamic mechanical properties of the samples.

The input bar, output bar and absorption bar of the

SHPB testing system are made by high strength nickel

alloy steel (ultimate strength is 800 MPa, wave

velocity is 5400 m/s, density is 7810 kg/m3). The

lengths of the input bar, output bar and absorption bar

are 3000 mm, 2000 mm, and 500 mm, respectively.

All the bars are 50 mm in diameter. The testing

procedures of freeze-thaw cycles obey the ‘‘Specifi-

cations for rock tests in water conservancy and

hydroelectric engineering (SL264-2001) (Yangtze

River Scientific Research Institute 2001)’’. The quality

and dimension of rock samples are measured every 20

freeze and thaw cycles to obtain the density. Three set

of samples are taken out for uniaxial compressive,

tensile and SHPB test respectively, in order to obtain

the samples’s uniaxial compressive strength, tensile

strength, elasticity modulus, poisson’sratio and the

forms of reflected wave and transmitted wave under

the dynamic load. The tensile strength of the samples

are obtained by split method. The uniaxial compres-

sive strength, elasticity modulus, poisson ratio are

obtained utilizing the rock pressure testing system. In

the uniaxial compression tests, the samples are loaded

at the rate of 0.5 Mpa/s until the failure. Poisson’s

ratios are measured by extensometer.

The dynamic stress–strain curves of granite are

obtained utilizing SHPB (shown in Fig. 1).

2.2 Test Results

The physical and static parameters of granite under the

freeze-thaw cycles are obtained through tests, shown

in Table 1. The typical static stress–strain curves of

granite obtained through uniaxial compression test are

shown in Fig. 2. The shape of incident wave, reflected

wave and transmitted wave under different freeze-

thaw cycles (0 cycle, 20 cycles, 40 cycles and 60

cycles) obtained using SHPB are shown in Fig. 3. The

photographs of the typical damage samples in the

SHPB tests are shown in Fig. 4.

The density of the granite decreases with the

increase of the freeze-thaw cycles, and the changing

rate of density is- 0.2% when the freeze-thaw cycles

is 60. The shapes of the stress–strain curves are similar

under different freeze-thaw cycles, which show

the characteristics of brittle failure. The initial com-

paction stage of the stress–strain curves become

longer obviously with the increase of the freeze-thaw

cycles, which proves the freeze-thaw cycles could

result in the development of the inner micro cracks.

Fig. 1 Split Hopkinson pressure bar
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The uniaxial compressive strength, tensile strength

and elastic modulus of the samples decrease obviously

with the increase of the freeze-thaw cycles.

Under the dynamic load, the rock cracks paralleled

to the axis of the sample could be formed. The samples

are in the transverse tensile failure mode. The damage

degree of the samples is larger with the increase of the

freeze-thaw cycles, and more fragments could be

formed in the SHPB test. The shapes of the incident

wave are the same because of the same bullet’s ini-

tial speed in the SHPB test, but the shapes of the

reflected and transmitted wave change obviously with

the increase of the freeze-thaw cycles. The shape of

the incident wave is the standard half-sine wave, while

the shape of the reflected wave and the transmitted

wave are irregular, which are associated with the

damage of the samples.

3 HJC Constitutive Model and Numerical

Simulations

Because the strain rates of samples under the same

incident wave are different for different freeze-thaw

cycles in SHPB test, therefore, it is hard to obtain the

dynamic strength data of granite with the same strain

rate under different freeze-thaw cycles only rely on the

laboratory tests. It is necessary to supply additional

large number data using numerical simulation method.

3.1 Finite Element Model and the Selection

of the Incident Wave

The element model used ANSYS software (ver-

sion12.0) was set up. The partial enlargement of the

element model is shown in Fig. 5.

The calculation model was established based on the

symmetry of the structure. The model is meshed used

eight nodes hexahedron element. For the numerical

simulation of samples under different freeze thaw

cycles, appropriate calculation time is defined to end

the calculation. The automatic-surface-to-surface con-

tact algorithm is used between the bar and sample.

When the parameters of the samples are defined the

same with the bar, the parameters of the contact

surface are adjusted so that there is basically no

reflected wave in the input bar, that is the suitable pa-

rameters. No restriction is made on the end of the

transmission bar, because the stress wave of the

sample has undergone multiple reflections before the

arrival of Terminal reflected wave, which satisfies the

assumption of stress uniformity, and the influence of

the reflected wave at the end of the transmission bar

can be ignored.

According to the research conclusions (Dong

2005), in SHPB numerical simulation, if the mesh

size is less than 1.5 cm, the accuracy of simulation is

very little improved by decreasing the mesh size,

Table 1 Physical and

statics parameters of granite

under different freeze-thaw

cycles

Freeze-thaw cycles 0 20 40 60

Density/kg/m3 2727.5 2725.4 2722.3 2721.9

Uniaxial compressive strength/MPa 117.2 106.7 84.5 72.0

Tensile strength/MPa 8.77 7.56 5.84 5.22

Elastic modulus/GPa 25.52 18.05 13.58 10.15

Poisson’s ratio 0.257 0.262 0.267 0.265

Fig. 2 Typical stress–strain curves of granite
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therefore, the mesh size is both 1.5 cm for input bar

and transmission bar, and the mesh is locally refined.

The half-sine stress wave is imposed directly on the

end surface of the input bar. the mathematical

expression of the half-sine wave is:

PðtÞ ¼ Pmax

1

2
� 1

2
cosð2pxtÞ

� �
ðt\1=xÞ

0 ðt� 1=xÞ

8<
:

ð1Þ

Fig. 3 Incident wave, reflected wave and transmitted wave in SHPB tests

0 cycle 20 cycles 40 cycles 60 cycles

Fig. 4 Photographs of the typical damage samples in SHPB tests

Fig. 5 Partial enlargement of the element model
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where Pmax is the peak stress, x is the frequency of the

dynamic load.

According to the test data, the incident stress wave

was simulated. The simulating result is shown in the

Fig. 6. The half-sine stress wave with the amplitude of

215 MPa and the delay of 200 ls is in agreement with

the measured value. During the simulation, samples

with different freeze-thaw cycles could reach to the

same strain rate through changing the amplitude of the

half-sine wave (This is equivalent to change the

bullet’s initial speed in the laboratory test).

3.2 Parameters of HJC Constitutive Model

The HJC model could be used to simulate the large

deformation mechanical behavior of rock under the

high strain rate. It has been introduced by LS-DYNA

procedure, and widely applied in the numerical

simulation.

There are three parts in the HJC model, including:

equation of state, strength mode, and damage model

(Holmquist et al. 1993). There are 21 material

parameters in the HJC model, that are, density q0;
static compressive strength fc; strength parameters: A,

B, N, C, SMAX, G; damage parameters: Dl, D2,

EFMIN; pressure parameters: Pc, lc, Kl, K2, K3, Pl, ll,
T; software parameters: _e, fs.

The calculation model with the static compressive

strength of 48 MPa, tensile strength of 4 MPa, and the

density of 2410 kg/m3 for the concrete was given by

Holmquist et al. (1993), seen in Table 2.

The sensitivity and selection methods of these 21

parameters have been systematically studied (Wen

et al. 2016). Part of granite parameters under different

freeze-thaw cycles could be determined based on the

Table 2. SMAX and D2 could be selected according to

the initial parameters. Parameters K1, K2, K3, Pl, ll
could be selected according to the Hugoniot relation-

ship of the impact compression empirical constants

(Christopher 2011). Parameter C could be obtained

from the relationship between the equivalent stress r*

and logarithmic strain rate, and parameter A could be

calculated from the Eq. (2).

A� 0:75

ln 100 � ln 10�4
¼ C ð2Þ

The shear modulus G, bulk modulus K of the rock

could be determined by Eqs. (3) and (4).

G ¼ E

2ð1þ vÞ ð3Þ

K ¼ E

3ð1� 2vÞ ð4Þ

where G is the shear modulus; K is the bulk modulus;

E is the elasticity modulus; v is the Poisson’s ratio.

Pc could be calculated used the formula (Holmquist

et al. 1993), that is, Pc = fc/3.

Because Pc = Klc, therefore,

lc ¼ Pc

K
¼ fcð1� 2vÞ

E
ð5Þ

D1 could be determined using Eq. (6).

D1 ¼ 0:01= 1=6þ T�ð Þ ð6Þ

It could use the above-mentioned ANSYS calcula-

tion model to select B and N, and use the formula (7)

(Li 2014) to obtain the dynamic stress–strain curve.

The simulating stress–strain curve could be close to

the measured value through adjustment of B and N.

The peak stress of the stress–strain curve increases

with the increase of B, while the peak strain remains

constant. N has great impact on the shape of the yield

stage of the curve. The selected parameters of HJC

constitutive model are shown in Table 3.

eðtÞ ¼ � 2C0

ls

Z t

0

erðtÞdt; rðtÞ ¼
A0

As

E0etðtÞ; _eðtÞ

¼ � 2C0

ls
erðtÞ ð7Þ

0 0.0001 0.0002
-2.5

-2

-1.5

-1

-0.5

0
x 108

P
(t)

 /P
a

P(t)=-215*106*(0.5-0.5*cos(2*π*5000*t))

t /s

Test

Simulation

Fig. 6 Testing and simulation curve of the incident wave
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where E0, C0, A0 are the elastic modulus, elastic wave

velocity and cross-sectional area of the bar, respec-

tively. As, ls are the initial cross-sectional area and the

length of sample, respectively.

The comparison of the simulation curves used the

HJC model by LS-DYNA and the measured curves

obtained by SHPB test are shown in Fig. 7. The

simulation values are in good agreement with the

measured values, indicating the parameters of the HJC

model are reliable.

From Fig. 7, the stress–strain simulation curves and

measured curves are in good agreement before the

peak value, indicating the simulation results are

reliable for analyzing the strength of the rock. The

dynamic stress–strain curves obtained by numerical

simulation and tests after the peak are different, it is

because the numerical simulation could not fully

simulate the rock fracture. The study focus on the peak

and pre-peak of the stress–strain curve, and the

difference of the curves after the peak doesn’t infect

the results.

4 Analysis of Dynamic Strength

Through changing the amplitude of the incident wave

to adjust the strain rate of samples in the numerical

simulations, the strain rate of the samples could reach

the same value under different freeze-thaw cycles.

Table 2 Initial parameters of HJC model

q0/kg/m
3 fc/MPa A B N C SMAX G/GPa Dl D2 EFMIN

2595 80.27 0.79 1.6 0.61 0.007 7.0 15.6 0.037 1.0 0.01

Pc/MPa lc Kl/GPa K2/GPa K3/GPa Pl/GPa ll T/MPa _e fs

26.76 1.01e - 3 85 - 171 208 1.0 0.100 8.42 1e - 6 0.004

Table 3 Parameters of

HJC constitutive model
Parameter 0 cycles 20 cycles 40 cycles 60 cycles

q0/kg/m
3 2727.5 2725.4 2722.3 2721.9

fc/MPa 117.2 106.7 84.5 72.0

A 0.759 0.757 0.759 0.757

B 1.12 0.94 0.83 0.82

C 0.0010 0.0008 0.0010 0.0008

N 1.30 1.25 1.15 1.22

SMAX 7.0 7.0 7.0 7.0

G/GPa 10.15 7.15 5.36 4.01

Dl 0.041 0.042 0.042 0.042

D2 1.0 1.0 1.0 1.0

EFMIN 0.01 0.01 0.01 0.01

Pc/MPa 39.1 35.6 28.2 24.0

lc 2.23 9 10-3 2.81 9 10-3 2.89 9 10-3 3.33 9 10-3

Pl/GPa 1.4 1.2 1.2 1.1

ll 0.100 0.101 0.101 0.101

Kl/GPa 12 12 12 12

K2/GPa 25 25 25 25

K3/GPa 42 42 42 42

T/MPa 8.77 7.56 5.84 5.22

_e 1 9 10-6 1 9 10-6 1 9 10-6 1 9 10-6

fs 0.004 0.004 0.004 0.004
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Combined the laboratory testing results with the

numerical simulation results obtained by the LS-

DYNA numerical simulation used HJC constitutive

model (Parameters of HJC shown in Table 3), the

statistical table between the dynamic strength with the

strain rate and the freeze-thaw cycles for the granite

samples were obtained, shown in Table 4.

The dynamic strength of the granite samples have

the strain rate effects both under the normal temper-

ature and the freeze-thaw cycles. Under the same

freeze-thaw cycles, the dynamic strength of the granite

increases with increase of the strain rate, which could

be simulated used the exponential function, shown in

Eq. (8) [the parameters a and b in Eq. (8) are shown in

the Table 5, the simulating curve is shown in Fig. 8.

Many scholars Lajtai et al. 1991; Li 2014; Li et al.

2005] have obtained the change law of the increase of

the dynamic strength with the strain rate for the rock

under the normal temperature. The important param-

eter b in Eq. (8) is approximately equal to 0.3 (Li et al.

Fig. 7 Comparison between stress–strain simulation curves and measured curve

Table 4 Statistical table between dynamics strength with

strain rate and freeze-thaw cycles (unit: MPa)

Strain rate 0 cycles 20 cycles 40 cycles 60 cycles

76.4 150.2 141.5 117.9 107.8

100.1 161.0 156.9 125.55 112.6

130.2 176.1 167.4 138.6 127.6
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1994; Cusatis 2011; Lajtai et al. 1991), which is

similar to the results of this study.

r ¼ a _eb ð8Þ

Under the same strain rate, the dynamic strength of

the granite decreases gradually with increase of the

freeze-thaw cycles. The tool box of Matlab for curve

simulation is used to simulate the relationship between

the dynamic strength and freeze-thaw cycles under the

same strain rate. SHPB is a instrument for studying the

dynamic mechanical properties of rock samples under

intermediate strain rate. The strain rate is 76.4 s-1,

100.1 s-1 and 130.2 s-1 respectively, which are

determined by the tests and numerical simulation

results, and the interval between the three strain rates

is moderate. The simulation curve is shown in Fig. 9,

and the simulation formula is shown in Eq. (9). The

parameters a and b of Eq. (9) are shown in Table 6.

The parameter a is approximately equal to the

initial strength of the granite; the parameter b reflects

the strength degradation of the granite with freeze-

thaw cycles, and b is negative, represents the dynamic

intensity decreases with the increase of freeze-thaw

cycles, and the greater of the absolute value of b
indicates a faster reduction in strength.

r ¼ a � ebn ð9Þ

This paper provides a new method of studying

strength of rock under coupled dynamic loads and

freeze-thaw cycles. The development of the interior

micro crack of rock is caused by the freeze-thaw

cycles, so the interior micro crack became more

developed and dynamic strength became more smaller

with more freeze-thaw cycles. The dynamic strength

increases with the increase of the strain rate, but the

increase rate is weakened gradually due to the effect of

freeze-thaw deterioration. The dynamic strength is

associated with the strain rate and the freeze-thaw

cycles, but their influential effects are opposite and

interconnection.

Table 5 Parameters a and b of the Eq. (8) and R-square of

the curve-fitting

Freeze-thaw cycles a b R2

0 40.60 0.301 0.99

20 36.88 0.311 0.98

40 30.92 0.307 0.98

60 25.97 0.325 0.93

80 90 100 110 120 130

90

100

110

120

130

140

150

160

170

ε /s

σ 
/M

P
a

-1

0 cycles 
20 cycles 
40 cycles 
60 cycles 

Fig. 8 Relationship between dynamic strength and strain rate

of granite samples under the same freeze-thaw cycles

0 10 20 30 40 50 60

110

120

130

140

150

160

170

180

n

σ 
/M

P
a

ε=76.4

n

ε=100.1
ε=130.2

Fig. 9 Relationship between dynamic strength and cycle times

under the same strain rate

Table 6 The parameters a and b of the formula (9) and R-

square of the curve-fitting

_e a b R2

76.4 152.7 - 0.0058 0.96

100.1 166.1 - 0.0063 0.91

130.2 179.3 - 0.0057 0.95
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5 Conclusions

• There is no compaction stage in the stress–strain

curve under the impact load for the rock sample.

The shapes of the curves before and after the

freeze-thaw are different, mainly reflected in the

peak stress and the slope of elastic stage of the

stress–strain cuve.

• The dynamic strength of granite has the strain rate

effect both under the normal temperature and the

freeze-thaw cycles. Under the same freeze-thaw

cycles, the dynamic strength of granite increases

with the increase of the strain rate, which could be

simulated used the exponential function (r ¼ a _eb).
The parameter b in the exponential function is

approximately equal to 0.3.

• Under the same strain rate, the dynamic strength of

the granite gradually decreases with the increase of

the freeze-thaw cycles. The relationship between

the dynamic strength and the freeze-thaw cycles

could be expressed used the index function

(r ¼ a � ebn). The parameter a is approximately

equal to initial strength of the rock, and the

parameter b reflects the strength degradation of

the rock with freeze-thaw cycles.

• The dynamic strength of granite is associated with

the strain rate and the freeze-thaw cycles, but the

influential effects are interconnected and opposite.
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