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Abstract

The theoretical basis of the thermal response efflilid-saturated porous materials in undrained
condition is presented. It has been demonstratatl tthe thermal pressurization phenomenon is
controlled by the discrepancy between the thermpduesion of the pore fluid and of the solid phase,
the stress-dependency of the compressibility amd ntbn-elastic volume changes of the porous
material. For evaluation of the undrained thermmpelastic properties of saturated porous materials
in conventional triaxial cells, it is important take into account the effect of the dead voluméhef
drainage system. A simple correction method is garesl to correct the measured pore pressure
change and also the measured volumetric straimglam undrained heating test. It is shown that the
porosity of the tested material, its drained corsgitglity and the ratio of the volume of the drajaa
system to the one of the tested sample, are thepaemeters which influence the most the error
induced on the measurements by the drainage systeraxample of the experimental evaluation of

undrained thermoelastic parameters is presentedrfarndrained heating test performed on a fluid-
saturated granular rock.
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1.Introduction

It is common in geomechanics to find situationswihich an increase of temperature in a fluid
saturated ground induces pore pressure increasesideoing the effect of transport of heat and fluid
and the duration of event studied, two extremesasese, one corresponding to very large transport
terms leading to a quasi drained and isothermablifon and one corresponding to very small
transport terms leading to a quasi undrained arabatic condition. From basic mass balance laws the
evolution of pore pressure is classically expresegerms of a production/diffusion equation where
appears the rate of pressure change due to tempecitange under constant pore fluid mass fraction
(i.e. undrained condition).

Temperature increase in saturated porous matemiader undrained condition leads to thermal
pressurization of the pore fluid because of therdgancy between the thermal expansion coefficients
of the pore fluid and of the pore volume. This @ase in the pore fluid pressure induces a reduofion
the effective mean stress, and can lead to shelwrefaor hydraulic fracturing. The thermal
pressurization phenomenon is important in studieamid landslides when frictional heating tends to
increase the pore pressure and to decrease tltiveffeompressive stress and the shearing reséstanc
of the material. The potential contribution of thisenomenon in the catastrophic loss of strength th
occurred in Vaiont slide is studied by several atgi{e.g. Vardoulakis, 2002, Veveakisal., 2007).
The thermal pressurization phenomenon is also itapbrin petroleum engineering where the
reservoir rock and the well cement lining undergdden temperature changes. This is for example
the case when extracting heavy oils by steam igjeanethods where steam is injected into the
reservoir to heat the oil to a temperature at witidlows. This rapid increase of temperature could
damage cement sheath integrity of wells and ledds® of zonal isolation. This phenomenon is also
important in environmental engineering for radioactwaste disposal in deep clay geological
formations (Genst al 2007, Frangoiet al 2009). The onset of thermal pressurization i® als
important in earthquake science to explain dyndieidt weakening during coseismic slip (Rempel
and Rice 2006, Sulem et al. 2007). Important themleadvances have been proposed in the study of
thermal weakening of fault during coseismic slipl @me can find an extensive literature review @n th
subject in the comprehensive paper of Rice (2006)this paper, Rice emphasises the need of
laboratory data to constrain theoretical modelliof these mechanisms. In particular thermal
pressurization of rocks during seismic slip is higinfluenced by damage and inelastic deformation
inside the fault zones. The presence of clay matarifault zones also affects thermal pressuidzati
as possible collapse of the clay under thermalihgathay activate fluid pressurization (Sulem et al.
2007).

The values of the undrained thermal pressurizatmefficient, defined as the pore pressure increase

due to a unit temperature increase in undrainedition, is thus largely dependent upon the natdire o
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the material, the state of stress, the range gbeéeature change, the induced damage. In the lirerat
we can find values that differ from two orders ohgnitude: In Campanella and Mitchell (1968)
different values are found from 0.01 MPa/°C forycta 0.05 MPa/°C for sandstone. Palciauskas and
Domenica (1982) estimate a value of 0.59MPa/°CHKayenta sandstone. On the basis of Sultan
(1997) experimental data on Boom clay, Vardoul§R?2) estimates this coefficient as 0.06 MPa/°C.
For a clayey fault gouge extracted at a depth 6hvé Aigion fault in the Gulf of Corinth (Greece),
the value obtained by Sulem et al. (2004) is 0.1aM® and for intact rock at great depth, the value
given by Lachenbruch (1980) is 1.5 MPa/°C. For aumeafault at 7km depth at normal stress of 196
MPa, ambient pore pressure of 70 MPa, and ami@emerature of 210°C, Rice (2006) estimates this
coefficient as 0.92MPa/°C in case of intact faulllesand 0.31MPa/°C in case of damage fault wall.
The thermal pressurization coefficient of a hardesement paste is evaluated experimentally by
Ghabezloeet al (2009), equal to 0.6 MPa/°C.

The large variability of the thermal pressurizatmmefficient in different geomaterials highlightset
necessity of laboratory studies. The aim of thipgpas to present the theoretical basis of thermal

pressurization phenomenon and some aspects ofigsimental evaluation.

2. Theoretical framework

The equations governing the phenomenon of the thenechanical pressurization of porous materials
are presented here for an ideal porous materiabcteized by a fully connected pore space and by a
microscopically homogeneous (i.e., composed of amg solid material) and isotropic solid phase.
These equations can be derived using the apprdaétisbop and Eldin (1950). In this approach,
schematized on Figure (1), the problem of thermctragrical loading is broken up into three
independent sub-problems. Assuming isotropic @i&gtithe volumetric changes of the porous
material element and its components, are writt@arsgely, as presented on table (1). In this table,

is the total volume ana is the Lagrangian porosity defined as the poraiwel per unit volume of
porous material in the reference staler, AT andAu are the variations of the mean stress (positive

in compression), the temperature and the pore ymessspectivelyc, and c, are respectively the
drained compressibility of the porous material &mel compressibility of the solid phase, is the
volumetric thermal expansion coefficient of theidgbhase andc, and a, are respectively the

compressibility and the thermal expansion coeffitief the pore fluid. The index O denotes the
reference state.

The problem (a) in the Figure (1) corresponds pawdicular loading case, called ‘unjacketed’ loadin

case, where an isotropic stress and a pore preskageial magnitudes are simultaneously applie to
volume element. This loading is as if the samplasubmerged, without a jacket, in a fluid under

pressure and results in a uniform pressure disioibun the solid phase. In the case of an ideabp®
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material, the material would deform as if all thergs were filled with the solid component and the
skeleton and the solid component experience a mmifeolumetric strain (Detournay and Cheng,
1993).

2= ®

(@) (b) (c)

Figure 1. Decomposition of the problem of a ther mo-mechanical loading into three independent problems

Variation of volume I
Variation of volume

Problem of constituents of element
Pore fluid Solid phase
() VoGAU  —(1-n)V,cAu “VocAu
(b) - V¢, (Ag-Au)  -V,g (Ao -Au)
(©) nV,a AT (1-n,)V,a AT V,a AT

Table 1: Variation of volume of the porous material and its constituentsfor the three independent
problems presented in Figure (1)

The problem (b) in the Figure (1) corresponds tozdghi effective stress loading. In this case the
isotropic stress acting on the solid phasdAsr -Au)/(1-n,) and the corresponding variation of
volume is given by:

Ao-Au _

AV, =~ )N 6=
0

Vg(ao-ay 2)

The problem (c) in the Figure (1) is a drained nhedrloading under constant total stress. For aalide
porous material, the variations of volume of thegps element and also one of the pore volume are
characterized by the thermal expansion coefficiéithe solid phaser,, because an isotropic thermal
expansion would cause a proportional change inydirexar dimension of the body (McTigue 1986).
Assuming incremental linear thermo-elasticity, tr@umetric strain of the elemerd, (positive in
contraction) is obtained as the sum of the vammstiof volume in the three sub-problems per unéltot

volume (in reference state):

gvz—%/—vzcsAu+ c(Ao-Du)-a AT (3)
0
The variation of the porosityn, can be written as the difference between themelghange of the

element and the volume change of the solid phase:
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AV - AV,
v *=[-GAu- (Ao -AUY+a AT] @

-[-(1-n,)cAu-g(ao-aU+(1- p)a AT

Equation (4) can be simplified to obtain the follog/ expression for the elastic change of porosity i

An

drained condition:
An=-(c,-¢)Ao+ncAu ga AT (5)
where ¢, and a, are respectively the compressibility and the vatmo thermal expansion

coefficient of pore-volume defined by the followiegpressions:
1
C, =E[cd -(1+n)c] (6)

a. =a 7

n S

The undrained condition is defined theoreticallyaasondition in which there is no change in thespor
fluid mass of the material. For a saturated ponmaderial the fluid mass variation is written as

Am, =\ Ap, + p,AV,. By settingAm, =0 and from the definitions of the fluid compresstgiland
thermal expansion coefficient one obtains:

AV, Ap;
Vn pf

=-c,Au+a,AT (8)

From the definition of the porosity and by usindyathe first order terms we have:

AV, An
VAR

9)

Replacing equations (8) and (9) in equation (5) filiwing expression is obtained for the pore

pressure change due to an undrained thermo-meehésading.

Au=BAC +AAT (10)

where B is the Skempton’s (1954) coefficient:

C, —C

B=—¢% S _ 11
n(c +6) -

and A\ is the coefficient of thermal pressurization, essgnted by Rice (2006):

a. —a
N=—"L_"" (12)
C G,

Equation (12) clearly highlights that the discrepabetween the thermal expansion of the pore fluid

and that of the pore volume is the factor caudiegthermal pressurization of porous materials.
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By replacingAu in equation (3) with the expression given in egqua{10), one finds the following
expression for the volumetric deformation of a msronaterial subjected to a thermo-mechanical

loading in undrained condition:
g, =Cc,Ao-a,AT (13)

wherec, anda, are respectively the undrained compressibility dredundrained volumetric thermal

expansion coefficient of porous material expregsethe following equations:
G =¢-B(g-g) (14)
a,=a,+N\(c,-c,) (15)
Using the equations (11) and (12) the expressiahefundrained thermal expansion coefficient of a
thermo-elastic porous material given by McTigue8@¥is retrieved.

a,=a,+ Brb(af —as) (16)

2.1 Effect of non-€astic strains

The above framework can be extended to accounthtoeffect of non-elastic strains. These strains
can be plastic, viscoelastic or viscoplastic ardlige non-elastic porosity changes. The non-elastic
changes of the total volume, pore volume and salidme are defined by:

AV™ =AV -AV®, A=A -ANS AN =AN-A a7)
The equation (3) can be re-written with the addaiacontribution of the non-elastic volume changes:

g, :—%/—V:CSAU+ c(Ao-DU)-aAT+ey (18)

0

In the same way, equation (5) can be re-writteliintainto account the non-elastic variation of the

porosity An™:
An=-(¢, - ¢)Ao+ nGAu g A T+A fF (19)

The non-elastic variation of porosit§n™ can be calculated from the definition of the pdyoand

knowing thatV, =V - \/.

An“e=AT"=—«sv”6+<1— e (20)

0

Using equations (8), (9) and (20) in equation (@) following relation is obtained for the variat®
pore pressure with the confining pressure and testye in undrained condition, in presence of non-

elastic volume changes:
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£°—(1-ny)el
Au=BAC+NAT+——F7F—"—

(e 6) &0

Equation (21) shows that non-elastic volume charagits an additional term in the generated pore
pressure. The contracting volume changes, like he tase of thermal collapse of normally
consolidated clays, will induce a pore pressuree@se, while the dilating volume changes, as for

example in the case of damage of fault walls, imtluce a pore pressure reduction. In the case of a

material for which the solid phase is elas#t’(=0), equation (21) can be rewritten as:

AU=BAG+AAT +—2 (22)

(¢ +6)
3. Evaluation of thermal pressurization coefficient

The thermal pressurization coefficient can be eataldi indirectly using equation (12) by knowing the
thermoelastic properties of the material and thgsigal properties of the pore fluid. The thermal
expansion coefficient and the compressibility otevare known as functions of temperature and pore
pressure (Spang, 2002). Figure (2) present thati@ms of the thermal expansion coefficient and the
compressibility of water for temperature betweefiCL&Gnd 90°C and pore pressures between 1 MPa
and 60 MPa (Spang, 2002). One can see that thatigariof the thermal expansion coefficient with
temperature is very important and have a significefiect on the evaluation of the thermal

pressurization coefficient.

~ 71

£ 6 - 0% —u=1MPa

w & 047\ u =30 MPa

T 51 = --—--u=60 MPa

% N > 0.45-“

o 3 — u=1MPa & 0437 "

I u=30MPa 8 0414 R

= B I .

g -—-u=60MPa £ ~ "

E . 5 0.39- ~._ T

2 © T -

F oo . . . . 0.37 : : : .
10 30 50 70 90 10 30 50 70 90

(a) Temperature (°C) (b) Temperature (°C)

Figure2: Variation of the physical properties of water with temperature and pressure (a) ther mal
expansion coefficient, (b) compressibility

For evaluation of the thermal pressurization ceedfit, the pore volume compressibility should be

evaluated using equation (6). The drained comiisgiof the material should be known from the
results of drained compression tests. In the casesimple porous material which is constituted of

one single solid component, the compressibility is equal to the compressibility of the solid

component. Table 2 presents the bulk moduli of soaremonly observed minerals. In the case of a
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porous material which is constituted of severaldsobmponents, the unjacketed compressibitity

can be estimated by knowing the mineralogy of tiek rand the compressibility of each constituent.
The homogenized unjacketed modulus can be evalugiad Hill's (1952) average formula which is

simply the mid-sum of the Voigt (upper) and Reus®¢ér) bounds:

-1
hom_l (i) fi
K=3 DK+ ZW (23)

S

where f, and K" are the volume fraction and the compression madualiithe ' constituent

)

respectively.

Mineral Quartz| Calcite | Dolomite| Feldspars Clay minergls
Bulk modulus (GPa) 38 739 95V 69Y 50°
Volumetric thermal 24.3? 2) 2) ) @)
expansion{10° (YY) | 33.49 3.8 2240 | 8.9-15.& 34

@ Bass (1995) @ Fei (1995) ® McTigue (1986) ¥ Palciauskas and Domenico (1982)

Table 2: Bulk modulusand volumetric thermal expansion coefficient of some minerals

When the porous material is constituted of a sirgid component, the pore volume thermal
expansion coefficientr, is equal to the thermal expansion coefficienthaf $olid component. Some
typical values of volumetric thermal expansion ¢icefnt of minerals are presented in Table (2). &or
porous material which is constituted of severaidscbmponents, the homogenized coefficient of
thermal expansion of the solid phasg can also be evaluated using homogenisation th&oowying
the mineralogy of the rock and the thermal expansioefficients of its constituents. The following
equation can be used to calculate the average sherrpansion coefficient of a two phase linear

thermo-elastic composite material (Berryman 19%gu 2000):

1 (f
Khom - K(l) + K(Z)
ghom :(fla,s(l)+ f2a§2)) A s s (

S

a® -al) (24)

where aS) is the thermal expansion coefficient of tH& donstituent. The other parameters are

introduced before in equation (23). A uniform temgtere variation imposed on a heterogeneous
material induces residual thermal stresses dubewmial expansion mismatch between the different
phases. This effect is reflected in the second tefnthe left-hand side of equation (24) as the

compressibility of the constituents and of the cosife material affects its thermal expansion.
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4.l aboratory testing

The experimental evaluation of thermal pressulbratioefficient can be performed in an undrained
heating test. In a triaxial cell, this test is permied on a fully saturated sample under a constant
confining pressure. During the test the temperaturaried at a constant rate or in several steps a
the resulting pore pressure change is recordedeffaetive stress is thus changing during the tést.
the compressibility of the porous material is "rdspendent, the evaluated thermal pressurization
coefficient will be influenced by changes of effeetstress.

The undrained condition is defined theoreticallyaasondition in which there is no change in thédflu
mass of the porous material. For performing an ained test in the laboratory, this condition cannot
be achieved just by closing the valves of the dmgénsystem as it is done classically in a conveatio
triaxial system (Figure (3)). In a triaxial celhet tested sample is connected to the drainagensyste
the cell and also to the pore pressure transdéeethe drainage system has a non-zero volume filled
with fluid, it experiences volume changes due socitmpressibility and its thermal expansivity. The
variations of the volume of the drainage system ainthe fluid filling the drainage system induce a
fluid flow into or out of the sample to achieve gare equilibrium between the sample and the
drainage system. This fluid mass exchanged betifeesample and the drainage system modifies the

measured pore pressure and consequently the meéastains during the test.

Jacket

Drainage

Heating system

system

Pore pressure

Sample transducer

Porous
stone

Confining

pressure ™ Drainage

system

Figure 3- Schematic view of a conventional triaxial cell

Wissa (1969) was the first who studied this probferma mechanical undrained loading. He presented
an expression for the measured pore pressure g&Eaa function of the compressibilities of pore-
water, soil skeleton, pore-water lines and presmeasurement system, but the compressibility of the
solid phase was not considered in his work. Bis{idf§/6) presented an extension of the work of
Wissa (1969) taking into account the compressybiit the solid grains. The proposed method was
first used by Mesriet al (1976) to correct the measured pore pressurengrained isotropic
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compression tests. Ghabezloo and Sulem (2009a) gragented an extension to the work of Bishop
(1976) to correct the pore pressure measured dundgained heating and cooling tests by taking into
account the thermal expansion of the drainage sydtee inhomogeneous temperature distribution in
the drainage system and also the thermal exparmdighe fluid filling the drainage system. The
proposed method was applied to the results of imetlaheating tests performed on Rothbach
sandstone (Ghabezloo and Sulem, 2009a) and ondartest cement paste (Ghabez&iaal, 2009).
The correction method was then extended for theection of the measured strains and consequently
the correction of the measured undrained thermphresion coefficient in Ghabezloo and Sulem

(2009b). This correction method is summarized enftllowing section.

4.1 Correction of the effect of drainage system

In a triaxial cell the tested sample is connectethe drainage system of the cell and the undrained
condition is achieved by closing the valves of thystem (Figure (3)). Consequently, the condition
Am, =0 is applied to the total volume of the fluid whitlks the pore volume of the sample and also

the drainage system:

m; =V,0; + Moy (25)

where V,_ is the volume of the drainage system gmg is the density of the fluid in the drainage

system. As the sample and the drainage system may different temperatures and considering that
the fluid density varies with temperature, diffdrelensities are considered for the pore-fluid & th
sample and for the fluid filling the drainage systelhe variation of volume of the drainage system

can be written in the following form:

AV,

=c Au+a AT -k Ao (26)

L
where AT, is the equivalent temperature change in the dgairsystem,c, and x, are isothermal

compressibilities andr, is the thermal expansion coefficient of the drgaaystem defined as:

CL :i(%j (27)
Vilou ),
1(av,
a, =— 28
" VL (aTL ]u,n ( )
St (29)
Viloo )+

The parametec_ is equivalent toc, +¢, )/\, in Wissa (1969) and Bishop (1976). Based on the da

provided by these authors, some typical valueg atan be evaluated which vary between 0.008 GPa

10
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' and 0.16 GP4 It should be mentioned that the parame@grand a, defined in equations (27) and

(28) are equivalent respectively ¢p/V, anda, /V, in Ghabezloo and Sulem (2009a).
In most triaxial devices, the drainage system ocarsdparated into two parts: one situated inside the
triaxial cell and the other one situated outside dgll. In the part inside the cell, one can asstirae

the temperature chang¥T is identical to the one of the sample; in the ot situated outside the
cell, the temperature change is smaller tl¥ih and varies along the drainage lines. We define an
equivalent homogeneous temperature chaifjesuch that the volume change of the entire drainage
system caused bWAT, is equal to the volume change induced by the tmar-homogeneous
temperature field. The temperature rafib is an additional parameter which is defined bekvd
evaluated on a calibration test as explained farthe
A L

_AT
'B_AT

(30)

By writing the undrained conditiomdm, =0, using equation (26) and taking into account the

variations of the fluid density with pore pressarel temperature changes, the following expression i

obtained for the variations of the pore volumehaf tested sample:

AV, V. Pu

=—cfAu+afAT+7—(—qLA u- ¢A ura, BA T-a, fA Tk Ao) (31)

n n f

As the thermal expansion coefficient and the cosgbdity of the pore fluid both vary with
temperature, the parameters used for the fluithendrainage systenar, andc, , are different from
the parameters used for the pore fluid of the penmaterial. Replacing equations (31) and (9) in
equation (5) the expressions of the measured Skempoefficient and thermal pressurization

coefficient, B™* and A™* are obtained.

(Cd _Cs)+%&KL
mes 0 f
B™ = V. Pr (32)
ny(c; +%)+77(QL+ G)
0 f
no(af —O’n)+,8\\i'(')';ff"(a’ﬂ_—a',_)
AT = (33)
ny (c; +%)+\\$LZ“(QL+ ¢)
0 f

The comparison of the equations (32) and (33) by with equations (11) and (12) shows the

effect of the drainage system of the triaxial aa#llthe measured coefficients. Using equations (32),
(11) and (14) the expressions of the corrected kamcoefficientB® and the corrected undrained

bulk compressibilityc™ are found:

u

11
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B = B™ (34)
1+ LML K - Bmes c. +
\Z (Cd - Cs)|: : ( " q_):|
C[(J:or - Cd _ v 5 Cd ~ CEnes _ (35)
1+ LFi {K _G—G c + }
Voo (G- )| " cd—cs(“ )

Similarly using equations (33), (12) and (15) tbh#diving expressions are obtained for the corrected

thermal pressurization coefficiemh® and the corrected undrained thermal expansionficiesit

ac:
/\mes
/\Cor — (36)
Y,
o novopr([c)rf: —an)[ﬂ (a0 ~a)=n"(c, +q)]
a =a,+ s a,” -4, o (37)
LMfL _ _ mes __ fL
1+ e _an){ﬂ(aﬂ a)-(a; ad)icd _Cj

Equation (34) is similar to the one presented shBp (1976), but differs in two points. The firsteo
is that Bishop did not account for the influencetttd confining pressure on the dead volume of the

drainage system. This effect appears in equatidh tffough the parameter, . The second one is

that Bishop assumed equal densities and compriggsibfor the sample’s pore fluid and the fluid in
the drainage system, which is a correct assumgtioran isothermal undrained test performed at
ambient temperature. The same assumption is alsie i Ghabezloo and Sulem (2009a). For an
isothermal undrained test performed at an elevigexgberature, the situation depends on the heating
system of the triaxial cell. If the heating systensuch that the temperature change is unifornién t
sample and in the drainage system, the assumptisimiar properties for the sample’s pore fluiddan
the fluid in the drainage system can be used. @iker as shown in Figure (3), the sample
temperature is different from the average tempeeain the drainage system so that different
properties should be considered for the sample’s fhoid and the fluid in the drainage system.

The correction method proposed here in equatiofisa8d (35) is applied directly on the resultshaf t
test, but it is restricted to an elastic resporfsh@ sample and of the drainage system. It diffierms

the method proposed by Lockner and Stanchits (200®) have modified the procedure of the test
itself by imposing a computer-generated virtual-floav boundary condition’ at the sample-endplug

interface to insure that no volume change occutkérdrainage system.

12
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4.2 Calibration of the correction parameters

The drainage system is composed of all the parthefsystem which are connected to the pore

volume of the sample and filled with the fluid, limding pipes, pore pressure transducers, porous

stones. The volume of fluid in the drainage sysiémcan be measured directly or evaluated by using

the geometrical dimensions of the drainage syskamthe triaxial cell used in the present stude, th
volume of the drainage system was measured dirasthyg a pressure/volume controller. As can be
seen in Figure (3), the drainage system has twa ipaits: one connected to the top and the other
connected to the bottom of the sample. Before pmifay the measurement, the drainage system was
emptied using compressed air and then each partcaasected to the pressure/volume controller
keeping the valve of the drainage system closed. ddnnection pipe between the pressure/volume
controller and the drainage system was filled withter. Then a small pressure was applied by the
pressure/volume controller and its volume was getero before opening the valve of the drainage
system. By opening the valve, the fluid flows ithe drainage system. As soon as the first dropef t
fluid flows out of the porous stone, the presswlkime controller is stopped and the volume of the
fluid which has filled the corresponding part oéttirainage system is directly given by the volume

change of the pressure/volume controller. The nreasent was repeated for each part of the drainage
system and the total volume of the drainage systamevaluated equal ¥ =2300mni.
The compressibility of the drainage and pressurasmement systemg is evaluated by applying a

fluid pressure and by measuring the correspondaigme change in the pressure/volume controller.
A metallic sample is installed inside the cell r@yent the fluid to go out from the drainage system
Fluid mass conservation is written in the followirggiuation which is used to calculate the

compressibilityc_ of the drainage system:

AV, :(

C *t¢Cy )Au (38)

L
Au and AV, are respectively the applied pore pressure andvoheme change measured by the

pressure/volume controller. For a single measuréntie@ volume changdV, accounts also for the

compressibility of the pressure/volume controlled @f the lines used to connect the pressure/volume
controller to the main drainage system. To excltitee compressibility of these parts, a second
measurement is done only on the pressure/volumeatien and the connecting lines. The volume

change AV, used in equation (38) is the difference betweeeseéhtwo measurements. The
measurements were performed separately for thepawts of the drainage system with voluivig
and V,, respectively. The compressibility of the entirsteync_ is simply obtained as the weighted

average of the compressibilities of each pert énd c_, respectively):
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V, V,
CE VAL TREvELE (39)
L

L

The estimated value is. =0.117GP4&. This is equivalent to the compressibility thah ¢ obtained

in a single measurement in which the pressure/velaontroller is connected simultaneously to the
both parts of the drainage system using a T-coiorect

The parameterS and the thermal expansivity of the drainage systemare evaluated using the
results of an undrained heating test performedguaimetallic sample with the measurement of the
fluid pressure change in the drainage system. Rernetallic samplen, =0 and c, =c, so that
equation (33) is reduced to the following equation:
,B(a'ﬂ_ _aL)

CtQ

Ao = (40)

The thermal expansion coefficient, and the compressibilitg, of water are known as functions of

temperature and fluid pressure. As these variatwashighly non-linear, the parametefs and o,

cannot be evaluated directly but are back analysmd the calibration test results: the undrained
heating test of the metallic sample is simulatediyitally using equation (40) with a step by step
increase of the temperature. For each step theesmonding water thermal expansion and
compressibility are used (Spang 2002). The parasm¢teand a, are back-calculated by minimizing
the error between the measurements and the compselis using a least-square algorithm. The test
result and the back analysis are presented in €i@Yr The parametef is found equal to 0.46 and
the thermal expansion coefficient of the drainagsesn a, for this test is found equal to 1.57%10
cCy™.

14 1

N
N
1

B=0.46
0,=1.57x10" (°C)”

10 A

Pore pressure (MPa)

—A—- Measurement

2 — Back analysis

0 T T T 1
10 30 50 70 90

Temperature (°C)
Figure 4- Calibration test for the evaluation of thetemperatureratio S and the thermal expansion a, of
the drainage system-comparison.
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The evaluation of the compressibility which represents the effect of the confining puesn the
volume of the drainage system is performed usingradytical method. As can be seen in Figure (3),
only a part of the drainage system which is the mipnnected to the top of the sample, is influenced
by the confining pressure. The effect of the cdnfinpressure on the variations of the volume df thi
pipe can be evaluated using the elastic solutionhefradial displacement of a hollow cylinder.
Considering a hollow cylinder with inner radias and outer radiu® and radial stresseg and p,,
respectively at the inner and outer boundaries, ftiilbwing expression is obtained for the

compressibilityx, using the well-known Lamé solution:

_amat’L(1-v?)
o (b?-2%)V E

(41)

where E andv are respectively Young’s modulus and Poisson’sficoent and L is the length of
the pipe. The details of the derivation are presgrih Ghabezloo and Sulem (2009b). For the
considered pipea=0.25mm, b=0.8mm, L=900mm, E=190GP¢ and v =0.3. Inserting these

values andv, =2300mnt in equation (41) we obtair, =1.6x 10° GP&. This value is very small as
compared to the compressibility =0.117GP& which takes into account the effect of the pore

pressure variations on the volume of the drainggeem. This is due to the fact that only a smait pa

of the drainage system, less than 8% of its volugiafluenced by the confining pressure.

4.3 Parametric study of measurement error

In this section, a parametric study on the errodenan the measurement of the thermal pressurization
coefficient and the undrained thermal expansiorffioient is presented. A similar parametric study

for Skempton coefficient and the undrained compbégy is presented in Ghabezloo and Sulem

(2009b). The error on a quantit®) is evaluated as(Qmeasured—Qres)/ Q.. and takes positive or

negative values with indicates if the measurememtrastimates or underestimates the considered
guantity. As shown in the following, among the ditfint parameters appearing in equations (36) and

(37), the porosityn, of the tested material, its drained compressjbitif and the ratio of the volume
of the drainage system to the one of the testegpleaivi /V, are the most influent parameters. For
this parametric study the parameters of the drairsygtem are taken equal to the ones of the triaxia
system used in this study, as presented in sedli® We take alsoc, =0.02GP& and

a, =3x 1CT“(°C)_l which are typical values for minerals. Figure (&esent the error on the

measurements of the thermal pressurization coeffich and of the undrained thermal expansion

coefficient a, as a function of the sample porosity, for three different values of drained

compressibility and two different values of theigaV, /V,. Three different values of the drained
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compressibility are considered, respectively et 03GP3, 0.1GP# and 0.5GP4 which covers a
range from a rock with a low compressibility toedatively highly compressible rock. The porosity is

varied from 0.05 to 0.35. The rati /V, is taken equal to 0.025 which corresponds to ¢émelitions

of the triaxial system used in this study. We aralglso the effect of a greater volume of the cgén
system on the measurement errors by choosing anathee twice bigger, equal to 0.05. We observe
that the error of the measurement far varies between -40% and +10%, which shows that the
measured value may be smaller or greater thanghleane. Considering the tested material, the
measurement error is more significant for low-payosocks with low-compressibility. We can also
see the significant effect of the volume of theirtige system on the measurement error. The enror fo

the undrained thermal expansion coefficient varies between -6% and +4%, which is a narrower

range, as compared to the thermal pressurizatiefficient.

5 20%" —A- ¢, =0.03 GPa" 6%
2 . = —A- ¢, =0.03 GPa’
© —--¢,=0.1 GPa € J 4% =} ;
£ 10% B EZ 4% B -~ ¢,=0.1 GPa"
5 s —= ¢,=0.5GPa’ gt . ¢ )
2 9 2y —= ¢, =0.5GPa
3= 0% - L
- (=
o [} £ g 0%
T S -10%- £ 0
EE T B c 2%
o o 5.0
< 0 -20%- c @ 0
c 6 § 4%
) =9
— -30% ~ 8 X -6%

L — =V. -—- =0U. = O °
o o VV=0.025 ---V/V=005 5 — V/N=0.025 ---V/V=0.05
w -40% T T T -8% T T T

0 0.1 0.2 0.3 0 0.1 0.2 0.3
(a) Porosity (b) Porosity

Figure 5- Parametric study of the error on (a) the thermal pressurization coefficient A, (b) the undrained
ther mal expansion coefficient a,

5.Example of an experimental study on a granular rock

An example of the experimental evaluation of unugdi thermoelastic parameters and of the
application of the correction method is presentedah undrained heating test performed on a fluid-
saturated granular rock, Rothbach sandstone. Tdlehas a porosity ohi=16% and is composed of
85% quartz, 12% feldspars and 3% clay. As can e seequations (36) and (37), the application of
the correction method needs the knowledge of tlanéd and the unjacketed thermo-poro-elastic
parameters of the tested material. The requirednpaters are evaluated and presented by Ghabezloo

and Sulem (2009a). The laboratory experiments arfopned on cylindrical sample with a diameter

of 40mm and a height of 80mm. The volume of themaris thusV, =100530mmand the volume of

the porous space isV, =16085mni. The volume of the drainage system evaluated anEdT is

thus 14% of the volume of the porous space.

The unjacketed moduluk =1/c of the rock was evaluated in an unjacketed corspesest and

found equal to 41.6 GPa. A drained isotropic coregimn test was performed with a loading-
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unloading cycle and the tangent drained bulk maglily =1/c, of the rock was found to be stress-
dependent and could be approximated by the follgwikpression:

Ky=0.960,+ 0.70 og,< 9MP:
K,: GPa ,o,: MPa) (42)
Ky=0.070,+8.72 o,> 9MP:

5.1 Experimental setting

The triaxial cell used in this study can sustatoafining pressure up to 60MPa. It contains a syste
of hydraulic self-compensated piston. The loadifggom is then equilibrated during the confining
pressure build up and directly applies the deviatsiress. The axial and radial strains are medsure
directly on the sample inside the cell with twoaxransducers and four radial ones of LVDT type.
The confining pressure is applied by a servo cdiettdhigh pressure generator. Hydraulic oil is used
as confining fluid. The pore pressure is appliedabpther servo-controlled pressure generator with
possible control of pore volume or pore pressure.

The heating system consists of a heating belt arde cell which can apply a temperature change
with a given rate and regulate the temperature gath@rmocouple which measures the temperature of
the heater. In order to limit the temperature l@ss,nsulation layer is inserted between the heater
element and the external wall of the cell. A secmsdlation element is also installed beneath #ike c
The heating system heats the confining oil andstraple is heated consequently. Therefore there is a
discrepancy between the temperature of the heatérgent in the exterior part of the cell and that o
the sample. In order to control the temperaturéhen centre of the cell, a second thermocouple is
placed at the vicinity of sample. The temperatuvergby this transducer is considered as the sample
temperature in the analysis of the test resultscBematic view of this triaxial cell is presented i
Ghabezloo and Sulem (2009a) and Sulem and Ouffr@006).

5.2 Drained heating test

In order to measure the drained thermal expangeifficient of the rock, a drained heating test (see
sub-problem (c) in Figure (1)) was carried out undeconstant confining pressure. The initial

temperature of the performed drained heating test 21°C. The confining pressure and the pore
water pressure during the test were maintainedtaonat 2.5 MPa and 1.0 MPa respectively. The

drained thermal expansion coefficient is the slopthe temperature-volumetric strain response and i
evaluated a®28x 106( °C)_1 (Figure (6)). The coefficient of thermal expanstan also be evaluated

indirectly using homogenisation theory, knowing theneralogy of the rock and the thermal
expansion coefficients of its constituents, as gmesd in equation (24). In order to evaluate the
thermal expansion coefficient from this equatiore need first to evaluate the solid phase bulk

modulus K, using equation (23). As mentioned above, the Rathtsandstone contains 85% quartz,
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12% feldspars and 3% clay. The values of elastipgrties of different minerals are presented in
Table (2). The compression modulus of quartz ardatferage compression modulus of feldspars are
equal to 37.8 and 69.1 GPa respectively. The cosse modulus of the clay solid grains is equal to
50 GPa. Using equation (23) the homogenized unjadkmodulus of Rothbach sandstone is evaluated

equal to 41.1 GPa which is very close to the erpentally measured value, equal to 41.6 GPa. From

Table (2) the thermal expansion coefficient of tmas equal t033.4x 10‘5(°C)_1 and the average

thermal expansion coefficient of feldspars can dlen equal tall.1x 106(°C)_1. Considering the

small volume fraction of clay in Rothbach sandsidhe equation (24) can be used to calculate the

homogenized thermal expansion coefficient of sglidins by neglecting this part and taking into
account only quartz and feldspar minerals. Usirgggiven parameters and th€°™ calculated with

equation (23), the thermal expansion coefficient Réthbach sandstone is found equal to

29.7x 106(°C)_1. This value is in very good accordance with theasoeed thermal expansion

coefficient equal t28x 10° (°C) ™.

Temperature increase (°C)

Volumetric strain (um/m)

-300 -

Figure 6- Drained heating test on Rothbach sandstone: Volumetric strain response

5.3 Undrained heating test

The undrained heating test was performed undert@onisotropic stress equal to 10 MPa. The initial
temperature of the sample was 20°C and the rangderature change was 0.2°C/min. The measured
pore pressure during the test is presented in &ifa) as a function of the temperature increase. O
can observe the non-linear increase of the porgspre with the temperature up to the state for lwhic
the pore pressure in the sample reaches the cogfimiessure. At this point the pore fluid of the
sample infiltrates between the sample and the rulnleenbrane so that the pore fluid pressurization is
stopped. The slope of pore pressure curve versgugethperature gives the thermal pressurization
coefficient A and is presented in Figure (7b) as a functionhef temperature increase. The non-

linearity of the observed thermal pressurizatioefficient is due to the (effective) stress-dependen
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compressibility of the sandstone and also to thgp&gature and pressure dependent compressibility
and thermal expansion of the pore water. More detdiout the mechanism governing this non-linear
behaviour can be found in Ghabezloo and Sulem @0@% the beginning of the test the volumetric
strain could not be recorded due to a failure @& tisplacement sensors inside the triaxial cell.
Therefore the volumetric strain-temperature cupresented in Figure (8a), only starts from 40°C.
The slope of this curve gives the undrained themmpknsion coefficient and is presented in Figure
(8b) as a function of the temperature increase. dMe see the increase of this coefficient with
temperature which is mostly due to the significactease of the thermal expansion coefficient ef th

water with temperature.

10 1 0.30 -
= 81 0.25 1 —A- Corrected
o
= —~ 0.20 A — Measured
g 67 e
2 g 0.15 1
2 4 —A— Corrected <
° < 0.10 1
5 5 ] —— Measured
o 0.05 A
T,=20°C T,=20°C
0 : . . . ) 0.00 . T T T S
0 10 20 30 40 50 0 10 20 30 40 50
(a) Temperature increase (°C) (b) Temperature increase (°C)

Figure 7- Undrained heating test on Rothbach sandstone: (a) M easured and corrected pore pressure
response, (b) Measured and corrected thermal pressurization coefficient

Temperature increase (°C)

21 7
0 10 20 30 40 50
0 ) . . . ) —— Measured
. T=20°C o~ 17 1 —A— Corrected
g o
E x
= < 13 1
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e S
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-2000 A =20°
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3000 1 (@) (b) Temperature increase (°C)

Figure 8- Undrained heating test on Rothbach sandstone: (a) M easured and corrected volumetric strain
response, (b) Measured and corrected undrained thermal expansion coefficient

The test results are corrected using equationsdB6)(37) for the effect of the dead volume of the
drainage system. At each data point the relevarttal expansion and compressibility of water are
used as a function of the current pore pressure tantberature (Spang 2002). The drained
compressibility is also calculated at each poird isnction of Terzaghi effective stress (equafiiz)

). The variation of the mechanical properties @& #andstone with temperature is neglected in the
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analysis. It should be mentioned that the very gomupatibility obtained by Ghabezloo and Sulem
(2009a) between the results of an analytical sitrariaof this test and the experimental results srebw
the negligible effect of this assumption. The ccted values of the pore pressure, thermal
pressurization coefficient, volumetric strain amitained thermal expansion coefficient are presente
along with the measured values respectively onrEg(7) and (8). The corrected pore pressure and
thermal pressurization coefficient are bigger ttl@measured values. The corrected volumetriastrai
and undrained thermal expansion coefficient arght§f smaller than the measured values, but the
average difference between the corrected and neghsturves is about 1%. As can be seen in
equations (36) and (37), apart from the propediebe drainage system, the correction depends also
on the measured values of thermal pressurizaticfficient and undrained thermal expansion
coefficient. For the same triaxial cell, the coti@e of the observed pore pressure during an unédai
heating test performed on a hardened cement pakehézloaet al 2009) is more important than the
one obtained here for Rothbach sandstone.

Using the non-linear elastic model presented iraggn (42), the measured valuesaf and ¢, and

knowing the compressibility and thermal expansiogfficient of water as functions of temperature
and pore pressure, we can evaluate the thermaysiestion coefficientA and the undrained thermal
expansion coefficient of Rothbach sandstone asetifin of temperature and effective stress, using

equations (12) and (15). The calculated coeffisieft and a, are presented on Figure (9) as a

function of the effective stress up to 15 MPa amddifferent temperatures from 20°C to 90°C. The
results show clearly the (effective) stress andpemature dependent character of the thermal
pressurization coefficient and the undrained thémewaansion coefficient. The stress-dependency is
significant in the range of stress-dependency efrtitk compressibility (up to 9 MPa). The values of
the coefficient A vary from 0.02 to 0.72 MPa/°C depending on theeaive stress and the

temperature. The value of undrained thermal expaneoefficienta, vary from 3x 1CT5(°C)'l to

13x 105( °C)'1 and is bigger for higher temperatures and smalfierctive stresses. This strong non-

linearity of the thermal response of the rock imaned condition is mainly due to the variatiofis 0
the thermal expansion and the compressibility aewaith temperature and pore pressure. Moreover,
the stress dependency of the compressibility ofrthterial has important consequences on its thermal

response in undrained condition.
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o T=90°C
& T=60°C
=3 s

b T=40°C

T=20°C

0.0 T T 1 2 T T )
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(a) Terzaghi effective stress (MPa) (b) Terzaghi effective stress (MPa)

Figure 9: Effect of effective stressand temperature on (a) the thermal pressurization coefficient, (b) the
undrained ther mal expansion coefficient of Rothbach sandstone

6. Conclusion

The theoretical basis of the thermal response efflilid-saturated porous materials in undrained
condition is presented. The temperature increasgndrained condition leads to the pore pressure
increase and deformation of the material. It hasnbgdemonstrated that the thermal pressurization
phenomenon is controlled, on one hand by the giatrey between the thermal behaviour of the pore
fluid and of the solid phase, and on the other Haydhe compressibility of the pore volume. The
strong influence of temperature and stress on thlgonessurization of rocks is explained by the affe

of temperature and pressure on the physical piepest water and by the stress-dependent character
of the compressibility of porous rocks. Moreovéie tmportant effect of the non-elastic strainshef t
material on the variations of the pore pressurebess also demonstrated. These non-elastic volume
changes induce a pore pressure increase whenrinepiracting, while the dilating volume changes
induce a pore pressure reduction.

For evaluation of the undrained thermo-poro-elagtioperties of saturated porous materials in
conventional triaxial cells, it is important to &lknto account the effect of the dead volume of the
drainage system. The compressibility and the theexyansion of the drainage system along with the
dead volume of the fluid filling this system, indlace the measured pore pressure and volumetric
strain during an undrained thermal or mechanicadilog in a triaxial cell. A simple correction metho

is presented to correct the measured pore preskarge and also the measured volumetric strain and
consequently the evaluated thermal pressurizatimth @ndrained thermal expansion coefficients
during an undrained heating test. A parametricyshabs demonstrated that the porosity of the tested

material, its drained compressibility, and the ratio of the volume of the drainage sydtenme one
of the tested sampl®,, /V, are the key parameters which influence the maesettor induced on the

measurements by the drainage system. It has alswnshhat the measurement of thermal
pressurization coefficient is much more affectedntlihe measurement of the undrained thermal

expansion coefficient.
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An example of the experimental evaluation of unudi thermoelastic parameters and of the
application of the correction method is presentedah undrained heating test performed on a fluid-
saturated granular rock. The experimental reshitsvghe strong non-linearity of the thermal resgons
of the rock in undrained condition. This non-linigais mainly due to the variations of the thermal
expansion and the compressibility of water with genature and pore pressure. Moreover, the stress
dependency of the compressibility of the materéd Important consequences on its thermal response

in undrained condition.
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