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Abstract
This paper reports the results of thermal spallation experiments on specially dried shale samples with 3 bedding orien-

tations (0�, 45� and 90�) under 3 flame temperatures (899 �C, 1243 �C and 1559 �C) and the 3D thermal elastic finite

element modelling. Under open flame heating, continuous spallation is observed with ejection of various spalls and

popping sounds. After a period of spallation, tensile fractures are formed in the samples and grow perpendicular to the

heating surface, except for a sample with bedding orientation of 90� under the low temperature. Increasing flame tem-

perature promotes ejection, popping sounds and spallation rate, but reduces the spallation starting time, spallation duration,

depression diameter and depression depth. The model shows that heating induces compressive stress in the surface layer

and tensile stresses beneath it. The tensile stress is found to be sufficient to generate large tensile fractures. The ratio

between the induced compressive and tensile stresses increases with increasing spallation depth but little affected by the

flame temperature. The spallation compressive stress increases with temperature from 29 to 51% of the uniaxial com-

pressive strength. This stress is shown to be sufficient to cause buckling of thin layers separated from the bulk of the rock.

The size of the buckling layer is smaller than the size of the spallation zone leading to a mosaic pattern seen on the surface

after spallation. The results are important for further understanding of the mechanism of thermal spallation of rocks as well

as large scale spallation-like processes in the Earth’s crust.

Keywords Effect of free surface � Layer buckling � Mosaic spallation � Thermal spallation � Tensile fracturing

1 Introduction

When rocks (or concretes) are subjected to surface heating

(e.g. by a flame jet or fire), the rock surface and a thin

surface layer will rapidly be heated up and undergo thermal

expansion. At the same time the rest of the rock remains

almost unimpacted because of the low thermal conductiv-

ity, thus limiting the expansion of the surface layer

[6, 22, 24, 26, 42]. This induces compressive stresses in the

surface layer and tensile stresses beneath it, Fig. 1. If the

surface temperature is high enough, the compressive

stresses initiate spallation produced by fractures developed

from pre-existing cracks under compression and then

extensively growing parallel to the surface. The resulting

larger fractures separate a thin layer from the bulk of the

material. The layer eventually buckles opening a new

surface which starts being subjected to flame heating,

Fig. 2. Then under continuous heating, the process repeats

itself producing a cavity growing into the rock normal to
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the surface. If the magnitude of the tensile thermal stress

developed beneath the compressed part of the rock reaches

the tensile strength of the rock, fractures get initiated and

then grow perpendicularly to the heating surface since the

maximum principal direction of the tensile stress is parallel

to the surface. This ends the spallation process. It should

also be noted that another possible mechanism of tensile

fracture formation could be the internal water evaporating

under heating inducing internal pressure

[15, 24, 27, 30, 49].

In the past decades, techniques based on thermal spal-

lation have been developed primarily for rock breaking and

cutting e.g. for well drilling in oil and gas extraction pro-

jects [26], drilling or extending blast holes in mining pro-

jects [22, 34, 48], predicting concrete breaking in tunnel

fire [49]. Obviously thermal spallation can be a method of

choice for rock breaking for outer space construction and

mining, since it does not require heavy equipment [25, 45].

Continuous and intermittent thermal spallation phenomena

of various rocks under open flame were widely observed in

the laboratory [21, 26, 39, 42, 44].

Since the 1930s, efforts were directed towards investi-

gating the spallation phenomena in various rocks and

concretes and to classify possible mechanisms of spalla-

tion. Preston and White [32] put clay balls into hot furnace

and after a certain time observed thermal spallation pro-

ducing spalls in the shape of roughly circular discs of a

certain thickness. They proposed the spallation mechanism

based on the growth of pre-existing cracks parallel to the

free surface under compressive thermal stress. Hasenjäger

[12] argued that thermal spallation of concrete samples

under open fire was caused by thermal stresses and internal

pressure from moisture, but so far, the dominance of the

two is still disputed. Freeman et al. [5] experimentally

investigated the spallability of rocks and based the spalla-

tion mechanism on the change in thermal expansion char-

acteristics of the a-b quartz transition at 573 �C.
Thirumalai [40] compared thermal spallation processes in

Sioux Quartzite, Charcoal Granite and Dresser Basalt and

found that thermal spallation depended upon the thermal

expansion, shear strain at failure and non-elastic charac-

teristics of the rocks, which can inhibit thermal spallation.

Rauenzahn and Tester [34] agreed with the Preston and

White’s [32] mechanism based on growth of pre-existing

cracks parallel to free surface, and concluded that the

induced thermal fractures just play a secondary role in

producing spallation. Wilkinson and Tester [47] proposed a

thermal spallation mechanism based on crack growth

aligned with the principal directions of the compressive

thermal stress field, and the competition between stacking

due to thermal expansion and stress relief induced by

deformation of the adjacent soft materials. Hertz and Sør-

ensen [16] after a series of laboratory tests on concrete

concluded that restraining thermal expansion can prevent

the thermal spallation. Smith and Pells [38] performed

flame heating on Hawkesbury sandstone, and suggested

that the thermal spallation was primarily generated by

steam pressure. Jansson and Boström [20] held the view

that the exposure condition of concrete samples to the

heating controls thermal spallation because it determines

the stress distribution as well as the escape routes of pore

moisture. Walsh and Lomov [43] analysed the rock

microstructure effect and developed a numerical tool that

can conduct explicit modelling of thermal spallation at the

grain-scale. Using that tool, a conclusion was made that

fluid in the micropores inside the rock played significant

role in producing thermal spallation. Kendrick et al. [23]

investigated the spallation erosion of granitic rock caused

by chaparral wildfire and viewed the rock spallation as a

behaviour where the stress related to thermal expansion

Fig. 1 Thermal stress fields induced by surface heating (modified

from Germanovich [6] and Khor and Dyskin [24])

Fig. 2 Thermal spallation: a initial growth stage of fracture; b further fracture growth under increasing compressive stress; c buckling layer and

d produced spalls (modified from Khor and Dyskin [24])
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exceeded the tensile strength of the rock. (This however

contradicts the directions of principal tensile stresses which

can only produce fractures normal to the surface rather than

parallel as needed for spallation.)

Fig. 3 Shale samples: a location of national shale gas production area in Sichuan Basin; b the sampled outcrop; c the 9 dry shale samples

prepared for the tests
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There is still uncertainty as to what is the role the pro-

posed different mechanisms play in the phenomenon of

thermal spallation. Germanovich [6] devised a two-di-

mensional micro-mechanical model for thermal spallation

induced by flame heating, and also attributed the spallation

to the growth of pre-existed cracks under high compressive

stress. By investigating flame heating of concrete samples,

Khor and Dyskin [24] classified thermal spallation into two

types, explosive and non-explosive spallation, and sug-

gested that the thermal compressive stress as well as

pressure from moisture could produce the spallation. Also,

high tensile strength was necessary for thermal spallation

because it would suppress the fracture formation and

splitting failure.

So far, the available experiments and numerical models

cannot satisfactorily classify the spallation type and iden-

tify the spallation processes caused by only thermal stres-

ses. Thus, further investigations are needed to clarify the

mechanisms of thermal spallation and growth conditions of

thermal fractures in tensile zone under the compressive

surface layer. This will assist in designing and optimizing

the thermal spallation-based cutting/breaking process.

Table 1 Thermal and mechanical properties of shale samples with 3 bedding orientations [7, 9, 10]

Bedding orientation

(�)
UCS a

(MPa)

UTS b

(MPa)

Elastic modulus

(GPa)

Poisson’s ratio Specific heat

(J/kg�K)
Thermal conductivity

(W/m�K)
Expansion coefficient

0 121.97 5.93 22.12 0.24 850 2.14 2.32E-6

45 88.90 6.92 21.20 0.17 850 2.14 2.32E-6

90 129.99 5.10 23.60 0.23 850 2.14 2.32E-6

a Uniaxial compression strength-UCS; b Uniaxial tensile strength-UTS

Quartz

Calcite

Dolomite

Pyrite

Feldspar

Hydromica

Illite

Chlorite

TOC

0 5 10 15 20 25 30

0 5 10 15 20 25 30

Percentage (%)

Fig. 4 Optical microscope view of microstructure and X-ray diffraction obtained composition of the Longmaxi formation shale

Fig. 5 Three bedding orientations of samples in the flame heating experiment
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Furthermore, to the best of our knowledge, there is limited

research work on thermal spallation of shale, despite shale

being a common geological material in many important

rock engineering projects.

The present work aims at investigating thermal spalla-

tion in specially dried shale samples thus concentrating on

pure thermal stress mechanism of spallation. It reports

flame heating of dry Longmaxi shale samples with 3 bed-

ding orientations under 3 flame temperatures and the cor-

responding 3D finite element simulations of induced

thermal stresses for different continuous spallation depths

(depths of the spallation depressions). The effect of flame

temperature on the spallation characteristics is observed,

and an analysis of the stress and temperature fields during

continuous thermal spallation of shale samples is per-

formed to check whether the thermal fractures can solely

be produced by the thermal tensile stresses in the layer

situated under the compressive layer.

The paper is structured as follows. The next, Sect. 2

describes the shale samples and the testing setup and pre-

sents the experimental results. Section 3 describes the

numerical model and presents the results of parametric

analysis. Section 4 discusses the obtained results.

Fig. 6 Experimental setup of flame heating and two representative scene views from cameras
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2 Experiments

2.1 Shale samples

The Longmaxi formation shale is found in the main areas

of southwest China, especially the Sichuan Basin, Fig. 3a,

and is considered to be the mother rock of the most

potential shale gas reservoirs in China [8]. A large shale

block that ensured geometric integrity and lithologic con-

sistency in an unweathered area below the ground surface

was excavated near the national shale gas production site in

Changning County, Sichuan Basin, to prepare the test

samples, Fig. 3b. After putting this large shale block in a

well-ventilated storage room for drying over 3 months, 9

dry parallelepiped samples were cut out for this experi-

mental work with the length, width and thickness of

Fig. 7 Spallation depression and the fracture in the samples with bedding orientation of 0� (Fig. 5): a low temperature-899 �C; b medium

temperature-1243 �C; c high temperature-1559 �C

Fig. 8 Spallation depression and the fracture in the samples with bedding orientation of 45� (Fig. 5): a low temperature-899 �C; b medium

temperature-1243 �C; c high temperature-1559 �C

Fig. 9 Spallation depression and the fracture in the samples with bedding orientation of 90� (Fig. 5): a low temperature-899 �C; b medium

temperature-1243 �C; c high temperature-1559 �C
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Table 2 Parameters of thermal spallation of the 9 shale samples

Sample

name

Flame

temperatures

(�C)

Spallation

beginning

(s)

Spallation

depth

(cm)

Spallation

diameter

(cm)

Spallation

duration

(s)

Spallation

rate

(cm/s)

Fracturing

condition

Time from the start of heating to

the fractures start

(s)

0-L 899 3.3 3.8 14.8 149 0.0255 Tensile 43

0-M 1243 2.8 3.5 14.3 123 0.0285 Tensile 60

0-H 1559 2.1 3.2 12.8 101 0.0317 Tensile 76

45-L 899 3.2 3.7 14.6 103 0.0360 Tensile 86

45-M 1243 3.2 2.3 11.9 56 0.0411 Tensile 19

45-H 1559 2.5 3.1 12.5 73 0.0425 Tensile 10

90-L 899 3.2 3.6 14.1 158 0.0228 No fracture –

90-M 1243 3.0 0.8 8.2 29 0.0276 Tensile 24

90-H 1559 2.3 2.7 11.0 67 0.0403 Tensile 21

Table 3 Thickness of spalls above powder grade collected in the experiments

Bedding orientation

(�)
Flame temperatures* Spalls thickness (mm)

Spalls 1 Spalls 2 Spalls 3 Spalls 4 Spalls 5 Spalls 6 Average value

0 L 0.48 0.82 0.54 0.88 0.63 0.71 0.68

M 0.71 0.67 0.59 0.61 0.66 0.54 0.63

H 0.64 0.47 0.60 0.75 0.52 0.69 0.61

45 L 0.36 0.58 0.67 0.66 0.72 0.55 0.59

M 0.65 0.58 0.68 0.43 0.62 0.59 0.59

H 0.46 0.31 0.63 0.49 0.28 0.57 0.46

90 L 0.80 0.55 0.51 0.74 0.7 0.66 0.66

M 0.59 0.56 0.67 0.77 0.53 0.75 0.65

H 0.68 0.55 0.44 0.63 0.59 0.53 0.57

* L-899 �C; M-1243 �C; H-1559 �C

Table 4 Diameter of spalls above powder grade collected in the experiments

Bedding orientation

(�)
Flame temperatures* Spalls diameter (cm)

Spalls 1 Spalls 2 Spalls 3 Spalls 4 Spalls 5 Spalls 6 Average value

0 L 2.25 2.71 2.92 1.85 3.03 2.40 2.53

M 1.50 1.77 2.82 2.00 1.01 1.54 1.77

H 1.18 1.39 0.92 2.23 1.41 1.06 1.37

45 L 2.83 2.56 2.58 1.72 1.67 2.51 2.31

M 1.33 2.19 2.07 1.89 1.82 2.07 1.90

H 0.95 1.42 1.04 1.35 1.20 1.22 1.20

90 L 2.97 3.18 2.55 3.03 4.21 1.82 2.96

M 1.56 1.36 1.57 2.49 1.56 2.39 1.82

H 2.78 2.07 1.62 1.09 1.31 1.40 1.71

* L-899 �C; M-1243 �C; H-1559 �C
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Fig. 10 The AE signals recorded in the spallation process in the samples with bedding orientation of 0� (Fig. 5): a low temperature-899 �C;
b medium temperature-1243 �C; c high temperature-1559 �C
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Fig. 10 continued
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200 mm, 200 mm and 100 mm, respectively, Fig. 3c. In

order to prevent the change in dry condition of sample and

activation of bedding planes inside shale during cutting, no

cooling solution was used for the cutting blades and rubber

pads were installed between the shale block and the sta-

tionary support.

The shale contains developed bedding planes and

complex mineral composition, and the dry density is

roughly 2700 kg/m3. The optical microscope picture and

the rock composition obtained by the X-ray diffraction

technique are shown in Fig. 4. The 9 prepared samples

were divided into 3 group with 3 bedding directions, Fig. 5.

Thermal and mechanical properties of the shale samples

with these 3 bedding orientations have been measured in

our previous work [7, 9, 10], Table 1.

2.2 Experimental setup and procedures

The experimental setup consists of a flame jet system, a

surface temperature record system, an acoustic emission

monitoring system and a videorecording system, Fig. 6.

The flame jet system contains gas and oxygen tanks,

delivery pipes, gas flow valve, pressure gauge, a combus-

tion chamber and a flame nozzle, which can provide a

maximum of approximately 1800 �C of stable flame with

diameter of 10 mm. The surface temperature recording

system contains 4 thermocouples and an air temperature

sensor, a controller and an upper linked computer. The 4

thermocouples and the air temperature sensor have the

temperature measurement range of 0–1300 �C and

- 200–1600 �C, respectively, with the accuracies of ± 1%

and ± 0.5%, respectively; the acquisition time interval can

be adjusted from 0.5 s to 1 h. For the present measure-

ments, we selected the acquisition frequency of thermo-

couples as one per second. The air temperature sensor was

only used to measure the flame temperature in the pre-

liminary experiments. The PCI-2 acoustic emission (AE)

system was used to monitor the thermal spallation. Only 1

sensor was used; the sampling frequency, threshold

amplitude and amplification of preamplifier were set to

1 kHz–3 MHz, 45 dB and 40 dB, respectively. The vide-

orecording system consists of two digital cameras with

frame rate of 60 and 30 per second; the two cameras

located near and far can be both controlled by a wireless

Bluetooth controller. The overall experimental procedure

is:

(a) Connect all oxygen and gas pipes, prepare igniters,

fix four thermocouple sensors on the upper, left, right

and back surface of the sample, fix the camera at two

proper positions and fix the AE sensor on the back

surface of the sample.

(b) Measure the wind speed at the outdoor test site.

Experiments can begin only when the wind speed at

the ground is less than 0.5 m/s.

(c) Select a fixed trestle to put the flame nozzle and

guarantee that the distance between the flame nozzle

and flame heating surfaces are kept the same during

flame heating for 9 samples. This aims at avoiding

the effects of different distances between the flame

and heating surfaces of samples.

(d) Start the pressure gauge, flow valve and igniter, and

the gas and oxygen into the nozzle at a gradually

steady rate of combustion. For the whole experiment,

different flame temperatures were to be achieved by

controlling the gas and oxygen into the combustion

chamber; the temperatures used are classified into

high flame temperature (1559 �C), medium flame

temperature (1243 �C) and low flame temperature

(899 �C). The exact values of these three flame

temperatures were measured at the flame centre

using an air temperature sensor with the measure-

ment range of - 200–1600 �C as described above.

(e) When the determined flame temperatures are stabi-

lized, place the burner with the fixed position of the

nozzle. Simultaneously, notify the control host

computer of the acoustic emission, camera and

thermocouple to start recording the thermal spalla-

tion process.

(f) End the experiment when either thermal fracturing is

visible or thermal spallation stops.

(g) Collect spalls above powder grade and derive AE,

temperature records, and photographic data.

2.3 Observation and parameters of thermal
spallation

2.3.1 Spallation

During the flame heating, the thermal spallation was

recorded by two cameras. Figure 6 shows two representa-

tive thermal spallation moments when the continuous

spallation occurred and spalls buckled out from the surface

in high velocity with loud popping sounds. Increasing

flame temperature enhanced the popping sounds and

increased the ejection velocity. After a period of thermal

spallation, the heating finished when the spallation stopped,

or fractures normal to the heated surface emerged. Fig-

ures 7, 8, 9 show photographs of the final spallation stage

of 9 shale samples with bedding orientations of 0�, 45� and
90� under 3 flame temperatures. It can be seen that a

roughly circular depression was produced by thermal

spallation in each sample. All samples (except for a sample

with the bedding orientation of 90� at low temperature)
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Fig. 11 The AE signals recorded in the spallation process in the samples with bedding orientation of 45� (Fig. 5): a low temperature-899 �C;
b medium temperature-1243 �C; c high temperature-1559 �C
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Fig. 11 continued
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Fig. 12 The AE signals recorded in the spallation process in the samples with bedding orientation of 90� (Fig. 5): a low temperature-899 �C;
b medium temperature-1243 �C; c high temperature-1559 �C
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Fig. 12 continued

5530 Acta Geotechnica (2024) 19:5517–5543

123



show the emergence of macroscopic fractures. These

thermal fractures grew perpendicularly to the heated sur-

face from the sample interior; their traces were affected by

both flame temperature and bedding directions.

Table 2 lists the recorded spallation parameters and the

dimensions of the spallation-produced depressions. The

spallation (penetration) rate in Table 2 is the spallation

depth increase per second. Generally, increasing flame

temperature can reduce the spallation starting time, dura-

tion, depression diameter and depression depth, but

increase the spallation rate. Notably, the spallation rate for

the sample with bedding orientation of 90� at low flame

temperature is the smallest, which may be a reason why no

tensile fracture is created. As for the recorded moments of

fracture emergence, it was not possible to capture the

precise time of the first fracture appearance in the sample

as there may be a view error and a delay in the moment

when the fracture is noticed. Another observation in Fig. 6

is that only spalls produced by thermal spallation are

observed; there were no traces of mineral melting in

samples.

Previous literature tried to describe the effect of the

flame temperature on the spall shape, weight, microstruc-

ture changes, mineral composition evolution and equiva-

lent aspect ratio. However, given the assumption that

spallation is caused by the crack-produced delamination

with subsequent buckling of the surface layers (see Intro-

duction) the most important parameters are the thickness

and effective diameter of the spalls. Tables 3, 4 show the

results of the measurements of these parameters for the 6

largest spalls above the powder grade for each of the 9

tested samples. As can be seen, increasing flame temper-

ature gradually decreases the spalls thickness and

diameters. The bedding orientation only has a minor

impact on these parameters, showing the least thickness of

spallation in samples with bedding orientation of 45�
independent of the flame temperature.

2.3.2 Acoustic emission

Figures 10, 11, 12 show the recorded amplitudes of AE

signals, spectrum-frequency relationship and cumulative

AE counts in the shale samples during thermal spallation,

where the spectrum is based on the root-power (field) of

Fourier Transform. From low to high flame temperature,

the amplitude of the AE signals increases gradually, which

is consistent with increasing severeness of the spallation

process, i.e. louder popping sounds and more severe spalls

ejections. The spectra show two characteristics: (1) the

main frequency bands are within 200 Hz, which is the

same as the simulated in-situ spallation in the laboratory

[13]; (2) increasing the flame temperature leads to a certain

increase in the pick frequency, showing the spectra grad-

ually moving to the right in the horizonal axis. The

cumulative AE counts are increasing monotonically as

flame heating time increases, which suggests that the whole

thermal spallation process is continuous. From the quali-

tatively different curves of cumulative AE counts, one can

conclude that at a given flame temperature, the continuous

thermal spallation may show different spallation intensi-

ties, which results in the spalls of different diameters and

thicknesses and exact fractures. However, no significant

correlation of AE signals with the bedding orientation can

be detected.

Fig. 13 The geometry and mesh condition for the quarter sample model
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Fig. 14 Temperature field of the model with 3 spallation steps under flame temperature of 1559 �C and time step (the time needed to remove a

spallation layer) of 0.1 s
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3 Finite element modelling

3.1 Model description

To understand the temperature and stress fields induced in

the shale samples during the thermal spallation process, 3D

finite element modelling was carried out using ABAQUS

2021. For calculating thermal stresses, we assume that the

material can be modelled as elastic. For thermal spallation

the elastic formulation gives a healthy balance between

simplicity and accuracy. The assumption about elasticity is

confirmed in Sect. 4 when the determined maximum stress

magnitudes are compared with the UCS. Figures 7, 8, 9

show that the spallation areas are nearly circular. This

suggests that there is an axial symmetry in the problem for

all bedding plane orientations. Given that, it will be

assumed, in the first approximation, that the material is

isotropic both thermally and mechanically. For more

complex, anisotropic constitutive equations used for

localization and shear band see e.g. references [37, 50].

The flame action is modelled by a circular zone of the

flame diameter to which the experimentally measured

Fig. 15 Induced maximum principal thermal stresses (in absolute value, Pa) in the model with 3 spallation steps under flame temperature of

1559 �C and time step (the time needed to remove a spallation layer) of 0.1 s: a step time (time from the beginning of heating) of 0.02 s and

b step time of 0.2 s
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flame temperature is applied. Considering the axial sym-

metry, only a quarter of the sample is modelled, Fig. 13.

The model involves 144,793 elements (C3D8T) that are

8-node thermally coupled hexahedron, trilinear displace-

ment and temperature.

The initial and boundary conditions are: the initial

temperature is 33 �C (it is the weather temperature at the

experiment site) for the whole model except the heated

circle where the temperature is assumed to be equal to the

measured flame temperature. Zero heat fluxes are set for

Symmetry surfaces 1 and 2. There are heat transfer

(transfer coefficient is 25 W/(m2•�C) and radiation (1.0

was set as radiation rate) between other surfaces and

environment except the Symmetry surface 1, Symmetry

surface 2, the flame area and the back surface (the tem-

perature record of back surface remains at the same

weather temperature). Mechanical boundary conditions are

as follows. On Symmetry surface 1: Ux = 0 and

sxy ¼ sxz ¼ 0; on Symmetry surface 2: Uy = 0 and

sxy ¼ syz ¼ 0; other surfaces have the normal and shear

stresses equal to 0.

The photographs of the flame heating site and cumula-

tive AE counts, Sect. 2, suggest that the thermal spallation

process is continuous, characterized by ejection of spalls

with different thicknesses. In this case, after the thin spalls

are ejected from the samples, the flame will heat the newly

created surface, which reinduces thermal stresses almost

immediately. This continuous spallation process is mod-

elled by sequential removal of several thin circular layers

of diameter of the spallation depression. The layer thick-

ness is 0.68 mm, which is the average spallation thickness

observed in the experiments at low flame temperature,

899 �C. After the layer removal, the boundary conditions

on the new surface are: the temperature of new surface is

equal to the flame temperature and the new surface is free

from load.

More difficult is to determine the spallation rate, since

only the time of the first spallation can be exactly deter-

mined from the experimental records, Table 2. So, in the
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Fig. 16 Simulated tensile thermal stresses in shale samples versus different spallation depth under flame temperature of 899 �C and 4 time steps

after: a 3 spallation steps; b 11 spallation steps; c 21 spallation steps
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modelling we tried different time steps (the time needed to

remove a spallation layer) to see how this parameter

impacts on the induced temperature and stress field

characteristics.

3.2 Modelling results

Figure 14 shows the temperature fields for the model with

3 spallation steps (depths) under flame temperature of

1559 �C as functions of spallation time (and the depth).

Obviously, except for the region around the flame zone,

most part of the sample keeps constant temperature equal

to the ambient temperature. It can be seen that the layer

having high temperature is extremely thin and the contin-

uous spallation process does not change this feature. With

increasing spallation time (and the depth), the region

affected by flame heating is still a surface thin layer with a

roughly same depth and diameter, showing local heating

nature of thermal spallation.

Figure 15 presents the maximum principal stresses (in

absolute value) for the model with 3 spallation steps also

under flame temperature of 1559 �C; the negative and

positive numbers refer to compressive and tensile stresses,

respectively. Generally, after putting the flame on the

sample surface, the compressive stresses are generated at a

thin surface layer, while the tensile stresses are induced

under this thin compressed layer. With the continuous

occurrence of spalls, the axisymmetric distribution of

induced stresses stays the same, but the time step of spal-

lation affects the stress values.

Figures 16, 17, 18, 19, 20, 21 show the simulated

maximum thermal stresses (maximum principal stresses in

absolute value) obtained during each spallation step for the

model with 3, 11 and 21 spallation steps under 3 different

flame temperatures and 4 time steps. Under each temper-

ature, the ratios between the induced compressive and

tensile stresses exhibit minor increase with increasing

spallation depth. Changing the flame temperature does not
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Fig. 17 Simulated compressive thermal stresses in shale samples versus different spallation depth under flame temperature of 899 �C and 4 time

steps after: a 3 spallation steps; b 11 spallation steps; c 21 spallation steps
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significantly change the ratios between the induced com-

pressive and tensile stresses, but the ratios of compressive

stress to the UCS are increased gradually, approximately

from 29 to 51%. The evolution of induced stresses versus

spallation depth shows a temperature-independent beha-

viour, which indicates that when the flame temperature is

high enough to produce thermal spallation (but still under

the melting point), the thermal spallation-induced stress

evolution is not directly linked to the flame temperature.

As for the effect of the time step, the smaller the time

step, the greater the tensile stress and the lower the com-

pressive stress induced after the first spallation. Increasing

the time step does not increase the compressive stress

magnitude linearly; the largest compressive stress is seen at

the time step of 0.8 s. Therefore, under a given thickness of

spalls, a smaller spallation rate (larger time step) is less

prone to induce a tensile fracture because smaller tensile

stresses would be induced. This may be a reason for the

absence of fracture for a sample with the bedding orien-

tation of 90� under low flame temperature. Furthermore,

with increasing flame temperature, tensile fracture could be

generated earlier after the flame application because the

induced tensile stresses are larger than the average UTS

value. This is a reason why the spallation duration and

depth reduce with increasing flame temperature.

4 Discussion

We start with the analysis of the maximum magnitudes of

computed tensile and compressive thermal stresses. The

maximum tensile stress shown in Figs. 16, 18 and 20

reaches the magnitudes obviously exceeding the average

uniaxial tensile strength (UTS), Table 1. Therefore, the

tensile stresses generated under the spallation zone are

generally sufficient to generate tensile fractures which are

observed in all cases except one: the sample with bedding

orientation of 90� under low flame temperature. It should

be noted that the formation of tensile fractures could be

affected by local fluctuations of tensile strength. This is a
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Fig. 18 Simulated tensile thermal stresses in shale samples versus different spallation depth under flame temperature of 1243 �C and 4 time steps

after: a 3 spallation steps; b 11 spallation steps; c 21 spallation steps
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strong argument against the tensile fracture mechanism

based on internal moisture: the internal water pressure is

not needed for tensile fracture formation. After all, the

shale samples tested were dried for 3 months still devel-

oping tensile fractures.

Consider now the maximum magnitudes of compressive

thermal stresses. The modelling gives the following ranges,

Table 5.

Given that the average UCS is 113.62 MPa the maxi-

mum compressive thermal stress magnitude is only 51% of

UCS. Since considerable nonlinear effects in rocks under

uniaxial compression start when the load is above half of

UCS (as seen from the stress–strain curves of rock, e.g.

Jaeger et al. [19]), one can conclude that the elastic model

based on the assumption of elastic state of the shale sam-

ples can be accepted.

We now return to the assumed mechanism of thermal

spallation: extensive fracture growth under compression

acting parallel to the free surface, separating a thin layer

from the bulk of the rock with subsequent layer buckling,

Fig. 2. This mechanism is similar to the spallation mech-

anism of a larger scale phenomenon – strain rockburst, e.g.

references [4, 46]. It is remarkable that the stress of rock-

burst initiation is smaller than the rock UCS [1, 29, 31, 35].

Particularly, Martin et al. [28] found that the in situ spal-

lation strength limit is only about 40% ± 10% of UCS.

Recently, Wang et al. [46] have confirmed this spallation

strength range by some analytical solutions from the theory

of rock fracture mechanics. At the same time, our mod-

elling also shows the spallation strength of thermal spal-

lation to be about 29–51% of UCS matching the strength

estimation for in situ spallation.

As discussed above, spallation is eventually caused by

buckling of thin layers separated by fractures growing

parallel to the free (and heated) surface under the action of

major compressive principal stress. Given the axisymmet-

ric compressive stress distribution and nearly axisymmetric

shape of the spallation area this mechanism can be mod-

elled by representing the separated layer as a circular plate

buckled by the action of axisymmetric compressive stress.
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Fig. 19 Simulated compressive thermal stresses in shale samples versus different spallation depth under flame temperature of 1243 �C and 4

time steps after: a 3 spallation steps; b 11 spallation steps; c 21 spallation steps
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Calling the plate radius a and thickness (distance to the

surface) h and assuming clumping of the plate edges the

buckling stress reads (e.g. Timoshenko and Gere [41])

r ¼ 1:22
E

1� v2
h

a

� �2

ð1Þ

where E and v are elastic modulus and Poisson’s ratio of

shale samples, h is the thickness of spalls and a is the

radius of the elastic buckling zone.

Given the measured thickness of the spallation,

h = 0.68 mm and the computed maximum magnitudes of

compressive thermal stress, Figs. 17, 19 and 21, the

buckling diameters d ¼ 2a can be estimated. The results

are presented in Fig. 22. These values are larger than the

measured spall diameters shown in Table 4, which is nat-

ural, since the buckling leads to breakage of the buckling

plate into smaller pieces. Nevertheless, the determined

diameters are on par with the average measured diameters

of the traces on the sample surface after thermal spallation,

which indicate the locally detached and buckled layers.

Furthermore, the determined diameters are smaller than the

diameters of spallation depression zones, which indicates

that the thermal spallation should be of a mosaic nature.

This can be seen as a surface nonuniformity after thermal

spallation, Figs. 7, 8, 9. The surface nonuniformity of

thermal spallation was also experimentally observed in

[17, 36].

It should be noted that we only modelled the flame circle

with the diameter of the burner without considering the

flame spread on the heating surface of the sample. The

spread, however, exists when a flame is jetted on a fixed

wall [3]. Based on the flame temperature distribution [51],

where the spread of flames only causes a larger flame circle

on the wall covered by nearly the same temperature, we

further set the measured flame temperature on the entire

spallation depression for computation of thermal stresses.

Figure 23 shows the computed contours of maximum

principle thermal stresses (in absolute value) for the model
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Fig. 20 Simulated tensile thermal stresses in shale samples versus different spallation depth under flame temperature of 1559 �C and 4 time steps

after: a 3 spallation steps; b 11 spallation steps; c 21 spallation steps
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with the flame spread on the heating surface under flame

temperature of 1559 �C and time step of 0.1 s. As can be

seen, thermal stress magnitudes are almost the same as in

the model without the flame spread, Figs. 20 and 21. The

maximum compressive stress covers the spallation

depression zone, indicating that the entire spallation zone

can buckle under this stress. Spalls flying away could

produce the turbulent flow which affects the gas flow such

that the flame temperature distribution will only be chan-

ged locally [3]. This could result in producing separate

buckling zones with the diameters shown in Fig. 22. This
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Fig. 21 Simulated compressive thermal stresses in shale samples versus different spallation depth under flame temperature of 1559 �C and 4

time steps after: a 3 spallation steps; b 11 spallation steps; c 21 spallation steps
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Fig. 22 Computed buckling diameter of clamped elastic circular plate

versus flame temperatures under 4 time steps. The spall thickness is

assumed to be 0.68 mm and the corresponding average measured

diameters of the spalling trace of local depression surface in the

samples after thermal spallation

Table 5 Computed maximum compressive thermal stress magnitudes

Flame temperature, �C Compressive thermal stress magnitude, MPa

899 28–33

1243 38–46

1559 49–58
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way, the mechanics of mosaic nature of thermal spallation

of rocks can be explained.

Also, we should note that the thermal spallation rates of

9 dry shale samples in Table 2 are comparable with con-

ventional mechanical drilling speeds in the same Longmaxi

shale. The real conventional mechanical drilling informa-

tion obtained from references [2, 52] is listed in Table 6;

these three wells are the typical deep wells in the same

Longmaxi shale, Changning-Weiyuan shale gas extraction

site in Sichuan Basin where we excavated our samples.

Table 7 shows the comparations of our thermal spallation

rate under three flame temperatures to these conventional

mechanical drilling speeds. As can be seen all our thermal

spallation rates under three flame temperatures are near or

even exceed the mechanical drilling speeds, which indi-

cates the competitiveness of thermal spallation drilling.

Moreover, with the increasing buried depth of the Long-

maxi shale, the deep mechanical drilling at horizonal stage

meets considerable challenges such as the low drilling

speed, the difficulty with precise control of drilling tra-

jectory, drilling pipe sticking, frequent trip and severe wear

of drilling bits [14]. Even, the drilling sticking period was

reported to be 50 days for the Z201 well, which increased

the cost and limited the extraction efficiency [33].

Furthermore, the presence of high geo-stresses can

suppress the formation of tensile fractures parallel to the

Fig. 23 The simulated maximum principle thermal stresses (in absolute value, Pa) for the model account for flame spread on the heating surface

under 1559 �C and time step of 0.1 s

Table 6 Drilling information statistics for three production wells in Longmaxi shale reported in the references [2, 52]

Well name Horizonal drilling sage (m) Reservoir temperature

( �C)
Drilling bite Drilling speed (m/h) Drilling period

(d)

Borehole diameter

(mm)

Lu 202 3900–6905 [ 140 PDC bit 1.57 178.53 215.9

Lu 203 3340–5600 [ 145 PDC bit 2.05 106.99 215.9

CS1 – Around 180 PDC bit 0.50 – 241.3

Table 7 The evaluation of thermal spallation rate by comparing to real conventional drilling speeds

Flame

temperature

( �C)

Speed

(cm/s)

Evaluation (comparation to

real well drilling)

Speed

(cm/s)

Evaluation (comparation to

real well drilling)

Averaged rate of thermal

spallation

To Lu

202

To Lu

203

To

CS1

Maximum rate of thermal

spallation

To Lu

202

To Lu

203

To

CS1

899 0.0281 0.64 0.49 2.02 0.0360 0.83 0.63 2.59

1243 0.0324 0.74 0.57 2.05 0.0411 0.94 0.72 2.60

1559 0.0382 0.88 0.67 2.41 0.0425 0.97 0.75 2.68
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flame direction which are detrimental to the process of

thermal spallation, Fig. 2. Subsequently, the thermal spal-

lation drilling can be an ideal method that is technically

feasible and economically beneficial for shale gas extrac-

tion. Parametric analysis of thermal stress distributions in

transversal isotropic material was conducted in our recent

paper focussing on anisotropy of thermal spallation of

rocks [11], which can also help design the exact thermal

spallation drilling method in deep anisotropic shale reser-

voirs. Notably, there are still two main factors that can

possibly affect the thermal spallation drilling speed of deep

shale, pore water [24] and thermal damages induced by

in situ temperature [37]. Under the bottom of vertical well

(horizonal stage), the in situ temperature of Longmaxi

shale with depth over 3500 m (like Lu 202 well and Lu 203

well) is confirmed to be over 100 �C [18]. Guo et al. [10]

showed the reservoir temperature of 100–200 �C covers the

largest buried depth range of 3500–7000m for this Long-

maxi shale. Future work is planned to investigate the effect

of the in situ stress, temperature and pore water on the

thermal spallation rate.

5 Conclusions

Experiments on thermal spallation of dry shale samples

with bedding orientations of 0�, 45� and 90� under open

flame show that continuous thermal spallation is induced

with obvious ejection of different spalls and popping

sounds. Increasing the flame temperature promotes the

ejection, popping sounds and spallation rate. This is con-

sistent with the characteristics of recorded AE pulses.

Furthermore, increasing the flame temperature decreases

the starting moment of thermal spallation, spallation

duration, and the spallation depression diameter and depth.

Tensile fractures are also observed in the shale samples

growing perpendicular to the heated surface. The only case

when the tensile fractures were not observed was a sample

with bedding orientation of 90� under the low flame

temperature.

Thermal elastic 3D finite element modelling shows that

the induced tensile stresses are close to the average tensile

strength of the shale samples. The continuous spallation

process from the beginning of flame action to the spallation

end little changes the axisymmetric distribution of induced

stress field. Under each temperature, the ratios between the

induced compressive stress and tensile stress increase

marginally with the increasing spallation depth. Changing

the flame temperature cannot significantly change the

proportional relation between induced compressive and

tensile stress, but the ratio of induced compressive stress to

the UCS of samples increases, from 29 to 51%. The time

step of the formation of each spallation depth has an

obvious impact on both tensile and compressive thermal

stresses, showing that increasing the time step increases the

induced tensile stress; the largest compressive stress occurs

at the time step of 0.8 s.

The thermal spallation of rocks produced by surface

heating is eventually caused by buckling of thin layers

separated from the bulk of the rock by fractures extensively

growing under the compressive thermal stress. Estimation

of the dimensions of the buckled layer shows that they are

smaller than the diameter of the spallation depression area,

therefore the thermal spallation should be of a mosaic

nature which is confirmed to be produced by the flame

spread on the heating surface. Furthermore, the relationship

between the spallation strength and the UCS of rocks in our

thermal spallation is found to be within the accepted

spallation strength range for in-situ spallation (e.g. strain

rockburst). Thermal spallation rates of shale samples are

comparable with the conventional drilling speeds in the

real shale gas extraction projects.

The obtained results are important for further under-

standing the mechanics of thermal spallation. They can

also assist in understanding large-scale spallation-like

processes in the Earth’s crust and designing rock drilling

and cutting techniques based on thermal spallation, espe-

cially at high depths.
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