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Microwave heating may be used to stimulate fracture formation and the release of hydrocarbons in gas shales.
Although extensively studied experimentally and numerically, the microscopic observations are not fully
explained in current work where the heating, at sample-scale, and fracturing, at the mineral-scale, are repre
sented independently. Furthermore, the geometry, structure and mechanical interaction of different minerals are
not fully considered in current approaches. We present a novel simulation approach to investigate the coupled
electromagnetic-heating-stress-damage process. Microwave heating is simulated at sample-scale and the result
ing stress-damage response is examined at micro-scale where minerals with contrasting thermo-mechanical
characteristics are stacked as lamellae, instead of nested internally as in previous representations. A threestage temperature evolution profile is observed in the shale samples – although some stages may be absent in
other rocks. The mathematical model accounts for the three modes of stress generated between minerals: hor
izontal stress (σ h) (tensile stress parallel to the grain-grain interface) and the normal stress(σ n) (tensile stress
normal to the grain-grain interface) applied on the minerals, and the shear stress (τ ) applied on the interface
between different minerals. The minerals comprising the shale matrix are categorized into three types – ‘high’,
‘intermediate’ and ‘low’ – conversion efficiency based on their susceptibility to thermal stressing from micro
wave irradiation. Shear damage and intergranular fracture usually occurs for minerals with high dielectric
permittivity. Transgranular fracture may feature both in high permittivity minerals, due to the larger induced
horizontal stress (σ h), and in low permittivity minerals - due to high volume fraction and larger size. The
simulation approach is a powerful way to link the macro-scale characterization and heating to micro-mechanisms
of rock failure. Also this work provides mineral classification and criteria to define a priori evaluation of the
effectiveness of microwave treatment of shales and other mineral aggregates.

1. Introduction
High effectiveness reservoir stimulation technologies are needed for
the commercial development of gas shale reservoirs1 due to their
ultra-low matrix porosity and permeability. Hydraulic fracturing is the
current mainstream stimulation method, but presents several major
shortcomings directly related to the use of water. These include impacts
of water blocking and clay swelling which are suspected to damage the

reservoir and impair gas production.2,3 Formation heat treatment (FHT)
methods are effective in overcoming these disadvantages, and have been
demonstrated to be a feasible approach to enhance gas production from
unconventional oil/gas reservoirs.4,5 FHT methods apply intense heat to
the reservoir to vaporize host fluids, create overpressures, and to finally
create new fractures. Conventional heating methods (e.g. electrical
resistance heater, hot water flooding and high-temperature steam) are
widely applied in the oil and natural gas industry. In these approaches,
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heat is transferred by thermal conduction and convection, but restricted
by geological conditions such as the presence of aquicludes and faults,
preventing the transport of the hot liquids.6 Different from these
methods, microwave heating involves the conversion of the electro
magnetic energy to heat.7,8 It has been increasingly studied due to the
following advantages9,10: (i) the thermal influence is projected far from
the source since it is realized by energy conversion rather than heat
transfer; (ii) heat generation is more efficient since it is fast, non-contact
and projects volumetric heating; (iii) it is straightforward to implement
in the field since it can instantly turned on, then off; and, most impor
tantly, (iv) it has a high level of safety and is environmentally benign.
Microwaves are a form of electromagnetic waves with wavelengths
in the range 1 mm to 1 m and frequencies varying between 300 MHz and
300 GHz.9,10 Three cases occurred considering interactions of mineral
with microwaves:11 (1) microwave transparency, where microwaves
penetrate but with little energy loss. Materials which are transparent to
microwaves are classed as insulators and often used in microwave
heating system as a warming cavity to support the material to be heated;
(2) microwave absorption, where microwaves are adsorbed and con
verted into heat. Minerals featured with this characteristic also called
absorbers and can be microwave heated; and (iii) microwave reflection
and absorption. Metals with high conductivities reflect most microwaves
and often adopted to retain the electromagnetic wave in the oven.12 The
interaction of materials with electromagnetic waves is described
through dielectric permittivity, κ. In this, the dielectric permittivity, κ, is
described as a conjugate function, as κ = κ0(κr + iκi) where κr is the real
part of the relative permittivity, κi is the imaginary part, κ0 defines the
permittivity of a vacuum and i is the imaginary unit (− 11/2). The real
part represents the ability to store electromagnetic energy and the
imaginary part represents the ability to dissipate energy. Rocks are
typically multi-mineralic aggregates with individual minerals present
ing different responses to microwave radiation - some minerals adsorb
radiation and some are microwave transparent.13 The quartz and calcite
are relatively unresponsive to microwave irradiation and can be treated
as non-responsive phase.14 While they would heat up because of the heat
transfer. The phase transition in quartz and mineral decomposition of
calcite would occur when temperature threshold values are obtained.15
On the contrary, the pyrite has a high rate of absorption of microwave
energy and the oxidative transformation would occur in the region of
350–700 ◦ C.16 The value of κi of some representative minerals are listed
in Table 1 based on which the classification is made. These differences in
the dielectric permittivities of adjacent minerals leads to a heteroge
neous distribution of temperature and thermal stress. Furthermore, this
classification criterion only considers the electro-magnetics parameters
ignoring the thermodynamic and mechanical parameters which may
lead to a poor judgement.
Key factors influencing microwave heating induced fracturing have
been widely investigated.19-21 The larger the applied microwave power
and longer microwave irradiation time, the more significant in rock
strength reduction.20,21 However, there is a minimum microwave power
density for a given mineralogy and mineral-aggregate texture below
which no grain boundary damage is observed, regardless of the exposure
time.19 Understanding mechanisms of microwave heating induced
fracturing has also attracts considerable attention through micro-scale
characterizations - including SEM imaging20 and macro-scale behav
iors with experimental observations.21,22 At micro-scale, differential
linear and volumetric expansion will result between adjacent grains, due

to the different thermal expansion coefficients of the various minerals
and the non-homogeneous distribution of dielectric permittivity of those
minerals.21,22 Stress concentrations are generated and will result in
microcracking along crystal faces at the interface between adjacent
minerals (inter-granular) or within the minerals (trans-granular). With
an increase in irradiation time, microcracks will propagate and dilate,
eventually causing failure and macroscopic fracture.23,24 At macroscale,
the temperature in the rock will increase rapidly after adsorbing the
microwave radiation, expanding individual minerals and generating
heterogeneous thermal stresses.25 The rock sustains damage as the local
tensile and shear stresses exceed the local threshold strengths. There
fore, both the tensile and shear stresses would result in the microwave
irradiation induced damage of rock. The newly created fractures radially
around absorbing minerals are caused by the tensile stress, while frac
tures along the interface of between minerals are produced by shear
stresses.26
In addition to experimental results and microscopic observations, a
significant amount of numerical simulation studies have also been
conducted to enhance overall understanding of the microwave heating
induced damage process.27–29 These studies fall into two groups. Early
studies accommodated the behavior as decoupled between heating and
damage.27,30 Later studies fully coupled the electromagnetic-heating
and thermal-stressing process.9,28 In most applications the rock matrix
is divided into two phases (adsorbing and transparent phases).26,27 The
thermal mismatch between the two mineral-types results in a large
localized thermal stress surrounding absorber minerals.27,29 In recent
studies,15,29,31 maximum tensile stress, maximum principal stress, von
Mises stress, and Tresca yield stress criteria are applied as failure
criteria.
Although extensively studied, both experimentally and numerically,
significant knowledge gaps still endure: (1) microscopic observations
are not fully explained by the current theoretical and numerical models
as the mechanisms of intergranular fracture and transgranular fracture
are poorly understand and the appearances of radial fractures and cir
cular fractures are not well predicted; (2) the adsorbing and transparent
phases are assumed circular and mutually embedded as core and sur
rounding carapace – representing an incomplete representation of real
rocks that are closer to lamellar in structure – and will have significantly
different thermal and mechanical interaction if this geometric reality is
not accommodated; (3) the heating process at the macro-scale and
fracturing process at the mineral scale are stimulated separately; and (4)
the selected failure criteria can hardly represent the micro-structure of
minerals as the impacts of the geometric topology of minerals are poorly
treated.
These key knowledge gaps prescribe the focus of the following study.
We propose an improved simulation approach to investigate the
electromagnetic-heating-stress-damage process in heterogeneous multimineralic aggregates with coupled macroscopic heating linked to
microscopic thermal damage. In the macro-model, the microwave
heating process is simulated at sample scale using the Helmholtz equa
tion accommodating electromagnetic loss. Complementarily, the stressdamage process is simulated at the mineral/micro-scale in which min
erals with contrasting dielectric/thermal-expansion characteristics are
stacked as lamellae, rather than nested as in previous work. A mathe
matical model is then established to account for the micro-scale frac
turing process. The heating process, at the sample scale, and the
fracturing process, at the mineral scale, are therefore fully coupled and

Table 1
The κi value of some representative minerals.17,18
Minerals

Plagioclase

Pyroxene

Ilmenite

Pyrite

Classification

κi
Minerals

0.004–0.32
Quartz

1.62
Orthoclase

32.58
Muscovite

0.4–3
Calcite

Adsorbing

κi

0.0006–0.0033

0.00019

0.0006–0.0034

0.005

Poorly Absorbing
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simulated. Highly constrained observations from a microwave heating
experiment on shale is used to verify the results obtained from macromodel – including corroboration against SEM observations to verify
modes of intergranular and transgranular fractures.

ator; ∇ × denotes a curl operator; Ee denotes electric field, V/m; B rep
resents the magnetic field, Wb/m2; ρe represents the electric charge
density, C/m3; D is the electric displacement or electric flux density, C/
m2; H is magnetic intensity, A/m. J is the current density, A/m2. In
addition, the following equation describes the relationship between D
and Ee, and B and H:

2. Governing equations for coupled electromagnetic-heatingstress-damage model

D = κ0 (κr + iκi )Ee , B = μ0 μHr ⋅and⋅J = σE Ee

We introduce the constraints and capabilities of the fully coupled
theoretical model. The model incorporates: (1) propagation of the
electromagnetic field, including electromagnetic loss and heat transfer
applied at sample scale, and (2) a governing equation for microwave
heating induced stress and rock damage at the mineral scale.

where κ0 denotes the permittivity of the free space (8.854187817 × 10F/m), μ0 represents the magnetic permeability of free space
(1.2566370614 × 10-6 H/m), μr is the relative magnetic permeability, σ E
is the electrical conductivity, S/m.
Substituting Eq. (5) into the Maxwell Equation (Eq. (1)~ (4)), the
Helmholtz vector equation results, as:32
(
)
iσ E
∇ × μr − 1 (∇ × Ee ) − k0 2 κr −
(6)
E =0
ωκ0 e
12

2.1. Electromagnetic field
Maxwell’s Equation defines the electromagnetic wave propagation
process.9,10 Maxwell’s equation describes how electric and magnetic
fields are generated by charges, currents, and changes of the fields. It
comprises four sub-equations: Gauss’s Law for electric fields describing
the relationship between a static electric field and electric charge;
Gauss’s law for magnetic fields, stating that there are no “magnetic
charges”; the Maxwell-Faraday Equation describing how a time varying
magnetic field creates electric charge; and the Maxwell-Ampere Law
stating that magnetic fields can be generated in two ways - by an electric
current and by a changing electric field. These may be defined in dif
ferential form as:
Gauss’s Law for electric fields: ⋅ ∇⋅D = ρe

(1)

Gauss’ Law for magnetic fields: ⋅ ∇⋅B = 0

(2)

Maxwell − Faraday  Equation: ⋅ ∇ × Ee = −
Maxwell − Ampere’s Law: ⋅ ∇ × H = J +

∂B
∂t

∂D
∂t

(5)

where k0 = ω/c0 is the free space wave number, c0 is the speed of light in
a vacuum (2.998 × 108 m/s), and ω = 2πf is the angular frequency, (rad/
s). In the implementation process, Eq. (6) is applied and solved.
2.2. Heat transfer
Under the assumption that (1) the inter-convertibility of thermal and
mechanical energy is neglected, (2) the formation porosity is a minor
proportion of the bulk volume and can be neglected, and that (3)
interstitial fluids filling this porosity are correspondingly proportion
ately small, as is the case in typical shale reservoirs, Fourier’s law for
conductive heat transfer may be applied to describe the microwave
induced heating and heating transfer process in an REV, as:33

(3)

ρs C p

(4)

∂T
+ ρs Cp u∇T + ∇⋅q = Qwave
∂t

(7)

where ρs denotes the density of shale sample, kg/m3; Cp represents the
specific heat capacity, J/(kg*K), and T represents the temperature, K.
Heat flux q(W/m2) is expressed as:

where ∇denotes the nabla symbol; ∇⋅represents the divergence oper

Fig. 1. Schematic of proposed mineral damage process: (a) initial state; (b) free swelling state; (c) final state; (d) induced normal stress.
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q = − kT ∇T

Also the force in the final state are equal:

(8)

Qwave =

ωκ0 κi |Ee |2
2

in which A1 and A2 represent the areas in the YZ plane of minerals m1
and m2, with A1 = w × h1 and A2 = w × h2.
(a) Horizontal Stress

(9)

The stress state in two stacked and bonded minerals subjected to
microwave heating are analyzed as above, with the stresses in different
directions obtained as introduced below. Based on Eqs. (12) and (13),
we can obtain the horizontal stresses σ1h and σ 2h as:

which may be substituted directly as a volumetric source in Eq. (7) to
define the heating of the material.
2.3. Microwave heating-induced stress

σ 1h = − ηα1 (T1 − T0 )E1 ⋅and⋅σ 2h = ηα1 (T1 − T0 )E1

The main minerals in the shale are quartz, clay, pyrite, dolomite,
feldspar and calcite.35 The multi-mineralic geometry is apparent at
micrometer scale with most minerals are arranged in a parallel distri
bution rather than internally nested within individual grains. These
observations are also apparent in other work.36
Based on the above observations, we established a micro-scale
(micrometer scale) discrete model to represent the heterogeneous
stress distribution that will develop between pairs of adjacent minerals
as a direct consequence of microwave heating. Fig. 1(a) shows two
adjacent minerals of contrasting compositions, labelled as m1 and m2.
These are vertically stacked with a length of l in the x direction, width of
w in the y direction and height of h1 and h2 in the z direction. The initial
temperature is T0, and we assume that no relative slippage and bending
occur during the heating process. For the boundary conditions, it is
assumed that the left face is fixed in the x- and y-directions and the
interface between the two minerals is fixed in the z-direction. Therefore
the right face is free to extend in the x- and y-directions, and the top and
bottom can extend along all three directions. After microwave heating,
the temperatures of two minerals are raised to T1 and T2 due to their
contrasting dielectric permittivities.
In this work, it is assumed that T1>T2 and α1> α2 where α represents
thermal expansion coefficient. If there is no constraint for the thermal
expansion on the right side (free swelling state) (Fig. 1(b)), we have:
Δl1 = α1 (T1 − T0 )l⋅and⋅Δl2 = α2 (T2 − T0 )l

(13)

σ 1h A1 = σ 2h A2

where kT is the thermal conductivity, (W/(m*K)). When penetrating a
dielectric material with electromagnetic loss, the microwave energy is
absorbed and part of the microwave energy is converted into the heat
energy which is serves as a heat source Qwave (W/m3):9,34

A1
A2

in which η is a restraint coefficient, defined as:
(
)
)/(
α (T − T0 )
A1 E1
η= 1− 2 2
1+
α1 (T1 − T0 )
A2 E2

(15)

When η > 0, σ 1h < 0 and a compressive stress results; σ 2h > 0 and is a
tensile stress. When η < 0, the opposite situation is resulted.
(b) Normal Stress
The thermal stresses induced along the z direction (normal stress)
would also be defined. Mineral m1 will expand in the z direction as
shown in Fig. 1(d) and we have:

σ 1h A1 = σ 1n S1 ⋅and⋅σ 1n =

σ1h A1
S1

(16)

in which S1 represents the area of mineral m1 on the XY plane with S1 =
wl. Further simplifying this yields:

σ 1n = σ1h

h1
l

(17)

Similarly, we have

σ 2n = σ2h

(10)

Also we can obtain that the expansion increment of mineral m1 is
larger than that of mineral m2 (△l1>△l2), as shown in Fig. 1(b). As
assumed, no relative slippage occurs at the interface and the lengths of
the two minerals may change but remain the same at the final state, as
shown in Fig. 1(c). In such a condition, the actual extended length of
mineral m1 is smaller than that in the free expansion state and the actual
extended length of mineral m2 is larger than that in the free expansion
state. In other words, mineral m1 is compressed by a strain of ε1 = σ 1h/E1
and length changes as ε1l = σ1hl/E1; and mineral m2 is stretched with a
strain of ε2 = σ2h/E2 and extends as ε2l = σ 2hl/E2, in which E represents
the deformation modulus, σ1h and σ2h are the horizontal stresses in
minerals m1 and m2. Following the above analysis, we obtain the final
lengths of minerals m1 and m2 as:

h2
l

(18)

(c) Shear Stress
Shear stress develops along the interface between two minerals as the
horizontal strains evolving within the adjacent minerals are different.
For the mineral m1, the tensile force along the x-direction is F1 = σ 1wh1
and for mineral m2, F2 = σ2wh2. The resulting shear stress on the inter
face between the two minerals is:

τ=

F1 − F2
wl

(19)

In the above analysis, F1 and F2 are of opposite sense, and are of
positive and negative sign representing tensile and compressive forces,
respectively. Therefore in Eq. (19) the two terms are additive for their

α1 (T1 − T0 )l + ε1 l = α1 (T1 − T0 )l + σ1h l/E1 ⋅and⋅α2 (T2 − T0 )l + ε2 l = α2 (T2 − T0 )l + σ2h l/E2 .

absolute values. Thus, we have:
⃒
⃒ ⃒
⃒
⃒
⃒
⃒ wh ⃒ ⃒ wh ⃒
⃒
⃒
⃒σ1 1 ⃒ + ⃒σ 2 2 ⃒ |σ1 | + ⃒σ 2 A2 ⃒
⃒
⃒
⃒
⃒
⃒ 2|σ 1 |
⃒
wh
wh
A
1
1
1
|σ1 wh1 | − |σ2 wh2 |
=
τ=
=
= l
wl
wl
wl
wh1
wh1
h1

In the final equilibrium state, the lengths of m1 and m2 are equal as
shown in Fig. 1(c) as no relative slippage and bending occur during the
heating process:

α1 (T1 − T0 )l + σ 1h l/E1 = α2 (T2 − T0 )l + σ 2h l/E2 .

(14)

(12)
4
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modeling process is introduced as follows.

2.4. Mineral damage model

3.1. Computational approach

As illustrated above, the microwave-heating-induced stress on the
minerals can be categorized into three forms: compressive, tensile and
shear stresses. As shown previously, mineral m1 is compressed at the xdirection and extended in the z-direction; Mineral m2 is extended in both
x- and z-directions but with a resulting shear stress on the interface
between the two minerals. In this section, the damage criteria and stressstrain behavior following damage are introduced.
The maximum tensile/compressive/shear stress criterion is selected
to determine the failure mode (tension, compression, or shear modes),
which can be defined from:

Three key features are considered in the modeling – the microwave
oven itself (void), the shale sample and the proposed discrete model. The
microwave oven and shale sample are at centimeter scale while the
discrete model is at micrometer scale. Thus separate but linked models
are needed to avoid a scale mismatch problem and meshing difficulties/
inconsistencies. To avoid this issue, two different scale simulation
models are established – a macro-model at the centimeter scale and a
micro-model at the micrometer scale.
In the macro-model, both the microwave oven and sample are rep
resented, and the electromagnetic-heating coupled process is simulated.
The propagation of microwaves is a transient process at the scale of
nanosecond (ns) while the heating process is slow, on the order of sec
onds (s) or minutes (m). This mismatch in timescales is avoided by first
solving Maxwell’s Equation in the frequency domain using the Helm
holtz Equation (Eq. (6)). Then the microwave heating process is solved
with Eq. (9) by returning this to the time domain. These two equations
are solved simultaneously.
In the micro-model, a discrete model is established to calculate the
mechanical interaction between different minerals and to represent the
heating-stress-damage coupled process. From the macro-model, the
distribution of electric field (Ee) of the entire sample is known. Any
infinitesimally-small volume (approaching to a point) of the sample is
selected and we assumed that: (1) the small volume comprises a discrete
model, and (2) the electric field (Ee) on the representative elemental
volume (REV) is uniform. Under these assumptions, an extrusion func
tion is applied to transfer the electric field (Ee) of the small volume on
the entire sample to the micro discrete model41 with Eq. (9) applied to
represent the heating process. Coupling with the heating-stress is ach
ieved with Eqs. (14)~(20). Damage is realized as the Young’s modulus is
assumed to decline step by step until it approaches to zero. The damage
criterion is evaluated via MATLAB. Once the criterion is reached, a
declined Young’s modulus is evaluated according to Eq. (23) and
applied within the COMSOL model. The coupled processes and feed
backs together with the workflow are illustrated in Fig. 3.

(21)

Fi ≡ σ i − fi0 = 0

where fi0 represents the uniaxial tensile, compressive or shear strength
(i = t, c and s), and Ft, Fc and Fs are three damage threshold functions
used to link tensile, compressional and shear damage.
After damage, the elastic modulus of an element degrades mono
tonically as damage evolves and is related to the damage variable, D
(0<D < 1):37,38
(22)

E = (1 − D)E0

where E denotes the elastic moduli and subscript 0 represents the un
damaged state. A power function is used to describe the softening pro
cess in the post-peak region. Thus, the damage variable D can be defined
as:38,39
⎧0
⎪
⎪
⃒ε ⃒n
⎪
⎪
⃒ i0 ⃒
⎪
⎪
⎨1 − ⃒ ε ⃒
D=
⃒λ ε ⃒n
⎪
⃒ i i0 ⃒
⎪
⎪
⃒
⎪1 − ⃒
⎪
ε
⎪
⎩
1

ε < εi0
εi0 < ε < εir

(23)

εir < ε < εiu
εiu < ε

where the subscript i represents shear (s), compressive (c) or tensile(t)
strains. εi0 denotes the compressive strain at the elastic limit; εiu repre
sents the ultimate strain, λi denotes residual strength coefficient defined
as the ratio of the residual strength fir to the initial strength of the rock
fi0, and εir represents the strain corresponding to the residual strength fir;
n denotes a constitutive coefficient assumed as 2 in this work. The
typical stress-strain relationship is illustrated in Fig. 2.

3.2. Model geometry
The macro-scale model is established based on the microwaveheating case in the application library of COMSOL Multiphysics.42 The
microwave oven, waveguide and shale sample are all included in the
model in which the shale sample sits bottom-center within the micro
wave oven. The oven cabinet is prismatic with a length of 329 mm,
width of 315 mm and height of 180 mm; The waveguide is also prismatic
with dimensions of 50 mm (L) × 50 mm (W) × 70 mm (H). The cylin
drical sample is 50 mm in diameter and 100 mm in height. The relative
position and sizes of the three objects are shown in Fig. 4(a). For the
meshing, the physics-controlled mesh is applied to the macro-model
with a maximum element size of 1/5 of the wavelength. Mesh size is
predefined as a fine mesh. After meshing, there are 475509 elements in
the entire geometry with an average element quality of 0.83.
The micro-model is established based on the theoretical model pro
posed in Section 2.3, accommodating two contrasting and adjacent
minerals. Minerals comprising the shale matrix are usually at micro
meter scale, ranging from one hundred nanometers to 10 μm. For
simplicity, we assume that the two minerals are both rectangular/pris
matic and have the same size with a length of 10 μm, width of 5 μm and
height of 2 μm. In the micro-model, the strain and stress are selected as
the key criterion and the scale effects are ignored. For the meshing, the
sweep method is applied because of its regular geometry and the size is
predefined as extra fine. After meshing, 8004 elements comprise the
geometry with an average element quality of 0.95.

3. Implementation of numerical model
We developed a fully coupled electromagnetic-heating-stressdamage model using COMSOL Multiphysics (Version 5.4). The

Fig. 2. Idealized stress-strain-damage relationship,40 i represents shear (s),
compressive (c) or tensile(t) strains.
5
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Fig. 3. Coupling and feedbacks accommodated in the simulation approach.

Fig. 4. Geometry of the simulation model at both (a) macro- and (b) micro-scales.

3.3. Input parameters and boundary conditions

model in which thermal-stressing is represented in COMSOL Multi
physics and the damage process is represented in MATLAB. To achieve
these goals, heat transfer and solid mechanics modules are linked in
COMSOL Multiphysics, and a link between COMSOL and MATLAB is
applied to check the damage criterion. For heat transfer within the solid
module, the microwave heating is identified as the heating source. The
application and linkages between feedbacks in the COMSOL modules are
illustrated in Fig. 3.

The coupled microwave heating process is simulated in the macromodel using microwave propagation in both sample and oven with
only the heating process simulated in the sample. To achieve this, the
boundary conditions for the electromagnetic wave propagation module
are assigned as follows: (1) an impedance boundary is applied at the
walls of the oven to ensure that the electromagnetic energy is retained
within the oven; and (2) a prismatic port boundary is applied at the
entrance of the wave guide serving as the source of the electromagnetic
radiation. The boundary conditions of the heat transfer module are set
as: (1) a thermal insulation boundary condition is assigned to the base;
and (2) a convective heat transfer boundary is applied to all other faces.
The coupled heating-stress-damage process is applied in the micro-

4. Results and analysis of macro-model
The results of the macro-model are validated against a microwave
heating experiment conducted on shale. Parametric studies investigate
the impacts of the temperature-dependent specific heat capacity and
6
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permittivity on the microwave heating process. These details are
introduced in the following.

temperature is reported as the averaged value of the top surface.
Goodness-of-fit (Regression coefficients, R2) is used to illustrate the fi
delity of the fitting results - its value is 0.95 indicating a satisfactory
fitting result.

4.1. Comparison with experiment results

4.2. Impacts of specific heat capacity on microwave heating

4.1.1. Experiment method and observations
The microwave heating experiment is conducted on shale collected
from an outcrop of the Longmaxi formation in Changning County, Yibin
City, Sichuan Province. The principal minerals in the shale are quartz,
clay and calcite, as shown in Table 2. The shale block sample was drilled
to yield a cylinder with a height of 100 mm and diameter of 50 mm as
shown in Fig. 6(a). All samples were dried under vacuum for >72 h at
the 50 ◦ C before microwave heating to eliminate the impact of envi
ronmental water. A household microwave oven (Galanz, G70F20CN1LDG(B0)) is applied with a constant power of 700 W and the waveguide is
located at the top of the right side.
The microwave irradiation time was increased step by step. After the
microwave irradiation is applied for the first time step, the sample is
taken out of the microwave oven and the temperature slowly lowered to
90 ◦ C (simulating a return to reservoir temperature). Then the next
microwave radiation step is performed, and the time of microwave
heating in the next step will be 30 s longer than that in the previous step.
Before and after each microwave heating step, the temperature on the
top surface of the sample is determined by a Fluke infrared thermometer
(model: 568–2) with an accuracy of ±1 ◦ C. The irradiation process
continued for 50 min. The shale sample after microwave heating is
shown in Fig. 6 (b) with some micro-fractures developing but remain
intact.

To investigate the impacts of the specific heat capacity (Cp) on the
microwave heating process, five scenarios are designed as follows.
Scenario I: The Cp-T relationship in Fig. 5(b) is applied for specific
heat capacity and the peak because of the mineral phase transition is
considered, labelled as fcp(Tpeak); Scenario II: The Cp-T relationship in
Fig. 5(b) is applied but the peak is neglected, labelled as fcp(Tnon-peak);
Scenario III: The specific heat capacity is considered as a constant value
with a geometric average value applied as:
)
∫ Tmax (
f Tpeak dT
Tmin cp
CpІІІ =
(24)
Tmax − Tmin
in which the numerator represents the area integral of specific heat
capacity (Cp) with temperature (T) and the denominator represents the
temperature range.
Scenario Ⅳ: The specific heat capacity is a constant and the arith
metic average value is applied as:
CpІV =

Cpmax + Cpmin
2

(25)

in which Cpmax denotes the maximum value of the specific heat capacity
and Cpmin denotes the minimum value. In all scenarios in this section, the
κ-T relationship of Fig. 5 (a) is applied for dielectric permittivity. It
should be noted that the specific heat capacities are constant for Sce
narios III and IⅤ with CpⅣ(3520 J/(kg*T))> CpIII(1350 J/(kg*T)).
To clearly illustrate the impacts of Cp on the evolving temperature,
we report the maximum value and minimum value of temperature of the
whole sample shown in Fig. 7. As shown in Scenario I, three heating
stages can be observed: Stage I, Stage II and Stage III. In Stage I, the
temperature increases with the irradiation time due to the low value of
Cp. In Stage II, the temperature increases only slowly or remains constant
with irradiation time due to increasing Cp. In Stage III, the temperature
suddenly increases (>800 K) due to the increased permittivity and the
finish of mineral phase transition. Although, only the first two stages are
observed in our experimental work, because of the short microwave
heating time, the entire microwave heating process, including all three
stages, is apparent in other work.46,47
Comparing Scenarios I and II, we find that the variations in tem
perature are similar for the first stage while Scenario I takes more time to
reach the third stage due of the existence of Cp-peak because of energy
adsorption induced by the phase transition - the Cp -peak is a potential
trough, with additional energy expended in transiting this trough. For
constant specific heat capacity (Scenarios III~Ⅳ) the temperatures in
crease near-linearly with time and lower Cp results in an increased
temperature. Stage III is not apparent for Scenario Ⅳ due to its larger
specific heat capacity prohibiting the temperature to reach the point
where permittivity suddenly increases.

4.1.2. Verification process and results
The temperature obtained from the macro-model is validated against
the experimental results. Permittivity was not measured in our experi
ment, with this being referenced to prior work,43 establishing a rela
tionship between permittivity with temperature (κ-T curve, fκ(T)) to fit
the experimental data (Fig. 5(a)). As show in this figure, both real and
imaginary parts of the permittivity are near constant with a small
reduction below 800 K and increase rapidly above 800 K. The small
reduction is related to the evaporation of retained water and the details
is discussed later. While the increase is attributed to the organic matter.
The related literature suggested that the polar molecules in the organic
fraction started to mobilize increasing the dielectric properties when the
temperature reaches a threshold value44 and the increment is propor
tional to the TOC content.43
Specific heat capacity (Cp) is another important parameter control
ling microwave heating. It links heating potential to delivered energy
and usually increases with temperature for a specific material.13 A
distinct rise of heat capacity is apparent in quartz-rich rocks when the
quartz transforms from α-phase to β-phase.45 This peak is apparent in the
narrow temperature range bracketing the phase-transformation tem
perature with the specific heat capacity returning to the baseline curve
after the brief excursion at the peak. A relationship between specific heat
capacity and temperature is established (Cp-T curve, fcp(T)) to fit the
experiment results shown in Fig. 5(b). The initial value of the assumed
specific heat capacity is smaller than the curve in Hartlieb work45 while
the peak value is more significant because of the existence of water. The
details are discussed later.
The other parameters are listed in Table 3. The comparisons of
simulation results with experimental data are shown in Fig. 6(c). The

4.3. Impact of dielectric permittivity on microwave heating
As discussed above, the permittivity can be divided into both real

Table 2
Mineralogical composition of shale samples.
Mineral compositions (%)
Quartz

Feldspar

Pyrite

Clay minerals

Calcite

Dolomite

32.45

3.42

3.13

18.57

32.16

8.02
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TOC (%)

Ro,max (%)

2.24

2.41
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Fig. 5. Relationship of (a) permittivity and (b) specific heat capacity with evolving temperature.

Fig. 6. (a)sample before microwave heating, (b) sample after microwave heating and (c) fitted results with temperature.

(fcp(Tpeak)) applied for specific heat capacity. The details are listed as
follows.
Scenario I: The κ-T relationship of Fig. 5 (a) is applied to represent
permittivity.
Scenario II: The κ-T relationship of Fig. 5 (a) is applied for permit
tivity, but the increase of the imaginary part above 800 K is ignored.
Scenario III: The κ-T relationship of Fig. 5 (a) is applied for permit
tivity, but the increase of the real part above 800 K is ignored.
We report the maximum and minimum values of temperature within
the entire sample for different dielectric permittivities in Fig. 8. Both
Stages I and II are observed in all scenarios while the suddenly increase
stage (Stage III) is not displayed for Scenario II. The sudden increase
stage (Stage III) also appears in Scenario III, but with an apparent time
lag. In other words, the increase in the imaginary part of the dielectric
permittivity is the main contribution to the sudden increase in temper
ature above 800 K. Compared with imaginary part, the real part has a
smaller impact on the microwave heating process. Our recent research48
also implied that the real part not only changes the value of the electric
field intensity but also the field distribution and therefore the impact of
the real part of dielectric permittivity is not universal.

Table 3
Input parameters for microwave heating simulations of the shale sample.
Physical property

Value

Unit

Physical
property

Value

Unit

Microwave
frequency
Oven size
(cuboid)

2.45

GHz

700

W

329 ×
315 ×
180
100(h) ×
50(d)
Fig. 5 (a)

mm

Microwave
power
Guide size
(cuboid)

50 × 50
× 70

mm

Sample Density

2600

Loss factor (κi)

Fig. 5 (a)

kg/
m3

2.5

W/(m
× K)
J/(kg
× K)

Initial
temperature
Dielectric
constant of air

300

Sample size
(cylinder)
Dielectric
constant (κr)
Heat conductivity
of sample
Specific heat
capacity

Fig. 5 (b)

mm

K

1

and imaginary parts with both increase sharply above 800 K. We
construct three scenarios to investigate the impacts of the permittivity
on the microwave heating process with the Cp-T relationship of Fig. 5(b)
8
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Fig. 7. Variation in generated temperature histories for different specific heat capacities: (a) maximum temperatures, and (b) minimum temperatures.

Fig. 8. Variation in temperature history for different permittivities: (a) maximum and (b) minimum temperatures.

shown in Fig. 9 (d)27,29,53–55 and their thermal conductivities in Fig. 9
(e).53,56–58 In addition to these thermodynamic properties, their me
chanical properties are also important, as they define the evolving
stress-strain state of the mineral pairs. The bulk moduli of different
minerals are shown in Fig. 9 (f) 59-64 with the other relevant mechanical
parameters listed in Table 5.65-72

5. Results and analysis of micro-model
In this section, the results of the micro-model are presented. The
responses of different minerals within the shale matrix to the microwave
irradiation and the resulting thermal stresses are first investigated –
providing the key data to define the mechanical interaction between
different minerals.

5.2. Responses of different minerals to microwave heating

5.1. Thermodynamics and mechanical parameters of different minerals

Different minerals have contrasting thermodynamic and mechanical
parameters. Therefore their response to electromagnetic irradiation at
the same power, duration, mode and frequency are totally different.
Fig. 10 shows the results of variations of microwave-heating-induced
stress with time for different minerals, evaluated from the product
KαΔT in which K is the bulk modulus and damage is not considered. In
the figure, the heating stress in pyrite corresponds to the right axis that
for the other minerals corresponds to the left axis.

As noted above, the specific heat capacity (Cp) and dielectric
permittivity (κ) play a key role in the microwave heating process. The
dielectric permittivity of different minerals are listed in Table 4.
17,49,50,18
The permittivities of pyrite and quartz are particularly
temperature-dependent, as shown in Fig. 9(a) and (b). 16,51 The specific
heat capacities of minerals also vary with temperature as shown in Fig. 9
(c). 31,52 The thermal expansion coefficients of different minerals are
Table 4
Thermodynamic properties of minerals comprising the shale matrix.
Real Part
Imaginary Part

Quartz51

Feldspar17

Pyrite16

Clay49

Calcite18

Dolomite18

Fig. 9 (a)
Fig. 9 (a)

5.52
0.01

Fig. 9 (b)
Fig. 9 (b)

4
0.2

9.2
0.005

7.41
0.02
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Fig. 9. Relationship of (a) dielectric permittivity of quartz,51 (b) dielectric permittivity of pyrite,16 (c) specific heat capacities,
ficients,27,29,53–55 (e) thermal conductivities53,56–58 and (f) bulk modulus59.60-64 with temperature for different minerals.
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31,52

(d) thermal expansion coef
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As aforementioned, the sign convention is tension positive and
compression negative. In the subfigures, the characteristics of figures
(a)–(f) represent the cases that the mineral m1 is respectively pyrite,
quartz, feldspar, clay, calcite and dolomite; in each figure the horizontal
stress (left y-axis) developed in mineral m1 (σ 1h) with a different mineral
m2 is shown. For example, Fig. 11(a) represents the horizontal stress
applied on pyrite when pyrite is combined with other minerals. In the
figures, we also report the average temperatures (right y-axis) of the
stacked structure and the stress without considering the influence of
damage. The different variables are distinguished by the form of the line
as: the solid lines with markers represent the stress considering the
damage effect; the dotted lines with markers represent the stress with no
damage effect considered; the solid lines without markers represent the
average temperature for the different cases; the different minerals (m2)
are defined by the varied colors.
As shown in the sub-figures, higher temperatures are obtained when
minerals of pyrite and clay are combined with other minerals because of
the highest dielectric permittivity of pyrite (Fig. 9 (b)) and lowest spe
cific heat capacity of clay (Fig. 9(c)) and when pyrite and clay are
combined the highest temperature is obtained. Conversely, lower tem
peratures are observed for the cases where quartz is combined with
other minerals. The lowest temperature is obtained when the quartz and
feldspar are combined.
For the induced thermal stress value (the absolute value is used
here), the higher values are obtained with combinations of pyrite (‘high’
conversion efficiency) with other minerals as shown in Fig. 11 (a); and
lower values result with the combination of feldspar (‘low’ conversion
efficiency) with other minerals as shown in Fig. 11 (c). For the stress
type, when quartz and feldspar are combined with other minerals, the
horizontal stresses applied on quartz and feldspar (both ‘low’ conversion
efficiency minerals) are tensile stresses; and for the cases of calcite
combined with other minerals, most of the resulting stresses are
compressive. In the other combination cases, both compressive and
tensile stresses are observed. When damage occurs, the Young’s modulus
is decreased according to Eqs. (22) and (23), and the minerals soften as a
result, potentially reducing the induced stresses. Based on this charac
teristic, the occurrence of damage can be obtained where the discrep
ancies between the two lines appear.
Form the above characteristics, the following conclusions can be
drawn. Minerals with high conversion efficiency are readily damaged
since the induced horizontal stress (σ 1h) can be large (Fig. 11 (a)) and
sufficient to exceed the compressive strength. For minerals with low
conversion efficiency, most resulting horizontal stresses are tensile
(Fig. 11 (b) and (c)) and the minerals are easily damaged since the
tensile strength is significantly smaller than the compressive strength –
typically by an order of magnitude.

Table 5
Mechanical properties for component minerals comprising the shale matrix.
65

Poisson ratio
Compressive
strength (MPa)
Tensile strength
(MPa)

Quartz

Feldspar

Pyrite

Clay

Calcite

Dolomite

0.08
4566

0.32
4873

0.15
8074

0.35
7

0.32
48

0.30
3572

8.566

1067

1568

1.569

1071

572

Fig. 10. Evolution of thermal stress with time of different minerals.

As shown in Fig. 10, the pyrite exhibits the largest heating-inducedstress compared to the other minerals due to its significant permittivity,
lower specific heat capacity and largest bulk modulus (see parameters
listed in Section 5.1). Also apparent are two stages, due to the sudden
increase in permittivity at ~700 K as shown in Fig. 9 (b). In addition to
the pyrite, the heating stress of the other minerals increases linearly with
time in the order of calcite first, followed by dolomite, clay, feldspar, and
quartz. The clay minerals endure a smaller heating stress due to their
small bulk modulus, even though they have a relatively large dielectric
permittivity. Quartz has the lowest heating stress due to its lowest
permittivity (Fig. 9 (a)) and largest specific heat capacity (Fig. 9 (c)).
Even although its permittivity increases linearly with temperature, it
remains in a low range as it is insensitive to temperature increase. These
comparisons relate that the ability to convert microwave radiation to
thermal stresses is not only related to the microwave propagation and
adsorption properties of the mineral (dielectric permittivity, κ) but is
equally dependent on the thermophysical parameters of specific heat
capacity, thermal expansion coefficient and deformation modulus. Also,
based on Fig. 10, the minerals in the shale matrix can be categorized into
the three types – ‘high’, ‘intermediate’ and ‘low’- efficiency in con
verting microwave energy into thermal stress: For the shale matrix, the
‘high’ conversion efficiency mineral is pyrite, the ‘low’ conversion effi
ciency minerals are quartz and feldspar with the other minerals
belonging to the ‘intermediate’ group.

5.3.2. Variations of σ2h and impacts of geometry size
As displayed in Eq. (14), the horizontal stress (σ2h) is a function of
both the restraint coefficient (η) and the ratio of the areas (A1/A2). A1/A2
represents a geometric effect and can be estimated from the volume
fraction of minerals. In this section, the horizontal stress applied to
mineral m2 (σ 2h) is examined and the impacts of the geometric effect are
investigated. In the subfigures, the characteristics of figures (a)–(f)
represent the case where mineral m1 is pyrite, quartz, feldspar, clay,
calcite and dolomite, respectively; in each sub-figure the horizontal
stress applied on mineral m2 (σ 2h) with the same mineral m1 is defined.
The solid lines with symbols represent the stress considering the geo
metric effect; and the dotted lines with symbols represent the stress
without considering the geometric effect.
When comparing Figs. 11 and 12, we find that the value of σ 1h, ob
tained from the case when mineral A is serving as m1 and mineral B is
serving as m2, is equivalent to the value of σ 2h, obtained from the case
when mineral B is serving as m1 and mineral A is serving as m2. This
characteristic confirms the accuracy of the mathematical model. Also, as
shown in Fig. 12, the geometric effect exerts little influence when the

5.3. Mechanical interactions between contrasting minerals
5.3.1. Variations of σ1h and impacts of damage
As illustrated in Section 3, the shear stress (τ ) along the interface
between contrasting minerals and the normal stress (σ n) applied on the
minerals are closely related to the horizontal stress (σ h) as shown in Eqs.
(17), (18) and (20). In this section, we investigate the impact of the
vertically stacked structure of different minerals on the horizontal stress
(σ h). The results are shown in Fig. 11.
11

G. Cui et al.

International Journal of Rock Mechanics and Mining Sciences 136 (2020) 104520

Fig. 11. Variations in horizontal stress applied on mineral m1(σ 1h) with (a)~(f) representing cases where mineral m1 is sequentially (a) pyrite, (b) quartz, (c)
feldspar, (d) clay, (e) calcite and (f) dolomite.
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Fig. 12. Variation in horizontal stress applied on mineral m2 (σ 2h) with (a)~(f) representing cases where mineral m1 is sequentially (a) pyrite, (b) quartz, (c) feldspar,
(d) clay, (e) calcite and (f) dolomite.
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Fig. 13. SEM images of microwave-treated shale matrix to illustrate intergranular fracture. (Q: quartz, F: feldspar, C: clay mineral, IO: Iron oxide, S: sul
fate minerals).

volume fractions of the two minerals are close, such as for the combi
nation of feldspar with pyrite, and quartz with calcite as shown in Fig. 12
(a) and (b). Conversely, when the volume ratios of the two minerals are
disparate, such as the combinations for pyrite with quartz, and pyrite
with calcite, the geometric effect is significant. For the cases when the
volume of mineral m1 is larger than the volume of mineral m2, ignoring
the geometric effect would over-estimate the horizontal stress applied
on mineral m2 (σ 2h) such as the case when pyrite is combined with other
minerals (Fig. 12(a)) and vice versa.

irradiation because of sudden enhancement in dielectric permittivity
when the phase transition or the water evaporation process is complete.
The three-stage temperature history profile is not proofed in our
experiment work because of the short irradiation time. While the similar
observations are identified in Pickles’s work47 in which the nickeliferous
limonitic laterite ore was microwave heated. During the first minute, the
temperature increased rapidly and then remained constant at about
100 ◦ C for about 3 min because of free water evaporation from the
sample. Once this water was removed, then the sample temperature
increased very rapidly. Also the three-stage temperature history profile
can be found in Liu’s work46 when the raw coal and absorber (char) were
irradiated together. Besides the experiment work, the three increasing
stages were also observed in Li’s simulation work.9
Also in our work, the impacts of dielectric permittivity on microwave
heating process are investigated and found that the enhancement in the
imaginary part is the main contribution to the third stage and the real
part has a smaller impact. This characteristic is also proofed in Lan’s
work.75 It was found that as the dielectric loss factor (imaginary part)
increased, more electromagnetic energy was converted into heat causing

6. Discussions and limitations
6.1. Temperature increasing characteristic of microwave irradiated rock
A three-stage temperature history profile is observed in our simula
tion work. The temperature first increases rapidly with irradiation time.
Above a threshold, the temperature plateaus at constant temperature
but increasing irradiation time, due to the phase transition of minerals or
evaporation of water; finally, the temperature again increases with

Fig. 14. SEM images of microwave-treated shale matrix to illustrate transgranular fracture. (Q: quartz, F: feldspar, C: clay mineral, IO: Iron oxide, S: sul
fate minerals).
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coal temperature to increase and the changing real part redistributed the
temperature field irregularly. The applicability of our macro-model can
also be supported from these observations and characteristics in others
works.

much smaller than the compressive strength. For normal stress (σ n)
induced transgranular fractures, their formation is related to both the
horizontal stress (σ h) and the aspect ratio (h/l) as shown in Eqs. (17) and
(18). The latter ratio can be estimated from the volume fraction of the
mineral, and the minerals with larger volume fraction would lead to
large values of the ratio h/l and therefore the normal stress. Once the
normal stress exceeds the tensile strain, the mineral will be damaged.
The SEM images obtained from our experiments also support this
viewpoint. Fig. 14 shows two representative SEM images of microwavetreated shale. Transgranular fracturing is observed in the sulfate min
erals produced by pyrite oxidation and characterized with high micro
wave conversion efficiency (Fig. 14 (a)). In this term, the horizontal
stress is compressive and exceeds the compressive strength. In Fig. 14
(b), the transgranular fractures are also found in the quartz which fea
tures low microwave conversion efficiency and can be categorized into
three types based on their shapes and locations: Type I, the fracture
direction is perpendicular to the interface with iron oxide featuring high
microwave conversion efficiency also defined as radial fractures (green
traces). In this case, the transgranular fracture is induced by the hori
zontal stress which applies a tensile stress. This usually occurs in a low
microwave conversion efficiency mineral when it co-exists with a high
microwave conversion efficiency mineral; Type II, the induced fracture
is parallel to the interface, and is referred to as a circular fracture (blue
traces). In this term, the transgranular fracture is induced by the normal
stress and often occurs in minerals comprising a large volume fraction
(high value of h/l); Type III: the induced transgranular fractures are
distant from the high microwave conversion efficiency minerals and are
irregularly distributed and in varied directions (red traces). In this case,
the fractures may be caused by the high-temperature reaction and
decomposition of minerals or water evaporation. The details of mineral
reaction- and decomposition-induced fractures are discussed in our
recent work78.
The similar observations are also found in the work of others. Also in
Charikinya et al.77 work, transgranular fracture is also observed in py
rite, pyrrhotite and sphalerite minerals characterized with high micro
wave conversion efficiency.77 This kind of transgranular fracture is
caused by the compressive stress induced by the horizontal stress. In
Nicco’s work,79 the granodiorite was treated with microwave radiation
and most of the transgranular fractures appear in the quartz and feldspar
characterized with low microwave conversion efficiency but high vol
ume fraction. Both the circular and radical fractures are observed in
these minerals. As discussed above, the radical fractures are induced by
the horizontal stress while the circular fractures are induced by the
normal stress.

6.2. Occurrence of intergranular and transgranular fractures
The conditions promoting the evolution of transgranular and inter
granular fractures are discussed based on the numerical results dis
played in Sections 5.2 and 5.3.
6.2.1. Occurrence of intergranular fracture
Intergranular fracture usually occurs along the interface between
different minerals caused by the shear stress. As demonstrated in the
mathematical model, when two minerals are in welded contact, one
mineral will be stretched with the other compressed. This difference
applies a resulting shear stress along the interface. Once the shear stress
exceeds the maximum yield stress, intergranular fracture will occur. As
shown in Eq. (20), the shear stress is related to the magnitude of the
horizontal stress (σ 1h) and the aspect ratio (l/h1). A larger horizontal
stress (σ 1h) and smaller aspect ratio (l/h1) would result in a larger
induced shear stress.
As noted in Section 5.2, the minerals in the shale matrix can be
divided into three types based on the conversion efficiency of micro
wave radiation into thermal stresses. As shown in our results (Fig. 11), a
larger induced horizontal stress often occurs in the cases where the
difference in the conversion efficiency of the two minerals are large. For
the minerals in shale matrix, pyrite has the strongest conversion effi
ciency compared to other minerals. For other rock types, sulfide min
erals and iron-bearing minerals are usually characterized with high
conversion efficiencies.76 Furthermore, they typically comprise only a
small volume fraction, exhibiting an irregular polygonal shape and
smaller geometric dimensions. Both features would lead to large
induced shear stresses.
This conclusion is also supported by observations at micro-scale
images obtained from microwave-heated rocks. SEM is applied to
characterize the mineral fractures in microwave irradiated shale, with
some representative images shown in Fig. 13. In the image, iron oxide
and sulfate minerals are produced from pyrite oxidation, which has a
strong conversion efficiency of microwave radiation into thermal
stresses and a smaller geometric dimension. As observed in the image,
intergranular fractures are concentrated around iron oxide and sulfate
minerals.77 In Charikinya et al.77 work, the intergranular fracture
appeared around sphalerite and pyrite which were categorized as high
convert ability minerals when the coarse sphalerite ore particles was
microwave heated.

6.2.3. Comparisons with numerical and theoretical works
In the above section, the results of the micro-model are verified
through the SEM image while the observations and findings of the
micro-model are also proofed in other numerical and theoretical works.
In this work, the stacked mineral geometries are specified while the
similar observations are identified in the previous work in which the
nested geometries are assumed. Wang’s work27 accommodated a
microwave-adsorbing mineral (pyrite) encased within a low-absorbing
matrix mineral (calcite). It was found that (1) the thermal stress were
mainly compressive within the pyrite particle and the tensile stress
occurred in the calcite; and (2) the tensile stress in calcite increases with
the size of pyrite. Also in the Meisels’s work,53 the microwave analysis
(finite difference time domain—FDTD) was performed with the
absorbing inclusions (discs) embedded in a non-absorbing matrix. The
cracks was initiated at the circumference of the discs as well as in the
matrix. Most of the cracks were appeared in the radial direction of the
discs.
Recently, we develop a nested spherical mechanical model where the
heated volume is divided into three zones from inward to outward: an
interior high temperature zone (H zone), a transition zone (T zone) and a
low temperature external zone (L zone).80 The microwave heating

6.2.2. Occurrence of transgranular fracture
Transgranular fracture occurs within the minerals themselves,
instead of along the interface between adjacent and contrasting min
erals. There are two factors that induce transgranular fracture when two
minerals are combined: (1) One is the horizontal stress (σ h), that serves
as a compressive stress for the mineral with high conversion efficiency
and tensile stress for the mineral with low conversion efficiency. When
the stress exceeds the compressive or tensile strength, the minerals will
be damaged and the transgranular fracture will appear; (2) The second is
the normal stress (σ n) serving as the tensile stress for both minerals. The
details are discussing in the following.
For horizontal-stress(σ h)-induced transgranular fracture, two types
of minerals should be considered: (1) For minerals with high microwave
conversion efficiency - horizontal stress is induced as a compressive
stress for this kind of mineral. Even if the compressive strength is large,
the induced horizontal stress (σ h) can readily be large enough to over
come this compressive strength; and (2) For minerals with low micro
wave conversion efficiency - the horizontal stress may be small but
tensile and the minerals are easily damaged since the tensile strength is
15
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induced circumferential stresses are compressive in the innermost re
gion (H zone) but tensile in the transition and exterior (T and L) zones.
The location of the initial fracture is most likely located in the L Zone.
These observations are also consistent with the findings in this work.

conversion efficiency minerals, due to the induction of a large horizontal
stress; and in low conversion efficiency minerals respectively caused by
the horizontal stress promoting the radial fracture or by the normal
stress inducing circular fracture. (3) At macro-scale, (i) the
heating-induced fractures first appear along the bedding then perpen
dicular to the bedding direction; and (ii) microwave treatment mainly
promotes an increase in permeability parallel to the bedding direction;
In this work, we paid our attention to the micro-scale and the impact of
the microwave irradiation on the shale permeability (macro-scale) are
described in our recent work.78
Prior the microwave heating, the hydraulic fracture is the essential
step to the exploration of shale reservoir due to its ultra-low perme
ability. While a large fraction of injected fracturing fluid cannot be
recovered and remain in the fracture imbibing into the shale matrix.
Additionally, shale gas reservoirs usually contain a certain amount of
connate water which is subdivided into free water and irreducible
water.88 The presence of water would swell the clay impairing the
intrinsic permeability and reduce the gas relative permeability because
of the occupation of water molecular. After the microwave irradiation,
the retained water is evaporated and both the intrinsic and gas relative
permeabilities are improved.89 Besides this, the saturated vapor pres
sure would be larger than the tensile strength of shale matrix causing the
local failure therefore inducing fracture and increasing intrinsic
permeability.90 While the literature also suggested that the new frac
tures are hardly generated when the moisture reaches a threshold.91
Therefore an optimal moisture content exist to achieve the best micro
wave heating effect.
For the reservoir application, the penetration depth (Dp) should be
considered as microwave penetrates into a material, its amplitude di
minishes. Dp is written as:10

6.3. Applications
The potential application of the novel simulation approach proposed
in this work are discussed, together with the potential field applications
of microwave heating in shale gas reservoir.
6.3.1. Application of simulation approach
In microwave-heating-induced fracturing, the heating process is
conducted at the sample scale while the fracturing mechanism is
controlled at mineral scale. Therefore a scale mismatch problem results
and high meshing quantity is required if the two process are to be
simulated with a single model. To compensate for this deficiency, an
improved simulation approach is proposed to investigate the
electromagnetic-heating-stress-damage process with coupled macro
scopic heating linked to microscopic thermal damage. In the macromodel, the microwave heating process is simulated at sample scale.
Complementarily, the stress-damage process is simulated at mineral/
micro-scale. This simulation approach can also be applied to other
physical processes in rock such as gas flow or rock damage processes.
The gas flow process into porous rock is taken as an example to illustrate
the applications of the novel simulation approach.
Porous rocks typically contain fracture and matrix systems with large
differences in the gas storage and transport characteristics and me
chanical behavior.81,82 Mass transport and effective stress transfer be
tween the two systems plays a significant role in the gas flow process.83
If we investigate at either sample- or reservoir-scale, we typically cannot
characterize the geometrical characteristics of the matrix and fracture
discretely since the matrix and fracture are usually at millimeter or
micrometer scale.84,85 Therefore, conventionally, dual-porosity models
are usually applied.86 While in such approaches, the mass transport and
effective stress transfer between sub-systems are simplified to consider
only the gas pressure difference. The novel simulation approach pro
posed in this work supplies another feasible way to represent interaction
between the two systems at different scales and how this interaction
affects gas flow behavior. Two types of simulation models should be
established: a macro-model in the reservoir or at sample scale and a
micro-model representing matrix-fracture interactions at the millimeter
or micrometer scale. These two simulation models can be linked or
coupled using the following approach: (1) Gas flow in the fracture sys
tem is simulated in the macro-model and the gas pressure of a small
volume in the sample or reservoir can be obtained; (2) Resulting gas
pressures can be transmitted and treated as a fracture pressure in the
micro-model; (3) Mass and effective stress transfer processes, and the
dependency on fracture permeability evolution is calculated in the
micro-model; (4) Updated permeabilities and mass transfer is returned
to the first step (Step #1).

Dp =

C
( )̅
)1/2
(√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
√̅̅̅̅̅̅̅
2πf 2κr
1 + tan 2 κκri − 1

(26)

where C is the speed of light, m/s; f is the frequency, Hz; Dp in shale is on
a scale of meters10 constraining the application of the microwave
heating. As indicated in Eq. (26), reducing frequency is common
approach to achieve a larger effective heating range while the lower
frequency microwaves carry less energy with long irradiation time
needed to obtain the same heating effect.
6.4. Limitations
Rock is a highly heterogeneous material and, in addition to minerals,
also contains cracks, grain boundary weaknesses and cleavage, which
are not incorporated into the current model. In addition, true and
rigorous verification of the micro-model is difficult since the heating
stresses are never measured at the mineral scale. Furthermore the im
pacts of the water evaporation are not considered in this work. Therefore
it is suitable to discuss the assumptions and limitations of this work.

6.3.2. Potential field applications
Microwave heating has been studied and applied to unconventional
reservoir since the early 1970s’.4 Generally, the RF antenna or induction
coil is inserted into the strata heating the reservoir.12 The microwave
heating is usually combined with fracturing methods such as hydro
fracturing and causes a series of chemical and mechanic interactions at
different scale. (1)At the mineral scale, (i) the organic matter inside the
shale matrix can heat up after microwave stimulation and release
adsorbed gas;87 (ii) the microwave irradiation would increase the
number of pores therefore enhancing the diffusion in the shale matrix as
demonstrated in our recent work.78 (2) At the micro-scale as proved in
this work, (i) shear damage and intergranular fracture usually occurs for
minerals with ‘high’ conversion efficiency form imparting large hori
zontal stresses; (ii) transgranular fracture can be occur in high

6.4.1. Mineral phase transition and decompositions
The conversion efficiency of microwave radiation into differential
thermal stresses is related to the electromagnetic, thermodynamic and
mechanical parameters with strong temperature dependences displayed
in Section 5.1. Thus, special attention should be paid to the presence of
quartz since quartz exhibits an α-β transition at 573 ◦ C.45 This phase
transition is accompanied by a change in symmetry and volume. Clearly,
the sudden change in the specific heat capacity and Young’s modulus in
quartz-rich rock are induced by this phase transition.45 Also the Cp-T
curve used in this work contains a distinct peak and its impacts on the
microwave heating process are investigated in Section 4.2. In shale, the
nanometer-sized pores are mainly inside the organic matter – and this
heats rapidly under microwave irradiation. When the temperature is
above 400 ◦ C, oxidation of organic matter begins to occur92 releasing
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carbon dioxide93 and being responsible for the development of pores in
the organic matter. Calcite in the shale can also decompose into calcium
oxide and carbon dioxide at high temperature15 responsible for the
formation of pores in calcite minerals.
The parameters used in this study are temperature-dependent and
their applicability and limitations should be considered. (i) In the macro
model, the dielectric permittivity-temperature curve and specific heat
capacity-temperature curve are assumed to fit the experimental data the impacts of their temperature dependences are also investigated. This
influence may have some effect on the evolution of temperature but will
have little effect on the pattern of variation and conclusions; (ii) In the
micro-model, the parameters of different minerals are collected from the
literature with the impacts of the phase transition of quartz considered.
First, these parameters are collected from the other rocks instead of
shale; and second, the phase transition and reaction processes of other
minerals are not considered. Taking clay as an example, for tempera
tures in the range 125 ◦ C < T < 250 ◦ C, the hydroscopic water in illite is
lost; when the temperature transits from 350 ◦ C to 550 ◦ C, the structure
of illite transforms to mica and this might impact the conclusions of this
study; (iii) The mechanical properties of the minerals are considered
independent of strain rates which may be a simplification since the
stiffness properties of the material may change at extremely high strain
rates due to rapid heating; (iv) some parameter-temperature relation
ships are not available since they are difficult to determine such as the
dielectric permittivities.

quickly evaporated while more temperature and energies are needed to
remove the connate water.97 The adsorbed and interlay water would be
excluded at least 100–200 ◦ C while 400 ◦ C is necessary to remove
constitution water in the lattice.97 During these processes, all the
adsorbed energy is converted to the internal energy forcing water to
evaporate. As a result, the temperature would keep as a constant value
with the irradiation time leading to a peak in the specific heat
capacity-temperature curve (Cp-T). In the macro-model verification
process, we established a Cp-T curve and its peak value is much higher
than that caused by the phase transition and the peak range is also much
wider. This is mainly because of water evaporation.
Water is also a high microwave adsorption medium with the imag
inary part value of 12 at 25 ◦ C and 2.45 GHz. Even the value decreases
with temperature (3 at 85 ◦ C and 2.45 GHz), it is still much higher than
that of shale matrix. After microwave irritation, water is firstly activated
and gradually driven off the shale matrix. As a result, both real and
imaginary permittivity values suffer a reduction before 800 K as shown
in Fig. 5(a). While in this work only the retained water is considered and
the impact of water is not significant compared with other works.95,96
7. Conclusions
Previous work representing microwave heating and damage has
been principally uncoupled between processes (irradiation-heatingfracture), has not transited multiple scales (macro-sample to micromineral), and has considered nested mineral geometries that are not
consistent with nature. To compensate for these deficiencies, a coupled
macro-scale irradiation/heating model is linked to a corresponding
micro-scale mechanical/damage model to simulate the microwave
heating process on the sample and the resulting heating induced damage
to the mineral aggregate. Through above work, the following conclu
sions are obtained:

6.4.2. Applicability of assumptions
In this work, several assumptions are made during the simulation
process and in the mathematical model. The feasibility and applicability
of these assumptions may be questioned, item by item. (i) The electric
field (Ee) of a small volume of the sample was selected as a medium
linking the macro- and micro-models. The heating processes on the
different minerals are calculated through Eq. (9), assuming a uniform
electric field (Ee) but with different imaginary parts of dielectric
permittivity – the impacts of the real part are ignored. This process leads
to a contradiction that an induced temperature magnitude can be ob
tained from the small volume of the shale sample but the temperature
values vary with different minerals at the micro-scale in the same area.
In fact, the temperature obtained from the sample is a macroscopic
representation of the mineral temperatures at the micro-scale. Also, a
similar phenomenon is observed in the mechanical parameters. The rock
has a Young’s modulus at the macro scale but the values for different
minerals are varied at the micro scale as observed under AFM (Atomic
Force Microscope);94 (ii) In the establishment of the mathematical
model, it is assumed that no relative slippage occurs between the two
minerals – that they are fully welded together. It should be noted that
this assumption is only available in the elastic range. When the two
minerals are damaged by the horizontal stresses (σ h) or the shear stress
(τ ), then fractures will be generated and relative-slip may result between
the different minerals. Fracture generation and subsequent interface-slip
processes are not simulated in the current work. Instead, the stress-strain
relationship following mineral damage is described by a power function
and the related parameters are specified artificially since they are
difficult to measure at mineral scale. The maximum compressive stress
criterion is used instead of the Mohr-Coulomb criterion for simplicity;
(iii) Unstressed samples are used in the modeling and fracturing evalu
ated. The application of a confining stress will inhibit fracture forma
tion, but this impact can intrinsically be evaluated using the same
approaches developed here. This is the topic of future exploration.

(1) The macro-model accommodates the microwave heating process
at sample scale, enabling the impacts of temperature-dependent
parameters to be investigated. A three-stage temperature his
tory profile is observed in shale that is broadly applicable to other
rocks: linearly increase stage due to the low value of Cp, plateau
stage due to the minerals phase transition or water evaporation,
and sudden increase stage because of enhancement in dielectric
permittivity. These three periods are apparent for the specific
sample of shale, but may not all appear for all rock, depending on
their thermodynamic composition.
(2) A mathematical model is established to evaluate the evolution of
stress state at micro-scale. The model accommodates the evolu
tion of stress in three forms: horizontal stress (σ h) and the normal
stress(σ n) applied on the minerals, and the shear stress (τ ) applied
on the interface between different minerals. Evolution of these
stresses are related in a complex manner to contrasting magni
tudes of electromagnetic, thermodynamic and mechanical prop
erties together with idealized characteristic geometric
dimensions of the aggregate.
(3) The heating stress induced damage process is examined at the
mineral scale. The minerals comprising the shale matrix are
categorized into three types – ‘high’, ‘intermediate’ and ‘low’ -–
conversion efficiency based on their susceptibility to thermal
stressing from microwave irradiation, representing various
combinations of microwave adsorption and thermophysical
characteristics. The influence of mineral size is small when the
volume fractions of the two minerals are similar and vice versa.
(4) Conditions promoting the preferred appearance of either inter
granular or transgranular fracture are defined. Shear damage and
intergranular fracture usually occurs for minerals with ‘high’
conversion efficiency imparting large horizontal stresses and
characterized with a small volumetric proportion and an irreg
ular polygonal form; The conditions promoting the appearance of

6.4.3. Water evaporation
As mentioned above, both the injected water and native formation
water exist in the simulated shale reservoir. The related literature sug
gested that the thermodynamic (specific heat capacity, Cp) and elec
tromagnetic parameters (dielectric permittivity, κ) are strongly water
saturation-dependent.95,96 After microwave irradiation, the free water is
17
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transgranular fracture is complex: in high conversion efficiency
minerals, due to the induction of a large horizontal stress (σ h)
serving as the compressive stress; and in low conversion effi
ciency minerals respectively caused by the horizontal stress (σ h)
promoting the radial fracture or by the normal stress (σ n)
inducing circular fracture.
(5) The simulation approach proposed in this work provides a
powerful way to link the macro-scale characterization and heat
ing to micro-mechanisms of rock failure. This simulation
approach can also be applied to other physical processes in rock
such as gas flow or rock damage processes. Also this work pro
vides mineral classification and criteria to define a priori evalu
ation of the effectiveness of microwave treatment of shales and
other mineral aggregates.
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