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Abstract
The current study shows that heating a cased borehole in low-permeability shale rock can induce plastic deformation, leading 
to the closure of the casing annulus and decreasing annulus connectivity. The thermally induced borehole closure is interest-
ing for the field operation of plug and abandonment (P&A), as it potentially saves operation cost and time by avoiding cutting 
casing and cementing. Lab experiments and numerical simulations are implemented to investigate the thermally induced 
borehole closure. Pierre shale and a field shale are tested. The lab experiments are performed by heating the borehole wall 
in a 10-cm-OD hollow cylinder specimen. Here, a novel experimental setup is applied, allowing for measuring temperature 
and pore pressure at different radii inside the specimen. Both the experimental data and the post-test CT images of the rock 
samples indicate the rock failure by borehole heating, and under certain conditions, heating results in an annulus closure. 
The decrease of hydraulic conductivity through the casing annulus is observed, but this decrease is not enough to form the 
hydraulic-sealed annulus barrier, based on the results obtained so far. Lab-scale finite-element simulations aim to match the 
lab results to obtain poro-elastoplastic parameters. Then the field-scale simulations assess the formation of shale barriers by 
heating in field scenarios. Overall, (i) the lab experiments show that heating a borehole can increase the pore pressure in shale 
and hence induce rock failure; (ii) the numerical simulations match the experimental results reasonably well and indicate 
that the heating-induced borehole closure can sufficiently seal the casing annulus in the field-scale simulation.

Keywords Rock failure · Borehole closure · Plug and abandonment (P&A) · Thermal pressurization · Thermo-poro-
elastoplasticity · Shale rock

1 Introduction

In petroleum engineering, plug and abandonment (P&A), as 
the last operation of a well, aims to isolate the wellbore per-
manently. Unsuccessful implementation of P&A may cause 
fluid leakage, which may escalate to an environmental crisis 
without proper countermeasures. A traditional P&A is chal-
lenging for its capital intensity and time consumption since 
the casing is to be cut and pulled and the cement plug is to 
be set across the borehole as a permanent barrier. Cement 
bond logging (CBL) indicates that the deformation of soft 
rock, shale or mudstone, can form a permanent barrier and 

isolate casing annulus hydraulically (Williams et al. 2009). 
If an effective barrier exists in the casing annulus, the P&A 
standard, for example, NORSOK D-010 (Norsok 2013), only 
requires setting a cement plug inside the casing without cut-
ting and pulling, which can save operation cost and time. 
This study aims to reveal whether heating a cased borehole 
can induce such an effective barrier in the casing annulus.

Thermal pressurization is the major mechanism that has 
the potential to induce failure in low-permeability shale in 
saturated condition: thermally induced pore pressure can 
be built up inside rock due to larger thermal expansion of 
pore fluid than that of rock frame and faster thermal diffu-
sion than pore pressure diffusion (Campanella and Mitchell 
1968; Ghabezloo and Sulem 2009). The intensity of ther-
mally induced pore pressure can be quantified as the thermal 
pressurization coefficient defined as the pore pressure incre-
ment per unit temperature increment (Ghabezloo and Sulem 
2009, 2010). The coefficient mainly depends on the nature 
of the material, the state of stress, the range of temperature 
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change, and the induced damage (Ghabezloo and Sulem 
2009). As a result of thermal pressurization, the effective 
stress applied to the rock frame is decreased and the rock 
can exhibit shear or tensile failure. As shown in Fig. 1, the 
Mohr circle shifts to the left due to the decrease of effec-
tive stress. By increasing the temperature in the formation 
around the borehole, the rock can expand along the radial 
direction but it is restricted to expand in the tangential direc-
tion (the direction perpendicular to the radial one and in the 
same plane perpendicular to the borehole axis). As a result, 
the thermal strain is built up along the radial direction and 
thermal stress is built up in the tangential direction. The 
thermal stress contributes additionally to the total stress in 
the tangential direction and will increase the shear stress 
around the borehole. The increased shear stress can assist in 
rock yield and thus contribute to borehole closure. As shown 
in Fig. 1, the Mohr circle is enlarged while it is shifting to 
the left due to borehole heating. In this study, thermal stress 
is regarded as a minor mechanism. Creep of the rock frame 
is not discussed here.

Circulating mud through the cased borehole or inject-
ing fluid into the reservoir can vary the temperature field 
around the borehole. This has an impact on the borehole 
stability (Stephens and Voight 1982; Wang et al. 1996; Chen 
and Ewy 2005; Hou and Luo 2011; Yan et al. 2014; Kanfar 
et al. 2015; Gao et al. 2017). For example, as the tempera-
ture increases at the borehole wall, both fracture pressure 
and collapse pressure will rise (Yan et al. 2014). The heated 
fluid can cause the effect of thermal pressurization and 
thermal stress buildup as explained previously. The cooled 
fluid inside the borehole may decrease thermal stress. In an 
extreme case, the effective stress may convert to a tensile 
state even without pressurization of pore fluid (Yao et al. 
2017).

Heating inside the borehole results in heat diffusion 
around the borehole. The thermal stress arises in the heated 

rock matrix, which leads to an increase in effective stress. 
Meanwhile, the pore pressure increases due to the thermal 
pressurization, which results in a decrease of the effective 
stress. Thermal stress and thermal pressurization can be 
quantified by the thermal expansion coefficient of the rock 
matrix and the fluid (see Table 1). Since (i) the formation 
fluid has a significantly higher thermal expansion coefficient 
than that of the rock matrix, (ii) the formation is constrained 
by the in-situ stress, and (iii) the permeability of shale is in 
the nano-Darcy range (faster heat diffusion than hydraulic 
diffusion or nearly undrained condition), the overall contri-
butions of the above three factors imply a decrease of effec-
tive stress (see Fig. 1). The thermally induced pore-pressure 
increase for this material exceeds 0.1 MPa/ °C (Chen and 
Ewy 2005; Bauer et al. 2017). Based on the Mohr–Coulomb 
yield criterion, reduction of the effective stress can yield 
rock failure. Shear failure may occur with sufficient shear 
stress (for example due to the stress concentration around the 
borehole). Tensile failure may happen if shear stress is small 
enough and the minimum effective principal stress violates 
the tensile strength (see the illustration in Fig. 1).

After thermoelasticity and poroelasticity has been intro-
duced by Biot’s work (1941, 1955, 1956), many pieces of 

Fig. 1  Rock failure due to the 
pore pressure increase

Table 1  Volumetric thermal expansion coefficients of several miner-
als and water at room temperature

Mineral Volumetric thermal 
expansion coef-
ficient  (10–5/ °C)

Abyssal Red Clay 3.4 (McTigue 1986)
Salt in Salado Formation 1.2 (McTigue 1986)
Quartz 3.3 (Walsh 1973)
Water at 20 °C 25.2 (Sharqawy 

et al. 2010; Nayar 
et al. 2016)
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research have been developed afterward; some are high-
lighted here (for comprehensive reviews see, for example, 
Li 1998 and Uribe-Patiño et al. 2017). Biot’s work has been 
extended by several authors to the thermo-pore-elasticity 
(Rice and Cleary 1976; Bear and Corapcioglu 1981; Pal-
ciauskas and Domenico 1982; Detournay and Cheng 1988; 
Kurashige 1989; McTigue 1990; Coussy 1995; Cui et al. 
1997). Rice and Cleary (1976) reformulated Biot’s model of 
poroelasticity. Kurashige (1989) extended Rice and Cleary’s 
formulation to non-isothermal conditions with different ther-
mal expansion coefficients for pore fluid and solid frame. 
McTigue (1990) formulated the exact solution of thermally 
induced fluid flow around a borehole under plane strain and 
axisymmetric conditions.

Some researchers consider more complicated scenarios 
around the borehole. Detournay and Cheng (1988) obtained 
the fully coupled solution of stress, pore pressure, and dis-
placement of a vertical borehole surrounded by a non-hydro-
static stress field. Wang and Papamichos (1994) formulated 
the transient analytical solution around a circular borehole 
subjected to a quick change of temperature and wellbore 
pressure. Cui et al. (1997) and Li (1998) derived the poroe-
lastic solution for an inclined borehole. Abousleiman and 
Ekbote (2005) formulated the analytical thermo-poroelastic 
solution for the inclined borehole in a transversely isotropic 
medium subjected to an arbitrary stress state.

The research of poroelasticity was also developed in 
another direction: the behavior of saturated rock after fail-
ure. Rice (1975) formulated a plastic stress–strain relation 
with dilatant hardening of the saturated rock mass. Coussy 
(1989) introduced the general theory of thermo-poro-elas-
toplasticity of the saturated porous material by considering 
the plastic porosity. Hueckel and Borsetto (1990) formulated 
the constitutive equations of the thermo-elastoplasticity of 
shale due to heating, which considered the effects of ther-
mal softening and plastic-hardening. Wang and Dusseault 
(1995) analyzed the thermally induced failure in the low-
permeability medium around the borehole, which implies 
that borehole heating can enlarge the plastic zone and vice 
versa. Bauer et al. (2017, 2019) simulated borehole closure 
with rock failure around the borehole by heating the bore-
hole wall.

Either convection or conduction can dominate heat trans-
fer inside a porous medium (e.g. Kurashige 1989; Kanfar 
et al. 2016). Hou and Luo (2011) and Hojka and Dusseault 
(1990) reported that the conduction governs the heat flow 
in porous media when the permeability is smaller than 
 10−15–10−14 m2. The permeability of shale in this study is 
as low as  10−17 m2, so we expect that conduction can be in 
charge of the heat transfer.

The thermal effects on claystone and shale have been 
investigated. Johnston (1987) revealed the physical prop-
erties of the North Sea Malm shale samples at different 

temperatures and pressures and observed that elevated 
temperature can induce more irreversible deformation at 
the same confining pressure. Similar thermal properties of 
Opalinus shale were found by Favero (2017). Bauer et al. 
(2017) also observed similar behavior in a field-shale with 
the stepwise increase of temperature at constant deviatoric 
stress. Zeuch (1983) found that the strength of the Anvil 
Points shale (an oil shale) is inversely proportional to the 
temperature. Mohajerani et al. (2013) developed an appa-
ratus to investigate the thermal pressurization of claystone. 
The results indicate that the thermal pressurization coeffi-
cient is temperature-dependent. Yu et al. (2014) concluded 
a series of field experiments about the thermally induced 
damage zone around a repository for nuclear waste disposal, 
which implies that thermally induced plasticity, swelling, 
and creep are beneficial to seal fractures around the borehole 
and to maintain low permeability of the rock barrier.

Very few papers reported experimental devices that can 
test specimen with hollow cylinder geometry with the influ-
ence of temperature. Salisbury et al. (1991) proposed an 
apparatus testing borehole instability of the hollow cylinder 
specimen with pore pressure control and mud circulation 
control inside the borehole. The apparatus had the ability 
to control the mud temperature, but the tests focused on the 
chemical properties of mud, which induced swelling and 
hydration of the smectite shales. Delage (2013) studied the 
thermal impact with a hollow cylinder triaxial apparatus by 
applying the same confining pressure on the inner and the 
outer lateral surface of the hollow cylindrical specimen and 
the controllable ambient temperature. So far, we have not 
been aware of any laboratory apparatus with a hollow cylin-
drical specimen, which can control the ambient temperature 
and borehole temperature independently and measure the 
temperature and pore pressure inside the rock directly.

The hollow cylinder apparatus introduced in this paper 
provides the possibility to control temperatures at the bore-
hole and at the outer lateral surface independently and to 
monitor temperature and pore pressure at different radial 
positions inside the hollow cylinder specimen.

ABAQUS, a finite-element software, is utilized in the 
numerical part of this study. The constitutive behavior of 
the rock is poroelastic coupled with heat conduction and 
enframed by the Mohr–Coulomb yield criterion and tensile 
failure (Dassault Systèmes 2014). Note that the Biot coef-
ficient is not explicitly defined as one of the simulation input 
but internally computed based on other assigned rock prop-
erties (Haug 2019; Haddad and Eichhubl 2020). This soft-
ware is first used to simulate the lab-scale hollow cylinder 
tests. The simulations aim to match the experimental results. 
The material properties obtained in the lab-scale simulation 
are applied to a field-scale geometry to assess the potential 
of forming a shale barrier by heating the borehole in the 
field condition.
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This paper is organized as follows. Section 2 describes 
the novel experimental setup. Section 3 summarizes the 
experimental results. Section 4 shows the lab-scale and field-
scale simulations. Section 5 discusses several issues about 
lab tests and simulations.

2  Experimental Setup

Borehole heating tests were performed in a hydrostatic com-
paction cell with 10-cm-diameter hollow-cylinder speci-
mens of two types of shales. As shown in Fig. 2, a novel 
experimental setup was developed, allowing for measuring 
temperature and pore pressures at different radial positions 
inside the shale (at 16.25 mm, 27.50 mm, and 38.75 mm 
from the borehole axis). In order to probe pore pressure 
and temperature inside the specimens during heating, small 
holes (1.7 mm diameter) were drilled into the specimen: 
three holes in the vertical direction (parallel to the borehole 
axis) at three different radial positions, and three holes in 
the radial direction (normal to the borehole axis) from the 
outside of the specimen at mid-height with depths corre-
sponding to the radial positions of the pore-pressure sensors 
(Fig. 2a, c).

Steel capillary tubes connected to pore-pressure transduc-
ers were inserted through the bottom endcap into the verti-
cal holes that reach up to the mid-height of the specimen 

(see Fig. 2d). The total dead volume of each pressure sensor 
was less than 0.1 ml, which is sufficiently small for pressure 
measurements in a low-permeability shale, as confirmed by 
Skempton-B test measurements (larger dead volumes would 
result in delayed pressure responses and pressure readings 
that would be smaller than the actual pressure). The Skemp-
ton-B test was performed on an additional Pierre shale with 
hollow cylindrical geometry. The sample was stabilized at 
confining pressure 9 MPa and pore pressure 6 MPa. The 
confining pressure was then increased by 1 MPa for 15 min 
and was held constant for 1 h, then it was reduced to 9 MPa 
again. The pore pressure response at the outermost position 
had an increment of 0.8 MPa. The pore pressure increment 
was somewhat delayed relative to the confining pressure 
increment, which may be ascribed to the low permeability 
around the hole of the sensor. The trend of pore pressure 
time-evolution showed a persistent increase when the con-
fining pressure was held constant, and it is likely that the 
pore pressure response would be significantly higher than 
0.8 MPa if the confining pressure was held longer at this 
elevated level.

A picture of a mounted specimen is shown in Fig. 2b. 
Thermocouples were inserted into the radial holes. To pre-
vent heat convection inside the holes that could have an 
impact on the temperature probed by the thermocouples, 
the thin thermocouple wires were fed through PEEK cap-
illary tubes that were inserted into the radial holes. The 

Fig. 2  a Illustration of the cross-section of the specimen with sensors. 
b Picture of a mounted cylinder specimen. c CT image of a cross-sec-
tion of the specimen illustrating the borehole, the small holes for the 
pore-pressure sensors, and the radial holes for the temperature sen-

sors drawn schematically. d The lower endcap with the O-ring sealed 
capillary tubes that are inserted into the specimen for pore-pressure 
measurements
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thermocouple wires were fed out underneath the sleeve 
by which the specimen was sealed against the confining 
oil. To this end, one of the O-rings between the sleeve 
and endcap was replaced by two layers of vulcanizing 
tape in between which the thermocouple wires are fed 
through. For pore-pressure control on the outside of the 
specimen, a metal mesh is wrapped around the specimen, 
and two pore-pressure ports were inserted into the sleeve 
(shrink sleeve). The axial deformation of the specimen 
was measured by two LVDTs, and from the chain exten-
someter wrapped around the specimen, the radial strain 
was obtained.

An 8-mm-outer-diameter aluminum tube, representing a 
casing, was inserted into the 10-mm-diameter hole of the 
specimen. The casing was heated by an electrical heating 
element (200 W) that was inserted into the casing. The cas-
ing was closed at the bottom for two reasons: (i) the hole 
and the casing were initially filled lamp oil and the oil in the 
annulus was subsequently replaced by flowing brine from 
the bottom to the top. With the closure at the bottom of the 
casing and the brine spill point below the top of the casing, 
the electrical heating element and the wires were not getting 
into contact with brine to avoid a shorting of the heating 
element; (ii) in order to measure the annulus permeability 
and to observe if a hydraulic barrier has formed, a pressure 
difference between the bottom and the top of the hole was 
applied, so it is important that there is no flow through the 
inside of the casing.

As shown in Fig. 3, before exposing the specimens to 
brine, a few MPa confining stress was applied to prevent 
swelling. Subsequently, both the confining pressure and the 
pore pressure were ramped up to the stress state the heating 
tests were carried out. The experiments were carried out 
under hydrostatic stress conditions, and the pressure in the 
hole was the same as the pore pressure on the external lat-
eral surface of the specimen. Heating cycles were performed 
after the specimens were consolidated (stable LVDT and 
radial strain signals), and the pore pressure inside the speci-
men had equilibrated. The temperature of the heating ele-
ments was varied between 100 and 400 °C. Before and after 
the heating cycles the annulus permeability was measured 
by applying a small pressure differential (0.12 MPa) along 
the annulus (induced by sudden small dead-volume changes) 
and measuring the decay of the pressure differential due to 
annulus flow (during the permeability measurements the 
valves in the fluid lines that connect the upper and lower 
end of the borehole to a pump were closed to reduce the 
dead volumes at the upper and lower end of the borehole 
to well-defined values). The details of the measurement of 
the annulus permeability can be found in the work by Fjær 
et al. (2018).

Experiments were carried out both with Pierre shale (out-
crop) and a field-shale from the North Sea. Mineralogical 

properties are measured in the lab and summarized in 
Table 2.

3  Experimental Results

3.1  Pierre‑shale Test

In this test, the pore pressure and the borehole pressure were 
set to 6 MPa and kept constant throughout the test. The con-
fining pressure was initially set to 14 MPa, then stepwise 
increased to 16 MPa and 17 MPa, after that it was decreased 
again to 14 MPa, with heating sequences at each confining 
pressure. The maximum confining pressure was still slightly 
below the confining pressure at which borehole failure was 
expected based on the results from previous hollow-cylinder 
tests with the same material. As pore fluid, brine with 3.5 
wt% NaCl was used. It turned out that no hydraulic barrier 
was formed by borehole heating despite the evidence for 
thermally induced rock failure; the annulus permeability 
measurements did not indicate any measurable reduction in 
permeability throughout the test. The time-evolution of the 
test is shown in Fig. 3. It is evident that during the increase 
(decrease) of confining pressure the pore pressure inside the 
sample increases (decreases), followed by pressure equili-
bration due to drainage into the borehole and the outside of 
the sample that is held at constant pressure (6 MPa).

In Fig. 4, the measured temperature, pressure responses, 
and strain are shown as curves for the different heating 
sequences at different confining pressures and for different 
heating-element temperatures. The heating-element tem-
perature, noticed in each subplot, is controlled by the appa-
ratus rather than a measurement. Note that the temperature 
response at the casing behaves abnormal, as the recorded 
value here is smaller than that at the radius 16.25 mm.

By inspecting the pore-pressure response inside the sam-
ple for the different heating temperatures and confining pres-
sures, it is noted that close to the borehole, the pore pres-
sure strongly increases but reaches a maximum value that 
depends on the confining pressure: the maximum pore pres-
sure increases with confining pressure. This indicates that 
the rock is reaching the failure envelope and deforms plasti-
cally. After the maximum pore pressure has been reached, 
the pore pressure starts to drop even though the tempera-
ture is still increasing. The pressure drop can be attributed 
to dilatancy during failure and the formation of fractures 
(brittle failure) resulting in enhanced drainage. Post-test CT 
images confirm the presence of brittle failure around the 
borehole (see Fig. 5). Prior to failure, thermal pressurization 
coefficient is approximately 0.12 MPa/ °C, which is consist-
ent with thermo-poroelastic theory.

It is interesting to note that the pressure recordings at 
38.75 mm always show a slight pore-pressure reduction 
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just at the moment when the borehole is being heated (see 
the solid lightest grey curve in Fig. 4). A similar phenom-
enon is also reproduced by the numerical simulations in 
Sect. 4. Such non-monotonous development of pore pres-
sure is known as the Mandel-Cryer effect (Mandel 1953; 
Cryer 1963), which is a consequence of poroelastic cou-
pling and the fact that a local deformation has an imme-
diate consequence for stresses in the surrounding rock 
while a local pore pressure disturbance needs some time 
to propagate into the surroundings. Before the temperature 
starts to increase further away from the borehole, resulting 

Fig. 3  Time-evolution of the 
Pierre shale test

Table 2  Mineralogical properties of the shales

TOC total organic content

Shale Depth (m) Total clay 
content 
(%)

Smectite 
content 
(%)

Quartz 
(%)

TOC (%)

Pierre-1 outcrop 47.9 5 26.6 1.1
Field-

shale
1400 85.2 67 5.3 3.3
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in a pore-pressure increase, the heating-induced expansion 
of the area close to the borehole results in stress and strain 
changes outside the heated zone that results in a pore-
pressure decrease: For an isotropic specimen with infinite 
diameter, it can be shown that the mean stress outside the 
heated zone is maintained. However, for a specimen with a 
finite diameter, with the confining pressure kept constant, 
the mean stress is reduced close to the outer surface of the 

specimen, which results in an increase in pore volume and 
thus a pressure reduction (under undrained conditions).

Note that during cooldown, the pore pressure at posi-
tions close to the borehole drops below the initial pore 
pressure, which is attributed to heating-induced dilatancy 
and/or enhanced drainage. During cooldown, a more elastic 
response is expected, which means that the rock dilation dur-
ing rock failure is not reversed (or only partly), resulting in 

Fig. 4  Heating sequences at pconf = 14 MPa (a), 16 MPa (b), 17 MPa (c), and reduced to 14 MPa (d) for the Pierre shale
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Fig. 5  Pre- and post-test photographs and CT images of the sample for Pierre shale
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a pressure drop (in the present case by up to 10 MPa) that is 
larger than the pressure increases during heating. Actually, 
the observed pressure drop during cooldown is in accord-
ance with the expected poroelastic response in the absence 
of plasticity effects. The observation of pore pressures below 
the initial pore pressure after a heating/cooling cycle is 
another strong indication for heating-induced rock failure.

Post-test CT images of the sample clearly show that heat-
ing has resulted in borehole failure and partial closure of 
the annulus (see Fig. 5). This also explains why there was 
some resistance when pulling out the casing after the test. 
However, it is obvious that no shale barrier was formed. 
The sample failed in a brittle way, and the average displace-
ments on the borehole wall were not high enough to form a 
hydraulic barrier.

3.2  1st Field‑shale Test

The 1st field-shale test was carried out at a confining pres-
sure of pconf = 25.8 MPa and pore pressure and borehole 
pressure of pf = pbh = 22.6 MPa, which corresponds approx-
imately to the in-situ stress conditions at the location the 
shale core was taken from. The temperature of the sample 
was brought to around 40 °C (in-situ temperature is about 
46 °C). As pore fluid, brine with 3.4 wt% NaCl was used. 
The time-evolution of the test is shown in Fig. 6. As seen 
in the time-evolution, during the consolidation phase, the 
pore-pressure pump stopped working, which resulted in a 
decrease of pore pressure and borehole pressure (both are 
controlled by the same pump) by about 3 MPa before the ini-
tial pressure was re-established again. Based on experience 
from previous tests with material from the same shale core, 
it is unlikely that this pressure drop has caused borehole 
failure, but it cannot be fully excluded. An annulus perme-
ability measurement confirmed full hydraulic communica-
tion through the annulus.

In Fig.  7, the measured temperature and pressure 
responses are shown during the stepwise heating sequence, 
where the temperature of the heating element was increased 
to 100 °C, 200 °C, 300 °C, and 400 °C (the heating element 
failed at the last stage). The temperature inside the sample 
at the measuring point closest to the borehole (11 mm from 
the borehole wall) increased by about 66 °C throughout the 
heating sequence, while at the measuring point furthest 
away from the borehole (33 mm from the borehole wall), 
the temperature increased by only 13 °C. The pore-pressure 
response was qualitatively the same as for Pierre shale. How-
ever, the pore-pressure increase close to the borehole was 
much smaller than for Pierre shale. This is less likely due 
to the different types of shale but rather due to the differ-
ent stress states. For field-shale, the pore pressure is only 
3.2 MPa smaller than the confining pressure (in the field, 
the shale is over-pressured), while in the Pierre-shale test it 

was 5–8 MPa. The pore-pressure data clearly shows that at 
the location of the innermost pressure sensor, the pressure 
does not exceed 24.2 MPa. Since the field-shale is more 
ductile compared to Pierre shale it can be assumed that the 
rock dilates, and the increase in pore volume balances the 
heat-induced fluid expansion, keeping the rock on the failure 
envelope. As for the field-shale, a thermo-poroelastic model 
that does not include plasticity effects can only account for 
the pore-pressure response during the 1st heating stage 
(heater element at 100 °C) where the thermal pressuriza-
tion coefficient amounted to 0.11 MPa/ °C, similar to that 
found for Pierre shale. At higher heating temperatures, the 
pore-pressure response is strongly influenced by plastic 
rock deformation (see Sect. 4 for numerical simulations). It 
should be noted that the maximum increase in pore pressure 
at the position of the outermost pressure sensor is almost the 
same as at the position closest to the borehole even though 
the local temperature increase is by a factor 5 smaller. Note 
that the pore pressure prior to heating is not the same at the 
three internal pore-pressure sensors, which is probably an 
experimental artifact since there was sufficient time for pres-
sure equilibration prior to borehole heating. Note that there 
is a temperature offset in the casing-temperature data. This 
offset is due to the wrong wiring of the corresponding ther-
mocouple between two electric feed-throughs inside the cell.

With a thermal pressurization coefficient of 
0.11 MPa/ °C, at the position of the innermost sensor, one 
might have expected a pore-pressure drop of about 6.6 MPa 
upon cooldown from 106 °C back to 40 °C since elastic 
rock deformation could be expected during cooldown, as 
observed for Pierre shale. However, the pore-pressure drops 
by only slightly more than 2 MPa. The pore pressure after 
the cooldown is lower than before heating, which indicates 
that non-reversible rock dilatancy has occurred during heat-
ing. However, either the rock dilation was partially reversible 
(opening and closing of cracks), or the permeability during 
cooldown was enhanced resulting in inflow from the bore-
hole, possibly due to the presence of cracks formed during 
heating.

The fact that no barrier was formed upon heating indi-
cates that the thermally induced plastic strain was not high 
enough. The in-situ shear stresses around the borehole are 
rather small for the given field-shale (due to the overpressure 
in the shale formation). The failure point is therefore close 
to the tensile failure criterion where dilatancy is expected to 
increase. Higher dilatancy and tensile fractures would result 
in enhanced pore-pressure decrease which counteracts the 
heating-induced pore-pressure increase, which may limit the 
total amount of plastic rock deformation. Another reason is 
that the particular field-shale is rather soft (Young’s modulus 
is on the order of 0.1 GPa), which means that the thermal 
pressurization coefficient is small and only small thermal 
stresses are established that would increase the shear stress 
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around the borehole and hence move the failure point further 
away from the tensile failure.

Pre- and post-test photographs and CT images of the 
sample are shown in Fig. 8. As revealed by the post-test 
CT images, the annulus around the casing is nearly closed. 
However, some open cracks are seen as an indication of brit-
tle/tensile failure. The presence of cracks explains hydraulic 
communication along the annulus. We cannot exclude the 
possibility that the plastic deformations around the borehole 
happened during the initial loading of the sample, or during 
the borehole-pressure decline by about 3 MPa during the 

consolidation phase when the pore-pressure pump stopped 
working. However, in previous hollow-cylinder tests with 
the same shale type, borehole failure and casing contact was 
only observed when the borehole pressure was reduced by 
more than 7.5 MPa. It is therefore likely that the observed 
rock deformation around the casing was induced by heating.

3.3  2nd Field‑shale Test

The results of the 1st field-shale test showed that borehole 
heating caused rock failure around the borehole and low 

Fig. 6  Time-evolution of the 1st 
field-shale test
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plastic deformations, which was attributed to both a small 
rock stiffness resulting in small thermal stresses and small 
effective stresses. Here, the effective stress denotes the dif-
ference between confining pressure and initial pore pressure. 
Small effective stress results in small shear stress and rock 
failure close to the tensile failure.

In order to check the hypothesis that higher effective 
stresses would result in enhanced heating-induced rock 
deformations and shale-barrier formation, a 2nd test was car-
ried out with the same field-shale at higher effective stress: 
The same confining pressure was applied (pconf = 25.8 MPa), 
and pore pressure and borehole pressure were reduced by 
1.3 MPa to pf = pbh = 21.3 MPa. As pore fluid, brine with 3.5 
wt% NaCl was used. Other than for the 1st field-shale test, 
the compaction cell was kept at room temperature; in this 
way, a larger change in temperature during heating could 
be realized since previous tests showed that the heating ele-
ments often failed at temperatures above 300 °C. To what 
extent the initial temperature of the rock could affect the 
results of borehole heating is to be investigated in a separate 
study.

The time-evolution of the test is shown in Fig. 9, and the 
two subsequent heating cycles were carried out (Fig. 10). In 

the first heating cycle, the temperature of the heating ele-
ment was increased in steps to 100 °C, 200 °C, and 300 °C. 
After several minutes at 300 °C the heating element was 
switched off and the sample cooled down. In the second 
heating cycle, the temperature of the heating element was 
increased in one step to 300 °C. Note that the signal of the 
temperature sensor closest to the borehole was unstable at 
high temperatures.

The pore-pressure response to heating inside the sam-
ple is qualitatively similar to the response measured in the 
1st field-shale test: Close to the borehole the pore pressure 
increases rapidly (with a thermal pressurization coefficient 
of 0.1 MPa/ °C, similar to that of the first test) until a cer-
tain maximum pressure is reached. Subsequently, the pore 
pressure gradually decreases while the temperature is still 
rising, which is attributed to rock failure and dilatancy. In 
the present test, however, the annulus pressure and initial 
pore pressure were lower than in the 1st field-shale test, and 
the maximum increase in pore pressure was larger. On the 
other hand, rock failure occurred at a lower pore pressure: 
while in the 1st field-shale test the pore pressure exceeded 
24 MPa, in the present test during the first heating cycle, it 
only reached a maximum value of 23.3 MPa at a distance 

Fig. 7  Stepwise heating 
sequence of the 1st field-shale 
test
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Fig. 8  Pre- and post-test photographs and CT images of the sample for the 1st field-shale test
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from the borehole axis of 16.25 mm (closest sensor to the 
borehole) and 23.8 MPa at a radius of 27.5 mm. This agrees 
with our expectations as shear stresses around the borehole 
are higher in the present test as compared to the 1st field-
shale test (same confining pressure, lower annulus pressure, 
resulting in a larger Mohr circle), which means that rock 
failure occurs at a smaller absolute pore pressure. The total 
amount of plastic deformation depends on the temperature 
change and the duration of heating, but it also depends on 
the degree of dilatancy, which decreases with increasing 
shear stress and larger distance from the tensile strength of 

the failure envelope. This may explain the enhanced plastic 
deformation and annulus closure in the present test. In fact, 
the first heating cycle resulted in a measurable reduction of 
the annulus permeability from 10 mD to about 2 mD (see 
Fig. 11) whereas no measurable reduction of annulus perme-
ability was observed in the 1st field-shale test.

During the second heating cycle, the pore pressure at the 
innermost sensor reached 24.3 MPa, about 1 MPa more than 
during the first cycle, while further away from the borehole, 
the maximum pore pressures were similar to those reached 
during the first heating cycle. This increase in pore pressure 

Fig. 9  Time-evolution of the 
2nd field-shale test
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Fig. 10  Stepwise heating 
sequences of the 2nd field-shale 
test

Fig. 11  Results of pressure 
pulse-decay measurements of 
the 2nd field-shale test before/
after each heating cycle from 
which the annulus permeability 
can be estimated
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close to the borehole can possibly be explained by the clo-
sure of the annulus during the first heating cycle and the 
build-up of radial stress during the second heating cycle, 
resulting in reduced shear stress and hence higher pore 
pressures to bring the rock to failure. It turned out that the 
second heating cycle resulted in a further reduction of the 
annulus permeability to approximately 0.2 mD (see pulse-
decay data in Fig. 11). The obtained annulus permeability 
is still about an order of magnitude higher than the perme-
ability of cement and would therefore not be low enough for 
a shale barrier. However, the present test shows that heating 
under the right conditions can result in annulus closure and 
significantly reduce the annulus permeability. Further stud-
ies are needed to find out how the annulus permeability can 
be further reduced (multiple heating cycles, higher tempera-
tures, etc.) to form a shale barrier with a permeability on the 
order of 0.01 mD.

Overall, the temperature and pore-pressure data from the 
1st and 2nd field-shale tests seem to be consistent within 
a certain variability of rock properties, and the differences 
in pore-pressure changes and plastic deformations around 
the borehole can be attributed to the different stress, pore-
pressure, and annulus-pressure conditions under which the 
tests were performed.

The pre- and post-test photographs and CT images are 
shown in Fig. 12. While in the upper and lower part of the 
sample the annulus is still open, it is closed in the center part 
of the sample where the heating is strongest (at the top and 
the bottom the sample is in contact with the steel endcaps 
that act as heat sinks). But even in the central part of the 
sample, there are some small openings and cracks visible 
in the CT images that explain why a full hydraulic seal was 
not achieved (it should be noted that the images were taken 
after the confining pressure was relieved and the sample was 
dismounted so that some of the cracks could have formed 
during stress relief).

4  Numerical Simulations

The finite-element code ABAQUS is applied in this study 
aiming to best match the step-heating sequences of the lab 
tests described in Sect. 3, specifically to match the time-
evolution of the temperature and the pore-pressure at the 
thermocouples and the pore-pressure sensors inside the 
samples. The following assumptions/simplifications are 
introduced: The rock is the only material simulated which 
is governed by the thermo-poro-elasticity with Mohr–Cou-
lomb criterion (shear yield function) and a tensile failure 
function (see Chapter 1). Other components in the test, for 
example, the heating tool, endcaps, and the confining fluid 
are as accounted for by the corresponding boundary condi-
tions. Isotropic in-situ stress and pore pressure are applied, 

and the rock is assumed to be isotropic and homogeneous, 
so the hollow cylindrical geometry can be simplified to an 
axisymmetric rectangle, which boosts simulation speed dra-
matically. Most of the material properties are assumed to 
be constant, except for the cohesion (plastic strain depend-
ency), the thermal expansion coefficient of water (tem-
perature dependency), and the water bulk modulus (tem-
perature dependency). The material properties used in the 
simulations originate from two sources. Some properties are 
measured in the lab. For those properties that could not be 
measured locally, values of properties are referred from lit-
erature and public databases. Due to the rock heterogeneity, 
the parameters measured from the triaxial tests maybe not 
fully represent the samples tested in the current study. For 
the field-shale, the values of two properties (Young’s modu-
lus and permeability) are modified due to some uncertainty 
to quantify them, so that the current matches are achieved. 
Quantitative parameter fitting (such as the least-squares 
method) was not considered to be suitable for matching the 
lab-scale simulation and the lab results in this case. Instead, 
we applied the rule of thumb that the properties with confi-
dent sources were kept fixed and applied a ’trial and error’ 
fitting procedure for those parameters with large uncertainty, 
aiming for a qualitative match. The purpose of this proce-
dure was not to search for fine-tuned parameter values but to 
demonstrate that the applied model equipped with reason-
able parameter values was able to reproduce the observations 
with reasonable precision. The set of parameters from the 
lab-scale simulation is then implemented in simulations with 
field-scale geometry to evaluate the potential of borehole 
closure in the field condition.

4.1  Simulations on the Basis of Lab Tests

The lab-scale simulations focus on the stepwise heating 
sequences (see Figs. 4d, 7, 10). In the simulations, the hol-
low cylindrical specimen is simplified as a rectangle by 
assuming axisymmetric geometry (see Fig. 13). The ele-
ment size is 1 mm by 1 mm. 50 elements are distributed 
evenly along the radial direction, and 100 elements are dis-
tributed evenly along the axial direction. Initially, the pore 
pressure and temperature are constant everywhere inside the 
specimen. The hydraulic confining pressure, the borehole 
pressure (equivalent to the pore pressure at the borehole), 
and the pore pressure are kept constant on the boundaries 
during heating. From the borehole axis to the outer bound-
ary, the positions of the sensor are named S1, S2, and S3 for 
convenience.

The initial conditions, the boundary conditions, the con-
stitutive parameters, and the stepwise heating sequence are 
summarized in Tables 3, 4, 5, 6, 7, 8. The initial condi-
tions, the boundary conditions, and the stepwise heating 
sequence correspond to the lab tests in the previous section. 
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The constitutive parameters (rock density, porosity, Young’s 
modulus, Poisson’s ratio, grain bulk modulus, internal fric-
tion angle, and dilation angle) were measured in the lab 
with material from the same rock. Cohesion hardening/sof-
tening is modified, based on results from triaxial lab tests, 
to match the pore pressure data in this study. Permeability 
is also evaluated based on the tests in this study. Tensile 
strength is assumed very low for soft rocks such as shale. 
Sharqawy et al. (2010) and Nayar et al. (2016) investigated 
the correlations of seawater properties with respect to salin-
ity, temperature, and pressure based on a series of lab tests, 
from which we determined the pore fluid properties (density, 

specific heat capacity, conductivity, dynamic viscosity, and 
thermal expansion coefficient). Robertson (1988) provided 
rock-related specific heat capacity, conductivity, and thermal 
expansion coefficient. The water bulk modulus was evalu-
ated based on the work by Batzle and Wang (1992).

4.1.1  Simulation of Pierre‑shale

Figure 14 shows the match of temperature time-evolution 
based on the stepwise heating sequence of Pierre shale. The 
temperature match at S1 (the innermost sensor) is fairly 
good. At S2 (the intermediate sensor) and S3 (the outermost 

Fig. 12  Pre- and post-test photographs and CT images of the sample for the 2nd field-shale
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sensor), the temperatures are slightly underestimated. 
Matching the pore pressure response is difficult since the 
rock failure has a strong impact on the pore pressure. Nev-
ertheless, given all the uncertainties of the plasticity model 
and the experimental errors, we believe that Fig. 15 shows 
the acceptable pore pressure match. Figure 16 shows the 
thermally induced enlargement of the plastic zone at the end 
of each heating step and subsequent holding sequence. These 

three moments are denoted as A, B, and C in Fig. 14. At the 
end of the simulation, S1 is located inside the plastic zone.

4.1.2  Simulation of the First Field‑shale

Figures 17, 18 show the temperature and the pore pressure 
match for the 1st field-shale. The temperature match is even 
better than that of the Pierre-shale, but the pore pressure was 
more difficult to match. Especially during the last holding 
sequence at S1, the measured pore pressure decreases while 
the simulation shows an increase. By comparing the simula-
tions of the 1st and the 2nd field-shale (shown in the next 
subsection), we conclude that the uncertainties of Young’s 
modulus and the permeability, as well as the variation of 
permeability during heating ignored in the present simu-
lations, play important roles in the simulation of the pore 
pressure.

4.1.3  Simulation of the Second field‑shale

For the 2nd field-shale simulation, the stiffness (Young’s 
modulus) had to be increased, and the permeability had to 
be decreased to get a good match with the experimental data 
(see Table 4). Figure 19 shows the match of temperature is 
still good enough, except part of the experimental data is not 
available at S1. In Fig. 20, the measured pore pressure at S1 
is compared to the simulated ones with two permeabilities: 
90 nD (dash) and 120 nD (dash-dot). At S2 and S3, only 
the pore pressure time-evolution simulated with 90 nD is 
shown (dashed line). The time-evolution of pore pressure 
with 120 nD is omitted in Fig. 20, as they behave similarly 
to those of 90 nD with a lower increase of pore pressure and 
a quicker diffusion. As for the first sample, matching of the 
pore pressure response at S1, S2, and S3 was a challenge. 
For this sample, we tried to obtain a good match at S1 with 
the expense of large mismatches at S2 and S3.

The lab-scale simulations of the stepwise heating 
sequences reflect thermo-hydro-mechanical behavior of the 
saturated rock with elastoplastic failure: the first step of heat-
ing mainly induces thermal pressurization in the poroelastic 
medium and produces an elastic response; the second step 
of heating enhances the thermally affected zone around the 
borehole, and triggers thermally induced rock failure; the 
third step of heating intensifies the effect of thermal pres-
surization, resulting in more extensive rock failure and hav-
ing a large impact on pressure diffusion.

4.2  Field‑scale Simulation

The simulations in Sect. 4.1 aims to evaluate the consti-
tutive parameters of the rocks to be applied in the field-
scale simulations. The field-scale geometry is described 
in Fig. 21 as an axisymmetric rectangle with 31.1 cm 

Fig. 13  The axisymmetric geometry of the hollow cylindrical sample. 
Three dots indicate the positions of sensors located at 16.25 mm (S1), 
27.50 mm (S2), and 38.75 mm (S3) from the borehole axis

Table 3  Initial condition and boundary condition

Initial/boundary 
condition

Pierre shale 1st field-shale 2nd field-shale

Initial temperature 
(°C)

20.0 40.0 19.6

Initial pore pressure 
(MPa)

6.0 22.6 21.3

Borehole pressure 
(MPa)

6.0 22.6 21.3

Confining pressure 
(MPa)

14.0 25.8 25.8
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(12–1/4 inch) borehole diameter, 3 m outer boundary, and 
30 m height along the borehole axis. 21 elements follow 
a geometric sequence along the radial direction, and 1000 
elements are distributed evenly along the axial direction. 
Instead of heating the entire borehole wall as in the lab-
scale simulations, only a 10 m section in the center is 
heated in the field-scale simulations. All the field-shale 
inputs listed in Table 3, 4, 5, 6, 7 are used for the field-
scale simulation, except for those as follows. The in-situ 
temperature applied here is 46 °C, and the in-situ vertical 
stress is 28.3 MPa based on the field assessment. Note that 
the in-situ horizontal stress equals to the confining pres-
sure mentioned in Table 3. The heating process is fairly 
simple: The temperature at the borehole wall is increased 
linearly from in-situ temperature to the target temperature 
over 10 h, then the temperature on the borehole wall is 
held constant for the next 100 h. 250 °C is the target tem-
perature in the benchmark simulation, which is changed in 
the range of 200–350 °C in the parametric analysis later. 

Table 4  Constitutive parameters Pierre shale 1st field-shale 2nd field-shale

Density—rock (solid grain) (kg/m3) 2375 2691 2691
Density—fluid (kg/m3) 1000 1000 1000
Specific heat capacity—rock (solid grain) [J/(kg K)] 900.0 940 940
Specific heat capacity—fluid [J/(kg K)] 4180 4021 4021
Conductivity—rock (solid grain) [W/(m K)] 1.13 0.76 0.76
Conductivity—fluid [W/(m K)] 0.60 0.66 0.66
Dynamic viscosity  [10–3 kg/m/s] 1.00 0.35 0.35
Young’s modulus (drained) (GPa) 1.00 0.13 0.53
Poisson’s ratio (drained) (-) 0.30 0.42 0.42
Linear coefficient of thermal expansion—rock  (10–5/°C) 1.0 1.0 1.0
Linear coefficient of thermal expansion —water  (10–5/°C) Table 5
Porosity (%) 20.0 39.7 39.7
Grain bulk modulus (GPa) 36.20 16.07 16.07
Water bulk modulus (GPa) Table 6
Permeability, nano-Darcy 30 300 90 and 120
Internal friction angle (°) 30.00 12.00 12.00
Dilation angle (°) 13.00 8.47 8.47
Cohesion (MPa) Table 7
Tensile strength (MPa) – 0.1 0.1

Table 5  Linear coefficient of thermal expansion—water

Temperature (°C) Pierre shale  (10–5/°C) 1st and 2nd field-
shale  (10–5/°C)

10 2.9 5.7
20 6.9 8.4
30 10.1 11.0
40 12.8 13.2
50 15.2 15.3
60 17.4 17.2
70 19.4 18.9
80 21.3 20.5
90 23.2 22.0
100 – 23.4
110 – 24.8
120 – 26.2

Table 6  Water bulk modulus

Temperature (°C) Pierre shale, 1st, and 
2nd field-shale (GPa)

0.0 2.06
20.0 2.27
48.9 2.35
93.3 2.19

Table 7  Cohesion hardening/softening versus equivalent plastic strain

Equivalent plas-
tic strain (–)

Pierre shale 
(MPa)

Equivalent plas-
tic strain (–)

1st, and 2nd 
field-shale 
(MPa)

0.000 1.4 0.000 1.20
0.001 1.5 0.101 0.68
0.002 1.6 0.380 0.68
– – 0.480 0.48
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Figure 22 shows the thermally induced progressive bore-
hole closure with field-scale geometry based on the rock 
properties obtained from the 1st and the 2nd field-shale 
laboratory tests (permeability for the 2nd field-shale is 
90 nD). The results indicate that the properties of the 2nd 
field-shale sample (higher stiffness, lower permeability) 
lead to a larger reduction of the borehole radius and thus 
a higher potential for the formation of a shale barrier.

For a 9–5/8 inch (24.5  cm) casing in a 12–1/4 inch 
(31.1 cm) borehole, the width of the casing annulus is about 
3.3 cm (20% of the borehole radius). Therefore, the simu-
lated displacement at the borehole wall has to be larger than 
this value for a rock-casing contact (note that a casing is not 
included in the simulations, so the displacement at the bore-
hole wall can exceed 3.3 cm). Figure 23 shows the thermally 
induced radial displacement at the borehole wall when the 
target temperature is held for 100 h, which indicates that for 

temperatures higher than 200 °C the rock around the casing 
is expected to get into contact with the casing.

5  Discussion

Based on the lab results and numerical simulations, several 
issues will be discussed first, which help to understand the 
thermally induced rock behavior. The simulation of thermal-
induced pore pressure in elastic rock is helpful to address the 
importance of rock failure on pore pressure development. 
Several parametric analyses are shown after that. Note that 
the major purpose is not to reveal the most sensitive and 
dominant properties for reproducing lab results or field-scale 
borehole closure. Otherwise, parameters like the thermal 
expansion coefficient should have been considered in the 
parametric analysis. The parametric analyses of friction 

Table 8  Heating-holding 
sequence

Pierre shale 1st field-shale 2nd field-shale

Stage Stage time (min) Temp (°C) Stage 
time 
(min)

Temp (°C) Stage time (min) Temp (°C)

Initial 0.00 20.0 0.00 41.5 0.00 20.0
Heating 1 0.63 72.0 1.50 87.0 0.50 85.6
Holding 1 34.57 72.0 7.50 87.0 3.33 85.6
Heating 2 0.63 140.0 1.17 155.0 0.67 162.5
Holding 2 14.00 140.0 6.17 155.0 1.83 162.5
Heating 3 0.63 201.0 1.50 220.0 0.83 232.0
Holding 3 10.42 201.0 5.83 234.0 11.67 240.0

Fig. 14  Matching temperature 
time-evolution at S1–S3 for 
Pierre shale. Solid—experi-
ment; dash—simulation
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angle and dilation aim to reveal whether shear failure or 
tensile failure happens or dominates the thermally induced 
rock yield. Young’s modulus and permeability of the field 
shale are quantified with large uncertainty. The paramet-
ric analyses aim to show how large the uncertainty affects 
borehole closure. In the second part of this section, poten-
tial applications and future work are mentioned, regarding 
the heating source, rock-casing contact, shale creep, brittle/
ductile failure, and borehole closure induced by decreasing 
annulus pressure.

The experimental interpretation in Sect. 3 indicates that 
heating can make the specimen fail around the borehole. 
Rock failure induces dilation and fracturing and enhances 
drainage, which prevents further increment of thermally 
induced pore pressure. If the heated rock did not fail, a 
higher pore pressure should have been observed. Figure 24 
shows the pore pressure time-evolution considering purely 
elastic rock, in comparison to the observations and simula-
tions shown in Fig. 18. At the innermost sensor in the first 
heating-holding stage, the pore pressure increment simulated 

Fig. 15  Matching pore pressure 
time-evolution at S1–S3 for 
Pierre shale. Solid—experi-
ment; dash—simulation

Fig. 16  Active plastic zone 
(dark grey) at the end of the 
holding sequences after each 
heating step for Pierre shale. 
Frames a, b, and c correspond 
to the moments shown in 
Fig. 14
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in the elastic rock is consistent with the lab result, and the 
simulation result in elastoplastic rock. The temperature at 
this stage is not high enough so that the rock behaves elasti-
cally. As the heating temperature increases further in the 
second and the third stage, the simulated pore pressure in 
the elastic rock deviates from that of the lab result and the 
simulation in the elastoplastic rock. At the intermediate sen-
sor, the two curves of simulations match each other well 
until the second holding stage. After that, the pore pressure 

in the elastic rock goes higher than that in the elastoplastic 
rock. This can be explained as an influence from the pore 
pressure at the innermost sensor. At the outermost sensor, 
the two simulation curves match each other well, since both 
behave elastically and the location is far from the innermost 
sensor. Figure 24 separates the poroelastic behavior from 
the poro-elastoplastic behavior, which indicates that the 
heating-induced rock failure is an important variable for the 
interpretation of the observations in the lab.

Fig. 17  Matching temperature 
time-evolution at S1–S3 for the 
1st field-shale. Solid-experi-
ment; dash-simulation

Fig. 18  Matching pore-pressure 
time-evolution at S1–S3 for the 
1st field-shale. Solid-experi-
ment; dash-simulation
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The experimental analysis of the 1st field-shale (see 
details in Sect. 3.2) indicates that the effective stress of rock 
failure around the borehole is near the tensile failure, which 
further implies that the borehole closure should be insensi-
tive to the internal friction angle, the critical parameter of 
the Mohr–Coulomb criterion. Graphically, referring to the 
situation of a small Mohr circle in Fig. 1, the thermal pres-
surization decreases the effective stress but keeps the shear 

stress nearly the same, which results in the Mohr circle shift-
ing to the left, and tensile failure or shear failure close to the 
tensile strength may happen. If tensile failure happens, the 
internal friction angle will have no effect on the failure pro-
cess; if shear failure happens close to the tensile yield crite-
rion, the yield strength should be insensitive to the variation 
of the internal friction angle. In both scenarios, the internal 
friction angle should not dominate the thermally induced 

Fig. 19  Matching temperature 
time-evolution at S1–S3 for the 
2nd field-shale. Solid-experi-
ment; dash-simulation

Fig. 20  Matching pore-pressure 
time-evolution at S1–S3 for the 
2nd field-shale. Solid-exper-
iment; dash-simulation with 
90 nD; dash-dot: simulation 
with 120 nD
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failure around the borehole. Figure 25 shows the parametric 
analysis of the internal friction angle based on the 1st field-
shale test with the field-scale geometry, which proves the 
aforementioned analysis that the internal friction angle only 
contributes a limited amount to the borehole displacement. 
It is worth to notice that the observed small dependence 
on the internal friction angle is reasonable: as the friction 
angle decreases, the plastic region expands, which indicates 
enhanced plastic strain around the borehole.

A parametric analysis was carried out for the dilation 
angle, another critical parameter in the Mohr–Coulomb yield 
criterion. Figure 26 reveals that the borehole displacement 
is also not very sensitive to the dilation angle. We ascribe 
this result to the same reason as for the internal friction 
angle: tensile failure rather than shear failure dominates the 
borehole failure. In Fig. 26, it is seen that a higher dilation 
angle results in a lower borehole displacement, which can 
be explained in the following way: the dilation angle gives 
the ratio of the plastic volumetric strain to the plastic shear 
strain (Vermeer and de Borst 1984). A larger dilation angle 
implies a larger volumetric expansion of the rock resulting 
in an increase of pore volume (or permeability) and thus a 
decrease of pore pressure (enhanced drainage), which coun-
teracts the increase of thermally induced pore-pressure and 
prevents rock failure in a further step. The result is less dis-
placement at the borehole.

In the following, the impact of permeability will be 
discussed. The permeability applied in the simulation of 
the 1st field-shale was 300 nD, higher than the perme-
ability (90 or 120 nD) used in the simulations of the 2nd 
field-shale test. Possibly during the consolidation stage of 

Fig. 21  The axisymmetric geometry of the field-scale simulation and 
the meshes

Fig. 22  Simulation of field-
scale borehole closure for 
heating of the borehole wall to 
250 °C based on rock properties 
obtained from the 1st and the 
2nd field-shale test
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the 1st field-shale test, the permeability around the bore-
hole was enhanced due to the rock failure, triggered by 
an unforeseen pump stop resulting in a decrease of the 
borehole pressure (see Fig. 6). In the 2nd test of the field-
shale, a similar event was avoided. Due to the dilatancy 
of the rock failure around the borehole, the porosity is 
expected to increase, which will, in turn, enhance the per-
meability of the rock (for example Collins 1976 and Costa 
2006). In addition, the formation of cracks during rock 
failure results in a permeability increase. However, the 

numerical model used for the present simulations did not 
allow for a variable permeability that would depend on 
rock failure. To observe the effect of permeability, in the 
simulation of the 2nd field-shale test, we tried to match 
the pore pressure at S1 with two constant permeabilities, 
90 nD and 120 nD. The simulation with 90 nD matches the 
first and the second heating sequence better, and the simu-
lation with 120 nD matches the third heating sequence 
better (see Fig. 20). This indicates that the permeability 
increased during the third heating sequence, which agrees 

Fig. 23  Displacement at the 
borehole after 110-h heating at 
different temperatures

Fig. 24  Pore pressure time-evo-
lution in elastic rock behavior 
based on the 1st field-shale. 
Solid-experiment; dash-simula-
tion; dot-simulation elastic
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with the explanation that rock failure and plasticity result 
in a permeability increase.

Figure 27 shows the simulation of the thermally induced 
borehole deformation with different permeabilities (90 nD, 
300 nD, and 9000 nD). By only comparing the results for 
90 nD and 300 nD, it is seen that lower permeability results 
in enhanced borehole-wall displacements at low target tem-
peratures (in this example lower than 230 °C), which agrees 
with our expectation: lower permeability implies high ther-
mal pressurization near the borehole that can contribute to 

rock failure. Surprisingly when the target temperature is 
higher than 230 °C, high permeability is more beneficial for 
borehole closure. We explain this observation as follows: 
a higher permeability can enhance the thermally induced 
pore-pressure diffusion resulting in a larger thermal-affected 
area around the borehole. When the heating temperature is 
high enough, the thermal pressurization will result in plastic 
yield in this enlarged area (not only the rock very close to 
the borehole), which in turn contributes to more borehole 
closure. However, if the permeability is too high borehole 

Fig. 25  Borehole displacement 
with different internal friction 
angles based on the 1st field-
shale with the field-geometry 
(heating up to 250 °C in 10 h 
and holding for 100 h)

Fig. 26  Borehole displacement 
with different dilation angles 
based on the 1st field-shale 
parameter with field-geometry 
(heating up to 250 °C in 10 h 
and holding for 100 h)
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closure is impossible as seen in the simulation with 9000 nD 
in Fig. 27: the pore pressure reaches equilibrium quickly and 
almost no thermally induced failure happens.

In addition to permeabilities, Young’s moduli were dif-
ferent in the two field-shale simulations. Young’s modulus 
of the field-shale (0.13 GPa) is evaluated from Hooke’s law 
based on an undrained loading–unloading triaxial test. The 
rock specimen is assumed to be isotropic (while it is actu-
ally anisotropic), so the evaluation contains an uncertainty. 

In the simulation of the 2nd field-shale, Young’s modulus is 
increased to 0.53 GPa after several trials, which can lead to 
a better time-evolution of the pore pressure. The sensitivity 
analysis reveals a clear dependence of borehole closure on 
Young’s modulus: as seen in Fig. 28, based on the 1st field-
shale test, a lower Young’s modulus (softer rock) results 
in larger borehole-wall displacement within the tempera-
ture range 200–350 °C. Based on the 2nd field-shale test, 
we obtain a similar conclusion as in the 1st test. However, 

Fig. 27  Large-time (110 h) dis-
placement at the borehole with 
permeability 90 nD, 300 nD, 
and 9000 nD

Fig. 28  Displacement at the 
borehole wall after 110 h with 
different Young’s moduli based 
on both field-shale tests (For the 
2nd field-shale, the simulation 
with Young’s modulus 0.13 GPa 
is difficult to converge, so is 
substituted by 0.3 GPa, which 
does not affect the conclusion 
qualitatively)
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when the heating temperature is below 200 °C, a higher 
Young’s modulus (stiffer rock) results in a larger borehole-
wall displacement.

Young’s modulus can contribute to the borehole closure 
by two mechanisms. (i) Through Hooke’s law, the higher 
Young’s modulus indicates smaller rock deformation for 
the same stress change. (ii) Through the thermal stress, 
the higher Young’s modulus results in a larger Mohr cir-
cle (shear stress concentration) while the formation around 
the borehole is heated (see the explanation of thermal stress 
in Sect. 1). The enlarged Mohr circle indicates a higher 
potential for shear failure. We observe that the influence of 
Young’s modulus via these two mechanisms are the oppo-
site. Below or above a specific temperature (200 °C based 
on the 2nd test), one of the mechanisms contributes more 
than the other.

For the 1st field-shale, the initial shear stress around the 
borehole is less than that of the 2nd field-shale. Thus when 
the borehole-wall is heated, it is possible that the tensile fail-
ure rather than the shear failure dominates the failure process 
(Figs. 25,  26 show that shear failure also contributes to the 
borehole closure but with limited contribution). Therefore, 
even though the increase of Young’s modulus enhances the 
shear stress around the borehole, it only results in the lim-
ited shear failure close to the borehole. Consequently, higher 
Young’s modulus results in less borehole closure through 
Hooke’s law.

For the 2nd field-shale, the initial shear stress around the 
borehole is larger, which enhances shear failure especially 
with the thermal-induced shear stress. Both simulations 
with a stiff and soft rock in the 2nd field-shale show a larger 
borehole closure than that based on the 1st field-shale. It 
even can be expected that when the heating temperature is 
lower than 200 °C, the borehole closure with stiff rock is 
larger than that with soft rock, which indicates that higher 
Young’s modulus results in more borehole closure through 
the thermal stress.

A cross-comparison of stiff rock based on both field-
shales (either black or grey curves in Fig. 28) shows that 
shear stress/failure indeed enhances the borehole closure, 
and the impact of temperature is almost consistent with dif-
ferent states of shear stress.

Except for the specific discussions based on the lab tests 
and the simulations, several open questions will be addressed 
here as indications for the future work.

Two potential heating sources may be considered: (i) 
From production fluid during the life cycle of oil/gas pro-
duction; ii. From a source provided on purpose as a part of 
P&A. In the first scenario, the production fluid takes the 
thermal energy from the reservoir and heats the shale rock 
at the shallower formation. This type of heating is very 
mild due to the limited temperature gradient and due to the 
dissipation of thermal energy during fluid transportation. 

The pore pressure in the shale can be in balance as it has 
enough time for diffusion. As a result, thermal pressuri-
zation will be limited to induce rock failure and heating 
efficiency can be a challenge. In the second scenario, an 
artificial heating tool can be run into the wellbore and 
heat the shale rock intensively. This heating source may be 
chemical-driven or electrical-driven. No matter in which 
way it is driven, the controllable artificial heating tool is 
a challenge. Very little information has been obtained in 
the literature review, which may call for in-depth research 
in the future.

The current study mainly focuses on how the thermal 
pressurization can induce borehole failure and hence trigger 
the borehole closure. If the displacement at the borehole wall 
is large enough to reach the casing, a rock-casing contact 
will be established (Xie et al. 2018). The formation of rock-
casing contact should be studied further, as a weak contact 
may indicate that the rock-casing surface is a potential leak-
age path.

The rock is assumed as a plastic material in this study, 
which indicates that when the failure happens around the 
borehole the rock deformation happens instantaneously. In 
fact, the time-dependent borehole closure shown in Fig. 22 
is due to diffusion rather than creep (the time-dependent 
deformation under a certain load) of the rock frame. Litera-
ture indicates the importance of shale creep (Chen and Small 
2008; Sone and Zoback 2013; Lund and Kleiven 2016; 
Farhat et al. 2016, 2017; Nopola and Roberts 2016). Future 
work should focus on extending the elastoplastic rock model 
to a viscoelastic-plastic model (Liu et al. 2016; Shahsavari 
et al. 2016) or an elasto-viscoplastic one (Xie et al. 2019).

The current simulation uses perfect plasticity and is not 
able to tell the difference between brittle failure and duc-
tile failure. Brittle failure observed in Pierre Shale has an 
adverse effect on the formation of shale barrier as brittle 
failure results in the formation of cracks that can provide 
hydraulic pathways resulting in an enhanced drainage area 
around the borehole and stabilize the pressure in the shale 
(a reduction of pore pressure moves the effective stress state 
away from the failure envelope). The field-shale used in this 
work is much softer, weaker and more ductile than the Pierre 
shale. Due to the ductile behavior, fewer cracks and fractures 
are created under failure so that thermal pressurization is 
maintained. Ductile shale is therefore a good candidate for 
the formation of thermally induced shale barrier.

A decrease of annulus pressure can trigger borehole clo-
sure due to shear stress concentration around the borehole 
(Fjær et al. 2008, 2018). In this study, we kept the borehole 
pressure constant. As an extension for both lab tests and 
simulations, the borehole pressure can be dropped to a lower 
level before or during heating, so the stress concentration 
can be enhanced, which in principle can induce more plastic 
deformation around the borehole.
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6  Conclusion

This study aims to reveal whether heating can induce bore-
hole closure. In low-permeability rocks, thermal diffusion 
is faster than pore-pressure diffusion. As a result, the pore 
pressure increases in the rock around the borehole during 
borehole heating, bringing the rock to shear or tensile fail-
ure. If the plastic deformations are large enough, the annulus 
between rock and casing can close.

In total, three samples, one Pierre-shale sample, and two 
field-shale samples from the North Sea, were tested in the 
lab. Before and after the test, CT images of the samples were 
obtained. During the test, temperatures, pore pressures, and 
strains were recorded. The CT images and the time-evolu-
tion of the pore pressures indicate that heating can result 
in rock failure around the borehole and to a various extent 
in borehole closure. Communication tests through the cas-
ing annulus showed in one field-shale test a significantly 
reduced annulus permeability after heating, even though a 
full hydraulic barrier was not established. Borehole failure 
also enhances the drainage in the rock due to the dilatancy 
and crack-formation.

The simulations focused on matching the stepwise-heat-
ing sequences in the tests. The Mohr–Coulomb failure cri-
terion with tensile strength was applied in the simulations. 
Overall, the simulated temperatures match the experimental 
data very well, but matching the experimental pore pressure 
data was more challenging: a good match was achieved at 
all three sensors for the Pierre-shale but only for the inner-
most sensor for the field-shale tests with large discrepancies 
for the two other sensor data. The lab-scale simulations of 
the field-shale tests give indications for enhanced drainage 
caused by the thermally induced failure around the bore-
hole. The field-scale simulations indicated that heating the 
borehole wall to a temperature above 220 °C and holding it 
for 100 h will result in a rock-casing contact. Note that the 
rock-casing contact does not mean that a hydraulic barrier 
is established. A parametric analysis indicated both tensile 
and shear failure can happen around the borehole; tensile 
failure occurs especially if shear stresses around the bore-
hole are low.

The present study gives evidence that borehole heating 
can result in annulus closure which is a necessary condition 
for the formation of a hydraulic barrier. This suggests that 
borehole heating may potentially be considered as a novel 
substitution for conventional P&A operations.
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