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Abstract This paper examines the thermo-hydro-

mechanical behaviour of a granitic rock. The cylindrical

sample of granite contained a sealed fluid-filled cavity

which was subjected to a cycle of temperature changes on

its outer surface. The temperature and fluid pressure

changes in the fluid-filled cavity were measured. Since the

measurement of fluid pressure and temperature in the

sealed cavity is experimentally feasible, the technique is a

common feature in thermo-hydro-mechanical experiments.

However, it was observed that regardless of how precisely

the cavity was filled with de-aired water, air bubbles can

still exist in the cavity and influence the fluid pressure

changes. A novel technique is suggested for taking into

account the influence of the volume of trapped air and

eliminating its effect in the estimation of permeability. The

experiment was computationally modelled using the finite

element code COMSOL MultiphysicsTM and the experi-

mental results were compared with the computational

estimates.

Keywords THM experiment � Thermo-

poroelasticity � Stanstead Granite � Air entrainment �
Computational modelling � Fluid-filled cavity �
Thermo-poroelastic Mandel-Cryer effects

Introduction

The fully coupled theory of fluid-saturated porous media

was proposed by Biot (1941) and has been widely

applied to the study of problems in geomaterials where

the porous skeleton either remains elastic or can expe-

rience elasto-plastic yield or continuum damage with

attendant alteration in the fluid transport characteristics

(Mandel 1953; Cryer 1963; Gibson et al. 1963; Rice and

Cleary 1976; Mason et al. 1991; Selvadurai and Yue

1994; Yue and Selvadurai 1995; Lan and Selvadurai

1996; Mahyari and Selvadurai 1998; Selvadurai and

Mahyari 1998; Wang 2000; Selvadurai 2004, 2007;

Selvadurai and Shirazi 2004, 2005; Shirazi and Selvad-

urai 2005; Selvadurai and Ghiabi 2008; Verruijt 2013).

Classical poroelasticity, however, does not take into

account thermal effects. In a variety of problems such as

deep geological disposal of nuclear wastes, oil and nat-

ural gas recovery and geothermal energy extraction, non-

isothermal poro-mechanical modelling is essential. Biot’s

theory of isothermal poroelasticity was extended by a

number of researchers to include non-isothermal effects

(Brownell et al. 1977; Garg 1984; Booker and Savvidou

1985; Nguyen and Selvadurai 1995; Selvadurai and

Nguyen 1995; Rutqvist et al. 2001; Stephansson et al.

2004; Nguyen et al. 2005; Selvadurai 2005; Wang et al.

2011; Bottcher et al. 2012; Hou et al. 2012; Selvadurai

and Suvorov 2012, 2014). In this paper the coupling

effects of temperature, pore pressure and skeletal defor-

mations are investigated; the physical model was a

cylindrical sample of Stanstead Granite containing a

sealed fluid-filled cavity. Any fluid and heat flow within

the porous medium influences the temperature and fluid

pressure in the fluid-filled cavity. Since the measurement

of fluid pressure and temperature in the sealed cavity is

experimentally feasible, the approach was implemented

in the current research. The experimental configuration

was also computationally modelled, using COMSOL

MultiphysicsTM software.
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Governing equations

Considering certain influences of temperature on the

physical and mechanical properties of the permeating fluid,

the coupled non-linear partial differential equations gov-

erning thermo-hydro-mechanical behaviour of a permeable

porous geomaterial can be written in the form (Selvadurai

and Nguyen 1995):
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ð1Þ
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These take into consideration the equation of equilib-

rium of the porous medium, fluid mass conservation and

heat conduction in the porous medium. In Eqs. (1–3),

GD and KD are, respectively, the shear modulus and the

bulk modulus of the porous skeleton; a is the Biot

coefficient and bs is the volumetric thermal expansion

coefficient of the solid grains; S is the specific storage

of the porous skeleton; lðTÞ is the dynamic viscosity of

water; n is the porosity; K is permeability and bf is the

volumetric thermal expansion coefficient of the per-

meating fluid; c�p and k�c are, respectively, the specific

heat capacity and thermal conductivity of the porous

skeleton.

The specific storage term, S, is defined as:

S ¼ nCw þ ða� nÞCs ð4Þ

where Cw and Cs are, respectively, the compressibility of

the pore fluid and the solid grains. Considering volume

averaging, the thermal parameters are defined as:

k�c ¼ nkcf þ ð1� nÞkcs; c�pðTÞ ¼ nqfðTÞcf þ ð1� nÞqscs

ð5Þ

where kcf and kcs are thermal conductivities of the liquid

phase and solid phase, respectively. Also, Cf and Cs are,

respectively, the specific heat capacity of the liquid phase

and the solid phase.

In the modelling, the fluid-filled sealed cavity was

regarded as a porous medium with a porosity of unity and a

relatively high permeability (i.e. K=Kf ¼ 10�6) to mini-

mize any pressure gradients and convection effects within

the cavity. Also, to capture the effect of cavity volume

change on the cavity pressure change, the elasticity

parameters were assumed to be mf ¼ 0:49 and

E ¼ 3ð1� 2mfÞ=Ceq, where Ceq is the compressibility of

the cavity fluid that contains trapped air. The equations for

modelling the fluid cavity are as follows:
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In the above formulation, the consideration of any trapped

air implies that the compressibility of the fluid in the sealed

cavity is higher than the compressibility of de-aired water.

A simplified relationship for the compressibility of an air–

water mixture can be obtained from the Voigt bound

(Christensen 1979):

Ceq ¼ uCa þ ð1� uÞCw ð9Þ

where, u is the air fraction in the fluid-air mixture (volume

of air/volume of fluid-filled cavity), and Cw is the

compressibility of the pure fluid, i.e. 4.54 9 10-10 Pa-1

(White 1986). Alternatives to Eq. (9) that take into account

air solubility have also been investigated (Schuurman

1966; Fredlund 1976; Teunissen 1982; Selvadurai and

Ichikawa 2013). For non-isothermal phenomena the

behaviour of the air bubbles follows the ideal gas law:

PaVa

T
¼ nR: ð10Þ

where Va is the volume of the air, Pa is absolute pressure of

the air bubble, T is the temperature in Kelvin, n is the

number of moles and R is the universal gas constant.

Considering variations in Eq. (10) we have:

PadVa þ VadPa ¼ nRdT ) Ca ¼
� dVa

Va

dPa
¼ 1

Pa
� 1

T

dT

dPa

ð11Þ

The ideal gas law also determines the changes of air

fraction with pressure and temperature. Assuming that the

total volume of fluids within the cavity (i.e. Vw ? Va) is

constant during the THM experiment, the air fraction

equation can be re-written as

Pa
0Va

0

T0

¼ PaVa

T
;

u ¼ Va

Vw þ Va
) u ¼

Pa
0

Pa
T
T0

Va
0

Vw þ Va

¼ Pa
0

Pa

T

T0

u0 ð12Þ

where Pa
0 is the initial absolute air pressure, Va

0 is the initial

volume of air, T0 is the reference temperature and u0 is the

initial air fraction in the cavity.
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The other important factor in the compressibility of the

air–water mixture is the dissolution of air in water. As

stated by Henry’s law, the weight of air that goes into

solution depends on the absolute pressure of the air. Also,

the rate of dissolution depends on the diffusivity rate of the

air into water governed by Fick’s law. The diffusivity rate

for air in water is 2.0 9 10-9 m2/s at 25 �C. The dissolved

air fraction can contribute to the change in the compress-

ibility of the air–water mixture if the rate at which air

dissolves in the water is comparable to the rate at which the

absolute pressure changes. Depending upon the rate of

compression of an air–water mixture, the amount of air

going into solution changes between 0 to hð1� uÞ of the

volume of water, where h is the Henry’s constant. For

instance, the volume of air present in water at 25 �C can be

approximately 1.78 % of the volume of water (Fredlund

1976).

Experimental investigations

The testing facility

In this paper the thermo-hydro-mechanical processes of a

fluid-filled cavity in a saturated Stanstead Granite cylinder

measuring 15.24 cm in diameter and 30.48 cm in height was

investigated. The sample contained sealed central cavity

2.54 cm in diameter and 15.24 cm in height, which was

filled with water. The outer boundary of the sample was

subjected to a controlled temperature change and the tem-

perature and pressure changes within the central fluid-filled

cavity were measured. A schematic view of the test facility

is shown in Fig. 1. The sample was initially vacuum satu-

rated for 7 days and was then placed inside the water con-

tainer with the central cavity facing down. An annular

neoprene rubber gasket with the hardness of 60A (external

diameter: 15.24 cm; internal diameter: 2.54 cm; thickness:

0.16 cm) was used to develop a seal between the plane

surface of the sample and the stainless steel plate of the

container. This contact area was sealed against leakage by

applying a 1 MPa sealing stress to the top of the sample

using a hydraulic jack. A 0.635 cm diameter hole at the

center of the stainless steel plate allowed access to the

central cavity. The stainless steel fitting attached to the hole

was connected to a temperature-compensated pressure

transducer (model: MMG150V5K4C1T4A6S; supplier:

OMEGADYNE; maximum pressure: 1 MPa; accuracy:

0.2 %) to measure the cavity pressure change during the

experiment. A Swagelok valve was incorporated at the

stainless steel fitting to allow water inflow. Two thermo-

couples (type K) were placed in the top and bottom of the

cavity to record the temperatures within the cavity. Fol-

lowing the procedure developed in previous research

(Selvadurai 1996, 2002) the wires were passed through the

fittings and marine epoxy was used to ensure that the con-

nections were sealed. It should be noted that the fittings were

thermally insulated using a foil-backed self adhesive foam to

minimize heat loss to the ambient environment, which was

maintained at approximately 25 �C. The placement of the

sample inside the container was carried out under water in a

large container to make sure that the central cavity was

completely filled with water and with minimal air bubbles

trapped within the cavity. Air can also be trapped as bubbles

that stick to the inner surfaces of the fittings.

The temperature of the water surrounding the sample

was controlled using two submersible heaters connected to

a temperature controller unit and a thermocouple was used

to measure the temperature of the water within the con-

tainer. The heaters were in a configuration that allowed

heating of the water around the sample without direct

contact with the surface of the sample. For cooling pur-

poses, a solenoid valve was connected to a cold water

reservoir and controlled by a separate temperature con-

troller unit and a thermocouple that measured the temper-

ature of water inside the container. To keep an even

temperature distribution in the water inside the container,

the water was circulated using a fluid pump. The pump

constantly extracted water from the top of the container and

pumped it back into system at the lower section of the

container (Fig. 1). Also, since any temperature change

during the experiment can cause the sample to shrink or

expand, the sealing load that was applied by the hydraulic

jack could change. Thus, an accumulator with an adjustable

pressure release valve was connected to the hydraulic jack

to maintain the sealing load in the correct range

(1 MPa ± 0.05) during the experiment. The accumulator

has a piston connected to a nitrogen tank with an adjustable

gas pressure regulator that maintained the load during the

cooling process and a pressure release valve guaranteed

that the expansion of the sample did not increase the

sealing load during the heating process. It should be noted

that the sealing load was measured using a load cell placed

on top of the sample.

The temperature change at the cylindrical and at the top

surface of the sample was measured using six thermocou-

ples: three thermocouples measured the temperatures at the

top, mid-height and bottom circumference of the sample

and three thermocouples measured the temperature on the

top surface of the sample (one in the center, one 2.54 cm

away from the center and the third 5.08 cm away from the

center). These measurements were used as temperature

boundary conditions in the numerical modelling. The outer

surface of the water container was covered by thermal

insulation to minimize the heat loss through the Plexiglas

and hence expedite the temperature increase inside the

container.
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Permeability measurement

Prior to performing the THM experiment, the permeability

of the sample was measured using a steady state test. Three

steady state tests were performed on the sample in an iso-

thermal condition. The experiments were performed by

pumping water at a constant flow rate of 0.02 ml/min using

a Quizix Precision Pump (model: QX-6000; minimum flow

rate, 0.00034 ml/min; accuracy of the flow rate ± 0.1 % of

set flow rate; maximum pressure: 41,000 MPa). The fluid

flow was continued until the cavity fluid pressure reached

steady state. The results of three repeatable steady state tests

were used to estimate the permeability of the Stanstead

Granite sample. The COMSOL MultiphysicsTM finite ele-

ment code was used to model the experiments. The details

of validation of the COMSOLTM finite element software to

model hydro-mechanical phenomena are discussed by

Selvadurai and Suvorov (2010, 2012) and Selvadurai et al.

(2011). In these studies, the accuracy of the computational

algorithms for coupled transient problems was validated

through comparisons with either known or newly developed

analytical solutions. The permeability of the Stanstead

Granite estimated from a computational analysis of the

experiments was 5.25 9 10-18 m2. To the knowledge of the

authors there are no published values for permeability of

Stanstead Granite. To evaluate the efficiency of the sealing

technique under high temperatures, the same steady state

test was repeated under the same flow rate, while the sample

was kept at 70 �C temperature. The average permeability

was 5.25 9 10-18 m2 ± 2.5 %, which validated the effi-

ciency of the sealing technique under 70 �C temperature.

To calibrate the air–water mixture compressibility

equation (i.e. Eq. (9)), the sample was first brought to a

steady state condition in permeability measurement tests.

The inlet valve was then closed and the decay of the cavity

fluid pressure was recorded. The transient part of the

experiments was used to estimate the u0 parameter in the

compressibility equation (i.e. Eq. (9)). The results of the

experiments are shown in Fig. 2. It should be noted that at

the initial stage of the experiment as the cavity pressure

increases from 0 to the steady state pressure value, the

volume of the cavity was 116.5 ml, which included the

cavity in the sample, the fittings and connections and the

volume of the cylinder of the Quizix pump. In transient

tests, the volume of the compressible fluid in the cavity was

98.2 ml (since the inlet valve to the cavity is closed and the

volume of the cylinder of the Quizix Pump no longer

contributes to the pressure changes.

Fig. 1 Schematic view of the

THM setup
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The parameters used in the COMSOL MultiphysicsTM

computational modelling are as follows: Young’s modulus

(E) = 56 GPa, Poisson’s ratio (m) = 0.13; porosity

(n) = 0.6 %; Biot coefficient (a) = 0.44 (Wang 2000).

The transient pulse testing and the effect of the com-

pressibility of water, the solid grains and the porous skel-

eton on the interpretation of permeability, are discussed in

Selvadurai and Najari (2013). The bounding range of

u = (0.003–0.005) provided the best estimate for the

permeability experiment, followed by a transient cavity

pressure decay, as shown in Fig. 2. Since the air fraction is

within the range of 0.003–0.005, the estimated air volume

in the cavity would be 0.29–0.49 ml.

Thermo-hydro-mechanical experiment

Three heating–cooling cycles were carried out on the

sample by changing the temperature of the water within the

container. The THM test configuration is shown in Fig. 3.

The temperature was initially increased from 25 �C (lab-

oratory temperature) to 70 �C and kept constant. The

heating process, including the initial temperature increase

step and maintaining the constant temperature, took 4 h.

The temperature on the cylindrical and plane surfaces of

the sample was then reduced from 70 to 25 �C and kept

constant by circulating water at 20 �C into the container.

The cooling process took 8 h. The heating–cooling cycle

was repeated three times and the temperature and pressure

within the cavity were recorded. Each new cycle com-

menced after sufficient time was allowed for complete

dissipation of both the temperature and pressure. Pre-

liminary computational estimates suggest that both the

pressure and temperature within the granite reduce to

ambient values at approximately 12 h. The change in

temperature at the cylindrical and at the upper surfaces of

the sample obtained for the three cycles are shown in

Fig. 4. These results were used as the temperature bound-

ary conditions in the computational modelling.

Experimental results and computational modelling

The cavity temperature and cavity pressure measured from

the three heating–cooling cycles performed on the Stan-

stead Granite sample are shown in Fig. 5. The trend for the

change in cavity temperature is very similar to the

boundary temperature change. However, there is an aver-

age time lag of 130 s between the start of the temperature

change on the surface of the sample and the central cavity,

resulting from the heat conduction process.

The cavity pressure initially increased due to thermal

expansion of the fluid inside the cavity and from to the

temperature-induced fluid flow from the porous medium

towards the cavity. Note that the thermal expansion of fluid

Fig. 2 Steady state tests with a flow rate of 0.02 ml/min (for

7,200 s), followed by transient decay tests

Fig. 3 Experimental configuration for performing the THM

experiment

Fig. 4 The measured temperature on the cylindrical exterior surface

and the upper surfaces of the sample: results of three experiments
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within the cavity is greater than the thermal expansion of

the cavity itself. The pressure in the cavity reached a

maximum value of 81 kPa and then started to decay due to

the dissipation of excess pore pressure through the porous

medium. It can be seen that after 4 h (14,400 s) the cavity

pressure reduced to zero. At this point the cooling cycle

was started and the cavity pressure became negative. The

minimum cavity pressure was recorded at -61 kPa. The

negative pressure then started to decay over the next 8 h

(28,800 s).

With respect to the rate of heating and cooling, the

cooling rate in the linear range was 1.8 times faster than in

the heating rate. However, the maximum cavity pressure

during heating was higher than the maximum cavity pres-

sure during cooling. This is due to the fact that, although

the cavities and fittings were filled with water, there are

still air bubbles entrapped in the fluid inclusion causing the

compressibility of air to be pressure dependant. Based on

Eq. (9), the compressibility of the air–water mixture is

higher under a negative pressure than a positive pressure.

Thus, the cavity pressure increase is greater during heating

than in the cooling phase of the test.

The geometry and boundary conditions of the problem

used in the computational modelling are shown in Fig. 6.

The upper surface and the circumference of the sample had

drained boundary conditions. The bottom surface, which

was sealed by a rubber gasket, was modelled as a no-flow

boundary condition. The temperature boundary condition

for the circumference and upper surface of the sample was

the temperature measured for these two surfaces; T1(t) and

T2(t) are, respectively, the average temperature values

measured for the three points on top, mid-height and bot-

tom of the circumference, and center, mid-radius and the

edge of the top surface of the sample. The bottom surface

of the sample that was in contact with the sealing gasket

was assumed to be thermally insulated. Also, the fittings

and the connection tube were modelled as a stainless steel

tube with an average thickness of 3 mm, which was the

thickness average of the connections used. The outer sur-

faces of the connection tubes were thermally insulated in

the experiment and thus a Neumann temperature boundary

condition was assumed for that surface. A constant sealing

load of 1 MPa was applied to the top surface of the sample.

Since the sealing load was kept constant during the

experiments, the thermo-mechanical deformation of the

sample was allowed in the THM process. The parameters

used in the numerical simulations are shown in Table 1.

The dynamic viscosity (lðTÞ), volumetric thermal expan-

sion coefficient (bfðTÞ) and specific unit weight (qfðTÞ) of

water were assumed to be temperature dependant (Hol-

zbecher 1998). A Lagrange-quadratic element with four

degrees of freedom at each node was used in the finite

element model. The displacements, pore water pressure

and temperature were prescribed at all nodes. The problem

contained 11,900 elements and 94,720� of freedom.

The estimated temperature changes on the top and the

bottom of the cavity and the estimated cavity pressure are

shown in Fig. 5. The experimental and computational

results are in agreement with each other for the temperature

in the top of the cavity. However, there is a slight dis-

crepancy in the estimated temperature value in the bottom

of the cavity compared to the measured value. The tem-

perature difference at the end of the heating process is

2.45 �C. The reason for the discrepancy could be the fact

that the bottom surface of the sample, which is in contact

with the rubber gasket, was assumed to be thermally

insulated in the computations. However, based on the

experimental results obtained, there is a slight heat loss

through this surface. The problem was solved using the two

bounding air fraction values for the fluid cavity com-

pressibility equation, which was obtained from the iso-

thermal transient test presented in Sect. 3.2. The cavity

pressure results agree satisfactorily with the experimental

measurements. The cavity compressibility equation with

u0 = 0.003 provided the best estimate for the positive

range and the function with u0 = 0.005 provided the best

estimate for the negative range of pressure change. A

possible reason for the slight discrepancy is that the dis-

solution of air in water was not taken into account in the

current study. Dissolution of air in water decreases the

pressure in the cavity. Since in the current THM

Fig. 5 The change in the cavity pressure and temperature during the

three cycles of heating and cooling
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experiment the pressure change in the negative range (i.e.

cooling stage) is much slower than in the positive range

(i.e. heating stage), there is more time for the trapped air to

get partially dissolved in the water and release the pressure

in the cooling stage than the heating stage. Hence, using the

upper bound of the estimated air fraction better simulates

the negative pressure range. Similarly, the pressure build-

up stage in the isothermal permeability experiment, which

was slower than the pressure decay stage, was better fitted

with u0 = 0.005.

For the purpose of comparison the experimental results

were also fitted with constant cavity fluid compressibility

values. The compressibility value of Ceq = 1.0 9

10-8 Pa-1 provides the best estimation for the positive

pressure range and the compressibility value of

Ceq = 1.5 9 10-7 Pa-1 provides the best estimation for

Fig. 6 Geometry and boundary

conditions of the THM problem

Table 1 Values of the parameters in the computational modelling of the THM experiment

Parameter Granite Water Stainless steel

Young’s modulus (GPa) 56 – 200b

Poisson’s ratio 0.13 0.49 0.3b

Porosity (%) 0. 6 100 –

Biot coefficient 0.44 – –

Permeability (m2) 5.25 9 10-18 (5.25 9 10-18) 9 106 –

Volumetric thermal expansion coefficient (�C-1) 3.0 9 10-5c bfðTÞa 4.9 9 10-5b

Thermal conductivity (W m-1 �C-1) 3.0c 0.58a 16.5b

Specific heat capacity (J kg-1 �C-1) 790c 4187a 480b

a Holzbecher (1998)
b McGuire (2008)
c Nguyen et al. (2009)
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the negative pressure range. The results are shown in

Fig. 7.

Another observation is that the cavity pressure changes

during the early stages of heating and cooling, when the

temperature change has not yet affected the cavity fluid.

These effects are shown in Figs. 8 and 9. Immediately

after the start of the heating stage the cavity pressure

begins to decrease, reaching—1 kPa and then reducing to

zero pressure after 500 s. Similarly, at the very early

stage of cooling the cavity pressure increases from

2.7 kPa and reaches a maximum pressure of 6.5 kPa; it

then decreases and comes back to 2.7 kPa after almost

500 s. This phenomenon is due to the fact that the very

early temperature change on the surface of the sample

causes the surface region of the sample to expand or

shrink in heating and cooling, respectively. This is the

Mandel-Cryer effect associated with temperature changes

(Kodashima and Kurashige 1996; Selvadurai and Suvorov

2012).

Conclusion

An experiment was conducted to examine the thermo-

hydro-mechanical processes that can be generated in a

granite cylinder with permeability in the range

5.25 9 10-18 m2 ± 2.5 %. A fluid cavity within a cyl-

inder is used to examine the process of pressure genera-

tion during heating of the outer surface. The experimental

results were evaluated within the context of a THM

model that takes into account heat conduction in the

saturated granite and Darcy flow-based classical poro-

elasticity. Nominal calculations were also performed to

account for (1) alteration in the compressibility of the

pore fluid in the system due to the presence of any air,

and (2) temperature dependency in the density and fluid

viscosity. The result of the experiments during heating

and cooling of the cylinder indicates that pressure changes

can be modelled accurately using a standard finite ele-

ment software, which accommodates THM processes. The

factor that contributes to the discrepancy between exper-

imental and computational results is identified as possible

air entrainment, which also accounts for the pressure-

dependent compressibility. The experimentation can be

further improved by adopting procedures that can mini-

mize the influences of air content, both free and dis-

solved, on the THM processes. Such refinements are

considered to be much too artificial since, in practice,

where the theories are used to estimate the THM behav-

iour of rocks in situ there are no assurances of complete

saturation. The research work indicates that conventional

THM models can be used to model heating behaviour

relatively accurately. The development of pressure within

a fluid-filled cavity is the candidate problem examined to

validate the modelling.

Fig. 7 Comparison of the results of THM experiments with compu-

tational results using constant compressibility values for the cavity

fluid

Fig. 8 Volumetric expansion of the cavity due to a temperature

increase on the sample surface at the start of the heating stage

(u0 = 0.005)

Fig. 9 Volumetric contraction of the cavity due to a temperature

decrease on the sample surface at the start of the cooling stage

(u0 = 0.005)
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