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Abstract

Recently, Low Permeability Cement formulation has been developed for oilwell cementing. 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 Low
Permeability Class G oilwell Cement immersed for one year in brine at 7=293 K, p=10° Pa and =353 K, p=7 x 10° Pa using *°Si, Al NMR
and XRD techniques. Elevated temperature and pressure conditions increase the rate of the pozzolanic reaction and have significant effects on the
polymerisation of C—S—H and on the incorporation of Al in the C—S—H structure. Leaching resulted in the formation of calcite and a more
polymerised C—S—H with the appearance of tobermorite in the sample cured at elevated temperature and pressure.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement-based materials are used in oil and gas industry
for oilwell cementing [1]. At the end of the production phase
on mature oil or gas field, old wells should be definitively
plugged. The plug procedures should respect local legislation
requirements mainly focused on the quality of cementing and
the durability of the cement plug. To improve plug and
abandonment operations, a Low Permeability Class G cement
formulation has been recently developed [2]. The main idea
of this formulation is to reduce the porosity of the set
material by optimising the granular size distribution of the
dry blend composed of cement, sand and silica fume. After
the investigation of the chemical structure of a conventional
Class G formulation [3,4], the objective of this work is to
investigate the chemical evolution of this low permeability
cement formulation cured and stored under downhole
conditions.
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Nuclear Magnetic Resonance (NMR) and X-Ray Diffrac-
tion (XRD) techniques are used to examine the hydration
products of Class G cement. XRD investigates the highly
crystallized phases whereas NMR is very well suitable for the
study of amorphous as well as crystalline materials [5].
Previous structural characterisations of this system cured 30
days in tap water at 7=293 K, p=10> Pa and T=353 K,
p=7x10° Pa revealed that an increase of pressure and
temperature leads to the consumption of all the portlandite
released during cement hydration as a result of an increase of
the pozzolanic activity of silica fume with temperature and
pressure [6]. We present in this study the investigation of the
chemical composition of these samples exposed to brine
during one year.

2. Experimental details

Characteristics of the Low Permeability class G cement
samples (labelled LPC in the text) and curing conditions are
reported in Table 1. The unhydrated cement used was a Class G
Portland cement from the Dyckerhoff company (Bogue
composition (wt.%) : 51.2 C3S, 27.0 C,S, 2.3 C3A, 144
C4AF). Sand and silica fume were added to the Class G
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Table 1
Characteristics of cement mixes (weight ratios relative to cement mass) and
curing conditions

Formulations LPC

Components LPCI LPC II

Cement class G 1

Silica fume 0.24

Sand 0.2

Cement dispersant 0.018

Water 0.27

Curing conditions T=293 K T=353 K
p=10° Pa p=7%10°Pa

Portland cement to increase mechanical and durability proper-
ties by optimising the material compactness [7]. The addition
of silica fume produces secondary hydrates by pozzolanic
reaction with the lime resulting from primary hydration
(SiO,+Ca(OH), —» C—-S—H) [8]. Silica fume has a very high
water demand, because of its high specific surface area, so a
cement dispersant (also named superplasticizer), polynaphta-
lene sulfonate (PNS), was incorporated in the mixes to maintain
adequate consistency at reasonable water/cement ratio. Speci-
mens were cast in rectangular moulds (2 x 2 x 30 cm) and were
hardened in slightly hard tap water (2.9 x 10~ M CaCOs) for
30 days with two curing temperature and pressure conditions:
T=293 K, p=10> Pa (samples labelled LPCI in the text) and
T=353 K, p=7 x 10° Pa (LPCII). Specimens were demoulded
and 2 cm cubes were cut from the bars before being placed in
the brine, which has neutral pH and is approximately 0.35 M
NaCl (chemical composition is reported in the Part I [3]) up to
one year with the two curing temperature and pressure
conditions. The volume ratio of the brine to the volume of the
material was 10 volume brine to 1 volume cement and the brine
was renewed monthly. The present conditions are used to
investigate the material behaviour under the long-term action of
brine in representative conditions. We avoid using deminer-
alised water or acid solutions currently used in the leaching tests
that can lead to non-representative results [9]. After one year,
chemical analyses were made on the superficial layer of
typically 200—-300 um thickness, which was in contact with
brine and on the bulk sample. As in the previous study [3],
cement paste cubes kept their integrity without any cracks or
crumbling at the surface.

X-ray diffraction (XRD) data were collected using a Philips
PW 1820 diffractometer employing the CuK, radiation
(Zo=1.54 A). The samples were scanned at 0.6° per minute
between 5° and 65° 26.

The *°Si and *’Al NMR spectra were carried out on a
Bruker ASX 500 spectrometer (11.7 T magnetic field)
respectively at 99.3 and 130.2 MHz. *°Si spectra were
recorded at 5.5 kHz spinning rate in 7 mm ZrO, rotors.
Single pulse experiments were carried out by applying 90°
pulses without "H decoupling with recycle delay of 60 s in
order to respect the relaxation times 7 of the species present
in the samples (7;=0.043 s for alite, 0.41 s for belite and 12 s
for silica fume) except for sand (crushed quartz). Quartz has
an extremely long non-exponential relaxation delay therefore

its quantitative NMR analysis is very time consuming.
Subsequently, with a recycle decay of 60 s, the contribution
of quartz magnetization is negligible (less than 2% of the
whole spectrum). The 2°Si isotropic chemical shift of the
peaks were analysed using the Q"(mAl) classification where
the Si tetrahedron is connected to mAl and (n—m) Si
tetrahedra where n=0 to 4 and m=0 to n. The assignments
of the 2’Al and ?°Si NMR peaks have been discussed in detail
in Part I. The ’Al NMR spectra were recorded at 25 kHz
spinning rate in 2.5 mm ZrO, rotors. All experiments
employed single pulse (n/12) excitation width pulse of
7,=0.5 ps without "H decoupling and a 1 s relaxation delay.
The *’Al and *°Si chemical shifts were respectively referenced
relative to a 1.0 M AICl;—6H,O solution and to tetramethyl-
silane Si(CH;3)4 (TMS) at 0 ppm, using Si[(CHj3);]gSigOq
(QgMg) as a secondary reference (the major peak being at
11.6 ppm relatively to TMS).

3. Results and discussion
3.1. X-ray diffraction

Figs. 1 and 2 show the XRD patterns of samples cured
respectively at ambient temperature and atmospheric pressure
(LPCI) and at T=353 K and p=7 x 10° Pa (LPCII) for 30 days
and one year. XRD results show little variation in mineralogy
with temperature and pressure conditions and curing time in
LPC samples. Unhydrated phases alite CsS, belite C,S, ferrite

+ Alite o Portlandite
< Belite = Bttringite
« Brownmillerite < Aragonite
L Calcite N | Quartz

LPCI 1 year
surface

10 20 30 40 0 60
Degrees 26 (Cuy,)

Fig. 1. XRD patterns of samples LPCI hydrated at 7=293 K, p=10° Pa for (a)
30 days and (b, c) one year, CuK, radiation.
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Fig. 2. XRD patterns of samples LPCII hydrated at T=353 K, p=7 x 10° Pa for
(a) 30 days and (b, c) one year, CuK,, radiation.

phase C4AF and quartz SiO, are found in all samples. The
main hydration product common to all samples is the ill
crystallized C—S—H, characterized by the diffuse peak at
0.27-0.31 nm (28-33°). We can only notice, as reported in
previous work, that elevated temperature impedes the forma-
tion of the AF; phase [10] or induces its decomposition [11].
XRD reveals that portlandite Ca(OH), has been consumed
before six and one months, respectively in LPCI and LPCII
samples. At the surface, the calcite CaCO; is the main
crystalline material (Figs. l1c and 2c) but another polymorph
of CaCOs, aragonite, is also present in the LPCI sample.
CaCOs is obtained by dissolution of carbon dioxide in the pore
solution of cement paste producing CO3 ™~ ions, which react
with Ca®". The Ca’" ions required by these reactions are
obtained by the dissolution of CH and by lowering the Ca/Si
ratio of the C—S—H [12]. 11 A Tobermorite (CsS¢Hs approx.)
is also identified at the surface in LPCII sample (Fig. 2c) by its
reflection at 1.1 nm (8°).

3.2. Magic angle spinning nuclear magnetic resonance
spectroscopy

3.2.1. *°Si MAS NMR

Fig. 3a shows the *°Si NMR spectrum of unhydrated class G
cement that contains a broad Q° component near —71 ppm,
which is the sum of alite and belite. As previously proposed by
Skibsted et al. [13], the decomposition for the alite and belite
components has been determined from the series of inversion-

recovery 2°Si MAS NMR spectra shown in Fig. 4. This gives
relaxation times 77=0.043+£0.002 s for alite and 0.41+0.04 s
for belite in agreement with the observed zero-crossings at the
recovery time r=0.035 s and 7=0.18 s for alite and belite,
respectively. The 2°Si spectrum in Fig. 3¢ displays a narrow
line of Q¢ type at — 107 ppm and is characteristic of crystalline
quartz whereas the broad peak Qgf at —110 ppm in the
spectrum for silica fume (Fig. 3b) is characteristic of
amorphous SiO,. All raw materials are still presented in the
hydrated cement (Figs. 3d—f and 5). However, the main
constituent of the unhydrated cement after one year is belite
while the alite has fully reacted. We also observed usual
calcium silicate hydrates (C—S—H) except for LPCII_1 year
surface sample where silica fume and quartz have disappeared
(in fact quartz is present as revealed by XRD patterns but the
time delay used in NMR experiments does not permit its
quantitative analysis). The resonances lines of C—S—H near
—80.2, —82.6, —85.2 and —88.3 were assigned to Ql,
Q?(1Al) and/or middle tetrahedral of the dreierkette C—S—H
chain structure (Qf), Q? and bridging tetrahedra connected by
hydrogen bond (Qf), respectively (see [3] and references
therein).

LPCI_1 year
bulk

LPCI_30 days

sand, Qé
anhydrous

silicafume, Q3¢
cement, Q0 *

(d)

anhydrous
cement, Q0
(C) sand, Qé
-
belite

dite (b) silicafu(r;z:

i

60 -70 -80 -9 -100 -110  (ppm)

@

Fig. 3. 2%Si MAS NMR spectra of raw materials: (a) unhydrated cement, (b)
silica fume, (c) sand and (d, e, f) samples hydrated at 7=293 K, p=10’
Pa for (d) 30 days and (e, f) one year. The asterisks mark spinning
sidebands.
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Fig. 4. Inversion-recovery °Si MAS NMR spectra of an unhydrated class G
oilwell cement. The recovery time in seconds is indicated for each spectrum.

The *°Si NMR spectra of the degraded layers after one year
show an increase of Q7 units compared to the bulk sample. Two
resonances at about —92 and —96 ppm appear in the LPCII
sample (Fig. 5¢) where 11 A Tobermorite has been detected by
XRD measurements. According to Wicker et al. [14] synthetic
11 A Tobermorite exhibits two resonances at —85.7 and —95.7
ppm arising from chain middle group (Q?) and branching site
(Q%). Furthermore, Komarneni et al. [15] showed that the
substitution of aluminium in Tobermorite caused a low field
shift of the Q> units from —95.7 to —91.5 ppm. Therefore, the
observed resonances can be assigned to Al-substituted
Tobermorite as follows: Q*(1Al)=—92 ppm and Q*(0Al)=
—96 ppm. However, it is difficult to separate the Q” sites
arising from well crystallised Tobermorite and C—S—H.

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 [16]. We can deduce the average degree of SiOy,

tobermorite 11A
—_———
Q3(1A1)

m=1.99 J, Q4(0A)

LPCII_lyear
surface

©

LPCII_lyear
bulk

(b)

: 1.76

anhydrous
cement, QO

60 -70 -80 -90 -100 -110 (ppm)

Fig. 5. 2°Si MAS NMR spectra of samples hydrated at =353 K, p=7 x 10° Pa
for (a) 30 days and (b, c) one year.

tetrahedra connectivity 7 in the C—S—H and the pozzolanic
activity of silica fume PAgr given by:

_Q'+2Q7+3¢°
PR A A
Q' +Q* +Q’
_ QgF(t) - QgF(t =0) .
QgF(t = 0)

After 30 days, the average degree of SiO, tetrahedra
connectivity in the sample LPCI increases with curing time
whereas it shows no variation in sample II. The polymerisation
of the C—S—H structure increases with temperature and
pressure. Such modifications in the hydrates structure may be
linked to a change in the Ca/Si ratio. As temperature and
pressure increase, the degree of hydration of the anhydrous
cement increases as evidenced by the decreasing relative
intensity of the Q° peak. At the same time, the reaction of
silica fume with CH to form C—S—H is activated by temperature
and pressure (Fig. 6). This reaction leads to a higher portlandite
consumption with temperature and pressure as shown by XRD
results. These observations are close to those reported earlier by
[17,18] about the reactivity of silica fume blended with Portland
cement with curing temperature. The °Si NMR spectra of the
degraded layers after one year show an increase of Q7 units
compared to the bulk sample with the appearance of crystallised
11 A Tobermorite in the LPCII sample.

PAgr

3.2.2. 7741 MAS NMR

Chemical analysis performed on sand and silica fume
reveals the presence of Al,Oz (respectively: 0.56 and 9.33
wt.%). Also, it is important to note that in the cement mix,
aluminium originates from anhydrous cement (61.5 mol%),
silica fume (36.7 mol%) and sand (1.8 mol%). ’Al NMR
spectra of the raw materials used in this study are depicted in
Fig. 7a—c and previously described for anhydrous oilwell
(Fig. 7¢) in Part I. The *’Al NMR spectrum of sand, Fig. 7a,
clearly depicts tetrahedrally coordinated Al (57 ppm) whereas
the spectrum of silica fume (Fig. 7b) is really broad and
difficult to interpret.

100 -
n
n . '
80 A
(] o
60 a
S
% 40 |
a( o
20 4 ® LPCII (T=353K, p=7x10°Pa)
o LPCI (T=293K, p=10°Pa)
04 &

T T T T T T T

0 2 4 6 8 10 12
Time (months)

Fig. 6. The pozzolanic activity progress of silica fume PAgy according to 2*Si
NMR results.
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The ?’Al NMR spectra of LPC samples are displayed on
Figs. 7d—f and 8 and do not reveal the presence of the raw
materials. In the LPCI samples, the three main octahedral
centre band contributions are identified as AF (near 13 ppm),
AF,, (near 10 ppm) and a third aluminate phase (near 5 ppm).
As previously noticed, AF,, phase is not detected by XRD
indicating that the phase is poorly crystalline [12]. The
resonance near 5 ppm is assigned to AI’" substituting Ca*"
in the octahedral sheet of the C—S—H structure [19] or as a less
crystalline alumina phase or a calcium aluminate hydrate
including AI(OH){~ or O,Al(OH)¢_ ™" octahedra [20].
These phases persist with curing time but the resonance at
5 ppm is only clearly present in the LPCI sample after one
year. The hydrated cements also yield signals in the Al (IV)
and Al (V) ranges respectively assigned to a less crystalline
alumina phase or a calcium aluminate hydrate and Al
substituting Si in the C—S—H [13]. After one year, the Al
(IV) resonance is still present but more intense in the surface
than in the bulk sample. This indicates that chain lengthening
observed between the core and surface of the LPCI_1 year
surface sample by 2°Si NMR, is rather due to incorporation of
aluminium in the C—S—H (i.e. Q* (1Al) units).

In LPCII samples, there is no or little difference between
the spectra of the sample cured 30 days and one year (Fig.
8a—b). Spectra reveal that AF, phase was absent whereas

AF,

(13.2 ppm)
C-SH: AP
substituting Si 4*

\"3\-
LPCI_1year
) suface
AFm
(10 ppm)

C-SH: APF* (V) auminate hydrate
substituting C&* phase (? 5 ppm)
™y LPCI_1year
(e bulk
Cumant
LPCI_30 days
(d) W/IN\J _30 day:
C,S C,S AI*" substituting Si**
a7

auminate and ferrite phases

anhydrous cement

C
( ) g W__J
silicafume

b

(b)
(a) sand

100 80 60 40 20 0 -20 -40(ppm)
Fig. 7. ¥’ Al MAS NMR spectra of raw materials: (a) sand, (b) silica fume and

(c) unhydrated cement and samples hydrated at 7=293 K, p=10> Pa for (d) 30
days and (e, f) one year.

LPCII_1 year
(C) surface
C-SH: AP AF ., S
substituting Si** (?10 P@ aluminate hydrate
= phase (? 5 ppm)

ALV)

(b)

LPCII_30 days

@

100 80 60 40 20 0
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Fig. 8. 27Al MAS NMR spectra of samples hydrated at 7=353 K, p=7 x 10°
Pa for (a) 30 days and (b, c¢) one year.

AF,, resonance is present but the main contribution of Al
(VI) arises from the resonance at 5 ppm not clearly assigned.
The resonances attributed to Al (V) and Al (IV) substituting
Si in C-S—H are particularly intense in these samples
compared to the C [4] and LPCI samples. As previously
reported [21] curing at elevated temperatures leads to less
formation of AF; and AF, phases. Aluminium ion from
anhydrous cement but also silica fume and sand will instead
increasingly substituted at Si sites in the C—S—H structure
and may be at Ca sites. At the surface where Tobermorite
has been detected by XRD and *°Si NMR measurements, we
observe mainly Al (IV) resonance. Indeed, Komarneni et al.
[15] shows that aluminium in Tobermorite structures is only
tetrahedrally co-ordinated. The presence of Al in the C—S—H
structure and the high temperature and pressure both
accelerates Tobermorite formation from C-S—-H and as
reported in [22] causes it to be stable over a wider
temperature range than unsubstituted Tobermorite (i.e.
inhibits the conversion to Xonotlite).

4. Conclusion

Low Permeability Class G cement with two curing
conditions were analysed by XRD and NMR. Although Fe
content of oilwell cement is quite large, reasonable well-
defined NMR spectra can be obtained from phases. The
sample cured at 7=293 K, p=10’ Pa during 30 days has a
normal mineralogy: unhydrated cement, silica fume, quartz
persist and the matrix consists of portlandite, AF,, AF,, and
C—S—H. Before six months, the portlandite has been
consumed by silica fume. At the surface, leaching resulted
in the formation of calcite by reaction of CO3™ ions from
CO, which reacts with Ca®". The Ca®" ions required by these
reactions are obtained by the dissolution of CH and by
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lowering the Ca/Si ratio of the C—S—H increasing the
polymerisation of the C—S—H structure. In the 7=353 K,
p=7x10° Pa mineralogy, AF, is absent and the average
degree of connectivity of the C—S—H structure increased. The
reaction of silica fume with CH to form C—S—H is activated
by temperature and pressure. The aluminium originating from
anhydrous cement, silica fume and sand is highly incorpo-
rated in the C—S—H structure and could, with the high
temperature and pressure, accelerate Tobermorite formation
from C—S—H.
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