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Résumé — Durabilité d'une pâte de ciment durcie utilisée pour la cimentation des puits
pétroliers — Les problèmes de durabilité des matériaux utilisés pour les sondages pétroliers sont une
question essentielle pour l'industrie pétrolière. Nous avons mené des essais de vieillissement d'une
pâte de ciment dans deux types de fluides en variant la procédure expérimentale. Nous montrons que
les altérations observées sont très dépendantes de la façon dont les essais sont menés. Pour évaluer
correctement la durabilité à long terme des matériaux cimentaires, il est notamment nécessaire de
renouveler périodiquement le fluide dans lequel le matériau vieillit. En menant les essais ainsi, on
montre que les propriétés macroscopiques d'une pâte de ciment durcie sont fortement dégradées.

Abstract — Durability of Hardened Portland Cement Paste used for Oilwell Cementing —
Durability of materials used for the completion of oilwell is of utmost importance for oil and gas
industry. We carried out ageing tests on a hardened cement paste in two types of fluid by varying the
experimental procedure. We show that the observed alterations are highly dependent on the way of
conducting the tests. To correctly assess the long-term durability of cement-based materials, it is
necessary to renew periodically the ageing fluid. By doing so, a severe impairment of the
macroscopic properties of an hardened cement paste aged in a monthly-replaced brine can be
observed.
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INTRODUCTION

Different materials are found in an oil well: steel for casing
string, polymer for packers and cement-based materials for
annular sealing. Each of these materials has to keep its
integrity not only during the production period but also
after the abandonment of the well. During the production
period, in order to ensure a high production rate, no unde-
sired circulation of fluids (typically water influx/produced
fluids) or casing failure should occur within the well. After
the closure of the well, failure of the zonal isolation may
lead to severe problems of environment as, for example,
leakage of polluting fluids to the surface. Therefore, the
zonal isolation must be effective for hundreds or thousands
of years. Achieving effective zonal isolation requires to
correctly design the architecture of the well, to succeed the
primary cementing job and to select and use appropriate
materials. Durability of oilwell materials is a very chal-
lenging topic, specially for cementitious materials which
must prevent any fluid circulation.

Moreover, over the next few decades, the production of
oilfields with high contents of associated sour gases is
planned to increase. We estimate that 40% of the world
remaining gas reserves contain more than 2% of CO2
and/or more than 100 ppm of H2S. Consequently, the
researchs on technologies to produce such fields are of
utmost importance. Due to the presence of corrosive gas,
special attention has to be paid to the design of well materi-
als (casing, cementing materials). Corrosion of steel
induced by acid gas-containing brines is well documented
while data on degradation by wet CO2 or wet H2S is more
limited [1]. For cementitious materials, there is an abundant
literature dealing with deterioration of cement pastes caused
by a CO2 environment [2-5]. Published data on degradation
mechanisms of cement-based materials exposed to H2S
environments are more scarce [6, 7]. 

To correctly assess oilwell cement durability, ageing tests
must be carried out with fluids which are representative of
the different life periods of the different types of well. For
wells drilled in areas with high contents of H2S or mixed
H2S/CO2, one can consider the following situations as critical
from a chemical point of view for the cement sheath:
– primary cementing across the cap rock and the reservoir

during the production,
– primary cementing during acid gas injection (in case of

fluid re-injection),
– primary cementing and plugs after the end of the produc-

tion and re-injection operations.
For each of the above mentioned situations, the environ-

ment of the cement sheath changes: nature (supercritical
fluid, gas, liquid) and composition of the fluid in contact with
the cement, presence of water, pressure and temperature. So
different situations have to be carefully studied in order to
assess the durability of the zonal isolation.

This paper deals with the durability of cement-based
materials used for oilwell cementing. We focus on the chemi-
cal evolution of such materials when in contact with different
field fluids and its impact on some macroscopic properties
(mechanical resistance, permeability). We present results of
ageing of hardened cement paste corresponding to three dif-
ferent experimental conditions. In the first condition, the
cementitious material is aged in water without fluid renewal.
For the second condition, the cement paste is aged in water
which is periodically renewed. And, for the third condition,
the cementitious material is aged in crude oil in order to sim-
ulate the conditions of the reservoir. We discuss the different
results obtained for the three ageing conditions. We draw
some conclusions about the best ways to carry out ageing
tests in order to assess the long term structural life of cement-
ing materials.

1 BACKGROUND

1.1 Oilwell Cementing [8]

Rotary drilling is the worldwide method used to drill oil
and gas wells. This method consists in the use of a rotating
bit which crushes the rock formation, and a continuous
drilling fluid injection, which removes the rock cuttings
and brings them to the surface. One of the main advantages
of the rotary method is that the drilling fluid can be
pumped through the bit. Once a section of the well has
been drilled, the drill pipe is removed from the hole and a
casing pipe is run into the hole until it reaches the bottom.
This operation is achieved with the borehole full of drilling
fluid. Once the casing pipe is in place, a cement slurry is
pumped down into the casing string to the bottom of the
well and then flows up through the annulus between the
casing and the borehole wall (Fig. 1). This last operation is
called primary cementing.

The major goal of the primary cementing is to provide
a complete and permanent zonal isolation within the well
bore. This means that the cement sheath must prevent any
fluid circulation (gas, oil, water…) between different
rocks layers. To achieve this objective, the drilling fluid
must be removed from the annulus and the cement slurry
put in place. Therefore, good mud removal and cement
placement are essential to avoid interzonal fluid flows.
Incomplete zonal isolation may lead to environment pollu-
tion problems or production rates lower than expected.
That is why primary cementing is often considered as one
of the most important operations performed in a well.
Primary cementing also aims at mechanically securing the
casing string to the borehole walls and at protecting the
casing from corrosion by the fluids contained in the
drilled rock formations.
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Primary cementing is not the only cementing operation.
After 25 years or so, when the production rate becomes very
low, the wells have to be plugged. The main aim of well
abandonment is to permanently seal the well bore for a geo-
logical time scale in order to prevent any leakage of forma-
tion fluids to surface. 

Consequently, long-term durability of the materials used
for primary cementing and for plugging is of paramount
importance.

1.2 Cement Hydration [8, 9]

The mineral mixture used in cementing operations is either a
pure cement paste or a fine mortar, i.e. a mixture of cement
and fine mineral particles like silica fume, with organic

admixtures. Cement itself is a mixture of several mineral
phases, the most abundant being an impure tricalcium sili-
cate, 3CaO.SiO2 (alite) and its dicalcium equivalent,
2CaO.SiO2 (belite). Oil well cements are particularly rich in
silicate phases. According to American Petroleum Institute
standards, tricalcium aluminate content of a class G cement
must be lower than 3%. When cement is mixed with water, it
undergoes a dissolution reaction generating, among others,
calcium, silicate and aluminate ions in the interstitial solu-
tion. After a few hours, new products called “hydrates” pre-
cipitate, the most important being calcium-silicate-hydrate
(C-S-H) and calcium hydroxyde (portlandite). This dissolu-
tion-diffusion-precipitation process yields a geometrically
complex interface between the anhydrous silicate and C-S-H
on one hand and between the hydrates and the solution on the
other hand. As the hydration reaction proceeds, more and
more anhydrous material is converted into hydrates, with an
overall decrease of the porosity since the volume of hydrates
produced by the thorough reaction of tricalcium silicate with
water is more than twice the initial anhydrous volume [10]. 

Two important mechanical events occur during hydration
[11]. The first one is a simple gelation of the slurry, due to
the high ionic strength of the aqueous phase [12-14]. It
occurs quasi-immediately after mixing the cement with
water, at virtually zero hydration. The coagulated network
has a poor mechanical strength. The second and more impor-
tant event is setting, which starts a few hours after coagula-
tion. The period between coagulation and setting is (improp-
erly) called the dormant period. In fact, hydrate particles
nucleation is occurring, followed by their growth [15]. A
continuous reinforcement process is going on in contact
areas, leading, at some point, to mechanical percolation (set-
ting). At this point, the shear modulus is in the GPa range.
Further hydration and (poorly understood) long term redistri-
bution of matter and voids [16] leads to further reinforce-
ment, over periods of weeks, months or even years. The final
microstructure developed during this process is an important
key for the long term integrity of the cementing material.
Indeed, both chemical reactions and transport of chemical
species (water, gas molecules, ionic species) within the
cement paste is driven by the texture and the topology of the
porous cementitious matrix. Hardened cement paste is a good
example of mesoscopic divided material (MDM) for which
an internal surface partitions and fills the space in a very
complex way [17, 18].

1.3 Durability of Set Cement Paste

Jacquemet et al. [1] investigated the durability of cement
paste aged in brine with acid gas (66% molar H2S + 34%
molar CO2) at 50 MPa and 200°C. They conducted experi-
ments in carefully controlled conditions (pH, Eh) providing
reliable results for chemical reactions. They showed that ini-
tial tobermorite phase has been converted in a calcium-
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depleted one. The released calcium from C-S-H was com-
bined with carbon aqueous species to form calcite. Pyrite for-
mation is observed due the reaction between H2S, C4AF and
steel. Nonetheless, the authors did not study the evolution of
the microstructure (pore size distribution for instance), nor
physical properties (such as gas or water permeability) of
their degraded cement pastes. Ageing in sour gas (150 ppm
of H2S and 22% molar of CO2) brine has been studied by
Krilov et al. [6]. It is generally observed that carbonation
occurs on cement surface through a time dependence phe-
nomena and may induce a decrease of compressive strength.
Experimental results are difficult to interpret, since several
minerals can dissolve or precipitate simultaneously. But a
severe depletion of calcium on the outer layer is generally
observed. Recently, it was shown that the formation of a cal-
cium carbonate-rich layer may retard the leaching phenome-
non but does not stop it [2, 5].

When in contact with acidic aqueous solutions, acid attack
of cementitious materials takes place. In the course of acid
attack (for instance, brine acidified by H2S), H3O+ ions pene-
trate within the cementitious matrix and induce dissolution of
hydration products. Experimental works have shown that the
alteration of the cement-based materials depends on the
chemical composition of cement as well as the pH of the acid
solution. The rate of the degradation is strongly linked to acid
concentration, the type and amount of hydrated phases
involved in the reactions. For example, dissolution of ferrite
or aluminate phases and the induced leaching of Fe3+ and
Al3+ is slower and occurs at lower pH values than the
depletion of Ca2+ from C-S-H and portlandite. As the pH
decreases, portlandite (pH stability equals to 12.6), C-S-H
(pH stability ~ 10-11), calcium aluminate and ferrite hydrates
are successively dissolved. The ultimate material resulting
from this alteration process is a silica gel when pH is below
than approximately 2. For pH ranging between 4 and 6-7,
depleted-calcium hydrates remain with residual aluminate
and ferrite hydrates [19].

2 EXPERIMENTAL PROGRAM

Materials. Ageing experiments were performed using a port-
land cement, an API class G one produced by Dyckerhoff
which is considered as a representative oilwell cement. Its
chemical analysis and mineralogical composition are given in
Tables 1 and 2 respectively. 

Preparation of specimens. Deionised water was added to
the cement powder to produce a paste of water to cement
ratio equal to 0.44. The pastes were prepared according the
API specifications. Material cylinders of 2.5 cm in diameter
and 5.0 cm in height and bars with a section of 2 × 2 cm and a
length of 16 cm were prepared for the experimental program.
All the samples were cured in water for one month at 80°C.
The curing pressure was 7 MPa. After one month, the sam-

ples were removed from the pressurized curing chamber and
transferred in ageing cells.

TABLE 1

Chemical analysis of API Class G cement

Oxide wt%

CaO 64.70

SiO2 22.91

Al2O3 3.89

Fe2O3 4.75

SO3 1.80

MgO 0.74

Na2O 0.10

K2O 0.64

TABLE 2

Bogue composition of API Class G cement

Mineral wt%

C3S 51.2

C2S 27.0

C3A 2.3

C4AF 14.5

Ageing protocol. All the specimen were aged under
temperature, 80°C, and pressure, 7MPa, in static condi-
tions. In a first cell, samples were soaked in water with no
renewal. In a second cell, samples were aged in brine
which was monthly renewed. The composition of the brine
is given in Table 3 which corresponds to ionic strength of
0.4 mol·L-1. The renewal of the aqueous solution ensure
non-equilibrium conditions between pore solution and the
ageing medium and consequently avoid saturation concen-
tration conditions. The main drawback of this method is
the pressurization-depressurization cycles experienced by
the materials specimens at each renewal. Indeed, both
depressurization and cooling might induce damage to the
samples. In a third cell, samples were put in crude oil in
order to simulate conditions experienced by cement-based
material in the reservoir. We did not replace this fluid dur-
ing the ageing test. In the first and third experiment, we
used one ageing cell for each ageing time to avoid pressur-
ization-depressurization cycles at each sampling time.

TABLE 3

Composition of the brine

Ionic species Cl- Na+ K+ HCO3
- SO4

2- Ca2+ Mg2+ pH

Composition (mmol·L-1) 376 343 33.5 6.4 2.3 4.1 1.5 7.7
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3 RESULTS

3.1 Characterization of the Tested Cement-Based
Material after Curing

We first characterized hardened cement paste just after cur-
ing in temperature and pressure. 

From an application point of view (effective zonal isola-
tion), mechanical strength and transport properties are the
most important properties. 

Porous properties of cement-based materials can be
described by different parameters. Relevant parameters are
often porosity (corresponding to the void volume/total vol-
ume ratio) and pore size distribution. This latter information
is somewhat difficult to capture without any artifact. Mercury
intrusion porosimetry (MIP) is routinely used to measure the
porosity of cement pastes, mortars and concretes. Although
this technique is not suited to assess pore size distribution
[20, 21], we can estimate that the (connected) porosity mea-
sured by MIP is meaningful [20]. To determine pore size dis-
tribution, alternative methods have been recently developed
and successfully applied to cement-based materials [22-24]. 

In this work, we used MIP to measure porosity of the dif-
ferent samples. After drying, cement paste pieces were
placed in the chamber of an automated porosimeter. Mercury
was then introduced in the chamber and the pressure subse-
quently increased up to 400 MPa. For each pressure incre-
ment, the corresponding volume of intruded mercury is
recorded. To interpret pressure values, we used a non modi-
fied form of the Washburn-Laplace equation: 

where d is the pore diameter, θ is the contact angle between
the mercury and the surface of cement matrix, γ the surface
tension of mercury and p the pressure. The values for θ and γ
were assumed to be respectively 141° and 0.474 N·m-1. 

The connected porosity of the cement paste cured for two
weeks is equal to 28%. Even though the pore size distribution
measured by MIP is biased, we nonetheless display the differ-
ential pore threshold distribution (Fig. 2) as information for
comparison (MIP being the only routine technique allowing to
determine this property). However, we will not discuss the
evolution of this property in the following. Results of an inves-
tigation by 1H magnetization relaxation of porous properties of
hardened oilwell cement paste have been published elsewhere
[25]. In Figure 2, we observe a sharply defined peak for the
differential MIP curve indicating a unimodal distribution of
access pore sizes. The access pore diameter is about 6·10-2 μm. 

The mineralogy of the cured paste has been characterized
by X-ray diffraction (Fig. 3). X-ray diffraction data were col-
lected using a Philips PW 1820 diffractometer employing the
CuKα radiation (λ0 = 0.154 nm). The samples were scanned at
0.6° per minute between 5 and 65° 2θ. Powder XRD analysis
indicated that the cement paste comprised anhydrous com-
pounds (alite, belite and brownmillerite), portlandite and
katoite. One can also observe a broad peak centered between
2.7 and 3.2 Å corresponding to calcium silicate hydrates, C-S-
H. Ettringite and AFm were absent. Instead, we detected a
siliceous hydrogrossular phase, katoite, corresponding to the
solid solution C3AS3-xH2x (where x = 1.5-3). 

Figures 4 and 5 show scanning electron micrographs with
two different magnifications of the one-month hydrated
cement matrix. On photograph 4, we can note that the matrix is
compact. We do not observe large porous areas. We can also

d
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Differential pore size distribution of the hardened cement
paste after curing.
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XRD pattern of hardened cement paste after initial curing.
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distinguish unhydrated cement grains (in agreement with XRD
observations). On photograph 5, one can observe CH crystals
occurring as micrometric platelets. Some calcium silicate
hydrates appear as fibrous bodies. 

More detailed information on the chemical composition of
an oilwell cement paste hydrated at 80°C and 7 MPa are given
in reference [26].

We measured macroscopic properties (water permeability,
mechanical strength) of the cured paste. As already men-
tioned earlier, the main aim of the cementing operation is to
avoid fluid circulation between different geological layers. In
absence of large cracks in cement sheath and/or plug or
micro-annuli at the interfaces cement/rock or cement/casing,
the transport of fluids within the cementitious matrix is
mainly a diffusive process. To characterize the evolution of
the transport properties of the matrix, the diffusion coeffi-
cient of ionic species should be measured instead of the per-
meability. Nonetheless, permeability of cement-based mater-
ial is assumed to be a relevant index to assess its durability.
Water permeability has been measured by using an Hassler
cell. The experiment consists in applying a differential pres-
sure between the extremities of a cylindrical sample in order
to develop a water flow, and in recording the corresponding
flow rate. The flow rate is determined by continuously
weighing the water at the outlet of the setup. To force the
water through the cementitious matrix and to avoid water
leakage, the set cementitious sample is placed in a
deformable sleeve which is pressurized to ensure water tight-
ness (we note Pc, this confining pressure). The upward pres-
sure, P1, is fixed at the confining pressure minus 3 MPa. The
downward pressure, P2, is equal to atmospheric pressure.
Darcy’s law for a non-compressible fluid is used to calculate
the water permeability kw:

where η (Pa·s) is the water viscosity, l (m) and S (m2) are
respectively the length and the cross-sectional area of the
cylinder and Q the flow rate (m3·s-1).

As stated by different authors [27-29], this technique pre-
sents some drawbacks. During the measurement, leaching
or/and hydration can modify the porous texture of the matrix
and finally influence permeability value. The water saturation
of the studied samples is an important factor as well. The
mechanical loading applied to the cylinder is essential [30].
In a same way, confining pressure, Pc, can cause variations of
permeability. To take into account this effect of the confining
pressure on the permeability measurement, we carried out the
experiments at two different confining pressures, 4 and 8
MPa. The given water permeability is an average of the val-
ues obtained for the two different operating conditions. 

The mean water permeability of the set cement paste is
6·10-19 m2.

We performed flexural strength measurements from 3-point
bending test and Young’s modulus and compressive strength
measurements. The compression tests have been performed on
cubes (2×2×2 cm) and on cylindrical samples (diameter:
2.5 cm, height: 5 cm). We only present in this paper the com-
pressive strength values. The evolution of the flexural
strength and Young’s modulus will be presented elsewhere.

3.2 Ageing Tests under Static Conditions with no
Replacement of Water

After the curing, specimens are placed in an autoclave
filled with water. The water volume to samples volume

Q k S P P
lw= −

η
1 2
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Figure 4

Scanning electron image of fracture of the hardened cement
paste after curing.

Figure 5

Scanning electron image of fracture of the hardened cement
paste after curing.



ratio is comprised between 3 and 5. Figure 6 shows the
variation versus time of the compressive strength for sam-
ples aged in water without renewal of the water for one
year. During the first six months, the mechanical strength
does not vary significantly. But after one year, the com-
pressive strength is starting to slowly decrease. After one
year of ageing, the loss of mechanical integrity of hardened
cement paste is ~20%. In this case, the impairment of
mechanical strength is related to porous texture and C-S-H
evolution of the cement paste. Indeed, denser C-S-H are
generally observed when the curing temperature of the
cement pastes is increased [31]. For temperature above
~120°C, it is well known that a neat cement paste (without
silica source) show strength retrogression due the forma-
tion of α-dicalcium silicate hydrate (α-C2SH) at the
expense of amorphous C-S-H [31-34]. For lower tempera-
tures, results show a deterioration of mechanical properties
associated with an increasing water permeability [35]. The
observed decrease of strength is linked to both a higher
porosity and a coarser pore size distribution. For pastes
hydrated at moderate temperature (typically ~50-80°C), the
calcium silicate hydrates are denser than the ones formed
when the hydration takes place at 20°C [31, 36]. As
reported in [35], the impairment of mechanical strength is
a phenomenon dependent on temperature. The higher the
temperature, the earlier and the more important the loss of
mechanical integrity. 

In our experimental conditions, the variations of the
macroscopic properties are due to a temperature effect and
not to the chemical attack. To definitely conclude and high-
light the temperature effect on the mechanical properties

impairment, ageing of the same paste in an aqueous solution
mimicking pore solution would be necessary.

3.3 Ageing Tests under Static Conditions with
Periodic Replacement of Water

It is clear from the previous section that in case of no renewal
of the ageing fluid, the variations of the properties of hard-
ened cement paste aged at moderate temperature are very
limited during the first year. These variations are induced by
temperature-driven chemical transformations.

Figure 7 illustrates the time evolution of the compressive
strength of the same cement paste with water replacement.
During the first four months, the compressive strength
exhibits the same variation than observed with no renewal of
the ageing fluid. After 4 months, the compressive strength
starts to decrease importantly. After one year, the variation of
the compressive strength falls of 50%. 

For mechanical properties, the renewal of the ageing fluid
has two main effects: 
– firstly, the mechanical resistance is impacted earlier,
– secondly, about half of the mechanical strength is lost

after one year.
The question is how to explain the lower compressive

strength measured for samples aged with ageing fluid
replacement. First of all, we verified that the degree of hydra-
tion was identical between the two set of experiments. We
calculated the degree of hydration thanks to solid-state 29Si
NMR experiments [37]. In the case of “No renewal”, the
degree of hydration was 90%. And in the case of “Periodic
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Uniaxial compressive strength of hardened cement paste aged
in water at 80°C with no replacement of the water.

Figure 7

Uniaxial compressive strength of hardened cement paste aged
in brine at 80°C with monthly replacement of the water
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renewal”, the degree of hydration was 85%. The difference
of evolution for compressive strength could be due to spe-
cific chemical transformations of the binding phases and/or
to crystallization of new phases. So, we investigated the
chemical evolution of the material along the ageing time.

Le Saoût et al. [37] reported the chemical evolution of
the hardened cement paste aged in the same conditions.
After one year, they observed that both the degree of
hydration and the degree of C-S-H connectivity increases.
Concerning the C-S-H, little change of structure as probed
by 29Si NMR has been shown. The main difference after
one year is the disappearance of the portlandite in the outer
part of the samples. The disappearance of the portlandite
occurs in the outer layer of ~200-300 μm in thickness. The
thickness of the leached zone is lower than the one mea-
sured by Kamali [38]. For a cement paste with a
water/cement ratio of 0.4 leached at 85°C for 4 months, the
leached zone was ~1.3 mm thick. The estimation, from the
results of Kamali, of the degraded layer thickness corre-
sponding to 1 year of leaching gives a value ten times
higher than that we observed. But we have to keep in mind
that Kamali performed her leaching experiments with run-
ning water (the flow rate was 1 L per day), and, she used a
very low salinity water (the ionic strength was less than 4
mmol·L-1). In her thesis, Kamali showed that the thickness
of the degraded layer decreases when the salinity of the
water increases. The results published in the present paper
corroborate the conclusions drawn in [38].

XRD experiments reveal the same mineralogy as the one
observed in hardened cement paste aged in static conditions
with no water renewal. Therefore, we would explain the
lower compressive strength of the samples aged with fluid

renewal by the leaching of the portlandite [38, 39]. However,
it is important to recall that fluid renewal requires monthly
depressurization/pressurization cycle and cooling. This pro-
cedure could have an effect on the material by inducing
micro-crackings. A better way to carry out such experiment
would be to renew the ageing fluid under pressure and tem-
perature. This type of experiment is currently under way in
our laboratory [40].

3.4 Ageing Tests under Static Conditions with no
Replacement of Crude Oil

Figure 8 displays the evolution with time of the compressive
strength of samples aged in crude oil. Contrary to what we
observed in the two previous experiments, the compressive
strength remains stable over time. Nonetheless, it would be
necessary to continue the experiment over a longer duration.
But our result is in agreement with those published by Živica
[41] who investigated the long-term effects of crude oil on
different mortars. To confirm the non alteration of the cement
paste, we measured the portlandite content by TGA. After 6
months in crude oil, the CH amount in cement paste was
16% which is about the same value measured before the age-
ing (17%). Another way to highlight cementitious matrix
degradation is to use electron microprobe. We investigated
the chemical composition of the cement paste immerged 6
months in crude oil. The microprobe profiles have been mea-
sured from the edge of the sample to the core (over a length
of 14 mm). As one can see in Figure 9, we do not observe
any calcium depletion in the paste (the abscissa 0 corre-
sponds to the outer side of the sample in contact with the oil).
From a chemical point of view, there is no degradation of the
cement matrix.

Variations of water permeability and mercury porosity are
shown in Figure 10. The permeability of the sample
decreases during the first month and then reaches a plateau
around 4-5·10-19 m2. The porosity exhibits the same trend.
The measurement of water permeability for these samples is
questionable. Indeed, after six months, the crude has deeply
penetrated within the matrix. Even if we flushed the samples
with water to remove hydrocarbons out the pores of the
cementititous paste, it is likely that during the permeability
measurement oil is still present within the paste. The pres-
ence of hydrocarbons modifies the water flow inside the
porous space and consequently the permeability values.

Over the duration of the experiment, the crude oil used for
this study which does not contain acidic compounds seems to
be harmless for the hardened portland cement paste.
Nonetheless, the study has to be repeated with two major
modifications before drawing definite conclusions about the
durability of cement-based materials in reservoir conditions:
– to use an ageing fluid representative of reservoir fluids

which is a mixture of gas, hydrocarbons and brines,
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Uniaxial compressive strength of hardened cement paste aged
in crude oil at 80°C with no replacement.
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– to replace periodically the ageing fluid.
Such a research program is currently finishing in our labora-

tory. Some results of experiments taking into account the first
point have already been published by Noïk and Rivereau [35].

SUMMARY AND CONCLUSIONS

The purpose of this paper was to assess the long term
integrity of hardened cement used for oilwell cementing.
Ageing tests have been carried out up to one year. Various
experimental conditions were applied to evaluate at the same
time the cementitious materials integrity and the best ageing
protocol of cementing materials.

For cementitious paste aged in water in static conditions
for one year, we observed mechanical properties impairment
of ~20%. Even if temperature and pressure are high, no dis-
solution and/or precipitation phenomena occur leading to the
degradation of macroscopic properties of cement matrix.

The hardened cement paste aged in monthly renewed low
salinity water exhibits a significant decrease (~50%) of
mechanical strength. This degradation could be related to the
leaching of portlandite, even if this disappearance does not
occur in all the sample volume. Another explanation could be
the appearance of micro-cracks due to depressurization and
cooling of the cell necessary for the replacement of the age-
ing fluid.

For cementitious paste aged in crude oil, we did not observe
any mechanical properties impairment in comparison with what
we observed on the same material aged in water. This can be
explained by the absence of acidic compounds in the crude.
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Microprobe profiles obtained by electron microprobe on the hardened cement paste aged for 6 months in crude oil.
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porosity (square, right axis) of cement paste immerged for 6
months in crude oil.



Consequently, the conclusions of the ageing tests can vary
with the boundary conditions (fluid volume/materials volume
ratio, frequency of renewal...). For example, a fluid vol-
ume/materials volume ratio of ~5 without any fluid replace-
ment is not sufficient to observe chemical attack of the sam-
ples. The results reported in this paper illustrate the difficulty
to assess durability of cement-based materials in downhole
conditions. 

To forecast the durability of cementing materials, durabil-
ity tests have to mimic the in situ leaching processes of the
cement-based materials. For instance, in absence of large
cracks in cement sheath and/or plug or micro-annuli at the
interfaces cement/rock or cement/casing, the leaching of the
cementitious matrix is a purely diffusive mechanism.
Besides, the aggressive chemicals enter in contact with the
cement paste throughout the surrounding rocks. So, one can
expect a slow kinetics of the matrix degradation compara-
tively with laboratory results. 

What should be the protocol to be used to characterize the
kinetics of degradation? We overestimate the alteration front
rate with running water test. Nonetheless, we get information
(mechanical properties, transport properties: certainly the
most important data) on the ultimate degraded materials. In
this case, the former question becomes: when will this ulti-
mate degraded material appear: 50 years, 500 years, 5000
years? To evaluate over thousands of years the integrity of
cementing materials used to plug oilwells, the use of coupled
chemical-transport code allowing to predict both chemical
(precipitation and dissolution of minerals) and physical (pore
structure, transport properties) evolutions of the materials
seems impossible to circumvent. 

As one can see, the work to be done in the next years is
huge before being able to forecast cementing and plugging
material durability. It could be valuable and fruitful for our
industry to set up a working group in charge of establishing
guidelines to carry out durability tests. These guidelines
would allow to save time by carrying out reliable time con-
suming experiments and to get meaningful results.
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