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Abstract
The knowledge about thermo-mechanical properties of granite is still limited to some extent. Individual measurements are

necessary to obtain reliable properties for specific granite types. A reliable numerical model of thermal cracking behaviours

of granite exposed to extreme high temperatures (e.g. 800–1000 �C) is missing. In this study, the impact of temperature up

to 1000 �C on physical, mechanical, and thermal properties as well as thermo-mechanical coupled behaviour of Eibenstock

granite was investigated by laboratory testing and numerical simulations. The physical properties including mineral

composition, density, P-wave velocity, and open porosity are measured to be temperature dependent. Uniaxial compression

and Brazilian tests were carried out to measure uniaxial compressive strength (UCS), Young’s modulus, stress–strain

relationship, and tensile strength of Eibenstock granite before and after thermal treatment, respectively. Thermal properties

including specific heat, thermal conductivity, thermal diffusivity, and linear thermal expansion coefficient are also mea-

sured and found to be temperature dependent, especially the expansion coefficient which shows a steep increase around

573 �C as well as at 870 �C. The numerical simulation code FLAC3D was used to develop a numerical scheme to simulate

the thermal-induced damage of granite at high temperatures. Statistical methods combined with real mineral composition

were used to characterize the heterogeneity of granite. The numerical model is featured with reliable temperature-

dependent parameters obtained from laboratory tests. It can well reproduce the laboratory results in form of thermal-

induced micro- and macrocracks, as well as the stress–strain behaviour and the final failure pattern of Eibenstock granite

after elevated temperatures up to 1000 �C. The simulation results also reveal that the thermal-induced microcracks are

randomly distributed across the whole sample. Although most thermal-induced damages are tensile failures, shear failure

begins to develop quickly after 500 �C. The obvious UCS reduction in granite due to heating is mainly caused by the

increase in shear failure. The simulation also shows that the dominant impact of a–b quartz transition is widening pre-

existing cracks rather than the formation of new microcracks.
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1 Introduction

Granite is often considered as potential host rock for

nuclear waste disposals, tunnels, caverns, etc., and was also

used as construction material for historical buildings and

monuments [6, 30]. Geotechnical constructions like tunnels

and historical buildings can be exposed to extreme high

temperatures in case of fire accidents [31]. As a result,

granites can become damaged by thermal cracking due to

accumulation of internal stresses which are mainly con-

trolled by (a) the constituents of the rocks, (b) the thermal
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expansion anisotropy of individual minerals, and (c) the

thermal gradients [30].

Thermal effects on physical, mechanical, and thermal

properties of granite have been investigated by many

scholars. However, the existing data basis is limited,

because thermo-mechanical properties among different

granites can show distinctly different behaviours at ele-

vated temperatures. For example, some granites have a

further jump in thermal expansion coefficient between 800

and 900 �C [8], while for some other granites the coeffi-

cient remains at a low level after 573 �C [9]. The uniaxial

compressive strength (UCS) of some granites increases

slightly for samples heated up to 200–400 �C and then

decreases evidently at higher temperatures [3, 22]; for

some other granites, the UCS shows a continuous decrease

with rising temperature [9, 41]. Although Young’s modulus

usually decreases gradually to a much lower value after a

critical temperature (about 600 �C), some granites exhibit a

slight increase within a certain temperature range like

25–200 �C [5]. Therefore, individual measurements are

needed to obtain reliable properties for specific granite

types.

The property change is significantly influenced by

micro- and macrocracks induced by thermal loading. To

obtain a deeper understanding of the thermal-induced

damage of granite under elevated temperatures, numerical

simulation has become an important method. Previous

simulations have usually applied constant properties and

low or fixed temperatures [30, 35, 40]. Yang et al. [37]

used a particle-based method to investigate the failure

behaviour of pre-holed granite specimens after elevated

temperature treatment. Although they use heterogeneous

models, the mineral properties (especially the thermal

expansion coefficient) are temperature independent. Yan

and Zheng [36] proposed a coupled thermo-mechanical

model (FDEM-TM) for simulating thermal cracking of

granite, but the correctness of this model is verified only in

the temperature range between 0 and 100 �C. By com-

paring temperature-dependent and temperature-indepen-

dent rock properties applied in underground coal

gasification reactor simulations, Otto and Kempka [19]

found notable differences in rock failure behaviour and

concluded that temperature-dependent parameters are

important to obtain more reliable results. Wang and

Konietzky [30] proposed a model with temperature-de-

pendent thermo-mechanical parameters to simulate thermal

cracking of granite. However, the quantitative analysis of

thermal cracks is limited due to the fact that most model

parameters are generalized values instead of specific lab-

oratory-tested ones. Accurate temperature-dependent

properties of granite exposed to high temperatures are

necessary for building a reliable numerical model. Unfor-

tunately, a reliable numerical model of thermal cracking of

granite exposed to temperatures up to 1000 �C is still

missing so far.

To reproduce the heterogeneous nature of granite in

numerical models, one method is to model spatial distri-

bution of mineral grains based on the real mineral com-

position obtained from images of a real piece of rock

[2, 26]. But there is an obvious drawback of such as

reconstruction of three-dimensional bodies of heteroge-

neous materials: Only one specific configuration is dupli-

cated. Another popular way is to use statistical methods to

characterize the heterogeneity [27, 29]. However, this

method lacks the factual mineral composition of the rocks,

and the determination of statistical parameters relies only

on the repeated back-analysis. A recently proposed

methodology [32] combining Weibull functions with the

real mineral composition of granite is used in this work,

which overcomes the shortcomings of using existing

methods for the heterogeneity characterization of rocks at

the crystal-size or grain-size level.

In this study, a comprehensive investigation of physical,

mechanical, and thermal properties of Eibenstock granite at

temperatures up to 1000 �C was conducted in the labora-

tory. Numerical models considering heterogeneity and

temperature-dependent properties are built to investigate

the effect of high temperatures on granite. The presented

approach provides a deeper understanding of the thermo-

mechanical behaviour of granite after high-temperature

treatment.

2 Sample preparation and test methods

The investigated granite is from the Eibenstock Massiv in

Saxony, Germany. Mechanical and physical properties of

granite were determined at room temperature (25 �C)
before and after the heating process. Thermal properties

were measured according to an elaborated heating

scheme with a minimum repetition of 3 specimens for each

individual treatment. Except for the test of thermal con-

ductivity, all the other laboratory tests were conducted in

the rock mechanical laboratory at TU Bergakademie

Freiberg, Germany [33].

According to the ISRM recommendations, cylindrical

samples (50 mm diameter and 110 mm length) were pre-

pared for determination of UCS, Young’s modulus, den-

sity, and porosity. The Brazilian discs with a nominal

diameter of 50 mm and a thickness of 25 mm are used to

determine the indirect tensile strength of granite which

experienced different temperatures.

In addition to the specimens investigated at room tem-

perature, cylindrical granite specimens were heated up to

400 �C, 600 �C, 800 �C, and 1000 �C with a heating rate

of 5 �C/min. The specimens are kept at target temperatures
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for 36 h to guarantee homogeneous temperature distribu-

tion and deformation equilibrium. Subsequently, specimens

are cooled down to room temperature at a rate of 1 �C/min.

The heating scheme applied for the Brazilian tests is the

same as for the cylindrical specimens.

The temperature-dependent bulk density q is tested by

measuring the volume V (i.e. diameter D and length L) and

mass M of the cylindrical specimens at room temperature

and after the temperature treatment. The bulk densities are

calculated by using Eq. (1):

q ¼ M

V
¼ 4M

pD2L
ð1Þ

To investigate the evolution of the failure process

induced by the heating treatments, p-wave velocity and

open porosity of the fresh and thermal damaged granite

samples are measured. For p-wave velocity measurement,

two piezo-electric sensors are used as source and receiver,

respectively. The sensors are centrally located at the top

and bottom end surface of the sample. P-wave velocity is

calculated by dividing distance by travel time of the pri-

mary ultrasonic impulse. The open porosity U0 is deter-

mined using the procedure defined by DIN EN 1936 [4],

according to the following formula:

U0 ¼ ðms � mdÞ=ðms � mhÞ � 100 ð2Þ

where ms is the water-saturated mass, mh is the mass sus-

pended in water, and md is the oven-dry mass.

To determine the coefficient of linear thermal expan-

sion, four granite samples with a diameter of 5 mm and

nominal length of 20 mm were heated up to 1000 �C at

5 �C/min. The test was conducted with a dilatometer at the

Institute of Ceramic, Glass and Construction Materials at

TU Bergakademie Freiberg. The thermal diffusivity, ther-

mal conductivity, and specific heat capacity were measured

using a NETZSCH Laser Flash Apparatus LFA 457 at

Wuhan University of Science and Technology, China. The

nominal specimen dimension of the three discs is 12.5 mm

in diameter and 2.5 mm in thickness. Thermal diffusivity

and specific heat were determined by the laser flash device.

The thermal conductivity is calculated by the following

equation:

kðTÞ ¼ jðTÞ � CpðTÞ � qðTÞ ð3Þ

where k is the thermal conductivity [W/(m K)], j is the

thermal diffusivity (mm2/s), Cp is the specific heat [J/

(g K)], q is the bulk density (g/cm3).

Uniaxial tests were performed at room temperature after

heat treatment. The specimens were uniaxially compressed

with a rate of 0.1 mm/min. The Brazilian discs were

compressed with 0.05 mm/min to obtain the tensile

strength of the granite specimen experienced elevated

temperatures according to following equation:

rt ¼
2Pmax

pDB
ð4Þ

where Pmax is the maximum load, D is the diameter of the

disc, and B is the thickness of the disc.

3 Laboratory test results

3.1 Physical properties

3.1.1 Mineral composition

Figure 1 shows the mineral composition of Eibenstock

granite. The grains have irregular shapes like fan-shaped,

strip-shaped, xenomorphic, etc. The grain size also varies

significantly. Orthoclase accounts for a large share of

mineral composition with a proportion of 40%. The min-

erals usually have a grain size between 1 mm and 4 mm,

though some grains show the maximum and minimum size

of 7 mm and 0.04 mm, respectively. It was found that

different grain sizes results in different stress concentra-

tions within the rock, which can eventually affects the

strength of the rock [38]. This effect can also lead to dif-

ferent crack patterns when the granite is exposed to heat-

ing–cooling treatments [23]. Plagioclase accounts for 10%

of minerals and usually concentrates in individual areas

compared to other detectable minerals. Quartz has a min-

eral proportion of 44%, which is very close to the value for

orthoclase. The maximum quartz grain size ranges from 1.5

to 4.8 mm. Siderophyllite grains are usually scaly and

xenomorphic and account for 6% of the mineral compo-

sition. The largest mineral grains reach a diameter of

3.5 mm, whereas the smallest have a size of 0.02 mm.

Besides the minerals mentioned above, accessory minerals

account for less than 1%.

3.1.2 Density

Table 1 documents the dimensions and mass changes of

granite after the heat treatments. Figure 2a shows the

density development according to Table 1. The average

density of Eibenstock granite at room temperature is

2.60 g/cm3. The density decreases slightly to 2.58 g/cm3 at

400 �C, and to 2.54 g/cm3 at 600 �C. An obvious decrease

happens at 1000 �C where the density drops to 2.20 g/cm3

due to the significant increase in specimen volume (see

Fig. 2b). Compared with the volume change, the mass

change is very small (see Fig. 2b) and can mainly be

attributed to the loss of chemically combined water.
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Fig. 1 Mineral composition of Eibenstock granite

Table 1 Dimensions and mass changes of granite after heat treatment

Nos. 25 �C Target temperature

Diameter (mm) Height (mm) Mass (g) Diameter (mm) Height (mm) Mass (g)

400-1 49.63 109.81 553.11 49.67 109.92 550.11

400-2 49.68 109.69 553.60 49.73 109.77 550.38

400-3 49.67 109.46 552.60 49.71 109.54 549.59

600-1 49.67 109.04 550.78 49.95 109.69 545.98

600-2 49.68 108.75 549.35 49.95 109.39 544.57

600-3 49.69 109.67 553.73 49.96 110.37 548.77

1000-1 49.65 109.62 552.26 52.38 115.53 546.77

1000-2 49.69 109.94 555.32 52.20 115.91 545.66

1000-3 49.65 109.84 552.72 52.21 115.64 545.65

Fig. 2 Volume and mass variation for different temperatures. Vt and Mt are the volume and mass at target temperatures, while Vt0 and Mt0

correspond to room temperature
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3.1.3 P-wave velocity

The evolution of p-wave velocity (Vp) for samples at dif-

ferent temperatures is shown in Fig. 3. It can be seen that

the p-wave velocity decreases with temperature rising,

especially at 600 �C where the velocity shows the most

significant reduction. From room temperature to 400 �C,
the velocity reduces from 4263 to 2914 m/s; then it drops

to 1355 m/s at 600 �C and continuously decreases to only

526 m/s at 1000 �C. The open porosity is plotted in Fig. 3.

Up to 600 �C, the open porosity shows an opposite trend

with P-wave velocity. However, the porosity increasing

step is most significant in the temperature range of

600–1000 �C, while the P-wave velocity reduction is not so
pronounced in this temperature range (see Fig. 3). The

P-wave velocity is affected by the total material damage,

while the open porosity can only reflect the network of

connected cracks. Therefore, we can deduce that while

below 600 �C primarily new, but isolated cracks are

developed, these cracks are connecting at temperatures

above 600 �C and generation of newly developed cracks is

decelerating.

3.2 Mechanical properties

3.2.1 UCS and peak axial strain

The uniaxial compression test results are plotted in Fig. 4a

and documented in Table 2. Average peak stress rc and

corresponding strain ec as function of temperature are

shown in Fig. 4b. UCS experiences a slight increase at

400 �C. This hardening behaviour is caused by several

phenomena: compaction and crack closure induced by

thermal expansion of the mineral grains; evaporation of the

pore water in the rock microstructure or reduction in pre-

existing cracks due to partial melting and re-crystallization

of minerals [31]. Afterwards, the value decreases gradually

up to 1000 �C due to continuously developed cracks

induced by higher temperatures. Slightly different from the

UCS, the peak axial strain shows a continuous increase.

The stress–strain curves show gradual nonlinear behaviour

from 400 to 1000 �C before reaching peak stress. The

samples at 800 �C and 1000 �C display obviously ductile

behaviour, which is characterized by gradual loss of

strength with ongoing deformation in post-peak-phase

(strain softening). The loss of brittleness and increasing

ductile behaviour are associated with the increase in cracks

density in the specimen [30].

3.2.2 Elastic modulus

The stiffness of the granite can be represented by the

threshold Young’s modulus Ec, which is defined by Ec-

= rc/ec (see Table 2). The often used tangent Young’s

modulus Et, which is measured at a stress level equal to

50% of UCS [12], is also calculated. Figure 5 shows Ec and

Et of granite after heat treatments. Although the general

trend of both, Ec and Et is decreasing with increasing

temperature, there are differences in magnitude. Et

increases slightly at 400 �C before it decreases to a much

lower level at 1000 �C, while Ec shows a continuous

decrease. The maximum difference between Ec and Et

reaches 10 GPa at 400 �C.
The tangent modulus is calculated from the linear part

(elastic stage) of the stress–strain curve, which is suit-

able to evaluate the stiffness of granite before heating. (The

linear part is dominant before yielding.) However, the

strong nonlinearity of the stress–strain curve at higher

temperatures (see Fig. 4a) makes the determination of a

Young’s modulus as an elastic constant questionable [30].

The threshold modulus obtained from dividing peak axial

stress by peak axial strain considers the deformation of the

sample during the whole compressive loading process. Due

to the larger proportion of the nonlinear part and its smaller

stress/strain ratio, the threshold modulus is normally

smaller than the tangent modulus [31]. The tangent

Young’s modulus at high temperatures might cause prob-

lems in engineering practice, since it can overestimate the

stiffness of the material at higher temperatures; the

threshold modulus, which can better quantify the stiffness

of granite at high temperatures during the whole process

until final failure, seems to be more practical [31].

3.2.3 Tensile strength

The indirect tensile strength of Eibenstock granite at room

temperature is 7.8 MPa (see Fig. 6). It shows a decrease at

elevated temperatures, reducing by nearly 25% at 400 �C
compared with samples not heated. Due to the a–b quartz

transition, the variation of tensile strength with increasingFig. 3 Temperature-dependent P-wave velocity
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temperatures is highest at about 573 �C [30]. Tensile

capacity of the granite nearly vanishes after a temperature

treatment of 1000 �C, because thermal-induced cracks

have developed throughout the whole sample (see Fig. 15).

3.3 Thermal properties

3.3.1 Specific heat, thermal conductivity, and thermal
diffusivity

Figure 7 shows specific heat (Fig. 7a), thermal conductiv-

ity (Fig. 7b), and thermal diffusivity (Fig. 7c) measured by

the laser flash apparatus. The specific heat capacity shows a

continuous increase with temperature from 0.706 J/(g K) at

25 �C to 0.912 J/(g K) at 600 �C. Afterwards, it decreases
slightly to 0.895 J/(g K) at 800 �C. Thermal conductivity

and thermal diffusivity show a similar trend and decrease

monotonically with rising temperature. At room tempera-

ture, thermal conductivity of the tested granite is 3.65 W/

Fig. 4 Uniaxial compression test results of granite after heat treatment

Table 2 Uniaxial compression test results of granite at different

temperatures

T (�C) rc (MPa) Average rc (MPa) ec (–) Average ec (–)

25 113.37 125.66 0.0050 0.0052

130.83 0.0056

132.78 0.0052

400 137.05 133.26 0.0060 0.0063

128.78 0.0069

133.96 0.0061

600 93.69 95.47 0.0097 0.0088

95.74 0.0084

96.98 0.0083

800 35.33 34.76 0.0154 0.015

34.20 0.0154

1000 2.86 2.68 0.0201 0.016

2.53 0.0125

2.66 0.0143

Fig. 5 Elastic modules of granite after heat treatment

Fig. 6 Tensile strength of granite after heat treatment
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(m K). At higher temperatures, especially for temperatures

higher than 600 �C, thermal conductivity decreases much

slower and approaches a nearly constant value of approx-

imately 1.2 W/(m K). Similar, the thermal diffusivity

diminishes from 2.0 mm2/s at room temperature to some

0.5 mm2/s at 600 �C and 800 �C. The reason why thermal

diffusivity and thermal conductivity approach constant

values at high temperatures is been explained by Wen et al.

[34]: Thermal diffusivity is connected with the number of

phonons within the primitive unit cell, and an increasing

temperature no longer significantly changes the number of

phonons when temperature is high enough; the phonons

being limited in space with a constant lattice size, and the

mean free phonon path no longer decreases with increasing

temperatures, which limits the thermal conductivity values

of the rocks at high temperatures.

3.3.2 Linear thermal expansion coefficient

The formulas for calculating the thermal expansion coef-

ficient can be grouped into two categories, depending on

whether the expansion relates to a temperature range or a

single temperature [14]. The most general definition of

average coefficient of linear thermal expansion over a

temperature range is:

am ¼ ðL2 � L1Þ=L0
T2 � T1

¼ 1

L0

DL
DT

ð5Þ

where L0 is the initial length of specimen at temperature T0
which expands to L1 at T1 and then to L2 at T2, and DL is

the change in length for the temperature change DT.
The true coefficient of linear thermal expansion is

related to the derivative dL/dT at a single temperature, and

it can be defined as follows [14]:

aT ¼ dL=L

dT
¼ 1

L

dL

dT
ð6Þ

Based on the equations above, the average coefficient over

a temperature range of 25 �C at target temperature

(Fig. 8a) and the true coefficient at a single temperature

(Fig. 8b) are plotted. The coefficient defined over a tem-

perature range is significantly different from that defined at

a single temperature. This difference will have an impor-

tant implication if used in numerical models and engi-

neering applications. Since TM-coupled calculations use

Fig. 7 Thermal properties measured by the laser flash apparatus

Fig. 8 Linear thermal expansion coefficient of granite after heat treatment: a average over 25 �C and b for single temperature
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the parameters at a certain temperature, we only use the

true coefficient in the numerical models presented in this

study. It reveals that the coefficient of linear thermal

expansion shows the first sharp increase around 573 �C and

experiences a second increase in the range between 870

and 980 �C.
The thermal expansion coefficient increases sharply at

around 573 �C due to phase transition of quartz, which will

lead a large irreversible increase in volume [9, 30]. How-

ever, the knowledge about the second increase in thermal

expansion between 800 and 900 �C is still limited. This

behaviour could be related to the future phase transition of

quartz to hexagonal tridymite at about 800 �C [8]. But the

tridymite transition does only occur for quartz crystals with

certain impurities, and differential thermal analysis (DTA)

does not indicate such a phase change [8, 30].

4 Model set-up

4.1 Geometry and boundary conditions

A cylindrical sample (Fig. 9a) with a radius of 25 mm and

a length of 110 mm is created in FLAC3D [13]. The cor-

responding Brazilian disc with a diameter of 50 mm and a

thickness of 25 mm is shown in Fig. 9b. The cylinder and

disc consist of 21,600 and 16,128 elements, respectively.

The length of model elements varies between 0.5 and

3.2 mm. This size is about the same as those of the

validated models for different granites developed in pre-

vious studies [30, 32]. The constitutive law used in this

study is a Mohr–Coulomb model with strain softening and

tension cut-off in combination with temperature-dependent

adjustment of parameters [30]. The heat flux is applied to

all surfaces of the samples. The cylindrical sample and

Brazilian disc are fixed at the bottom in XY and XZ planes

which are perpendicular to gravity directions during heat-

ing process. The heating rate is the same as during the

laboratory tests (i.e. 5 �C/min). Once the target tempera-

ture is reached, the sample is continuously kept at target

temperature until the temperature is uniformly distributed

across the whole sample. The cooling process has an

influence on the thermal cracking of granite after heat

treatment [7]. However, the reduction in mechanical

properties during slow heating–cooling cycles appears to

be relatively small compared to continuous heating, and

little structural damage occurs during the cooling phase of

a thermal cycle [15, 39]. Therefore, we assume that the

influence of slow cooling can be neglected. Shutting-off the

thermal option is chosen to simulate the mechanical load-

ing up to failure at room temperature [30].

During the uniaxial compression test, a low velocity

(1 9 10-8 m/s) is applied at the bottom and top of the

cylindrical sample (see Fig. 9a). A lower velocity

(1 9 10-9 m/s) is applied at the upper and lower jaws

during Brazilian tensile test (see Fig. 9b). The radius of

jaws is 1.5 9 specimen radius, and the width of jaws is

1.1 9 specimen thickness [11]. The loading jaws are

B = 25 mm

Z

Y X

Upper jaw

Lower jaw

Interface

Specimen

(b)

Z

Y

X

H
= 

11
0 

m
mR = 25 mm

(a)

Fig. 9 Numerical model set-up
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elastic with a bulk and shear modulus of 160 GPa and

80 GPa, respectively. Interfaces are also created to join the

two sub-grids of the loading apparatus and the specimen to

simulate an automatic contact during the loading process

(see Fig. 9b). The normal stiffness (kn) and shear stiffness

(ks) of the interfaces at room temperature are set as

1 9 1014 Pa. The model elements are divided into feldspar,

quartz, and mica randomly, and the mineral proportions are

50%, 44%, and 6%, respectively.

4.2 Statistical distribution parameters
for heterogeneity characterization

Weibull distribution has been considered to characterize

the heterogeneity. In this study, we set the mean of Weibull

random variables as 1 [17, 27], and the scale parameter x0
and variance Var(x) of Weibull distribution will become:

x0 ¼
1

Cð1þ 1=mÞ ð7Þ

VarðxÞ ¼ 1

Cð1þ 1=mÞ

� �2
C 1þ 2

m

� �
� C2 1þ 1

m

� �� �

ð8Þ

where m is the shape parameter (also called homogeneity

index) describing the scatter of x, C is the Gamma function.

The scatter characteristics of the mineral properties can

be described by the variance rx
2 (see Table 3). The variance

rx
2 of discrete random variable x can be calculated by:

r2x ¼
Xn
i¼1

pi xi � lxð Þ2 ð9Þ

where pi is the probability of discrete random variable xi, lx
is the mean of discrete random variables.

We set Var(x) of the Weibull distribution equal to rx
2 of

the granite minerals, and the Weibull parameters based on

the mineral composition are obtained according to Eqs. (8)

and (9) (see Table 3).

This methodology overcomes the shortcomings of using

existing methods for the heterogeneity characterization of

rocks at the crystal-size or grain-size level. A detailed

analysis and introduction of this heterogeneous method can

be found in [32].

4.3 Temperature-dependent parameters

Normalized property values PT/P0 relate the values at

certain temperature (PT) to the value at room temperature

(P0). Based on the laboratory test results, the granite

properties at room temperature and the normalized equa-

tions of temperature-dependent properties are obtained and

documented in Tables 4 and 5, respectively.

The model is based on a strain-softening constitutive

law, in which cohesion c and tensile strength rt soften after

the onset of plastic yield. The softening behaviour for

cohesion and tension is provided by user defined functions

in the form of tables and each table contains pairs of val-

ues: one for the plastic strain, and one for the corre-

sponding property value [13]. In this work, the

table relating tension limit to plastic tensile strain is (0,

rt0�xi) (et1, rti(T)) (et2, 0), while the table relating cohesion

to plastic shear strain is (0, c0�xi) (es1, 0.5ci(T)) (es2,

Table 3 Mineral properties and corresponding Weibull parameters

Mineralc at (10
-6/K) Cv (J/kg K) K (W/m K) E (GPa) U (�) C (MPa) m rt (MPa) Q (kg/m3) Pct. (%)

Quartz 11.5a 700 7.69 81 60 50 0.16 13 265 44

Feldspar 5.0b 630 2.31 52 50 40 0.19 12 2570 50

Mica 13.3a 520 2.15 25 30 25 0.22 8 3120 6

Var(x) = rx
2 0.056 0.0054 0.329 0.072 0.020 0.024 0.010 0.0091 0.002

M 2.7 16.8 1.8 4.2 8.3 7.7 12.1 12.7 25.8

x0 1.12 1.03 1.12 1.1 1.05 1.06 1.04 1.04 1.02

aRef. [24]
bRef. [21, 28]
cThe mineral properties used for calculating the Weibull parameters are from the data collection given in [32]

Table 4 Model parameters at room temperature

Parameters P0

Coefficient of linear thermal expansion at0 (1/K) 4.94 9 10-6

Specific heat Cv0 (J/kgK) 706

Thermal conductivity k0 (W/mK) 3.65

Young’s modulus E0 (GPa) 27.38

Poisson’s ratio m0 0.26 [25]

Tensile strength rt0 (MPa) 10.0

Cohesion c0 (MPa) 25.5 [25]

Friction angle u0 (�) 53.7 [25]

Density q0 (kg/m
3) 2604
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0.2ci(T)). Plastic shear strain (es) and tensile strain (et) of
each element are defined as shown in Fig. 10.

Based on Tables 3, 4, 5, and Fig. 10, the properties of

granite samples are assigned to corresponding mineral

grains. Fig. 11 illustrates the distribution of tensile strength

and linear thermal expansion coefficient of different min-

eral grains at room temperature. Since the dominant vari-

ation of thermal expansion coefficient of granite is caused

by the a–b quartz transition, which will lead to significant

volumetric expansion [18, 20], the expansion coefficient of

quartz grains follows the temperature dependence given in

Table 5. Considering that the proportion of mica is very

small (only 6%) and that the thermal expansion coefficients

of some micas can become extraordinary high around

600 �C [10], the thermal expansion coefficient of mica also

follows the equation given in Table 5 for simplicity. The

thermal expansion variation of feldspars is relatively small

and experiences an increase by a factor of 1.7 in the tem-

perature range from 298 K to 900 K [18, 28]. This trend is

implemented in the numerical model as temperature-de-

pendent expansion coefficient for feldspar.

4.4 Simulation results

4.4.1 Thermal-induced cracks

Before mechanical loading, no obvious cracks caused by

thermal stresses only are observed directly in the temper-

ature range between 25 and 800 �C. However, the samples

experienced 1000 �C heat treatment show obvious macro-

cracks which can be observed by the naked eye (see

Fig. 12a, c). Although these cracks appear isolated, they

Table 5 Temperature-dependent property equations

Property of element i Temperature-dependent equation (in normalized form)

qi(T) = q0�xi�fqt/q0 fq=q0 ¼ 1:00191=ð1þ e�6:484þ0:0048TÞÞ; 0 �C\T � 1000 �C

Ei(T) = E0�xi�fE/E0 fE=E0
¼ 1=ð1þ e�6:250714þ0:010708T Þ; 0 �C\T � 1000 �C

rti(T) = rt0�xi�frt/rt0 frt=rt0 ¼ 1� 1:182T3:115=ð608:2133:115 þ T3:115Þ; 0 �C� T � 1000 �C

mi(T) = m0�xi�fm/m0 (–)
fm=m0 ¼

� 7� 10�4T þ 1:0052; � C� T � 600 �C
2:240=ð1þ e13:11�0:020T Þ; 600 �C\T � 800 �C

�
[32]

ci(T) = c0�xi�fc/c0
fc=c0 ¼

0:003T þ 0:9933; 0 �C� T � 400 �C
1� 10�6T2 � 0:0008T þ 1:606; 400 �C\T � 800 �C
� 0:0012T þ 1:22; 800 �C\T � 1000 �C

8<
:

aTi (T) = aT0�xi�faT/aT0

fat=at0 ¼

ð2:5138� 0:00039TÞ=ð1� 0:0025T þ 1:324� 10�5T2Þ; 0 �C\T � 573 �C
1=ð198:23327� 0:690845T þ 6:01976 � 10�4T2Þ; 573 �C\T � 600 �C
4:3797þ 2:3956 cosð0:00905T � 2:798Þ; 600 �C\T � 887 �C
22:731979þ 18:773112 cos 0:02618T � 0:826438ð Þ; 887 �C\T � 980 �C
991:42� 0:97T ; 980 �C\T � 1000 �C

8>>>><
>>>>:

Cvi(T) = Cv0�xi�fCv/Cv0
fCv=Cv0

¼ 0:0005T þ 0:9856; 0 �C� T � 600 �C
1:27; 600 �C\T � 1000 �C

�

ki(T) = k0�xi�fk/k0 fk=k0 ¼ 0:174þ 0:897� 0:9963T þ 0:00013T ; 0 �C� T � 1000 �C

Fig. 10 Temperature-dependent parameters for softening tables
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interact with each other and are widespread across the

whole sample. In a continuum numerical model, the

macrocracks can be represented by a certain values of

plastic strain (see Fig. 12b, d). It is visible that the crack

patterns of the simulations are in good agreement with the

laboratory test observations in terms of macrocracks, if a

strain value of about 0.09 is interpreted as macroscopic

crack.

Although the macrocracks are only visible above certain

temperatures, change in p-wave velocity and open porosity

(Fig. 3) indicate that microcracks induced by thermal stresses

occur much earlier. Johnson et al. [15] has also found that

thermal cracking occurs when a certain threshold temperature

is exceeded, which is different for different rocks (e.g. 75 �C
for Westerly granite and 200 �C for Sioux quartzite). They

also found that thermal cracking increases progressively after

threshold temperature, and the preponderance of cracking

occurs below the quartz transition temperature of 573 �C.
This trend is also observed in our simulations. Figure 13

shows the variation of p-wave velocity (laboratory testing)

and the number of failed elements (i.e. element with plasticity

states) at different temperatures in the simulation. Failed

elements can be interpreted as thermally induced

microcracks. Their evolution in time shows a reverse ten-

dency compared to the development of p-wave velocity. The

quantity of induced cracks is increasing with increasing

temperature, and more than about 80% of the cracks are

induced before 600 �C. Figure 14 shows the plasticity states

(i.e. microcracks) and plasticity tension strain (cracks with

certain widths) on the axial plane of the cylindrical sample.

The crack initiation temperature is about 80 �C with a few

randomly induced microcracks across the sample. The ele-

ment failures begin to occur progressively after the threshold

temperature. Most elements fail in tension in the temperature

range from 80 to 1000 �C. However, at about 500 �C shear

failure begins to develop quickly with increasing temperature

(see Fig. 14a).

The obvious macrodamage cannot be observed directly

with naked eyes before a certain high temperature (e.g.

1000 �C) is reached (Fig. 14b), because the widening of

the pre-induced cracks happens at higher temperatures.

Laboratory tests have shown that below the quartz transi-

tion temperature of 573 �C, the decrease in p-wave

velocity is associated with microcrack evolution, but above

573 �C, new crack formation is relatively seldom, and the

p-wave velocity decrease is mainly caused by the widening

Tensile strength
[Pa]

Coefficient of linear
thermal expansion 

[1/°C]

Quartz Feldspar Mica

Fig. 11 Property distributions of different minerals at room temperature
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of earlier formed microcracks [1, 15, 16]. When plastic

tensile strain in a failed element[ 2.5e-3, the number of

cracks widened by thermal stresses is much smaller than

for cracks with tensile strain[ 0 (the blue line in Fig. 13).

(a) Crack pattern of a cylindrical sample in lab (b) Failure pattern (plastic-tension-strain) in simulation

(c) Crack pattern of a Brazilian disc in lab (d) Failure pattern (plastic-tension-strain) in simulation

Fig. 12 Thermal-induced macrocracks of granite samples after 1000 �C heat treatment

Fig. 13 Variation of p-wave velocity and number of failed elements at different temperatures
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This trend becomes more obvious for cracks with tensile

strain[ 5e-3. In particular, around 573 �C, the number of

widened cracks shows the sharpest increase. After 600 �C,
both, the decreasing rate of p-wave velocity and the

increasing rate of number of failed elements show a

simultaneous reduction. Therefore, it is concluded that the

majority of newly created thermal cracks occurs in the

range between 100 �C and 600 �C. The dominant impact of

the a-b quartz transition is widening of pre-existing cracks

rather than the formation of new microcracks.

4.4.2 Granite strength after heat treatment

After cooling down to room temperature, the granite

samples were mechanically loaded. Figure 15 compares

the ultimate failure modes of granite samples before and

after heating as observed in laboratory test and numerical

simulations. The comparison of the failure modes of

granite without and after heating (take 1000 �C as an

example) indicates a significant influence of temperature

treatment on failure behaviour. At room temperature, the

granite shows typically brittle behaviour, and the samples

split into several parts. For samples heated to 1000 �C, the

cylindrical samples are crushed into fine pieces producing

extended shear zones rather than sharp, single failure

planes. At room temperature, Brazilian disc is perfectly

split in two parts through a tensile fracture in the loading

plane, while the lateral parts of the specimen remain fairly

undamaged. However, after heating to 1000 �C in addition

to the main fracture which still will split the Brazilian disc

into two parts, a multiple fracturing process with many

minor, secondary cracks is observed (compare Figs. 12c, d,

15g, h). The failure modes obtained by the numerical

simulation are quite similar to those documented by the

laboratory tests. This confirms the accuracy and reliability

of the proposed numerical modelling.

To better understand the mechanical behaviour, the axial

stress–strain curves of cylindrical granite models are plot-

ted in Fig. 16. Before heating, the granite samples show a

typical brittle stress–strain behaviour. Strength and brit-

tleness are gradually lost at elevated temperatures, espe-

cially after 600 �C. Samples heated up to 800 �C and

1000 �C show a clear ductile behaviour. These trends are

consistent with the laboratory test results (see Fig. 4).

Figure 17 compares uniaxial compression and tensile

strength obtained by laboratory tests and simulations.

(a)

Plasticity states

80 °C                 100°C            500 °C             600°C                 1000 °C

(b)

Plastic tensile strain

80 °C                 100°C                500 °C                 600°C                 1000 °C

Fig. 14 Failed elements and plastic tensile strain at elevated temperatures
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Crack density and width show a strong increase after the

threshold temperature of 80 �C (see Figs. 13, 14, 18), because

the tensile strength of granite shows a decrease with

increasing temperature (see Fig. 17b). However, UCS does

not show a decrease up to about 400 �C although the number

of failed elements keeps increasing. As Fig. 18 clearly shows,

shear failure only is dominant in samples previously treated at

temperatures beyond 400 �C. Therefore, we can deduce that

obvious UCS reduction in granite due to heating is mainly

caused by increasing shear failure.

5 Conclusion

A series of laboratory tests was conducted on Eibenstock

granite. Cylindrical specimens and discs prepared for

Brazilien tensile tests were thermally treated by

(a) 25 °C (b) 25 °C (c) 1000 °C (d) 1000 °C
Tensile strain

(e) 25 °C (f) 25 °C (g) 1000 °C (h) 1000 °C

Shear strain

Fig. 15 Comparison of failure patterns of specimens after mechanical tests in laboratory and simulation

Fig. 16 Axial stress–strain curves of uniaxial compression tests (simulations)
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temperatures up to 1000 �C using a heating rate of 5 �C/
min. Physical and thermo-mechanical properties were

measured before and after the heat treatment. Continuum-

based numerical models were built representing cylindrical

samples and Brazilian discs with heterogeneous properties

to increase the understanding of thermo-mechanical beha-

viour influenced by high-temperature treatments. Based on

laboratory tests and numerical simulation, the following

conclusions can be drawn.

1. The density of Eibenstock granite shows a slight

decrease with increasing temperature mainly caused by

thermal volume increase. P-wave velocity decreases

with rising temperature, with the most significant

decrease caused by the a–b quartz transition. Open

porosity shows an opposite trend compared to the

p-wave velocity. The biggest increase in creation of

open pores is observed in the temperature range from

600 to 1000 �C indicating that more cracks are

connected than new cracks induced in this temperature

range.

2. Although the granite can still keep brittle failure

characteristics at lower temperatures, the samples

above 800 �C obviously show ductile failure beha-

viour. The UCS of granite increases slightly before

decreasing rapidly up to 1000 �C. However, the peak

axial strain at failure always shows an increase with

increasing temperature. The threshold Young’s modu-

lus relating stress and strain at failure state shows that

the stiffness of the granite decreases continuously with

increasing temperature. This trend is similar to the

tensile strength evolution at elevated temperatures.

3. The specific heat capacity increases linearly up to

600 �C and then drops slightly at higher temperatures.

Thermal conductivity and thermal diffusivity show a

similar trend and decrease monotonically with increas-

ing temperature. Both, the average and true coefficient

of linear thermal expansion show first a sharp increase

at the a-b quartz transition and experience a second

increase in the temperature range between 870 and

980 �C.
4. A constitutive model was implemented into the code

FLAC3D to simulate the thermal-induced damage of

granite at high temperatures. Statistical methods com-

bined with real mineral composition were used to

characterize the heterogeneity of the rock. The corre-

sponding thermo-mechanical properties were assigned

to the elements (grains) accordingly. The simulation

results show a good agreement with the laboratory test

results. The simulations can reproduce thermal-induced

micro- and macrocracks, as well as the stress–strain

behaviour and the final failure pattern.

5. Both, laboratory tests and simulations show that

thermal-induced macrocracks can be observed by the

naked eye at about 1000 �C. Though these cracks are

Fig. 17 UCS and tensile strength measured at room temperature after heating to certain temperatures

Fig. 18 Amount of different types of failed elements at elevated

temperatures
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isolated, they interact and are widespread across the

whole sample. Simulation reveals that microcracks

induced by thermal stress occur much earlier at a

threshold temperature of about 80 �C. Thermal crack-

ing increases progressively after the threshold temper-

ature, and the preponderance of newly formed cracks is

created below the a-b quartz transition temperature.

These microcracks are randomly generated across the

whole sample. Although most thermal-induced dam-

ages are tensile failures, shear failure begins to develop

quickly beyond 500 �C and becomes significant there-

after. UCS reduction in granite during heating is

mainly caused by increasing shear failure. The simu-

lation results also indicate that the dominant impact of

a-b quartz transition is widening of pre-existing cracks

rather than the formation of new microcracks.
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