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Abstract

The prime objective of the plug-and-abandon operations is to provide zonal isolation for infinite time. Cement-based materials are
generally used as plugging materials. Therefore, it is important to understand the physical and chemical processes causing cement
degradation in the downhole environment. In this study, we have characterised a Class G oilwell cement immersed for 1 year in brine at
7=293 K, p=10° Pa and 7=353 K, p=7x10° Pa using NMR and XRD techniques. In order to have a better understanding of the >’ Al NMR
spectra, selective dissolution has been performed. The results show that after 1 year of immersion in brine at 7=293 K, p=10° Pa,
monosulfate is converted to Friedel’s salt. Leaching resulted in the disappearance of portlandite and the formation of calcite and a more

polymerised calcium silicate hydrates (C—S—H). In the 7=353 K, p=7x10° Pa mineralogy, ettringite is converted to hydrogrossular.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement-based materials are used in the oil and gas industry
for cementing oilwells. The main role of the cement sheath is
to permanently isolate all subsurface formations penetrated by
the well [1]. This permanent isolation is expected not only
during the oil production but also after the plugging of the
wells. In any case, durability of the cement-based materials
placed within the wells is of utmost importance. To reach this
target, many formulations have been developed for oilwell
cementing, but only a few studies have been devoted to the
physical and chemical processes causing cement degradation
under downhole conditions [2-5].
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The objective of this work is to study the structure and the
properties of Class G oilwell cement. X-ray diffraction
(XRD) allows us to investigate the highly crystallized phases,
whereas nuclear magnetic resonance (NMR) is very adapted
to the study of amorphous as well as crystalline materials.
Previous structural characterisations of this system cured 30
days in tap water at 7=293 K, p=10" Pa and 7=353 K,
p=7x10° Pa revealed that an increase of pressure and
temperature lead to a more polymerised calcium silicate
hydrates (C—S—H) [6]. We present in this study the inves-
tigation of the microstructure of these samples exposed to
brine during 1 year.

2. Background: oilwell cementing

Rotary drilling is the worldwide method used to drill oil
and gas wells. This method consists in the use of a rotating
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bit which crushes the rock formation, and a continuous
injection of drilling fluid, 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 where it sets. 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. Incomplete zonal isolation may lead to
environmental pollution 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.

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
geological time scale in order to prevent any leakage of
formation fluids to surface. Long-term durability of the
cement is of paramount importance in this operation to
guarantee the tightness of the plugged wells. However, in
North America, there are literally tens of thousands of
abandoned oil and gas wells, including gas storage wells
that currently leak gas to surface. Much of this gas enters the
atmosphere directly, contributing slightly to the green-house
effect. Some of the gas enters shallow aquifers, where trace of
sulphurous compounds can render the water nonpotable [7].

3. Experimental details

The Class G Portland cement was obtained from the
Dyckerhoff company (Bogue composition (wt.%) : 51.2 C3S,
27 C,8, 2.3 C3A, 14.4 C4AF; for determination of potential
composition for a Class G oilwell, see Ref. [8] and references
therein) and was made with a water cement ratio w/c=0.44.
Specimens were cast in rectangular moulds (2X2x30 cm)
and were hardened in slightly hard tap water (2.9x10> M
CaCO;) for 30 days with two curing temperature and

pressure conditions: 7=293 K, p=10° Pa (samples labelled
CI in the text) and T=353 K, p=7x10° Pa (CII). Specimens
were demoulded and 2x 10~2 m cubes were cut from the bars
before being placed in the brine media up to 1 year with the
two curing temperature and pressure conditions. The volume
ratio of the brine to the volume of the material was 1:10 and
the brine was renewed monthly. Table 1 shows the chemical
composition of brine employed for the leaching test which
has neutral pH and is approximately 0.35 M NaCl with other
minor components. After 1 year, chemical analyses were
made on the superficial layer of typically 200-300 um which
was in contact with brine and on the bulk sample.

X-ray diffraction data were collected using a Philips PW
1820 diffractomer employing the Cuy, radiation (o=
0.154 nm). The samples were scanned at 0.6° per minute
between 5 and 65° 20.

The 2°Si NMR spectra were carried out on a Bruker ASX
300 spectrometer (7.05 T magnetic field) at 59.6 MHz.
Spectra were recorded at 7 kHz spinning rate in 4 mm ZrO,
rotors. Single pulse experiments without 'H decoupling were
carried out by applying 90° pulses with recycle delay of 8 s in
order to respect the relaxation times of the species present in
the samples. The *’Si chemical shift of the peaks were
analysed using the Q,(mAl) classification where the Si
tetrahedron is connected to m Al and (n—m) Si tetrahedra
where n=0 to 4 and m=0 to n. In aluminosilicates, the shifts
are further influenced by the replacement of Si by Al in
tetrahedra adjacent to a given Si site, generally producing
down-field shifts of 3-5 ppm/Al [9]. The *’Al NMR
experiments were performed on a Bruker ASX 500 spec-
trometer, in a 11.7 T field, operating at 129.80 MHz for >’Al.
Spectra were recorded at 25 kHz spinning rate in 2.5 mm
ZrO, rotors. All experiments employed single pulse (7/12)
excitation width pulse of 7,=0.5 ps without "H decoupling
and a | s relaxation delay. The >’Al and ?°Si chemical shifts
were respectively referenced relative to a 1.0 M AlCl;—6H,O
solution and to tetramethylsilane Si(CH3), (TMS) at 0 ppm,
using Si[(CHj3);]3Sig0;0 (Q8MS8) as a secondary reference
(the major peak being at 11.6 ppm relatively to TMS).

4. Results
4.1. X-ray diffraction

Phases identification of hardened cements after a 30-day
cure at ambient temperature and atmospheric pressure by

XRD analysis (Fig. 1a) shows the presence of unhydrated
phases alite C5S, belite C,S, ferrite phase C4AF and the

Table 1

Chemical composition of brine employed for the leaching test

Tonic species Cclr- Na* K" HCO3 S03~ Ca* Mg** pH
Composition 376 343 335 2.3 4.1 1.5 7.7

(mmol 1)
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Fig. 1. XRD patterns of samples CI hydrated at 7=293 K, p=10> Pa for (a)
30 days and (b, c) 1 year, Cug, radiation.

usual hydrated phases such as portlandite CH, and the AF,
phase ettringite C4AS3;Hs,. The diffuse peak at 0.27—
0.31 nm is attributable to C—S—-H. After 1 year, XRD
reveals that portlandite has been partially consumed and an
AF,, phase hydrocalumite (also called Friedel’s salt
or chlorinated lamellar double hydroxide LDH)
[Ca,Al(OH)6]C1-2H,0 appears (Fig. 1b). The AF,, family
is composed of positively charged main layers
[CasAL(OH);,]*" balanced by 2Cl" and SOF~ anions,
respectively, for Friedel’s salt and monosulfate phase. At
the surface, calcite CaCOj is the main crystalline material
(Fig. 1c) due to carbonation.

In the CII samples cured at high temperature and high
pressure for 30 days, ettringite phase was absent. Instead of
ettringite, hydrogarnet C3ASH,4 has been formed (Fig. 2a).
Traditionally, the term hydrogarnet has been associated with
minerals having a lower Si content than garnet C3AS5 due to
the replacement of (SiO4)*~ by four (OH) ™. As a result, the
composition may be described as a solid solution
C3AS;_ H,, (where x=0-3). More recently, the term
hydrogrossular has been applied to this solid solution [10]
and so the terms hydrogarnet, Si-hydrogarnet and katoite are
all referring to the same range of compositions. All phases
are still present after 1 year (Fig. 2b) with a predominance of
calcite at the surface (Fig. 2c). Interestingly, in both
experiments, carbonation depth is minimal.

4.2. Magic angle spinning nuclear magnetic resonance
spectroscopy

4.2.1. *°Si MAS NMR
Fig. 3a shows the ?Si NMR spectrum of unhydrated Class
G cement. It contains a broad O° component near —71 ppm,

which is the sum of alite and belite. The observed line
broadening arises from the incorporation of metal (Mg”",
AI** and Fe*") and other impurity ions into the crystal lattice
[11]. Two examples of the spectra decomposition are
presented in Fig. 3b and e, respectively, for CI and CII
samples after a 30-day cure. In each case, the spectra show
resonances from the Q° units of the anhydrous cement with
usual nonstoichiometric and noncrystalline calcium silicate
hydrates (C—S—H). The main resonance lines at —79.2 and
—85.5 ppm are respectively due to the end-chain tetrahedra
Q' and nonbridging tetrahedra Q* of the C—S—H [12]. The
peak for Q7 sites is asymmetric or has a small shoulder at
about —82.5 ppm. In calcium silicate hydrate, this peak has
been already assigned to the middle tetrahedra of the
dreierkette C—S—H chain structure (Q7) (see Ref. [13] and
references therein). However, in our samples, C—S—H also
contains Al and the resonance at —82.5 ppm was also
assigned to a O*(1Al) site by Richardson et al. [14] in a *°Si
MAS NMR investigation of a hydrated synthetic slag glass.
The chemical shift of the resonance only observed as a
shoulder near —90 ppm in CII samples is in the range for O*
and Q° units in calcium silicate hydrates [15]. This broad
signal was observed for tobermorite formation process and
assigned to O bridging tetrahedra which are connected by
hydrogen bonding by Sato et al. [16]. In previous work on
synthetic C—S—H [13], this signal is decomposed by two
components Q2 and O respectively assigned to the Q7
tetrahedra next to the O° and to the O° tetrahedra linking two
silicates chains in the interlayer space. However, the chemical
shift of these O units seems to be highly low field shift
compared to the O chemical shift located near —96 ppm in
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Fig. 2. XRD patterns of samples CII hydrated at 7=353 K, p=7x10° Pa for
(a) 30 days and (b, c) 1 year, Cug, radiation.
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Fig. 3. 2’Si MAS NMR spectra of (a) anhydrous cement, samples hydrated
at 7=293 K, p:lO5 Pa for (b) 30 days and (c, d) 1 year and at 7=353 K,
p=7x10° Pa for () 30 days and (f, g) 1 year.

tobermorite [17]. Thus, its structure was not still clear but
tentatively we assigned this signal to Q2 units. The degree of
hydration x and the average degree of C—S—H connectivity 77
are given by:

%
100

_ 0" 20
oo

where the relative proportions of silicon associated with the
Q" units were determined by deconvolution of the spectra
and measurement of the area associated with each peak using
the dmfit program [18]. The results are reported in Table 2.
Comparison of hydration of CI and CII samples for prolonged
periods of time confirms the increasing degree of polymer-
isation 77 with curing time, temperature and pressure as shown
by the increasing amount of O midchain units. As temper-

ature and pressure increase, the degree of hydration x
increases as shown by the decreasing relative intensity of
the Q° peak. This is linked to an acceleration of the hydration
kinetics with temperature and pressure, the Q° anhydrous
species being transformed into calcium silicate hydrate (C—
S—H). Such structural changes have been previously
observed on hydration of tricalcium silicate at high temper-
atures and high pressure [19]. The *°Si NMR spectra of the
degraded layers after 1 year show an increase of O and/or
Q*(1Al) compared to the bulk sample with a more
pronounced effect in the CI sample whereas there is no or
little difference between the spectra corresponding to surface
and bulk of the CII; y, specimen.

4.2.2. 741 MAS NMR

4.2.2.1. Anhydrous cement. For oilwell cements which
contain a low bulk Al,O3/Fe,0; ratio, the aluminate phase
is usually present in very small quantities and Al is mainly
in the ferrite phase. The 2’ Al NMR spectrum for anhydrous
oilwell cement (Fig. 4d) shows two main resonances at 80
and 6 ppm, indicative of tetrahedrally Al(IV) and octahe-
drally Al(VI) coordinated Al, respectively. Al(IV) resonance
mostly arises from Al for Si substitution in the alite and
belite phases [11], whereas octahedral sites may arise from
small quantities of products formed during storage [6].
Skibsted et al. [20] show that Al present in the calcium
aluminoferrites contributes little or no signal to the observed
27Al MAS NMR spectrum because of *’Al nucleus—Fe®*
unpaired electron dipolar couplings. However, ferrite phase
composition is very variable and large variations in
substitution can occur within an individual clinker as well
as between clinkers of different overall compositions [21,22]
leading to different ?A1 NMR spectra. Ferrite phase was

Table 2
Phases detected by XRD, 2’Al and 2’Si NMR

Class G Portland cement

Hardened in tap water (30 days) Exposed to brine (1 year)

CI CII CI CI

(T=293 K, (T=353 K, (T=293 K, (T=353 K,

p=10° Pa) p=1x10°Pa)  p=10’ Pa) p=1x10° Pa)

C5S C5S CsS CsS

S [ S S

C4AF C4AF C4AF C4AF

CH CH CH CH

cC cC cC cC

C4,ASH,, C4,ASH» C4ASH,, C,ASH,,

- - [Ca,AI(OH)]Cl-  —
2H,0

C¢ASH3, - C¢ASH3, -

- C3ASH, - C3ASH,

C-S-H C-S-H C-S-H C-S-H

bulk bulk bulk bulk

=1.54, x=0.50  7=1.73, x=0.80  i71=1.56, x=0.73 7=1.77, x=0.86
surface surface
1=1.60, x=0.76 7=1.77, x=0.85
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Fig. 4. ’Al MAS NMR spectra of (a) synthetic phase C3A, (b) anhydrous

cement after salicylic acid treatment, (c) anhydrous cement after salicylic
acid and sugar water treatments and (d) anhydrous cement.

separated from our anhydrous cement after dissolution of the
silicate and aluminate phases respectively with salicylic
acid—methanol solution and sugar water treatment [23]. XRD
spectrum reveals only the brownmillerite C4AF phase. The
observation of tetrahedrally AI(IV) and octahedrally Al(VI)
coordinated Al resonances with centres of gravity respec-
tively at 60 and 6 ppm by *’Al NMR (Fig. 4c) is in
agreement with the 27Al MAS NMR spectrum of synthetic
ferrite phase Ca,Alg 93Feq 1705 from Skibsted et al. [20] that
displays center of gravity for AI(IV) and Al(VI) respectively
at 61 ppm and near 10 ppm (11.5 kHz spinning rate ina 9.4 T
field). By comparing the ferrite spectrum to other spectra
presented in this study, the observed severe loss of 2’Al
NMR intensity in the ferrite phase show that Al present in the
calcium aluminoferrites contributes little or no signal to the
observed 2’Al MAS NMR spectrum. It is known that Fe in
Portland cement does not migrate through the pore solution
on hydration, but remains in products formed in situ [24],
however, the extent to which Fe is incorporated into the
hydrated phases is still debatable, but it is generally accepted
that the A/F ratio of the C4AF hydration products is greater
than that of C4AF itself [25]. We can also suppose that it may
be possible to observe hydration products of ferrite phase by
NMR experiments.

Although the aluminate phase is not revealed by XRD
measurements, the difference between the NMR spectra of
anhydrous cement after dissolution of silicate phases
(Fig. 4b) and anhydrous cement after dissolution of silicate
and aluminate phases (Fig. 4c) indicates its presence.
Furthermore, the spectrum displayed on Fig. 4b overlaps
well the spectrum of the synthetic sample of C3A (see
Ref. [26] for more details about the NMR spectrum of C5A)
and seems to indicate that the broad NMR signal around 20
and 80 ppm mainly originates from the aluminate phase.

The lack of resolution may be ascribed to the incorporation
of impurities ions in the crystal lattice.

4.2.2.2. CI samples (T=293 K, p=10° Pa). The *’Al NMR
spectra of CI cements are displayed on Figs. 5 and 6. On
reaction with water, anhydrous cement initially forms
ettringite C¢ASH3, (AF, phase) and later the thermody-
namically stable monosulfoaluminate C4ASH,, (AF,,
phase) which both contain exclusively octahedrally coor-
dinated Al and lead to peaks in the Al NMR spectra
respectively near 13 and 10 ppm [27]. These phases are
present in the Clsg gays sample. From the spectra in Fig. 6,
it appears that the monosulfate resonance is reducing in
intensity with curing time as a resonance located near 9
ppm grows. According to Jones et al. [28], this resonance
may be attributed to the conversion of AF,, phase,
monosulfate to Friedel’s salt. These attributions are in
agreement with XRD results that show an appearance of
hydrocalumite (Friedel’s salt) and a persistence of ettringite
with curing time. As previously noticed, monosulfoalumi-
nate phase is not detected by XRD indicating that the phase
is poorly crystalline [24]. The spectra also yield signal in
the AI(IV) range but, as reported in our previous study [6],
the peak maximum has changed to about +65 from +82
ppm for the unhydrated cement. We only observed in the
spectra the more shielded peak that arises from Al
substituting Si in the C—S—H [11]. After 1 year, this peak
is reducing in intensity in the core but is still intense at the
surface. This indicates that chain lengthening observed
between the core and surface of the CI, y.,r sample by 2g;j

CI 1 year
surface

CI_1 year

(b)

C-S-H: AI’* substituting Si**

N

CI_30 days

(a)

100 80 60 40 20 0 20 (ppm)

Fig. 5. 2’Al MAS NMR spectra of samples hydrated at 7=293 K, p=10° Pa
for (a) 30 days and (b, c) 1 year.
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NMR, is rather due to incorporation of aluminium in the
C-S-H (i.e., O*(1Al) units).

4.2.2.3. CII samples (T=353 K, p=7%10° Pa). In sample
Cll30 days» a five-coordinated Al is detected near 36 ppm and
tentatively assigned by Faucon et al. [29] to AI** substitut-
ing for Ca®" ions located in the interlayer of the C—S—H
structure (Fig. 7). The *’Al NMR spectra reveal that
ettringite phase was absent whereas monosulfate resonance
is present. We can also notice the presence of a band at 5
ppm and a broad band near —20 ppm. The broadest line
near —20 ppm has been attributed to hydrogrossular phases
[30]. The large width of this band can be explained by the
highly distortion of site because of Si-site partial substitu-
tion by OH and Al-site by iron. This attribution is in
agreement with XRD results that show the presence of
hydrogrossular phases in the CII sample. In all samples, we
can observe a peak near 5 ppm which is not clearly
assigned. According to Porteneuve et al. [31], this resonance
may be attributed to the hydrogarnet phase but in the
investigation of aluminium incorporation in the C—S—H, this
peak has been assigned to AI’* substituting Ca*" in the
octahedral sheet of the C—S—H structure [29,32]. However
Andersen et al. [33] believe, from 2’Al-{'H} CP/MAS
NMR experiments, that this resonance originates from a
separate phase, most likely a less crystalline alumina phase
or a calcium aluminate hydrate including Al(OH);~ or
O,AI(OH)§™" octahedra. Another approach to simplify
spectra, often used with XRD experiments before Rietveld
quantification, is to perform chemical extraction. XRD (not
shown) and 27Al NMR spectra of Cllzg g4ays sSample after
extraction of silicates using salicylic acid in methanol show
the dissolution of the silicate phases C,S and C-S-H
whereas hydrogrossular and ferrite phases are still present
(Fig. 7). The disappearance of the resonances at 5 and 36

Friedel’s
salt (9 ppm)

Ettringite
(13.4 ppm) ~
C-S-H: A" substituting Ca*"
or aluminate phase (=5 ppm)
o
AFl'ﬂ
(10.3 ppm) CI_1 year
surface
(c)

25 20 15 10 5 0 (ppm)

Fig. 6. 2’ Al NMR spectra of samples hydrated at 7=293 K, p=10° Pa for (a)
30 days and (b, ¢) 1 year.

AF,
(9.6 ppm)

C-S-H: AP
substituting Ca>*
or aluminate phase

(=5 ppm)

Hydrogrossular
C-S-H: AP* (IV)
substituting Si**

\

CII_1 year
surface

CIIL 1 year
bulk

(b)

salicylic acid treatment
C-S-H: AB*(V) | y
substituting Ca®"

Unknown phase

100 80 60 40 20 O -20 -40 -60 (ppm)

Fig. 7. 7’ Al MAS NMR spectra of samples hydrated at 7=353 K, p=7x10°
Pa for (a) 30 days and (b, c) 1 year.

ppm may confirm the attribution to Al incorporated in the
C—S-H, however, salicylic acid extraction also dissolves
some aluminate phase as ettringite so further studies are
needed for peaks assignments. The spectra of the sample
after dissolution also contain a band near 55 ppm that is
clearly in the range for Al(IV) that cannot be attributed to Al
in the ferrite or C—S—H phases.

5. Discussion

The main products of hydration of Portland-based
oilwell cement Class G exposed to brine with two curing

temperature and pressure conditions are summarized in
Table 2.

5.1. CI samples (T=293 K, p=10° Pa)

CI samples contain both monosulfate and ettringite but
after 1 year of immersion in brine (see Table 1 for
chemical composition), conversion of the AF,, phase,
monosulfate to Friedel’s salt is observed in both XRD and
NMR results. The mechanism of Friedel’s salt formation
may occur by the conversion of hydroxyl-AF,, by ion
exchange and/or by the absorption of CI™ from solution by
precipitation [34]. Jones et al. [28] have considered
dissolution/reprecipitation as well as ion exchange and
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their results indicate that the ion exchange of chloride with
hydroxide ions in monosulfate is dominant, at least at ages
of up to 50 days.

The diffraction spectra of the surface layers indicate that
leaching resulted in the disappearance of portlandite. When
the cement paste with a pore solution of pH comprised
between 12 and 13 is placed in contact with the brine,
concentration gradients form within the pore solution. They
will cause dissolution and precipitation phenomena of the
solid phase, which are no longer in equilibrium with the pore
solution [35]. In the degraded zone, there is a decalcification
of the paste. Portlandite dissolves thereby maintaining the
calcium concentration of the pore solution. But the main
phenomenon responsible of portlandite dissolution is carbo-
nation. CO,(g) dissolves to give CO,(aq) which then
equilibriates: CO,(g)+20H (aq)<>CO3 (aq)+H,O. This
carbon dioxide dissolution induces the dissolution of the
hydrated phases, like portlandite, followed by the precip-
itation of calcium carbonate according to the reaction:
Ca(OH),(s)+CO3 (aq)«>CaCO;(s)+H,O(aq). This is con-
sistent with XRD measurements which showed the presence
of calcite at the surface of the cement specimen. Indeed, XRD
spectra indicate that cement exposed to brine develops a
surface skin consisting mainly of calcite due to the saturation
of the solution at the cement/brine interface with calcium
carbonate. Thermodynamic calculations indicate that pure
calcite is the stable form of calcium carbonate and the
magnesium level in our solution is too low compared to Mg
content of sea water (respectively around 50 and 1.5 mmol
1" to permit the precipitation of brucite (magnesium
hydroxide) and aragonite in preference to calcite. It is
important to note that our solution is not constantly renewed
enhancing the precipitation of carbonates on the surfaces that
may create a self-healing effect that reduces the leaching
process [36].

Leaching of cement pastes also results in polymerisation
of the C—S—-H. This chain lengthening is accompanied by
marked incorporation of aluminium in the C-S-H as
previously observed by Faucon et al. [37] in a cement paste
leached by deionized water. However, the source of
aluminium incorporated in C—S—H is still questionable.

5.2. CII samples (T=353 K, p=7x10° Pa)

In the samples cured at high temperature and high
pressure, XRD and NMR results show that the ettringite
phase was absent, instead hydrogrossular has been formed.
In cement paste, ettringite normally decomposes at about
343 K, whereas crystallization of hydrogrossular is accel-
erated in autoclaved cement. According to Paul et al. [38],
the alumina, present at ambient temperature in AF, is
instead incorporated into other phases, notably hydro-
grossular. Taylor has reported previous studies in Portland
cement indicating hydrogrossular had formed by hydration
of the ferrite [24]. This can lead to a high level of
substitution of aluminium by iron in the hydrogrossular

phase that can explain the important width of its 2’Al NMR
resonance.

The C-S—H composition is markedly affected by the
curing conditions. The polymerisation of the C—S—H struc-
ture increases with temperature and pressure. Such modifi-
cations in the hydrates structure may be linked to a change in
the Ca/Si ratio. Even if the rate of hydration increases with
temperature and pressure, the average degrees of connectivity
of the C—S—H in sample I did not reach those obtained in
sample II. However, after 30 days, the degree of hydration
and the average degree of C—S—H connectivity in sample II
seem near the maximum and slowly increase with curing
time. Contrarily to the 2°Si NMR results of sample I, the
spectra of sample Il after 1 year of curing in brine reveal no or
little change between the structure of the C—S—H in the core
and in the surface. The diffraction spectra of the surface layers
indicate that leaching only resulted in the disappearance of
portlandite and formation of calcite in the surface. Contrary to
what one could observe with sample I, the diffuse peak
attributable to C—S—H between 0.27 and 0.31 nm is still
present at the surface of the sample I1.

6. Conclusion

Class G oilwell cements with two curing conditions were
analysed by XRD and NMR measurements. The sample
cured at 7=293 K, p=10° Pa during 30 days has a normal
mineralogy and microstructure: Unhydrated cement persists
and the matrix consists of Portlandite, ettringite, mono-
sulfate and C—S—H. After | year of immersion in brine,
monosulfate is converted to Friedel’s salt. Leaching resulted
in the disappearance of portlandite and the formation of
calcite and a more polymerised C—S—H. In the 7=353 K,
p=7x10° Pa mineralogy, ettringite is converted to hydro-
grossular and the average degree of connectivity of the C—
S—H structure is increased.

Although the Fe content of oilwell cement is quite large,
reasonable well-defined NMR spectra can be obtained from
phases except ferrite. In order to have a better under-
standing of the 2’Al NMR spectra, selective dissolution has
been performed and reveals a band in the range for Al(IV)
not yet attributed. Further studies aimed at elucidating the
structure of this aluminate phase are in progress. Further-
more, mechanical tests and porosity measurements are in
progress to try to establish a correlation between the
structure and macroscopic properties.
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