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Summary

This paper presents a numerical study of thermal shock weakening of granite

rock under dynamic loading. A fully 3D numerical scheme based on a com-

bined continuum viscodamage-embedded discontinuity model and an explicit

scheme to solve the underlying thermomechanical problem was developed

and validated through numerical examples. First, the dynamic Brazilian disc

test is simulated on intact numerical rock. Then, thermal shock-induced crack-

ing due to a moving external heat flux boundary condition, mimicking experi-

ments based on plasma jet treatment, is numerically predicted. Finally,

numerical Brazilian disc test is conducted on the thermal shocked numerical

samples. The predicted and experimental weakening effects are in good agree-

ment demonstrating that the present modeling approach has good predictive

capabilities. The practical significance of the results is that heat shock pre-

treatment can substantially enhance rock gravel and rubble crushing.
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1 | INTRODUCTION

Drilling and excavation of rocks in mining and mineral engineering has traditionally been conducted by purely
mechanical methods. The latter, however, suffers from serious drawbacks, such as high energy consumption and exces-
sive wear of the tools. These shortcomings and the ever-increasing demands for higher energy efficiency with lower
costs and friendlier environmental effects have spurred a search for advanced comminution techniques combining the
action of mechanical with other fields1,2 in order to weaken the rock and break it more easily.

One such procedure is thermal pretreatment, which exploits the thermal deformation for weakening of rocks before
mechanical crushing. An extensive experimental research is conducted on the effects of elevated temperature on the
tensile strength3–7 and compressive strength.8,9 According to these studies,8,9 the compressive strength of rocks, both
quasistatic and dynamic, decreases proportionately to increasing temperature. Similar results hold for quasistatic and
dynamic indirect tensile strength. For example, the tensile strength of Laurentian granite is 25% at 600�C of its value at
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the room temperature.3 Moreover, at given strain rate, the failure modes of Brazilian disc (BD) samples display an
increasing level of cracking as the temperature increases.3–5

In most of these studies, in order to secure uniform temperature field, the samples are heated slowly to the final
temperature. From the thermally assisted crushing point of view, this approach is not practical due to its overly long
duration (of the order of hours). However, Mardoukhi et al.7 has shown that rock samples can also be weakened by
short duration heat shocks in a study where the BD samples were (one-sidedly) heat treated with a flame torch. After
an exposure of 60 s, the dynamic tensile strength of Balmoral red granite drops roughly to 50% of the corresponding
value for an intact specimen. Although this is an encouraging result for the development of more energy efficient
dynamic crushing methods, some assisted comminution techniques require much shorter heating times, of the order of
a second or less. This confirmed the interest of the recent results by Mardoukhi et al., 10 who showed that the dynamic
tensile strength of a BD samples made of Balmoral granite decreased 20% from the intact value after 1-s one-sided expo-
sure to a plasma jet. Thermal shock-assisted percussive drilling would be such an application, where the allowable
heating periods, between the impacts of the bit, must be very short to be a viable method. It is mentioned in this regard
that thermally assisted mechanical rock drilling and thermal jet drilling exploiting thermal spallation phenomenon are
already shown to be feasible methods.11–14

With these experimental results that already confirmed the interest of thermomechanical coupling, we focus in the
present work on the development of predictive numerical model. In the numerical method presented in the present
work, we develop and validate a significant improvement of the simplified approach followed in Mardoukhi et al.10

More precisely, in a numerical study to predict the dynamic tensile strength of plasma jet treated Balmoral red granite,
the thermal shock-induced damage of the rock sample was not properly modeled therein. Instead of solving the related
thermomechanical problem, the damage was assumed in an ad hoc manner to be representable by an oriented and
symmetric initial crack pattern and a degraded tensile strength and Young's modulus distribution. In the present paper,
as the main theoretical novelty, the underlining thermomechanical problem is rigorously formulated and solved so that
the thermal damage induced by the high intensity heat flux simulating the plasma jet has naturally predicted values. It
appears that the proper simulation-predicted crack pattern induced by the moving thermal jet is quite different from
the one assumed in Mardoukhi et al.10 These results are, to the best of our knowledge, first of their kind.

Predicting the weakening effect of the plasma shock treatment on the dynamic tensile strength involves dealing
with two sets of cracks: the first introduced during the thermal shock treatment and the second during the consequent
dynamic BD test. In order to prevent the shielding effect of the first set of cracks, which takes place, during the BD test,
when an element having a crack fails in a direction highly deviating from the first crack normal. This shortcoming is
mended in a novel way by introducing a second crack, intersecting with the first one, governed by a rate-dependent
softening model.

The outline of this paper is as follows. In Section 2, the continuum viscodamage-embedded discontinuity model for
rock, originally presented by Saksala et al., 15,16 is further developed for modeling the rock fracturing under combined
dynamic loading and thermal shock. On the one hand, the coupled thermomechanical problem underlying the plasma
jet-induced damage/cracking of rock appears to be reducible to an uncoupled problem due to the highly dominating
nature of the external heating. On the other hand, the temperature dependence of the material and thermal properties
as well as the damage, and thus ultimately inelastic deformation, dependence of the thermal conductivity retains the
two-way coupling of the thermomechanical problem in the present case. Thus, due to small contribution of damage dis-
sipation, such thermomechanical coupling can be computed in sequential manner with the stability ensured even for
isothermal split (e.g., see Kassiotis et al.17). Section 2 also presents how to solve this coupled thermomechanical prob-
lem with an explicit time stepping scheme, combined with mass scaling to increase the critical time step of the mechan-
ical part of the problem. This method is applied in the numerical simulations of a BD-shaped rock sample under
moving eternal heat flux boundary condition presented in Section 3. The dynamic indirect tensile strength is predicted
for the intact and heat-treated specimens. Conclusions are stated in Section 4.

2 | THEORETICAL FORMULATION OF THE PROPOSED THERMODAMAGE
MODEL

2.1 | Rock material model

The mechanical constitutive model for rock, chosen as the foundation of our development, is originally presented and
validated in Saksala et al.15,16 This model divides the rate-dependent material behavior under dynamic loading into
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three stages illustrated schematically in Figure 1. Accordingly, when the elasticity limit is reached at the end of the lin-
ear elastic phase, microcracking starts in the second stage, and the response remains isotropic with nonlinear hardening
until the rate-dependent peak stress is reached. This stage involving diffused microcracking of the bulk material is the
fracture process zone from the standpoint of fracture mechanics. Upon reaching the peak stress, a macrocrack is intro-
duced triggering the third, nonlinear softening stage.

A distinctive feature of the present model is rate dependency, which is incorporated in the prepeak part of the
constitutive description. A physical justification to this choice is that microcracking processes taking place in the
fracture process zone are rate dependent with respect to impulsive mechanical loading, due to the finite time it
takes for a fracture process to develop from microscale to macroscale. Consequently, higher strain rates lead to
higher peak stress values. Another feature of this model separating prepeak and postpeak response is that it allows,
with a constant fracture energy assumption, to capture the rate-dependent ductile-to-brittle transition of materials
under dynamic loading.

The theoretical formulation is based on the infinitesimal kinematics assuming the additive decompositions of strain.
This framework is justified by the brittle nature of rocks resulting with only small deformations before fracture.

We present next the continuum viscodamage model accounting for the prepeak nonlinear rate-dependent harden-
ing and the embedded discontinuity model governing the postpeak nonlinear softening process, along with the neces-
sary basic concepts of numerical implementation. In particular, the embedded discontinuity kinematics is not treated
here but only the resulting finite element (FE) equations. For a more detailed development and careful treatment of the
topic, see Simo et al.18,19

2.1.1 | Viscodamage model for rate-dependent prepeak hardening description

In the classical approaches to incorporate rate dependency into a continuum constitutive model, a constant viscosity
term is added to static strength (e.g., Saksala20). If the prepeak and postpeak responses are governed by a single yield
function, this approach leads to unrealistically wide and messy failure bands.21 For this reason, Saksala et al.15,16 devel-
oped a rate-dependent extension of the three-phase damage-embedded discontinuity model by Brancherie and
Ibrahimbegovic.22 In this extension, the rate dependency is included in the prepeak nonlinear hardening process
(as illustrated in Figure 1) described by an isotropic viscodamage model. By restricting the rate dependency in the part
of the model that governs the prepeak response, the postpeak softening process resulting in a fully developed mac-
rocrack can be more accurately captured in dynamic applications.15,16

The viscodamage model is formulated analogously to the viscoplastic consistency approach by Wang et al.23 Accord-
ingly, choosing the compliance damage format, the main ingredients of such a model are

FIGURE 1 Schematic for the three-phase

rock material model [Colour figure can be

viewed at wileyonlinelibrary.com]
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where �φ is the viscodamage loading function, σ+ is the positive part of the stress tensor defined by the spectral decom-
position, σt is the elastic limit stress indicating the damage initiation. In addition, D is the compliance tensor, �κ and _�κ
are the internal variable and its rate, respectively, _�λ is the viscodamage increment, and �q is the stress like hardening var-
iable controlling the evolution of the peak stress. Exponential hardening is defined by �h with parameter �g controlling
the initial slope. This hardening behavior is linearly scaled, depending on the strain rate, by constant viscosity modulus
�s. The initial value of D is the inverse of the undamaged stiffness tensor, that is, De = E0

−1, whereas the present dam-
aged stiffness is Ed = D−1. Variable �μ in 4 is related to the classical scalar damage variable, ω, through relation
ω= �μ= 1+ �μð Þ, which varies from 0 to 1. Finally, the Kuhn–Tucker consistency conditions 5 must be fulfilled.

The numerical implementation of this model can be carried out with the standard methods of computational plas-
ticity after eliminating the rate of the internal variable. For more details, see Saksala et al.15

2.1.2 | FE with a discontinuity plane

A body Ω � ℝ3 is discretized with four-node tetrahedral elements. Despite the low-order kinematics interpolation, this
element is well suited for explicit analyses involving transient loads and stress wave propagation. The displacement
jump that remains constant elementwise considerably simplifies the FE implementation of the embedded discontinuity
kinematics. When the localization of deformation takes place through coalescence of the growing microcracks, the body
is split into two disjoint parts by a macrocrack. Hence, some of the elements are crossed by the crack. The displacement
discontinuity Γd is defined by the normal n and tangent vectors m1, m2, as illustrated in Figure 2A for such element
crossed by the crack.

Assuming infinitesimal deformation kinematics, the displacement and the strain fields can be written as

u xð Þ=Ni xð Þue
i +MΓd xð Þαd withMΓd xð Þ=HΓd xð Þ−ϕ xð Þ, ð6Þ

FIGURE 2 (A) Four-node tetrahedron with a discontinuity plane (B) and the possible positions (with the same normal vector n) of a
discontinuity that determine the value of function ϕ24
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ε xð Þ= rNi
O

ue
i

� �sym− rϕ xð ÞOαd
� �sym

+ δΓd n
O

αd
� �sym

, ð7Þ

where Ni and ue
i are the standard interpolation functions for the linear tetrahedron and nodal displacements (i = 1, …,

4 with summation on repeated indices), respectively. The displacement jump in an element with a discontinuity is den-
oted by αd. Moreover, HΓd and δd denote, respectively, the Heaviside function and its gradient, the Dirac delta function.
With the usual assumption of displacement jump being constant within low-order elements, we obtain rαd � 0 and
thus recovers the expression for the strain in 7. We note that the assumption of displacement jump being an
elementwise constant agrees with the constant strain for the linear tetrahedral element. We also note that the term con-
taining the Dirac's delta function, δΓd n

N
αdð Þsym , in 7 is nonzero only when x � Γd. Outside discontinuity, for all

x�Ω�
e , this term remains equal to 0, and it can be neglected at the global level when solving the discretized equations

of motion.
The reason for using function MΓd in 6 is that it restricts the effect of αd inside the corresponding FE, that is, αd � 0

outside that element. From the practical point of view, this decomposition of the displacement facilitates the
handling of the essential boundary conditions.25 Function ϕ appearing in MΓd is chosen, from among the possible com-
binations of the shape functions, illustrated in Figure 2B, so that its gradient is as parallel as possible to the crack nor-
mal nd:

rϕ=arg max
k=1,2,3

Pk
i=1rNi �nd

��� ���Pk
i=1rNi

��� ���
0
B@

1
CA: ð8Þ

An essential ingredient of the FE implementations of the embedded discontinuity theory is the imposition of the
traction continuity over discontinuity surface. Here, following Radulovic et al., 24 the enhanced assumed strains concept
(EAS) is applied to this purpose. Accordingly, the variation of the enhanced part of the strain in 7, that is, the second
and the third terms, is constructed in the strain space orthogonal to the stress field. Applying the L2-orthogonality con-
dition with a special Petrov–Galerkin formulation gives the following expression for the weak form of the traction
balance24,26:

1
Ve

ð
Ωe∖Γd

σ �nddΩ−
1
Ad

ð
Γd

tΓddΓd = 0, ð9Þ

where σ is the stress tensor, tΓd is the traction vector, Ve is the volume of the element, and Ad is the area of the disconti-
nuity Γd. As the integrands in 9 are constants for the linear tetrahedron, the weak traction continuity reduces to the
strong (local) form of traction continuity:

tΓd =σ �nd = Ed θð Þ : ε̂− rϕ xð ÞOαd
� �sym� �� � �nd, ð10Þ

where Ed is the temperature-dependent damaged stiffness tensor and ε̂= rNi
N

ue
i

� �sym
. It is worth noting that such an

EAS concept-based formulation results in a simple implementation without the need to know explicitly neither the
exact position of the discontinuity within the element nor its area. Only its relative position with respect to the element
nodes is required for the calculation of the ramp function ϕ.

2.1.3 | Bisurface traction-separation model governing the postpeak softening

The formal similarity of expression 10 to that of the stress-elastic strain relation in computational plasticity suggests that
a similar formulation as in plasticity could be used here for solving the irreversible crack opening increments. As this is
indeed the case,26 the computational multisurface plasticity inspired model by Saksala et al.16 based on the classical
elastic predictor-plastic corrector split is employed here. The relevant model components, that is, the loading functions,
softening rules, and evolution laws, are defined as
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φt tΓd ,κ, _κð Þ=nd � tΓd − σt θð Þ+ q κ, _κð Þð Þ, ð11Þ

φs tΓd ,κ, _κð Þ= β m1 � tΓdð Þ2 + m2 � tΓdð Þ2� �n
− σs θð Þ+ σs

σt
q κ, _κð Þ

� �
, ð12Þ

q= hκ+ s _κ, h= −gσtexp −gκð Þ, g=
GIc

σt
, ð13Þ

_tΓd = −Ed θð Þ : rϕ xð ÞO _αd
� � �n, ð14Þ

_αd = _αI + _αII = _λt
∂φt

∂tΓd

+ _λs
∂φs

∂tΓd

, _κ= − _λt
∂φt

∂q
− _λs

∂φs

∂q
, ð15Þ

_λi≥0, φi ≤ 0, _λiφi =0 i= t,sð Þ, ð16Þ

where m1, m2 denote the unit tangents of the discontinuity, κ, _κ are the internal variable and its rate related to the soft-
ening law for the discontinuity, and σt and σs are the temperature, θ, dependent tensile and shear strength whereas s is
the viscosity of the material. Parameter h is the softening modulus of the exponential softening rule whereas parameter
g controls the initial slope of the softening curve and is calibrated by the mode I fracture energy GIc. Equation 14 is
obtained from 10 by taking into account that at the material point level, temperature and the total strain are constants.
Moreover, the Koiter's rule for bisurface plasticity is applied in 15 where the total displacement jump is a sum of the
contributions from modes I and II increments, whereas _λt, _λs are the corresponding crack opening and sliding incre-
ments. The evolution law 15 for the internal variable κ consists also of the contributions from the modes I and II com-
ponents. Equation 16 is the Kuhn–Tucker conditions imposing the consistency.

It should be noted that viscosity is included in this part of the model for stabilizing purposes and to accommodate
strain-rate effects in a special case when a new discontinuity is introduced in an element already having one. Stabiliza-
tion is needed for solving the model in Equations 11–16 with very steep softening response; see Saksala et al.15 for
details. The solution of the model in 11–16, that is, the stress return mapping, is described by Wang et al.23 and
Saksala.27

2.1.4 | Combination of the model components based on a damage strain criterion

A criterion indicating the transition from the prepeak hardening to postpeak softening is needed. This criterion also
indicates the embedding of a discontinuity thus determining the peak strength predicted by the model. Therefore, the
usual tensile strength criterion cannot be used since the model tries to predict the strain-rate-dependent dynamic ten-
sile strength. For this reason, a damage strain-based criterion was presented in Saksala et al.15 According to this crite-
rion, an embedded discontinuity occurs, with a normal parallel to the first principal stress direction, if

εdeqv ≥ εdlim with ð17Þ

εdeqv =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε+d : ε+d

q
, εd = D−Deð Þ :σ, ð18Þ

where ε+d is the positive part of the damage strain (defined similarly as the positive part of the stress tensor in Sec-
tion 2.1) and εdlim is the limit of damage strain to be defined by experiments.

In order to secure a continuous response upon transition from the viscodamage model to the discontinuity model,
the prepeak hardening variable q and the postpeak softening variable must be equal, that is, �q= q . Moreover, the
parameter controlling the postpeak initial slope is redefined as g = GIcdyn/σtdyn, where σtdyn = σt + �q is the dynamic ten-
sile strength, and GIcdyn is the dynamic mode I fracture energy. Thus, the parameters by which the model response is
calibrated to match the quasistatic experiments are εdlim, σt, �g, and GIc whereas �s and GIcdyn are adjusted by dynamic
tensile experiments.
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2.1.5 | Isotropic damage model to alleviate locking problems

The FE formulations of embedded discontinuity kinematics with low-order elements suffer from crack locking (spuri-
ous stress transfer over the crack) and spreading (i.e., the crack dispersion over a wide zone) problems.27 Here, a simple
remedy based on an isotropic damage model, which has been used by Jirasek and Zimmermann28 with the rotating
crack models to prevent spurious stress generation and by Saksala et al.16 with the present constitutive model, is
employed to alleviate these problems. According to this method, a transition from embedded discontinuity model-
governed response to isotropic damage is triggered in an element with a discontinuity after the displacement jump has
reached certain threshold opening. Such damage variable is then defined as

ω=1−exp −g αd−αtrð Þð Þ with ð19Þ

αtr = − ln qtr=q0ð Þ=g, ð20Þ

where g is defined in the previous section and αd is the history variable for the damage model being defined as the max-
imum value reached (during the loading process) by the norm of the displacement jump αd. Moreover, αtr is the thresh-
old value indicating the transition to the damage model. Finally, qtr/q0 represents the ratio of the final (softened) and
initial strength. Any spurious stress generation is effectively eliminated as the stress is multiplied with (1 − ω). The final
expression for the stress is then written as

σ= 1−ωð ÞEd θð Þ : ε̂− rϕ xð ÞOαd
� �sym−εθ

� �
, εθ = α θð ÞΔθI, ð21Þ

where α is the temperature-dependent thermal expansion coefficient, Δθ is the temperature rise, and εθ the thermal
strain due to the external heat flux explained later.

2.1.6 | Double intersecting crack scheme to deal with highly rotated stress states

The present formulation of the embedded discontinuity kinematics allows only a single discontinuity plane per ele-
ment. However, the present application involves first the application of a thermal shock, which induces cracks, and
then mechanical loading (the dynamic BD test), which also induces cracks. Now, if the stress state due to mechanical
loading has different orientation, that is, the principal directions, it may happen that the element behaves as linear elas-
tic and thus does not fracture at all if only a single crack is allowed per FE. This situation can be mended by allowing
multiple intersecting cracks in a FE.24,26 This scheme is adopted here. Since the theory of multiple intersecting disconti-
nuities (in a single element) is a straightforward extension of the one presented above (see Radulovic et al.24 and
Mosler26), only the most important aspects are presented here.

In the present case, single extra crack is enough to capture the correct failure mode of the dynamic BD test. This
crack is introduced in an element, already having a crack from the thermal shock simulation, when the following con-
ditions are simultaneously met:

If σ1 > σt & jnd �n�
1 j <Cα, ð22Þ

where n�
1 is the principal direction corresponding to the present major principal stress σ1, which exceeds the tensile

strength σt, that is, violates the Rankine criterion. Moreover, a new crack is introduced (only once) when the angle
between the old crack normal and the new principal direction is greater than α = acos(Cα), with Cα being an adjustable
parameter. Then, both cracks have their own tractions by

tiΓd
=σ �ni

d = E : ε̂− rϕ1
O

α1
d

� �sym� �
− rϕ2

O
α2
d

� �sym� �Þ �ni
d, i=1,2: ð23Þ

The stress integration, that is, solution of Equations 11–16, is performed for both cracks separately, and finally, the
new stress is calculated by the relation obvious in 23.
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The new crack is introduced in an element already having a crack, which means that the prepeak viscodamage
model in Section 2.1.1 cannot be applied anymore since the element is considered to have passed the fracture process
zone development phase. Therefore, the viscosity modulus, s, in the rate-dependent softening law 12 of the postpeak
needs to be adjusted to accommodate the rate effects during the dynamic BD test on heat shocked rock.

As there are quite many components in the overall material model, it is in order to present the flow of the computa-
tions at the material point (FE) level in Figure 3. The branches with No* mean that the trial stress state is elastic—
hence, σt + Δt = σtrial. In addition, tag is an auxiliary variable used in the computer implementation to prevent a
reintroduction of a crack more than once. This flowchart illustrates the decision making leading to different computa-
tions which themselves are described either in the previous sections or in the references.

2.2 | Explicit integration scheme for solving the thermomechanical problem

The main purpose of the present study is to investigate numerically the weakening of effect of a high intensity plasma
jet on a rock dynamic strength. However, the thermomechanical problem of exposing a rock specimen surface to a local
high intensity thermal flux has still a very low loading rate from the mechanical point of view. Therefore, the rock
material model can be simplified for this part of the simulations. Namely, the prepeak continuum viscodamage model
is neglected in modeling the heat shocking of rock. Thus, in the thermal analysis, the material is linear elastic until the
static tensile strength is reached. Then, upon violation of the Rankine criterion, a (embedded) discontinuity is intro-
duced in an element. The consequent softening process is governed by the model presented in Section 2.1.3.

In such setting, the starting point for developing a time stepping solution scheme for the thermal jet-induced rock
fracturing is the fully coupled localized thermomechanical problem. Here, “localized” means that a displacement dis-
continuity (crack) is included. However, in the present approach, the crack surface is not a traction-free surface with
explicit topological features, such as doubled nodes as in the cohesive zone interface elements, but an embedded cohe-
sive crack governed by the model in Equations 11–16. Thereby, the temperature over the discontinuity is taken to be
continuous whereas the heat flux, being defined by the Fourier's law, has a discontinuity. The justification for this
assumption is that generally, the material properties are temperature dependent so that the crack surface acts as a mate-
rial interface. With a temperature difference over the nodes of an element with a crack, the material properties are also

FIGURE 3 The flowchart of element level calculations for the Brazilian disc (BD) test on thermal shocked numerical rock
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different over the crack leading to a jump in flux at the crack surface while still having continuity in temperature over
the crack.29,30 In this setting, the strong form of the local balance equations can be written as

ρ€u=r�σ+b for x�Ωe∖Γd

σ �nd = tΓd for x�Γd

(
mechanical part, ð24Þ

ρc _θ= −r�q+Qmech for x�Ωe∖ Γd

½q½ �� �nd=tΓd � _αd+ hκ _κ for x�Γd

(
thermal part, ð25Þ

where Qmech is the mechanical heating due to thermoelasticity effects in the bulk material and ½q½ �� is the jump in the
heat flux defined by the Fourier's law q = − k r θ with k being the conductivity of the material. Moreover, ρ and c are
the density and the specific heat capacity of the material, _θ is the rate of change of temperature, and ü is the
acceleration.

This coupled thermomechanical problem can further be significantly simplified considering magnitudes of the
terms involved in the present application. Namely, the order of magnitude of the temperature rise at the surface under
the exposure to thermal jet is hundreds of degrees centigrade, even up to 500�C. Therefore, the thermoelastic effects in
the bulk continuum material can be ignored as their order of magnitude is about 10−1�C.31 Hence, we take Qmech � 0
hereafter. Moreover, the mechanical dissipation effects at the discontinuity, that is, the right-hand side of Equation 252,
are also considered as insignificant in comparison with the external heat flux.29,30 Therefore, the problem to be solved
defined by 24 and 251 (accompanied with suitable initial and boundary conditions) can be solved as uncoupled if stag-
gered solution scheme is employed (see, e.g., Kassiotis et al.17). Indeed, the only information transfer between thermal
and mechanical parts is the thermal strain defined in Equation 21 and temperature dependence of the mechanical prop-
erties of rock. The corresponding FE discretized equations written at time t are31

Mu€utþ f intt ¼ f extt with f intt ¼ANel
e¼1

ð
Ωe
Be,T
u σtdΩ, ð26Þ

Mθ _θt +Kθθt = fqt with Mθ =ANel
e=1

ð
Ωe
ρcNe,T

θ Ne
θΩ

e, Kθ =ANel
e=1

ð
Ωe
kBe,T

θ Be
θdΩ

e, fqt =ANel
e=1

ð
Γe
q

Ne
θqndΓ, ð27Þ

where u, Mu, f
int, and fext are the nodal displacement vector, the (lumped) mass matrix, the internal force vector, and

external force vector, respectively. Moreover, θ, Mθ, Kθ, f
q, and qn are the nodal temperature vector, the heat capacity

matrix, the conductivity matrix, the external heat vector, and the imposed heat flux, respectively. Symbol A stands for
the standard FE assembly operator (see Ibrahimbegovic25), Ne

θ and Be
θ are the temperature interpolation matrix and its

gradient matrix, and finally, Be
u is the standard kinematic matrix mapping the nodal displacement vector into the ele-

ment strains.
Since the dynamic strength or rock is considered, the governing equations of motion and heat are solved with

an explicit time integrator. The explicit modified Euler method is chosen for time integration of the mechanical
part and thermal parts. For mechanical part, it is the second-order method (in convergence) having the same criti-
cal time step as the central difference scheme.32 The system response is calculated by solving the following set of
equations:

Mθθt+Δt = Mθ−ΔtKθ,tð Þθt +Δtfqt , ð28Þ

Mu€ut = f extt −f intt ! €ut, ð29Þ

_ut+Δt = _ut +Δt€ut, ð30Þ

ut+Δt =ut +Δt _ut+Δt, ð31Þ
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where Δt is the chosen time step. Unfortunately, the drawback of this scheme (similar to any explicit scheme) is that it
has only conditional stability that limits the time step. For the mechanical part, the time step is restricted by the
Courant limit Δt = αlemin/c where lemin is the dimension of the smallest element in the mesh, c is the dilatation wave
speed, and α < 1 is a security coefficient. Thermal part allows usually time steps several orders of magnitude larger that
the mechanical one. Fortunately, the inertia effects in the thermal problem here are so mild that the problem is particu-
larly amenable to mass scaling.

Finally, the solution of the thermomechanical problem of rock cracking under intensive external heat influx is as
follows. First, the temperature field is solved with Equation 28 while ignoring the convection at the boundaries of the
rock sample due to the short heating time (<1 s). Then, having the thermal strain due to the new temperature field as a
loading (Equation 21), the model described in Equations 11–16 is solved at the element level resulting in a new internal
force vector for the mechanical part. Finally, the mechanical response is computed from Equations 29–31.

3 | NUMERICAL EXAMPLES

The numerical simulations related to dynamic BD tests and the thermal jet-induced damage of the numerical rock are
presented in this section. As the mechanical part of the model is rather widely validated in the previous works,15,16

mechanical validations tests are omitted in this paper.

3.1 | Material properties and model parameters for simulations

The material thermal and mechanical properties33,34 and model parameters used in the simulations are given in
Table 1. As mentioned, the rock to be considered is Balmoral red granite, which consists of quartz (33%), potash feld-
spar (40%), plagioclase feldspar (19%), and biotite and hornblende (8%) minerals.10 However, the mechanical and ther-
mal properties for the two types of feldspars were not available so that they are simply lumped together and called
feldspars in Table 1. Moreover, the simulations concern mainly homogenized case because the standard mechanical
tests measure the sample level, aggregate behavior, not the material point behavior. The uniaxial tensile and

TABLE 1 Material properties and model parameter values

Parameter/mineral Quartz Feldspars Biotite Homog

E (GPa) 80 60 20 63.4

σt0 (MPa) 10 8 7 8.58

σt (MPa) - - - 5.5

σs (MPa) 11 11 11 11

ν 0.17 0.29 0.2 0.243

ρ (kg/m3) 2630 2630 2800 2616

GIc (J/m
2) 40 40 28 39

�s (MPa·s) 0.01 0.01 0.01

s (MPa·s/m) 0.003 0.003 0.003 0.01

α (1/K) 1.60E-5 0.75E-5 1.21E-5 1.067E-5

k (W/mK) 4.94 2.34 3.14 3.26

c (J/kgK) 731 730 770 733.5

εdlim - - - 5.5E-5

�g (1/m) - - - 55

n 1/2 1/2 1/2 1/2

β 1 1 1 1

qtr/q0 0.1 0.1 0.1 0.1

f (%) 33 59 8 100
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compressive average strengths of Balmoral granite are 8 and 180 MPa, respectively.10 The homogenized values in
Table 1 are obtained by the simple rule of mixtures.

The elastic tensile and shear limits (σt and σs) in Table 1 are chosen so that the linear elastic part and prepeak
nonlinear hardening part (see Figure 1) calibrated with εdlim value in Table 1 together, σt + �q, amount a value equal to
the homogenized tensile strength of Balmoral granite, �8 MPa, at low loading rate. The viscosity parameter for the
prepeak continuum model, ̄s, is chosen so that the dynamic indirect tensile strength (30 MPa) of the Balmoral granite
in the experiments reported in Mardoukhi et al.10 can be predicted.

As the temperature rises significantly (hundreds of degrees), some of the mechanical and thermal properties of rock
are assumed temperature dependent, namely, Young's modulus, tensile, and shear strength are assumed to dependent
linearly on temperature so that their values at 500�C are 50% of the corresponding values at room temperature
(293 K).31,33,34 At 500�C, the thermal expansion coefficient is assumed to increase two times the value it has at room
temperature. Moreover, the specific heat capacity c and conductivity k are also linearly dependent on the temperature
so that at 500�C, c rises, and k drops 50% from the value at room temperature. Mathematically, the temperature depen-
dency of a property x is thus of form

x θð Þ= x θrefð Þ+K500
x θ−θrefð Þ, ð32Þ

where K500
x is the modulus of temperature dependence and θref is reference temperature. This simplified assumption is

enough for present purposes to reveal the effect of temperature dependence in general. However, the linearity of tem-
perature dependency is a decent approximation within this temperature range.31,33,34

When material damage appears in form of crack opening or void creation, the thermal properties should also
change. For simplicity, it is assumed here that only the thermal conductivity is affected by crack opening. For this end,
an exponential degradation of the thermal conductivity as a function of crack opening magnitude is employed as

k θ, αdk kð Þ= kθ θð Þexp −g αdk kð Þ, ð33Þ

where kθ(θ) is the linear function describing the dependence of bulk conductivity on temperature and g is defined in
Equation 13. This choice synchronizes the degradation of the conductivity with the traction-separation law in Equa-
tion 13. It is also noted that the norm of the displacement jump is used in 33 instead of the history variable αd of the iso-
tropic damage model (Equation 19) since, upon crack closure, the thermal conductivity recovers. Moreover, this setting
renders the global thermomechanical problem coupled, that is, there is two-way information flow between the mechan-
ical and the thermal parts. However, no modifications are needed in the global solution scheme due to its explicit
nature.

3.2 | Boundary conditions for simulations

The dynamic BD test is widely used for determining the indirect tensile strength of brittle materials such as rock and
concrete. This test is carried on with the Split–Hopkinson pressure bar apparatus. The schematic of the computational
model for this test is depicted in Figure 4.

The principle of the computational procedure is as follows. The compressive stress wave induced by the impact of
the striker bar is simulated as an external stress pulse, σi(t), obtained from the experiments. The incident and transmit-
ted bars are modeled with two-node standard bar elements, and the BD is discretized with linear tetrahedral elements.
Finally, the contacts between the bars and the disc are modeled by imposing kinematic (impenetrability) constraints

FIGURE 4 Computational

model for dynamic Brazilian disc

test simulation
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between the bar end nodes and the disc edge nodes in form ubar − un = bn, where ubar and un are the degrees of freedom
in axial direction (horizontal in Figure 4) of the bar node and a rock contact node n, respectively, and bn is the distance
between the bar end and rock boundary node. The contact constraints are imposed by using the Lagrange multipliers,
corresponding to contact forces P1 and P2, which are solved using the forward increment Lagrange multiplier method
(see Saksala20 and Carpenter et al.35).

The indirect tensile strength is calculated based on the exact elasticity solution of the problem of a cylindrical disc
under diametrical compression. At the center of the disc, this solution reads

σT =
2F
πLD

, F =
1
2

P1 +P2ð Þ, P1 =AbEb εi + εrð Þ, P2 =AbEbεt, ð34Þ

where F is the force acting on the sample with length (thickness) L and diameter D. In the present case, these dimen-
sions were L = 20 mm and D = 40 mm. The force F can be calculated from strains measured by strain gages from either
of the bars or taken, as in 34, as an average of the forces P1 and P2, which are calculated, respectively, by the sum of the
incident and reflected strain signals (εi+εr) and by the transferred strain signal (εt) using the bas cross section (Ab) and
the Young's modulus (Eb) of bar material.

The numerical modeling of the plasma jet is simplified here so that only the thermal effect of the moving jet is con-
sidered as a moving external flux boundary condition illustrated in Figure 5. In the original setup by Mardoukhi et al.,
10 the plasma torch (with a nominal power or 50 kW and a jet diameter of 20 mm) was moved at constant velocities
ranging from 50 to 100 mm/s at a distance of 6.5 cm over the rock sample. The high velocity flow of air and other parti-
cles, being about 100 m/s at the distance applied in the experiments,36 of the jet are ignored in this simplified study.
Unfortunately, there was no method to measure the surface temperatures of the rock samples during the plasma jet
treatment. As the time of exposure is short (<0.5 s), the surface cools down so fast that measuring the temperature after
the exposure is meaningless.

The principle of the moving thermal flux boundary conditions is shown in Figure 5C. At each time station, the FE
mesh nodes found inside the red circle are included in the assembly of the external heat flux vector in Equation 27. This
setup mimics the actual experiments by Mardoukhi et al.10

Due to the slow nature of temperature diffusion in the material by conduction, the convective boundary conditions
are applied only at the edge of the numerical rock sample, that is, other boundaries are assumed insulated. This is a jus-
tified assumption since the experiment, that is, the plasma jet movement over the specimen, lasts only about 1 s, and
most of the damage is induced during the heating phase.

Two FE meshes, with different structurations, consisting of 65 132 (dele = 1.5 mm) and 127 960 (dele = 1 mm) linear
tetrahedrons shown Figure 6 are tested in the simulations.

The mesh refinement level was determined by thermal analysis. More particularly, with Mesh2, the error of the
maximum temperature levels reached at the surface nodes in the plain thermal analysis with the moving boundary con-
dition in Figure 5A, when qn = 1.5 MW/m2, was 2% compared with a mesh with the average side length of 0.25 mm.
For Mesh1, this error was 7%. Using finer meshes than Mesh2 is practically inconvenient as the critical time step of the

FIGURE 5 Moving external thermal flux boundary condition for (A) plasma jet simulations, (B) the orientation of compressive forces

in dynamic Brazilian disc test simulations, and (C) the conceptual schematic of the moving boundary condition [Colour figure can be viewed

at wileyonlinelibrary.com]
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explicit time stepping for the mechanical part of the problem becomes too restrictive in the purely mechanical
simulations.

3.3 | Dynamic BD tests on intact rock

The reference simulations of dynamic BD test on the intact rock specimen are carried out in this section. The experi-
ment reported in Mardoukhi et al.10 is replicated here. In these experiments, the piston with length of 200 mm and the
impact velocity of 10 m/s generates a stress wave with an amplitude of 200 MPa. In the mechanical simulations, a
dynamic fracture energy is used by setting GIcdyn = 3GIc N/m. It is an experimental fact that fracture energy is also load-
ing rate dependent.37 The simulation results with the homogenized material properties in Table 1 are shown in
Figure 7.

The predicted failure mode (Figure 7A,B) for the intact rock is the experimental axial (to loading axis in Figure 5B)
splitting mode.38 Moreover, some secondary radial cracking due to continued contact is also attested in the simulation
results. As indicated in Figure 7C, the predicted indirect dynamic tensile strength, calculated with Equation 34, is
within the experimental limits (29 ± 3 MPa10). However, some deviations between the tested meshes can be observed.
These are probably caused by different contact conditions, which has resulted in a slightly faster rising of tensile stress
response (which is actually the contact force response in Equation 34). Nevertheless, the deviations between these
results for the meshes are in details only whereas the general features are similar.

3.4 | Heat shock simulations

The simulations attempting to predict the plasma jet heat treatments on the rock BD samples are presented here. There
are some challenges in choosing the correct heat flux intensity since this value cannot be accurately determined from

FIGURE 6 Finite element meshes for

simulations: Mesh with (A) 65 132

(dele = 1.5 mm) and (B) 127 960 (dele = 1 mm)

linear tetrahedrons [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 7 Simulation results for Brazilian disc (BD) test on intact rock: Failure modes at the end loading in terms of crack opening

magnitude with (A) Mesh1, (B) with Mesh2, and (C) the corresponding tensile stress versus time responses [Colour figure can be viewed at

wileyonlinelibrary.com]
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the mere nominal power of the plasma jet apparatus. It was not measured either during the experiments. Therefore, the
strategy here is that a velocity vpjet = 50 mm/s is used, and three different flux densities are tested: qn = 1.25 MW/m2,
qn = 1.5 MW/m2, and qn = 1.75 MW/m2. With this velocity, the jet passes over the disc sample in 1.2 s
((40 mm + 20 mm)/50 mm/s). The simulation time is thus set to 1.5 s adding 0.3 s of cooling time to the exit edge (refer-
ring to the moving jet). It should be reminded, as discussed in Section 2.2, that the prepeak nonlinear rate-dependent
hardening part is neglected here due to the low-rate nature of the heating problem. Thereby, the homogenized tensile
strength σt0 in Table 1 is used. The solution algorithm is presented as a flow chart in Appendix A. Finally, it should be
noted that the numerical rock sample is not mechanically supported, that is, it is floating freely in space.

3.4.1 | Heat flux intensity 1.25 MW/m2, Mesh1

First, the plasma jet treatment is simulated with qn = 1.25 MW/m2. The results are shown in Figure 8.
The simulation results in Figure 8 with the heat flux intensity 1.25 MW/m2 show that notable crack openings are

restricted close to the heated surface. Only those elements, and the related crack opening magnitude indicated by the
color, where the opening magnitude exceeds 5% of 0.002 mm, are plotted here and in the following. Crack opening
magnitudes, and the corresponding softening, are at its maximum on the surface close to the (jet) entry and exit edges,
where the softening variable q exceeds −6 MPa (Figure 8C). The short heating time applied restricts notable tempera-
ture rise only in the proximity of the affected surface (Figure 8B). The maximum temperatures reach 400�C at the flux

FIGURE 8 Simulation results for thermal shock treatment (qn = 1.25 MW/m2, Mesh1): (A) Crack opening magnitudes,

(B) temperature distribution, (C) distribution of softening variable q at the end of heating, and (D) temperature evolution at the flux nodes

[Colour figure can be viewed at wileyonlinelibrary.com]
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nodes (the nodes included in the moving jet BC during the heating). The effect of temperature dependency and the
crack opening of the thermal properties (Equations 32 and 33) is observed in the temperature evolutions (Figure 8D) as
deviations from the general pattern of sharp rise to the maximum followed by a rapid nonlinear decrease (cooling). The
crack normal orientations, with every eighth crack plotted for clarity, induced by the moving heat shock are shown in
Figure 9.

At the elements related to the heat flux nodes, the crack normals are quite perpendicular to the top surface meaning
that the crack planes are parallel to the surface. This means that these surface cracks are not favorably oriented with
respect to the stress state at the disc center in the BD test. However, below the surface layer of elements, the cracks are
orthogonal, and thus favorably oriented, to the loading axis (y-axis) of the BD test.

FIGURE 9 Simulation

results for thermal shock

treatment (qn = 1.25 MW/m2,

Mesh1): Crack normal

orientations from two different

viewpoints (every eight crack is

plotted) [Colour figure can be

viewed at wileyonlinelibrary.

com]

FIGURE 10 Simulation results for thermal shock treatment (Mesh1): (A) Crack opening magnitudes and (B) temperature evolution in

time at flux nodes with qn = 1.5 MW/m2 and (C) crack opening magnitudes and (D) temperature evolution in time at flux nodes with

qn = 1.75 MW/m2 [Colour figure can be viewed at wileyonlinelibrary.com]
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Moreover, the crack normal distribution is asymmetric between the entry (where y < 0) and exit (where y > 0)
edges. In particular, there are cracks at the entry edge of the rock surface, but these disappear as the jet reaches the exit
edge, where, instead of surface cracks, there are cracks almost all the way through the disc. It should also be noted that
in most of the cracks, the opening magnitude is so small that the material is practically intact; see Figure 8C. However,
the tensile strength was still exceeded. Retrospectively judging, this properly simulation-based crack distribution is
quite different, both in orientation and shape, from the one assumed in Mardoukhi et al.10

3.4.2 | Heat flux intensities 1.5, 1.75 MW/m2, Mesh1

The plasma jet treatment simulation is next carried out with higher the flux intensities for Mesh1. The results are
shown in Figure 10.

As expected, the magnitude of crack openings increases with the increasing flux intensity. In other respects, the
results in Figure 10 show similar features as with the lowest flux intensity in Figure 9. The maximum temperatures
exceed 600�C at many flux nodes (Figure 10D) and even 800�C at some nodes close to the exit edge (referring to the
moving jet) of the disc top.

FIGURE 11 Simulation results for thermal shock treatment (qn = 1.75 MW/m2, Mesh1, no temperature effect on k and c, no crack

opening effect on k): (A) Crack opening magnitudes, (B) temperature distribution at the end of heating, and (C) temperature evolution at the

flux nodes [Colour figure can be viewed at wileyonlinelibrary.com]
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3.4.3 | The effect of temperature and crack opening dependency, qn = 1.75 MW/m2,
Mesh1

The effect of temperature dependency of the specific heat capacity c and conductivity k, as well as the crack opening
dependency of the latter (Equation 33), is tested here with Mesh1 and qn = 1.75 MW/m2. The temperature dependency
of the other properties is kept as it is described in Section 3.1. The results are shown in Figure 11.

Without the effect of temperature on conductivity and specific heat and the crack opening deterioration of the con-
ductivity, the temperature evolution at the flux nodes is smooth and uniform in every node. Moreover, the maximum
temperatures reached, �450�C, are substantially lower here. Despite this, the resulting crack opening magnitudes are
quite similar here (compare Figure 10C and Figure 11A).

3.4.4 | The effect of heterogeneous thermal properties, qn = 1.5 MW/m2, Mesh1

The simulations above were performed with homogeneous material properties. As the real mineral properties are het-
erogeneous, it is justified to test their effect. Thereby, a simulation is carried out with the heterogeneous properties in
Table 1 with Mesh1 and setting qn = 1.5 MW/m2. Results are shown in Figure 12.

Comparing the results in Figure 12A,B with those in Figure 10A,B, that is, the homogeneous case, one can notice
that the effect of heterogeneity, as it is accounted for in the present approach, has no significant effect on the results.
Interestingly, however, there temperatures at the flux nodes close to the exit edge (for the passing jet) of the disc remain
lower here with the heterogeneous properties. In any case, it is the extremely steep temperature gradient, not

FIGURE 12 Simulation results for thermal shock treatment (qn = 1.5 MW/m2, Mesh1, heterogeneous material): (A) Crack opening

magnitudes, (B) temperature evolution at the flux nodes, and (C) the crack normal distribution (every eighth crack plotted) at the end of

heating [Colour figure can be viewed at wileyonlinelibrary.com]
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heterogeneity, in the sample that produces the thermal stresses and the consequent cracking in the present kind of
intensive surface heating problem.

3.4.5 | Mesh effect, qn = 1.5 MW/m2

Final simulation here tests the mesh effect. A simulation with Mesh2 setting qn = 1.5 MW/m2 is carried out with the
results shown in Figure 13.

The effect of mesh refinement and structuration is notable in the thermal part of the problem, as can be observed in
Figure 13B. There is quite “wild” overshooting of temperatures at some of the flux nodes. Indeed, at few nodes, the
melting point of the rock (�1200�C) is reached. These are clearly caused by the temperature and crack opening depen-
dency of the thermal properties boosted by heterogeneity. If this anomalous behavior is excluded, the visible mesh
effects on the crack opening magnitudes and temperature evolution of most of the flux nodes are mild.

Figure 13D shows an example of the surface damage induced by the plasma jet treatment. The depth of the craters
induced range from 0.2 to 0.8 mm. As the temperature of the plasma jet is about 3000 K and the velocity of the jet is
about 100 m/s, Pawlowski36 is not clear what is the fracture mechanism of the rock surface under the plasma jet.
Namely, it could be partly melting and partly thermal spallation. In the present simulation approach, however, only
thermal stress-induced cracking can be captured. In any case, the surface damage alone can hardly explain the

FIGURE 13 Simulation results for thermal shock treatment (qn = 1.5 MW/m2, Mesh2): (A) Crack opening magnitudes at the end of

heating, (B) temperature evolution at the flux nodes, (C) distribution of softening variable q, and (D) an example of surface damage on

Balmoral granite induced by the plasma jet (after Mardoukhi et al.10) [Colour figure can be viewed at wileyonlinelibrary.com]

18 SAKSALA AND IBRAHIMBEGOVIC

http://wileyonlinelibrary.com


weakening effect in the dynamic BD test on the heat shocked samples, that is, there should be thermally induced crack
inside the samples also in the experimental samples.

3.5 | Dynamic BD tests on heat shocked rock

The prediction of the heat shock weakening effect on the tensile strength of the numerical rock samples is attempted
here. In order to mimic the experiments by Mardoukhi et al., 10 the cracks from the plasma jet treatment simulations,

FIGURE 14 Simulation results for Brazilian disc (BD) test on heat shock treated rock (Mesh1): Failure mode at the end loading in

terms of crack opening magnitude from different viewpoints with (A) qn = 1.25 MW/m2, (B) qn = 1.5 MW/m2, (C) qn = 1.25 MW/m2 and

α = 45�, and (D) qn = 1.25 MW/m2, s = 0.003 MPa·m/s [Colour figure can be viewed at wileyonlinelibrary.com]
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that is, their orientations and the residual strengths, which are the final values of the postpeak softening variables q for
each element with a crack, are augmented to the initial state here. However, the final displacement, velocity, accelera-
tion, and temperature fields are set to 0 and to room temperature, respectively, in the initial state. Moreover, the cracks
from the thermal analysis are assumed to be closed at the beginning of the BD test, that is, their opening vectors, αd,
are nullified. This is in accordance with the experiments, which were carried out at different times so that the plasma
jet treated (heat shocked) rock samples were completely cooled down to room temperature before the BD test were car-
ried out on them.

As for the parameter Cα, a value 0.5, corresponding to an angle of 60�, is used first. Moreover, the viscosity modulus,
s, for postpeak softening law (12) is set to 0.009 MPa�s/m. The simulation results with two different flux intensities illus-
trating the failure mode from both sides of the disc are shown in Figure 14A,B.

The predicted failure modes of the heat shocked samples in Figure 14A,B deviate quite notably from that of the
intact case in Figure 7A. This is especially true on the thermally treated side of the discs (the first plot in rows A and B).
However, the axial splitting mode can still be observed, albeit with blurred characteristics. Figure 14C,D shows, respec-
tively, the effects of the angle α in criterion 22 and the viscosity modulus of the crack softening model 13. The
corresponding tensile stresses (as a function of time) at the disc centers calculated with Equation 34 are shown in
Figure 15B. As attested in Figures 14C and 15B, the effect of using a smaller angle (45�) is negligible. In contrast, the
viscosity modulus of the softening law has a substantial influence on the tensile stress (Figure 15B) due to high loading
rate in the dynamic BD test. The low value in Table 1, used for an element with only one crack (see the discussion in
Section 2.1.6), results in indirect tensile strength of 18.3 MPa, which exhibits a too strong weakening effect.

According to the results in Figure 15B, the predicted indirect tensile strengths, with s = 0.009 MPa�s/m, are
25.2 MPa for qn = 1.25 MW/m2 and 24.4 MPa for qn = 1.5 MW/m2. Both are within the experimental bounds, being
23 ± 3 MPa10 as calculated with Equation 34. In percentages referenced to the intact value 30.3 MPa, these numbers
mean 16.8% and 19.5% weakening effects, respectively. In this respect, the simulations capture the experimentally
observed weakening effect.

Figure 15A shows the crack normals (cracks in every 10th element are plotted for clarity) at the end of simulation
for elements with two cracks and with different colors indicating the origin of the cracks. The blue color signifies the
heat shock-induced cracks, whereas red color indicates the BD test (mechanical loading) induced cracks.

In order to test the mesh effect, the final simulation is the BD test on the heat shocked sample carried out with
Mesh2 and qn = 1.5 MW/m2 (s = 0.009 MPa�s/m, α = 60�). The results are shown in Figure 16. The resulting failure
mode, that is, the axial splitting mode with some secondary radial cracks in their initial stage of growth, is again clearly
attested with blurred characteristics on the heat shocked side (the first plot in Figure 16A). The weakening effect is
24.2% for this mesh, which is still within the experimental range.

FIGURE 15 Simulation results for Brazilian disc (BD) test on heat shock treated rock (Mesh1): (A) Crack normal distributions for

elements with two cracks (blue = thermal crack, red = mechanical crack) at the end of simulation with qn = 1.5 MW/m2,

s = 0.009 MPa·s/m, α = 60� and (B) tensile stress versus time with Mesh1 for all simulations [Colour figure can be viewed at

wileyonlinelibrary.com]
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Figure 16C shows an example of the experimental failure mode produced with the digital image correlation tech-
nique.10 It can be observed that the prediction and experiment are in a reasonable agreement. In this respect, the simu-
lations can be considered successful.

The assumptions of the BD test, and thus the validity of indirect tensile strength calculated by the linear elas-
ticity based Equation 34, are briefly discussed here before conclusions. It should be noted that this equation is
based on the compressive stresses and assumes that the material is linear elastic until the major tensile fracture
plane has initiated at the disc center, after which the specimen (presumably) fails so that the compressive force
(F) decreases. This is mostly true in properly designed and carefully performed experiments but hardly so for the
heat shocked specimen due to significant cracking and surface damage. In this case thus, Equation 34 renders not
the tensile strength of the material but rather some kind of mixed tensile-compressive strength of the BD speci-
men. However, from the rock comminution efficiency point of view, it is the weakening effect, that is, the
decrease of the compressive forces experienced by the tools, that matters, not the specific fracture mechanism
behind it (which is of course of scientific interest).

4 | CONCLUSIONS

This paper's developments allowed us to validate a 3D numerical scheme to predict the weakening effect of a thermal
shock on rock under dynamic loading. The numerical approach adopted of an earlier rock failure model based on a
combined continuum viscodamage-embedded discontinuity model, which was extended to account for thermal crack-
ing. Moreover, it was also extended to deal with highly rotated stress states by introducing another crack, having a rate-

FIGURE 16 Simulation results for Brazilian disc (BD) test on heat shock treated rock (Mesh2, α = 60�): (A) Failure mode at the end

loading in terms of crack opening magnitude from different viewpoints, (B) tensile stress versus time, and (C) an example of experimental

failure mode produced with the digital image correlation technique (after Mardoukhi et al.10) [Colour figure can be viewed at

wileyonlinelibrary.com]
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dependent softening (opening) behavior, intersecting the original one in a single FE. Due to the nature of the target
application involving short duration (<1 s) and high intensity (>1 MW/m2) thermal shocks, the underlying
thermomechanical problem was solved with explicit time marching. The dominant nature of the external heat influx
allowed the problem to be solved as an uncoupled problem where the thermal and mechanical parts information
change was mainly in terms of the thermal strains. However, the temperature dependency of the material properties
and the crack opening dependency of the thermal conductivity were taken into account rendering the solution algo-
rithm thermally and mechanically coupled. Fortunately, due to the low loading rate nature of the target application,
the mechanical part of the model was amenable to mass scaling.

In the numerical examples, the numerical dynamic BD tests on intact rock, demonstrated that the present approach
predicts the experimental dynamic indirect tensile strength and the axial splitting failure mode of Balmoral granite
samples. In the simulations of the moving plasma jet experiments on Balmoral granite, the plasma jet was modeled as a
moving external heat flux boundary condition. The simulations with different flux intensities predicted considerable
cracking in the numerical rock samples. Unfortunately, an experimental detection of the interior cracks in the samples
was not available. However, as the plasma jet-induced surface damage in the experiments cannot explain the experi-
mental 20% weakening effect in the tensile strength, the specimen should have interior cracks, tentatively similar to
those predicted in the simulations. The numerical simulations of the BD tests on heat shocked samples corroborate this
hypothesis as the predicted weakening effect with two different flux intensities (1.25 and 1.5 MW/m2) was within the
experimental bounds. Moreover, the predicted failure modes of the heat shocked samples were in reasonable agreement
with the experiments. Therefore, it can be concluded that the present numerical approach has sufficiently good predic-
tive capabilities also in modeling thermomechanical problems.

Finally, the validity of the BD test assumptions in the heat shocked case was addressed, and it was deemed that the
validity is questionable. However, irrespective of whether the BD test assumptions were valid or not, the practical sig-
nificance of these simulations, as well as the experiments, is that (granite) rock can be considerably weakened by short
duration, high intensity heat shocks. This is an important finding for rock and mineral processing industry since the
mechanical loading on tools due to crushing can be lowered, at least by 20%, which in turn reduces the wear and dam-
age of the tools.
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APPENDIX A.

The flow of calculations for the heat shock simulation is presented here. As mentioned, the prepeak hardening part is
neglected, which means that when the major principal stress in an element exceeds the tensile strength σt0 (Table 1), a
discontinuity (crack) is embedded and softening begins. The solution of the whole thermomechanical problem is shown
Figure A1.

It should be noticed that, despite not explicitly shown, the temperature and crack opening dependence
(Equations 31 and 32) is included in the solution process.

FIGURE A1 Solution flow of the explicit thermal jet (heat shock) simulation

24 SAKSALA AND IBRAHIMBEGOVIC


	Thermal shock weakening of granite rock under dynamic loading: 3D numerical modeling based on embedded discontinuity finite...
	1  INTRODUCTION
	2  THEORETICAL FORMULATION OF THE PROPOSED THERMODAMAGE MODEL
	2.1  Rock material model
	2.1.1  Viscodamage model for rate-dependent prepeak hardening description
	2.1.2  FE with a discontinuity plane
	2.1.3  Bisurface traction-separation model governing the postpeak softening
	2.1.4  Combination of the model components based on a damage strain criterion
	2.1.5  Isotropic damage model to alleviate locking problems
	2.1.6  Double intersecting crack scheme to deal with highly rotated stress states

	2.2  Explicit integration scheme for solving the thermomechanical problem

	3  NUMERICAL EXAMPLES
	3.1  Material properties and model parameters for simulations
	3.2  Boundary conditions for simulations
	3.3  Dynamic BD tests on intact rock
	3.4  Heat shock simulations
	3.4.1  Heat flux intensity 1.25MW/m2, Mesh1
	3.4.2  Heat flux intensities 1.5, 1.75MW/m2, Mesh1
	3.4.3  The effect of temperature and crack opening dependency, qn=1.75MW/m2, Mesh1
	3.4.4  The effect of heterogeneous thermal properties, qn=1.5MW/m2, Mesh1
	3.4.5  Mesh effect, qn=1.5MW/m2

	3.5  Dynamic BD tests on heat shocked rock

	4  CONCLUSIONS
	ACKNOWLEDGEMENT
	REFERENCES


