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Cement-based materials used to seal geothermal or deep oil
wells are exposed to severe conditions. Optimizing engineering
properties such as strength and permeability is therefore very
important. We have synthesized hydroceramic materials for
such applications based on the Ca0O—AlLO;—SiO,—H,0
(CASH) system and cured them over a range of temperatures
(200°-350°C). Depending on initial composition and curing tem-
perature, hydroceramics of complex and diverse mineralogy and
microstructure are formed. The minerals found include portlan-
dite, jaffeite, xonotlite, gyrolite, 11 A tobermorite, truscottite,
hydrogarnet, and calcium aluminum silicate hydrate. These ce-
ment-based hydroceramic materials develop complicated pore
structures, which strongly affect bulk properties. We report the
compressive strength and permeability of these materials and
show how these bulk engineering properties are related to micro-
structure. The compressive strength was found to be in the range
2-52MPa_and the intrinsic permeability in the range
0.5 x 1077 to 3300 x 10~'” m2. Scanning electron microscopy
(SEM) was used for imaging the hydroceramic microstructures.
Further, we have computed the intrinsic permeability from 2-D
SEM images by using the Stokes equation solver, Permsolver,
applied to reconstructed 3-D images and the results are shown to
be in good agreement with experimentally determined values.

I. Introduction

CEMENT is universally used in the construction of oil and
geothermal wells. Cement slurries are placed primarily to
secure and support the casing inside the well, but also to prevent
entry of unwanted fluids into the well and communication be-
tween formation fluids at different levels." These cements need
to perform for many years at high temperatures and in severe
chemical environments, such as in brines or in ground waters
containing carbon dioxide.? Such environments can cause the
material of the well casing to degrade causing reduced strength
and increased permeability.®™® It is therefore necessary for ce-
ment formulations to be sufficiently durable and resistant to
chemical attack to seal the well for its working life.

Typical working temperatures for these wells are between
200° and 350°C and as the temperature greatly exceeds 110°C
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special cement formulations are used.! There have been several
recent attempts to design cements that are more durable at
higher temperatures. Meller er al.”'° have designed slurries
based on the CaO—Al,0;—SiO,—H,0 (CASH) system, with
the aim of developing formulations suitable for geothermal and
deep, hot oil wells. These formulations contain minerals that
occur in nature and hence have the potential properties required
to be good well sealants, i.e. low permeability, high strength, and
long-term stability. The mineralogy and the quantification of the
phases present in this system are described in detail elsewhere.'

The physical properties of cementitious materials required for
such applications have been investigated previously'!'™!® and it
is considered that the minimum compressive strength of the
hardened slurry should be at least 7MPa and the maximum
permeability approximately 9 x 107'7 m? (1 x 10~° m/s or 0.1
mD).!® Although some work has been carried out on the me-
chanical properties of cement-based well sealants, little is known
about the relationship between the bulk properties and the mi-
crostructure of the materials. This is addressed here with respect
to the CASH hydroceramic system; in addition the measured
permeability of real samples is compared with that calculated
from microstructural information.

IL

Three reagents were used in the synthesis of the hydroceramic
materials described here. Dyckerhoff oilwell cement (API Class
G)" was the base component in all samples. This cement is
widely used in practice and has a consistent composition. The
oxide analysis of the cement and the calculated mineralogical
composition are given in Table I. Silica flour (HPF6 supplied
by Sibelco) with a mean grain size of 53 pum and o-alumina
(corundum, supplied by Sigma Aldrich, Gillingham, Dorset,
SP8 4XT, U.K.) with a grain size of 50-150 pm were used as the
sources of Si0, and Al,Os, respectively. Silica and alumina were
added to the base mixtures at various mass percentages (desig-
nated simply as % from this point forward).

Two different-sized specimens were made. To examine com-
pressive strength, cylindrical polytetrafluoroethylene (PTFE)
cups were used, 22 mm in diameter and 45 mm deep. For per-
meability measurements smaller cups were used of the same di-
ameter but only 30 mm deep. A total of 30 g of the three starting
materials was weighed out in different proportions (Table II)
and 12 g of water added corresponding to a water:solids ratio of
0.4. Each sample was mixed by hand for approximately 3 min

Experimental Procedure

'Certain commercial products are identified in this paper to specify the materials used
and procedures used. In no case does such identification imply endorsement or recommen-
dation by the National Institute of Standards and Technology, nor does it indicate that the
products are necessarily the best available for the purpose.
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Table I. Chemical Composition of Dyckerhoff Class G cement
Determined by X-Ray Fluorescence and LECO Sulfur Analysis

Oxides Mass%
Na,O 0.17
MgO 0.76
AlL,O3 3.62
SiO, 22.55
K>,O 0.66
CaO 65.61
TiO, 0.17
MIl304 0.14
F€203 4.53
SO, 1.82
Loss on ignition at 1000°C 1.18
Free lime 0.40

Insoluble residue Not determined

and then loaded into the appropriate cup. For the samples cured
at 350°C, stainless-steel cups were used, as PTFE was close to its
melting point. The samples were stacked in a stainless-steel au-
toclave cell of 125 mL capacity with a pressure rating of 2 x 10’
Pa at the maximum working temperature of 350°C. Small
notches were cut in the rims of the PTFE and steel cups to
ensure a uniform water-saturated atmosphere throughout the
vessel. Once the cells were sealed, they were placed in the oven at
the selected curing temperature in the range of 200°-350°C and
left to equilibrate for 5 days. After curing, the cells were re-
moved from the oven and left to cool down slowly to prevent the
samples cracking. Samples were then left to dry in a vacuum to
reduce carbonation before they were removed from the cups.

The mineralogy was determined by quantitative X-ray
diffraction using Rietveld refinement. Details of the equipment
used are provided elsewhere.'®

Compressive strength was measured using a 50 kN mechan-
ical testing machine. Compressive tests were carried out in ac-
cordance with the American Society for Testing and Materials
(ASTM) C39-96°° on samples with an aspect ratio of 2 (44 mm
length and 22 mm diameter). The sample was loaded at a dis-
placement rate of 0.33 mm/min. Three samples of each compo-
sition were tested to check reproducibility. A typical coefficient
of variation between triplicate specimens for compressive
strength measurements was 0.1. The compressive strength was
determined from the applied load at the point of sample failure.

Table II.  Proportions (Mass%) of Starting Materials in
Samples Cured at 200°, 250°, 300°, and 350°C

Dyckerhoff cement Silica flour HPF6 a-alumina
100 0 0
90 10 0
80 20 0
70 30 0
60 40 0
50 50 0
90 0 10
80 0 20
70 0 30
60 0 40
50 0 50
80 10 10
60 10 30
60 20 20
60 30 10
50 10 40
50 40 10
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Fig.1. Hassler cell permeameter after Hall and Hoff*®: 1, retaining

ring; 2, nitrile rubber O-ring seal and PTFE back-up ring; 3, sleeve car-
rier; 4, fixed platen; 5, nitrile rubber sleeve; 6, sample; 7, stainless-steel
case; 8, movable platen; 9, platen carrier; 10, retaining ring; 11, end cap.

There are several methods of measuring the permeability of
cement-based materials.”*> The permeability results reported
here were obtained using a purpose-built Hassler cell permea-
meter. This type of cell is widely used in petroleum technology*
and, more recently, has been used in measurements of the per-
meability of construction materials®® and in the extraction of
pore solution from cement materials.>> A schematic diagram of
the Hassler cell is shown in Fig. 1 and a full description of the
technique and associated equipment is given by Green et al.>’ In
brief, the Hassler cell is an axial flow permeameter designed to
measure the satiated permeability of cylindrical specimens of
~25 mm diameter and between 25 and 75 mm in length. Before
measurement, the specimen must be saturated with the test liq-
uid, in this case deionized water. The specimen is placed inside a
nitrile rubber sleeve to which a containing pressure is applied
that exceeds the pressure of the liquid flowing through the sam-
ple. This containing pressure, which is monitored by a pressure
transducer, seals the circumferential face of the sample and en-
sures axial flow. A constant flow of liquid through the sample is
provided by a pulse-free chromatography pump and the pres-
sure necessary to maintain this flow, the fluid pressure, is mon-
itored by a second pressure transducer. Darcian flow through
the sample is confirmed by an increase in flow rate resulting in a
directly proportional increase in fluid pressure.

Permeability test specimens, 22 mm diameter x 30 mm length,
were vacuum saturated with deionized water before being
loaded into the Hassler cell. The containing pressure was main-
tained at 5 MPa for samples having a compressive strength > 10
MPa and at 2.5 MPa for those with a compressive strength <10
MPa. The saturated liquid conductivity (or intrinsic permeabil-
ity), K, was calculated from the equation K= QL/PA where Q is
the steady volumetric flow rate through the sample of length L
and cross-sectional area A at inlet gauge pressure P. A typical
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Table III. Phases Identified in Each Sample as Estimated by Rietveld Refinement
Proportions (mass%)
Dyckerhoff o-
cement Si0,  ALO; 200°C 250°C 300°C 350°C
100 0 0 p=8,j=T74 a=18 p=5j=76;r=19 p=14; j=36; p=18; j=20;
r=34;h=16 r=47; h=15
90 10 0 j=9,a=6; m=49; j=2;r=6; j=2;r=11; j=10; r=068;
k=27,t=9 m=284; x=28 m="T74; x=12 =8 h=14
80 20 0 j=1,m=37 k=10, m=82; x=18 m=173; x=27 x =100
t=16; x =31
70 30 0 t=8,x=92 x =100 x=98;v=2 x = 60; v=140
60 40 0 x=36;2=59,¢q=6 x=18; g=56; v=26 x=235v=065 x=10; v=90
50 50 0 g=170;¢=30 g=64;v=21;9g=21 v=288;, ¢=12 v=284; q=16
90 0 10 p=6,j=30;h=64 p=5,j=8r=T7,h=87 p=7T,j=17,h=76 p=12;j=6; h=282
80 0 20 j=3h=97 Jj=T7,h=92 j=6;h=83,d=11 p=1,j=3,h="72;
b=4;d=10
70 0 30 j=3,h=80;c=16 j=8 h=75c=16 Jj=5h=67,c=11; h=56; c=13;
d=16 b=11,d=20
60 0 40 j=3;h=73; ¢c=30 j=6;h=062; c=32 j=4;, h=47; c=31; h=43; ¢ =29;
d=18 b=10,d=18
50 0 50 j=2;h=060; c=43 j=5h=51;c=44 Jj=3;h=44; c=42; h=235; c=42;
d=11 b=8;d=15
80 10 10 j=17; k=26; j=11; h=289 j=7,h=93 p=Lj=4,x=18;
t=12;h=49;¢c=6 f=1h=75
60 10 30 j=1;,t=8;,h=068;¢c=23 t=6,h=67,¢c=27 h= 83;¢c=19 x=4; h=173; c=20;
b=4
60 20 20  r=18; x=136; h=26; t=7,x=40; h=34; x=45h=33;¢c=21 x=56;h=14;¢c=30
c=20 c=19
60 30 10 t=19;, x=64;, h=175; x=84;c=16 x=55v=31l;c=13 x=21;v=58, h=6;
c=12 c=14
50 10 40 t=9;h=154; c=36 t=4; x=10; h =48, x=3;h=63; c=33 h=65c¢=32,b=2
c=138
50 40 10 g=83,¢=8;¢c=9 g=64;v=20;qg=4; x=13;v="TI; x=4;v=76;q=6;
c=12 q=2;¢c=15 c=14

Codes for phases: a, a-dicalcium silicate hydrate (a-Ca,SiO4 - H,0); m, octacalcium pentasilicate (CagSisO;s); g, gyrolite (Ca;6Si24060(OH)s - (14+n1)H,0); b, bicchulite

(Cas(ALSiOg)(OH),); ¢, corundum; d, calcium aluminate hydrate (CasAlgOq; -

3H,0): f, foshagite (Ca3(SiO3)3(OH),); &, hydrogarnet (CazAlx(SiOg4);_,(OH)s,): j, jaffeite

(Cag(Si,07)(OH)y); k, kilchoanite (Cag(SiO4)(Siz01y)); p, portlandite (Ca(OH),); ¢, quartz; r, reinhardbraunsite (Cas(SiO4)>(OH),); 7, 11 A tobermorite (CasSig0,7 - 5H,0);

v, truscottite (Ca 451406, - (4+2)H,0); x, xonotlite (CagSigO7(OH),).

coefficient of variation between triplicate specimens for perme-
ability measurements was 0.2.

To image the microstructure of the hydroceramic samples, a
scanning electron microscope was used with an acceleration
voltage of 5 kV. To minimize charging, the samples were sputter
coated with approximately 8 nm of 60% gold and 40%
palladium.

Finally simulation experiments were carried out to calculate
permeability using computer models that are freely available to
the public from the National Institute of Standards and Tech-
nology (NIST, Gaithersburg, MD, http://ciks.cbt.nist.gov/
cmml. html).

III. Results and Discussion

(1) Mineralogy

By adding small amounts of silica flour (<20%) to the cement,
jaffeite (Cay(Si,07)(OH)g), octacalcium pentasilicate
(CagSisOy5), kilchoanite  (Cag(SiO4)(Si3049)), a-dicalcium
silicate hydrate (a-Ca,SiO4- H,O), and 11 A tobermorite (Cas.
SigO17 - SH,0) form at 200°C. In these samples reinhardbraun-
site (Cas(SiO4)»(OH),) replaces a-dicalcium silicate hydrate at
250°, 300°, and 350°C. Increasing the amount of silica (>40%)
resulted in the formation of xonotlite (CagSicO;7(OH),), gyrolite
(Ca;6SingOg0(OH)g - (14+n)H,0O, 0<n<3), and some relict
quartz (SiO,) at 200° and 250°C. At temperatures of 300° and
350°C, truscottite (Ca4SixOg; - (4+2)H,0, 0<z<6) is formed
instead of gyrolite. By adding small amounts of alumina, port-

landite (Ca(OH),) and jaffeite form together with the hydrogar-
net phase (Ca3Aly(SiO4)3.,(OH)4,, 0<y<3). In these, samples
reinhardbraunsite is also present at 250°C instead of a-dicalcium
silicate hydrate that is formed at 200°C. As more alumina is

Compressive Strength (MPa)

T ALO3 50 40 30 20 10 Ca0

Fig.2. Ternary contour plot of compressive strength for samples cured
at 200°C. Sample points (gray circles) are plotted in molar proportions
(per cent) of CaO, SiO,, and Al,O;. Samples in circles indicate the dom-
inant phases in different regions. Codes for phases are shown in Table
III.
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Fig.3. Scanning electron microscopic (SEM) image illustrating platey
crystals of gyrolite growing in sample containing 40% of silica flour
cured at 200°C.

added (>20%), jaffeite is the only new phase coexisting with
hydrogarnet at 200° and 250°C, together with some relict co-
rundum (Al,O3). At 300°C, calcium aluminate hydrate (CasA-
16015-3H,0) forms in addition to the phases mentioned
previously and at 350°C, bicchulite (Cay(Al,SiOg)(OH),) is pres-
ent (Table III).

When small amounts of silica and alumina are added to ce-
ment at 200°C, kilchoanite and tobermorite form, together with
jaffeite, hydrogarnet, and corundum. As more silica is added to
the system, xonotlite replaces kilchoanite. At 250°C, kilchoanite
is not present and only jaffeite, hydrogarnet, tobermorite,
xonotlite, and corundum form depending on the proportions
of the starting materials (Table III). The same minerals form at
300° and 350°C, the only difference being the absence of to-
bermorite and the presence of foshagite (Ca;(SiO3)3(OH),) at
350°C when small amounts of silica and alumina are added.
Also truscottite forms instead of gyrolite when adding small
amounts of alumina and high amounts of silica flour. As can be
seen from Table I1I, the mineralogy of this system (CASH) is
complicated and it is described in more detail elsewhere.””"!°
Here we focus on the significance of the different minerals on the
engineering properties of these materials.

(2) Compressive Strength

Samples cured at 200° and 250°C have almost the same engi-
neering properties, as their mineralogy is similar (Table III). The
ternary contour plot in Fig. 2 shows the compressive strength of
the samples cured at 200°C. The sample compositions are ex-
pressed as molar proportions of the three major oxides present
in the system CaO, SiO,, and Al,O3. The molar proportions of
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SiO, and Al,O; are calculated including the amount of these
oxides that cement contains, and the amount added to each
sample. When more than 20% of silica only is added to the
system at 200°C the strength starts to improve. Xonotlite and
11 A tobermorite are responsible for this improvement as they
grow at the expense of a-dicalcium silicate hydrate, which is
known for strength retrogression in cement systems.'* Adding
more silica causes platey crystals of gyrolite to form (Fig. 3),
further improving the strength that attains a maximum value of
42 MPa. These results are in good agreement with Grabowski
and Gillott?® who studied similar cement slurries. On the other
hand, the addition of small amounts of alumina (10%—-15%) to
the system only slightly improves the strength. The addition of
larger proportions of alumina (<20%) causes a decrease in
compressive strength. Figure 4(a) shows a sample containing
10% of alumina where needle-shaped crystals of jaffeite form
between the hydrogarnet crystals filling the pores and increas-
ing the compressive strength. Once the amount of jaffeite pres-
ent is significantly decreased (<20%, Table III) hydrogarnet
and relict corundum are dominant and the strength is signifi-
cantly decreased because of increased porosity (Fig. 4(b)).
Kalousek!'® also reported that large amounts of hydrogarnet
in these systems decrease strength, although his values are
higher than those reported here, perhaps because of different
mixing compositions and the different curing time used. When
both silica and alumina are added at these temperatures, to-
bermorite forms in addition to hydrogarnet (Table III). To-
bermorite is known to improve and stabilize strength in cement-
based systems'!"!%; therefore the samples containing this min-
eral in significant amounts exhibit increased compressive
strength as shown in Fig. 2.

The mineralogy of the samples cured at 300°C is similar to
that of samples cured at 350°C, and their engineering properties
were also similar in terms of compressive strength. Figure 5 il-
lustrates a ternary contour plot of samples cured at 350°C.
When adding more than 25% of silica, the compressive strength
is increased as xonotlite forms instead of reinhardbraunsite and
octacalcium pentasilicate. As more silica is added, hexagonal
crystal plates of truscottite form (Fig. 6) increasing strength fur-
ther to a maximum of 52 MPa. Our results show that samples
containing truscottite are stronger than those containing xonot-
lite, in disagreement with the results of Eilers et al.*> Probably
other phases are present apart from truscottite in their system, as
their initial cement composition is different from ours, affecting
the total strength. On comparing the maximum compressive
strength values for samples cured at 200° and 350°C, an increase
in strength of approximately 25% is observed as the temperature
is increased. This suggests that truscottite, which is formed at
higher temperatures (350°C), is stronger than gyrolite that forms
at lower temperatures (Table III).

On the other hand, as the amount of alumina in the mix is
increased, the compressive strength progressively decreases to a

Fig.4. (a) Scanning electron microscopic (SEM) image showing needle shaped jaffeite crystals growing in the pores between hydrogarnet crystals in
sample containing 10% of alumina and cured at 200°C. (b) SEM image of sample cured at 200°C and containing 40% of alumina where only hydro-

garnet crystals are present.
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Fig.5. Ternary contour plot of compressive strength for samples cured
at 350°C. Sample points (gray circles) are plotted in molar proportions
(per cent) of CaO, SiO,, and Al,O;. Samples in circles indicate the dom-
inant phases in different regions. Codes for phases are shown in Table
111,

lowest value of 2 MPa. Apart from hydrogarnets, the formation
of two new minerals at these temperatures, calcium alumina
silicate hydrate and bicchulite, are responsible for the strength
deterioration. Only with both high amounts of silica and low
amounts of alumina is the strength increased, since such com-
positions favor the formation of truscottite. The remaining com-
positions examined at 300° and 350°C have low strength due to
the absence of 11 A tobermorite.

According to the American Petroleum Institute (API) speci-
fications, the minimum compressive strength required by these
materials for use as sealants for very deep oil or geothermal wells
is 7 MPa.'” The hydroceramic samples that meet this criterion
are those that contain in large amounts minerals with a Ca/Si
ratio of 1 or lower, such as xonotlite, gyrolite, 11 A tobermorite,
and truscottite.

(3) Permeability

The ternary contour plot shown in Fig. 7 illustrates the perme-
ability of the samples cured at 200°C. The pattern of behavior is
similar to that of the compressive strength measurements at the
same temperature. When silica flour only is added, the perme-
ability is decreased, whereas alumina additions have the reverse
effect. The reason for this is the variation in mineralogy as ex-
plained in the previous section. When both additives are incor-
porated, samples containing high amounts of tobermorite
exhibit low permeability. Our results are in good agreement

Fig.6. Scanning electron microscopic (SEM) image showing hexagonal
crystals of truscottite. The small needles that are present are of xonotlite.
Sample cured at 350°C containing 40% silica flour.

Vol. 92, No. 3
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Fig.7. Ternary contour plot of intrinsic permeability for samples cured

at 200°C. Sample points (gray circles) are plotted in molar proportions
(per cent) of CaO, SiO,, and Al,O3.

with Nelson er al*® and Eilers er al.,*” who studied the engi-
neering properties of similar systems at these temperatures.

At higher temperatures (300°—350°C), the permeability be-
havior in samples containing alumina is different. When adding
more than 20% of alumina, the permeability values decrease, as
shown in Fig. 8, despite the fact that hydrogarnet is present
(Table III). The formation of the two new minerals, calcium
aluminum silicate hydrate and bicchulite (Table III), which are
present in these samples along with hydrogarnets, are responsi-
ble for this. Calcium aluminum silicate hydrate forms platey
crystals growing between the hydrogarnet aggregates as shown
in Fig. 9, preventing the liquid from moving through the sample,
thereby reducing the permeability values. These values meet the
API specifications for use as sealants for very deep oil or geo-
thermal wells.

Adding silica flour, the permeability values decrease progres-
sively (Fig. 8). Instead of reinhardbraunsite and octacalcium
pentasilicate, xonotlite and truscottite form. Once truscottite is
formed (>40% of silica), the values of permeability are the
lowest observed in our CASH system. Comparing_truscottite
with other minerals such as gyrolite, xonotlite, or 11 A tobermo-
rite, a general improvement of the engineering properties of the
hydroceramic materials is observed. Our experiments showed
that truscottite is very stable in closed systems, although it is
believed that it may be difficult to produce and to maintain in a
geothermal environment.?!

Intrinsic Permeability (*10~'7) m

" 7
o

“AlLO; 50 40 30 20 10 Ca0

Fig.8. Ternary contour plot of intrinsic permeability for samples cured
at 350°C. Sample points (gray circles) are plotted in molar proportions
(per cent) of CaO, SiO,, and AL,O5.
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Fig.9. Scanning electron microscopic (SEM) image illustrating platey
crystals of calcium aluminum silicate hydrate growing between hydro-
garnet particles in sample containing 30% of alumina cured at 300°C.

When adding both silica and alumina to the samples, a de-
crease in permeability is observed when truscottite is formed in
large amounts (Table III). Although when calcium aluminum
silicate hydrate or xonotlite is formed, and depending on the
composition of the starting materials, permeability decreases
compared with neat cement. In general, the permeability behav-
ior of the system at 300° and 350°C is improved compared with
those at lower temperatures. The combination of phases with
different crystal shapes produces complicated nonconnected
pore structures, hence forming a barrier to liquid penetration.

(4) Permeability Simulation

To simulate permeability, microstructure models closely related
to the microstructure of real-hydroceramic samples have been
reconstructed using two-dimensional (2-D) SEM images of the
real samples. An example of a three-dimensional (3-D) model
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microstructure generated from a 2-D image is given in Fig. 10.
The SEM image of a sample cured at 350°C with 40% addition
of silica flour in Fig. 10(a) shows hexagonal truscottite crystals
and xonotlite needles. This image has been used as the binary
image, after segmentation (Fig. 10(b)), to extract the correlation
functions to reconstruct the 3-D microstructure. The final 3-D
microstructure generated (Fig. 10(c)) consists of a 3-D grid (lat-
tice) in which each site is defined to be either solid (white) or
pore (black). In our study, the Ilattices were always
100 x 100 x 100 units for a total of one million sites (voxels)
with voxel dimensions ranging from 0.25 to 1.95 pm, depending
on the specific microstructure being simulated. Porosities for the
reconstructed microstructures were set to match those of the
physical specimens, which ranged between 25% and 40% for the
materials examined in this study. The method used to recon-
struct a 3-D porous medium from a 2-D image is fully described
by Bentz and Martys.**> One assumption of the 3-D reconstruc-
tion technique is that the pore structure of the real (and recon-
structed) microstructure is isotropic.>?> While the individual
crystals comprising the solid phases in these microstructures
may be highly anisotropic (as seen in Fig. 10(a)), the pore space
between them can still be isotropic as indicated by the black
regions in the binary image in Fig. 10(b). The reconstruction
algorithm generates 3-D porous microstructures with a
percolation threshold (equivalent to zero permeability) near
10% porosity,®* well below the porosity values examined in
this study.

Using this 3-D model, the X)ermeability is then calculated us-
ing a linear Stokes solver.>*** The permeability computer pro-
gram applies pressure in one of the three principal directions of
the 3-D microstructure and computes the resulting velocity vec-
tor field within the porosity. Darcy equation®®3* is then used to
calculate the equivalent permeability for the microstructure. The
Permsolver permeability codes, have been validated previously
by computing the permeabilities of both circular and square
tubes.>> For a square tube 25 units on one side, the error
between computed and theoretical permeabilities was only
0.01%, whereas for a circular tube with a diameter of 25 units
it was <2%. The codes, together with a user’s manual, are

v

Computed properties
(Permeability)

Fig. 10. Illustration of the process of creating a three dimensional microstructure. (a) Scanning electron microscopic (SEM) image showing hexagonal
crystals of truscottite. The needle-shaped crystals are of xonotlite. Sample cured at 350°C containing 40% of silica flour. (b) Binary image used to extract
the correlation functions for the three-dimensional reconstruction. (c) Reconstructed three-dimensional microstructure (100 x 100 x 100 pixels) from
which permeability is computed. (d) Slice of the reconstructed three dimensional microstructure.
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Samples cured at 200 °C
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Fig.11. Comparison of experimental and simulation values of intrinsic
permeability with silica or alumina additions in samples cured at 200°C.

available for download at ftp://ftp.nist.gov/pub/BFRL/bentz/
permsolver. This method has been used previously,*® for perv-
ious concrete for example, but we believe that this study is the
first time that it has been used to compute permeability for
hydrothermal and oilwell cement systems. Similar approaches
can be applied to compute other properties, such as electrical
conductivity or ionic diffusion, of the 3-D reconstructed micro-
structures.>*

We have computed the permeabilities of samples cured at
200° and 350°C with silica or alumina additions. The results in
Figs. 11 and 12 show that the experimental and simulation val-
ues are in good agreement. Therefore, we conclude that the 3-D
models used to compute permeability represent well the charac-
teristics of the real microstructures that control liquid transport.
All the results present in Figs. 11 and 12 are simulation values of
permeabilities calculated on the x direction of the model. In a
few samples, the permeability has been computed in the other
two directions (y and z) and the results are very similar, sug-
gesting that both the 3-D model and the real microstructure are
isotropic.

IV. Conclusions

In this paper, we have discussed the engineering properties of
hydroceramic materials cured at 200°-350°C and the relation-
ship of these properties with microstructure and the evolution of
various minerals. In addition, computed permeabilities have

Samples cured at 350 °C
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Fig.12. Comparison of experimental and simulated values of intrinsic
permeability with silica or alumina additions in samples cured at 350°C.
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been compared with experimental results. Our main conclusions
are summarized as follows:

(1) By adding more than 20% of silica flour, the engineering
properties of the hydroceramics are improved due to the for-
mation of xonotlite, gyrolite, or truscottite. The property values
of these materials are within the API specifications for very deep
oil or geothermal well sealants.

(2) Adding more than 20% of alumina at 200° and 250°C,
results in the formation of hydrogarnets, which decrease the en-
gineering properties of the hydroceramics as they create highly
porous microstructures.

(3) At 300° and 350°C when adding alumina, calcium alu-
minum silicate hydrate and bicchulite grow between the hydro-
garnet aggregates, improving permeability, with values lying
within the acceptable limits of the API specification. On the
other hand, the compressive strength values of these materials
are very low and outside of the API specification.

(4) Adding both silica and alumina to the system, results in
samples that contain high amounts of xonotlite, gyrolite, 11 A
tobermorite, or truscottite, which have improved engineering
properties.

(5) The simulation values of permeability are in good agree-
ment with the experiments, demonstrating the potential of a
computational image-based approach as an alternative to time-
consuming experimental measurements of permeability. Ulti-
mately, such simulations could be used to support the design of
cement systems.
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