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ABSTRACT: In the oil field, cement pastes are used during drilling operations, plugging and/or abandonment
of the wells. Therefore, the understanding of the implied phenomena is important from a point of view of du-
rability. This paper deals with the hydraulic behaviour of an oil cement paste submitted to chemical degrada-
tion and mechanical loading, under temperature. The obtained results show that even if the porosity of de-
graded material is higher with regard to sound material, its permeability is lower due to compaction caused by
hydrostatic confining pressure. The permeability of the degraded material becomes higher when there is no
active confinement. Under creep with weak confining pressure (uncoupled chemo-mechanical test), the per-
meability of degraded material decreases contrary to sound material, because of the preponderance of the
compaction effect with regard to the induced microcracking. Under simultaneous creep and chemical degra-
dation (coupled chemo-mechanical test), the permeability increases due to the dissolved chemical products

which leads to the creation of preferential ways for the fluid flow.

1 INTRODUCTION

In the field of nuclear installations, for the storage of
radioactive waste, drilling of the oil wells or storage
of acid gases in these wells, the knowledge of the
hydro-mechanical behaviour of cement-based mate-
rials is of great interest. The present study is focused
on the oil field where cement pastes are used during
drilling operations, plugging and/or abandonment of
the wells. These cement pastes could also be used
for the re-injection and sequestration of acid residual
gases such as CO, and H,S. Therefore, after its set
up, the material is subjected to mechanical loading,
temperature increase and acid fluids leading to
chemical degradation. The study of cement-based
material degradation by natural process being very
long, it is necessary to use an accelerated degrada-
tion process under controlled conditions, an artificial
accelerated degradation by ammonium nitrate solu-
tion as fluid was selected in this study for acid deg-
radation. Degradation by ammonium nitrate, re-
garded as the ultimate stage of an acid deterioration,
is due mainly to the leaching of the calcium of the
main hydration products, which are the portlandite

(Ca(OH),;) and calcium silicate hydrates (CSH)
(Adenot 1992, Carde et al. 1996, Gérard 1996, Tor-
renti et al. 1999, Le Bellégo et al. 2000, Heukamp et
al. 2001, Heukamp et al. 2003, Burlion et al. 2006).
The leaching of the first increases macro porosity
while the leaching of the second increases micro po-
rosity (Carde et al. 1996). The presence of the ag-
gregates seems to play a great role in the leaching
process (Nguyen et al. 2007).

After leaching the short term hydro-mechanical
behaviour (multiaxial compression) of cementitious
materials, studied in the literature until now at ambi-
ent temperature, is deteriorated: loss in strength
(Heukamp et al. 2001, Heukamp et al. 2003, Nguyen
et al. 2007, Agostini et al. 2007) and Young’s
modulus (Carde et al. 1996, Gérard 1996, Le Bellégo
et al. 2000, Nguyen et al. 2007, Agostini et al. 2007),
passage from fragile behaviour to ductile one (Carde
et al. 1996, Nguyen et al. 2007, Agostini et al. 2007)
or, amplification of material sensitivity with respect
to the pore water pressure by the Skempton coefficient
increase (Heukamp et al. 2001, Heukamp et al. 2003).

However, few studies only focused on the chemi-
cal degradation effect on the long-term behaviour
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(creep). These studies, always carried out at ambient
temperature, underline the importance of leaching on
uncoupled (Bernard et al. 2003) and coupled (Tor-
renti et al. 2008, Xie et al. 2008) creep. It is obvious
that leaching will also modify the transport proper-
ties of cement based-materials. For instance, the
permeability to gas of mortar of construction in-
creases by two orders with degradation at ambient
temperature (Agostini et al. 2007). The permeability
measured on samples subjected to creep coupled
with chemical degradation decreases with the in-
crease in deviatoric loading for the same confine-
ment (Xie et al. 2008). In contrast, in an oil well, the
temperature is much higher than the ambient tem-
perature and will influence the microstructure evolu-
tion during the maturation phase of the paste. The
aim of this study is then to study the hydraulic be-
haviour evolution of an oil cement paste at the sound
state, chemically degraded state and during chemical
degradation under mechanical loading and tempera-
ture. The evolution is considered at 90°C, because
this temperature is characteristic of the conditions
met in some oil reservoir. The use of ammonium ni-
trate solution accelerates 300 times the process of
leaching compared to the pure water effect at ambi-
ent temperature (Heukamp et al. 2001). This kinetic
factor is amplified by the increase in temperature
(Torrenti et al. 1999). In this work, the results for the
permeability evolution of hardened cement paste ac-
cording to the chemical degradation state of material
and mechanical loading types are presented and ana-
lyzed.

2 EXPERIMENTAL CAMPAIGN

2.1 Material used and conditioning of samples

The study is conducted on a classical oil cement
paste with water by cement ratio W/C=0.44 (Yurtdas
et al. 2006). A cement of class G and two additives,
a dispersing agent and an anti-foamer agent, are
used to cast the material.

The samples of dimension ¢37x100 mm” are ini-
tially preserved during 3 days in their mould at a
temperature of 100 °C. They are demoulded quickly
and still preserved 4 days at 100°C then brought
back gradually to 90°C (3°C/day). Afterward, they
are preserved in the distilled water saturated with
lime at 90°C to reach 1 month of maturation (Fig. 1).
Notice that the manufacture conditions of the cement
paste in laboratory, like its maturation without pressure,
lead to a more important permeability than that met in
the oil wells. After the maturation phase, the samples
are separated, under temperature, in two series:

» the first series is placed in a neutral fluid (a
synthetic fluid of similar composition to the
interstitial fluid)

3
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» the second series is subjected to chemical
degradation with ammonium nitrate NHsHNO;
solution -6 mol/kH2O- until obtaining com-
plete degradation.

The principle of conditioning of the sound and
degraded samples is shown on Figure 2. The sam-
ples are kept in an enclosure at T=90 °C and the pH
is controlled by a probe. The solution is regularly
renewed so as to keep as much as possible the same
solution effect with respect to the cement paste. The
samples of the second series are then placed in dis-
tilled water in order to rinse them before carrying
out the mechanical tests. The rinsing operation helps
to evacuate the disunited solid particles of the sam-
ple. In addition, the samples were always preserved
under wet conditions in order to prevent the very
expansive calcium nitro-aluminate precipitation
leading to cracking (Adenot 1992).

Oven

Water vapour outlet

Figure 1. Storage of samples after casting under temperature.
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Figure 2. Conditioning of samples in neutral fluid and ammo-
nium nitrate solution under temperature of 90 °C.

2.2 Experimental device and measurements performed

Permeability measurements of samples under con-
trolled temperature are carried out after obtaining
the homogeneous states for sound and completely
degraded materials. The picture of Figure 3 shows
the evolution of the front of leaching with time of a
control sample broken in splitting. It is noted that the
front of leaching, followed by the application of
phenolphthalein, has reached until the core of the
sample. The variation of mass during leaching and
rinsing versus time are plotted in Figure 3. The mass
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evolution of the three samples is similar and stabi-
lizes at the end of approximately 40 days of leach-
ing. Moreover, the rinsing by distilled water causes
an additional loss in mass after leaching, due to the
dissolved chemical products. However, this second
loss is also stabilized quickly. Approximately 70
days were necessary for the process of leachlng and
rinsing. The tests are carried out on 37x40 mm’ cy-
lindrical samples. These samples are obtained, under
temperature, from the central part of the samples
having initially a height of 100mm. Theses dimen-
sions are selected so as to carry out the measure-
ments in a reasonable time. Indeed, more the sample
is long and more it takes time for the steady state es-
tablishment.

90  Mass [gr] degraded zone ——sample |
—&—sample 2
——sample 3
sound zone

80

lixiviation rinsing |
70
60
Time [day]
50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
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Figure 3. Variation of mass of three samples during lixiviation
and rinsing process.

The following tests were carried out in order to
understand the permeability evolution according to
the material state and loading type:

e permeability measurements on the sound and
degraded 37x40 mm’ cylindrical samples ac-
cording to the confining pressure (P, = 3,10
and 20 MPa),

e permeability measurements on the sound,
degraded and degrading 37x40 mm’ cylindri-
cal samples under deviatoric creep with con-
fining pressure of 3 MPa,

e porosity measurement of the sound and de-
graded samples.

These tests are performed using an experimental
device developed for the present study in the Labo-
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ratory of Mechanics of Lille. This one is composed
of an auto compensated autonomous triaxial cell, an
oven, three pumps for the application of confining
pressure, deviatoric stress and for the pore water in-
jection, an overflow allowing to keep the intensity of
the pore water pressure at the desired level and an
acquisition system allowing in-situ measurements of
the axial and radial strains. Figure 4 shows the sim-
plified scheme and the boundary conditions for the
permeability tests. Moreover, as the permeability
value is influenced by hydrostatic confining pres-
sure, a new device of permeability measurement is
conceived in order to obtain the permability value
“without” confining effect. In this device, the sample
is placed in cylindrical cell which has a diameter
slightly higher than that of the sample. Then, the
empty space between the sample and the cell is filled
by an adhesive providing the lateral sealing. The ef-
fect of the confining pressure on the axial permeabil-
ity was thus being avoided. It is worth mentioning
that carrying out this type of test was particularly
difficult. So the following measurement is made to
complete permeability measurements:

e Permeability measurement on the sound and
degraded 37x40 mm’ cylindrical samples
“without” confining pressure.

The uncoupled creep tests are carried out with a
compressive stress equal to 50% of the failure strength
for a given confining pressure. However, at the end
of the creep test, we increased the loading in order to
get more information on the behaviour evolution. In
the case of coupled tests, the deviatoric stress is
equal to 50% of the failure strength of the sound ma-
terial and not of the degraded material. In addition,
during uncoupled creep tests, the permeability is al-
ways determined after deviatoric unloading, in the
hydrostatic phase. In the case of coupled creep tests,
the permeability is determined in the deviatoric phase.

The permeability is obtained by the application of
the Darcy’s law which requires the establishment of
the steady state. After the application of confining
pressure, and with (coupled creep tests) or without
(hydrostatic tests, uncoupled creep tests) deviatoric
stress, the liquid is axially injected from bottom side
under a constant pressure equal to 2.5 MPa. The
pressure on upper side is equal to the atmospheric
pressure Py (Fig. 4). The axial permeability is eas-
ily determined by measuring the flow rate at the exit
of the sample.

MO L (1)
" S (P-P)

where K, is the 1ntr1n51c permeablhty (Zlndependent
of the mjected fluid) [m?] (1 m? darcy), u

is the dynamic viscosity of the 1nJected fluid [Pa.s],
Q is the liquid flow [m’/s], Lis the length of the
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sample [m], Sis the cross section surface [m]. P
is the pressure of injection [MPa] while F, is the
pressure of exit and equal to the atmospheric pressure.

Figure 4. Experimental devices and limit conditions for perme-
ability measurements.

Using this method, the permeability determined
directly is considered as intrinsic if the injected fluid
is neutral with respect to the cement paste. The flu-
ids used for the measurement of the permeability are
the same ones as those in which the samples are
conditioned until the moment of tests, namely the
neutral synthetic fluid (sound material) and distilled
water (degraded material). The synthetic fluid with
which the sound state is characterised will have no
influence on the permeability value because of its
neutral nature. On the other hand, with the use of
distilled water the degraded samples are better
rinsed before the permeability measurement. The in-
fluence of the precipitation of the particles on the
permeability and mechanical test is thus minimised.
Notice that it is well-known that some interactions
exist between cementitious material and injected wa-
ter and influence the measured permeability (Hooton
1989, Yurtdas et al. 2008). In contrast, in the present
study, the influence of this water would be very
weak due to the fact that the material is very
strongly attacked by ammonium nitrate solution.

3 EXPERIMENTAL RESULTS

3.1 Permeability evolution with and without
hydrostatic compression at 90°C

Table 1 gives porosity measurements obtained on
the sound and completely degraded samples. The
porosity is determined after oven drying at 105°C up
to constant weight of the saturated samples (sound
samples by neutral water and degraded samples by
distilled water). The average material porosity in-
creases from 37% to 56% after degradation (ap-
proximately an increase of 50%). The increase
comes from principally Ca(OH), decalcification lead-
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ing to a macro porosity [4]. Therefore, the strength
loss is principally due to portlandite leaching. In ad-
dition, the morphology of the CSH being modified
by leaching, the ductility of material increases with
degradation.

Table 1. Porosity of the sound and degraded materials.

Nb of sample

State of material 1 2 Mean value

Sound Degraded 0.34 0.39 0.37
0.56  0.56 0.56

Figure 5 shows the strains evolutions in the hy-
drostatic phase for the sound and degraded materials
before permeability measurement. For the sound ma-
terial, an initial tightening phase appears before the
elastic phase. After chemical degradation, this elas-
tic behaviour becomes elastoplastic as soon as the
confining pressure is equal to 3 MPa. There is also a
slight dispersion of the sound material results, due to
the variability of cementitious materials. This variabil-
ity seems to vanish after chemical degradation. It is in-
teresting to observe an important deformation of sam-
ples after degradation, especially at high confinement.

Figure 6 shows the permeability evolution of the
sound and degraded material versus confining pres-
sure. The initial permeability values are related to
the preparation conditions in laboratory and to the
maturation without pressure of the paste. We are in-
terested here mainly in the permeability evolution.
The permeability is always measured in the hydro-
static phase. This figure shows that the permeability
decreases about 70-80% for two materials with con-
finement. A similar decrease is also observed with
the degradation of material whatever the applied
confinement (whereas this degradation considerably
increases the porosity). The decrease in permeability
with confinement is due to the reduction of the space
for the fluid flow and perhaps also to the reduction
of the interconnection degree of the porous net-
work. The decrease in the permeability of degraded
material compared to sound material comes from
the fact that the first contracts more at equal con-
fining pressure. Moreover, if there is no active lat-
eral confining, the axial permeability of degraded
material will be higher than that of non degraded
material. This was confirmed by the results ob-
tained without confining pressure apphcatlon the
permeability was 2.0x10" " m” and 4. 8x10"7 m? re-
spectively for the sound and degraded material.
Therefore, the permeability of the degraded material
is 2.4 times higher than that of the sound material.
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Figure 5. Strains evolution evolution of the sound and de-
graded samples under 3, 10 and 20 MPa of confining pressure.
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Figure 6. Evolution of the permeability versus confining pres-
sure for the sound and degraded materials.

3.2 Permeability evolution under deviatoric creep
with P.=3 MPa at 90°C

3.2.1 Case of uncoupled creep

Figure 7 shows the permeability evolution of a
sound sample during a deviatoric creep test with
confining pressure Pc = 3 MPa. This creep tests is
carried out with a deviatoric stress equal to 14.6
MPa corresponding to 50% of the failure strength of
a similar sample under identical confining pressure.
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During a creep test, when the applied stress leads to
reach the failure of the sample, the curve of creep
shows three distinct phases according to time: a first
phase where the velocity of strain decreases and
tends towards a stabilization (primary creep), a sec-
ond phase characterized by a constant velocity (sec-
ondary creep), and finally, a third phase for which
the velocity increases very quickly and the sample is
broken (tertiary creep). For the sample studied here,
only the first two phases of creep could be observed
after the application of a stress equal to 50% of de-
viatoric strength. Even after the application of devia-
toric stress equal to 80% of the failure strength, the
passage to the third phase of creep does not appear.
Thereafter, the sample is broken by stress increase.
Notice that the failure strength of the sample shown
on Figure 7 is higher of 21% than that of a sample
which is not submitted to creep. This amplification
of strength can be explained by a progressive com-
paction of the sample during creep. However, a
regular increase in the permeability is observed: its
value, initially equal to 0.7x107"" m? (= 0.7x107
darcy), reached 4.8x10"7 m? (= 4.8x10” darcy) after
the end of 80% loading application. This increase
can be explained by the creation of new microscopic
cracks, which would also favor the connection of the
initial porous network. Thus, there is a deterioration
of material by induced microcracking.

Sound sample
Pc=3MPa

-4 ~ Axial strain [%]

Failure

3k 4.8x10" m’

4.4x10"" m? \

3.6x10" " m?

increase of the strength
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1.0x10™7 m?

0.7x10"" m?

Time [hour]
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Figure 7. Evolution of the permeability of a sound sample ver-
sus time under deviatoric creep at Pc=3 MPa.

Figure 8 illustrates the permeability evolution of
a completely degraded sample. Like the sound sam-
ple, it is initially loaded with a constant deviatoric
stress equal to 50% of the failure strength, that is to
say 7.5 MPa with P, = 3 MPa. Then, as the strains of
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creep tended towards an asymptote, the pressure ap-
plied was increased up to 80% of the breaking
strength. This last increase led the sample to the
failure. There is a stiffening of material during load-
ing, due to compaction. The fluid flow becomes dif-
ficult through the porous network.

Degraded sample

-14 ~ Axial strain [%]
L Pc=3MPa
-13
-12 Failure —»
-11
-10 F
9 +
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sl \
2k
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Figure 8. Evolution of the permeability of a degraded sample
versus time under deviatoric creep at Pc=3 MPa.

3.2.2 Case of coupled creep

A coupled creep test is carried out in a different way
compared to an uncoupled creep test: after the set up
of the sample in the triaxial cell, the permeability to
the neutral fluid is measured after the application of
the hydrostatic pressure. Then, the deviatoric stress
of creep is applied and the ammonium nitrate solu-
tion is injected continuously into the sample. As it
was indicated previously, the deviatoric stress is
equal to 50% of the failure strength of sound mate-
rial. However, the failure strength of the sound ma-
terial will approach progressively to that of degraded
material during the action of the chemical solution.
In other words, with degradation, the stress applied
will not be any more equal to 50% of strength, but will
tend towards a higher % of failure strength.

The permeability is measured continuously, with-
out deviatoric unloading, and with ammonium ni-
trate solution. It is clear that the permeability thus
measured is not intrinsic being given the interaction
between the interstitial fluid and material, but it is
characteristic of the evolution of the microstructure
according to time. Figure 9 shows the permeability
evolution versus time during a coupled creep test
with Pc = 3 MPa. The coupled test makes it possible
to study the material evolution from sound state to
degraded one. Figure 9 shows that the sample breaks
after only approximately 22 hours under the influ-
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ence of the chemical degradation by the acid fluid
percolation. This result shows a strong coupling be-
tween creep and chemical degradation, which is also
observed on a concrete sample of construction cured
and tested at ambient temperature under uniaxial
creep (Torrenti et al. 2008). However, the strains
evolve much slower during their test. This comes
mainly from the fact that our samples are very po-
rous in sound state due to the maturation and con-
servation under the temperature of 90 °C. There is
also an acceleration effect of the degradation process
under high temperature during the test.

As the failure strength of the sample, loaded with
50% of the failure strength of sound material, ap-
proaches progressively to that of a degraded sample
during degradation, it is normal that the sample
breaks under creep loading. A second test carried
out showed a similar tendency to the first test. Fig-
ure 9 shows that after the ammonium nitrate solution
injection the permeability first decreases very slowly
(from 0.73x10""m? to 0.72x10"""'m?) certainty due to
the deviatoric loading application. Afterward, it in-
creases when the ammonium nitrate solution effect
begins to be important leading to progressive decal-
cification of the cement paste. This permeability
evolution remains weak in the absolute, because a
part of the porosity increase due to the action of
ammonium nitrate is compensated by the progres-
sive compaction of material.

-14 - Axial strain [%] Pc=3 MPa
-12 . .
beginning of the nitrate

- solution injection
-10

i 1.3x10"" m?
-8 r —

1.0x10™" m?
6 080x10" m’
4 [0.72x10" o’
2+
Time [hour]

0 I [N TN TR TN SN AN TN TR SO S |
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Figure 9. Evolution of the permeability of the first sound sam-
ple versus time under deviatoric creep at Pc=3 MPa and
chemical degradation.

After carrying out each test, the tested sample is
divided into two or several pieces by splitting under
a very weak load, and then impregnated of phenol-
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phthalein, in order to understand the way in which
the flow of ammonium nitrate circulates through the
sample. The phenolphthalein remains colourless on
the degraded part, and becomes pink on the sound
part of the sample. The examination of the sample
put in light the creation of the preferential ways of
flow through the sample, at least for 3 MPa confin-
ing pressure.

4 CONCLUSIONS

The objective of this work was to highlight the per-
meability evolution of an oil cement paste under
thermo-hydro-mechanical loading coupled to chemical
degradation. Thus, the permeability decreases with
the increase in the confining pressure, for the sound
or completely degraded cement paste. Moreover, it
is observed that the permeability is lower for de-
graded material, whatever the confinement. The de-
crease in the permeability with confining pressure is
due to the reduction of the fluid flow space and the
interconnection degree of the porous network, by
compaction. Chemical degradation leads to decalcifi-
cation of the solid matrix, which becomes contract-
ing under triaxial compression. However, as ex-
pected, the measurement of the permeability without
active confinement showed that the permeability of
the degraded material is higher.

Permeability measurements during uncoupled creep
tests reveal also interesting phenomena. For a con-
finement of 3 MPa, the permeability, measured at
various time, increases for sound material, due to in-
duced microcracking and its propagation. However, it
decreases for degraded material because of dominat-
ing effect of the compaction with regard to induced
microcracking.

In the case of coupled (chemo-mechanical) creep
tests, for a confinement of 3 MPa, the permeability
increases showing a strong coupling between creep
and chemical degradation. This increase is explained
by the dissolved products and the creation of poros-
ity due to the chemical attack.
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