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Lightweight cement-based composites with high specific strength and low thermal conductivity are highly sought
in the energy and construction industries. These characteristics are important in designing cement liners for high-
temperature, high-pressure (HTHP) wells, in addition to those operating in permafrost. Similar attributes are also
desirable in designing cementitious composites for energy efficient building envelopes. This work reports the
results of an experimental campaign focused on engineering lightweight cementitious composites with hollow
glass microspheres. It is demonstrated that the chemical stability of microspheres at HTHP conditions can be
directly controlled by modulating the specific surface area and dissolution rate constant of supplementary sili-
ceous additives. In addition to the stabilizing effect, such additives lead to the pore structure refinement and the
enhancement of interfacial transition zone (ITZ). Introduced lightweight composites are capable of delivering
significant load bearing capacity when normally cured, which is greatly increased by hydrothermal curing. Such
high specific strength composites possess thermal conductivity below 0.3 W/mK at the oven dry density <1000
kg/m® and cement dosage <400 kg/m>. This class of cementitious composites bears potential to enhance zonal

insulation and well integrity, as well as increasing energy efficiency of building envelopes.

1. Introduction

The enhanced thermal insulation combined with the adequate me-
chanical performance are desired parameters of cement liner in high-
temperature, high-pressure (HTHP) wells, as well as oil and gas wells
operating in permafrost in polar regions e.g. North Slope, Alaska [1]. In
both cases the difference between the temperature of produced fluid and
the temperature of the host formation, can generate significant thermal
stresses in the cement casing system. If not accounted for, the overall
local stress resulting from the superposition of the thermal load and fluid
pressure, which can reach up to around 140 MPa in HTHP wells [2], can
cause cracking and severely compromise the well integrity. Moreover, in
the absence of adequate thermal insulation of the casing, the permafrost
thawing takes place leading to such effects as ground subsidence,
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buckling and cracking of the casing, ultimately compromising well
integrity [1,3].

On the other spectra of relevant applications of Portland cement is
the structural concrete. It can deliver long-term performance, while
ensuring cost-effectiveness at the same time. These attributes make
concrete a leading material in surface infrastructure projects. However,
concrete is relatively poor thermal insulator, which sets back the
application of this material in building envelopes. For example, for the
average wall thickness of 15 cm (6 ) in residential buildings across
North America, normal to medium density concrete can only provide
thermal resistance (R-value) around 0.18 Km%/W (1 h F ft?/BTU)
(Fig. 1a). Therefore, the construction of energy efficient building enve-
lopes requires concrete to be used in conjunction with insulating ma-
terials e.g. glass bats, polymer foams or cellular glass boards, which have
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Fig. 1. Available literature data on the relation between: (a) thermal resistance vs. dry bulk density (b) compressive strength vs. density. R-values (U.S.), in hr F ft2/

BTU are calculated for 6 (15.24 cm) barrier thickness, SI R-Value

0.176  R-Value (U.S.) conversion applies. AAC/NAAC: autoclaved/non-autoclaved (foamed)

aerated concrete, EPS/XPS: expanded/extruded polystyrene, EC/EG: expanded clay, glass light weight aggregate. Data compiled from Refs. [4 21].

minimal or none structural properties, e.g. strength.

1.1. Key material factors

The first key factor affecting thermal performance of cement paste is
the intrinsic heat conductivity of calcium-silicate-hydrate (C-S-H) and
portlandite (CH), two dominant microstructural phases in hydrated
cement systems [22,23]. Recent study analyzing vibrational densities of
states (VDOS) in C-S-H molecular structure estimates the volumetric
effective thermal conductivity of C-S-H equal to k, 0.98 0.2 W/mK
[24]. Thermal conductivity of CH is even higher with its estimated
volume averagek, 1.32 0.2 W/mK [24]. Therefore, to offset the low
insulating potential of microstructural phases, including conventional
aggregates, it is a common practice in oil and gas industry to reduce
concrete density by introducing air (k  0.026 W/mK) voids in the
amount beyond the porosity value inherently associated with w/c ratio
[22,25]. However, the density reduction severely degrades mechanical
performance of concrete (Fig. 1b), thus compromises its specific
strength.

The second pertinent issue affecting thermal resistance of cement
liner, is the vulnerability of this class of materials to moisture uptake by
the open system of capillary and gel pores. The increase in the moisture
content of hydrated cement paste effectively decreases paste s overall
thermal resistance caused by the high thermal conductivity of water
(0.6 W/mK) [24].

1.2. Lightweight concrete: mechanical performance, density and thermal
resistance

According to American Concrete Institute (ACI) lightweight concrete
is classified based on its 28 day air dry unit weight as: (a) structural
concrete with the density ranging from 1350 to 1900 kg/m® displaying
the minimum compressive strength of 17 MPa, (b) moderate strength
concrete with the density between 800 and 1350 kg/m® and interme-
diate compressive strength 7 < fc < 17 MPa, and (c) low density con-
crete with the density in the range 300 800 kg/m® used primarily for
non-loadbearing elements as an insulation [26].

Lightweight structural concrete uses lightweight aggregate as com-
plete or partial replacement of the conventional aggregates. Typical
aggregates include expanded slag, shale and clay, as well as slag, pum-
ice, scoria and recently cenospheres, in conjunction with supplementary
cementitious materials as partial cement replacement [25,26]. Although
ACI places minimum strength requirement of 17 MPa, in practice,

strength values up to around 50 MPa are common [7,9,27 30] and show
clear positive correlation with the bulk dry density (Fig. 1b). Depending
on the mix design and processing technology, cement content may vary
from 300 to 600 kg/m>. On average, lightweight structural concrete
displays thermal conductivity in the range from 0.4 to around 1 W/mK
in the oven dry state, which increases with increasing moisture content
[11,26,31 33].

By lowering its overall bulk density, a moderate strength concrete
displays a further decrease in the thermal conductivity. k-values in the
range from 0.2 to 0.4 W/mK are commonly reported [5,11,26]. How-
ever, as expected, higher concentration of air voids, which is usually
achieved by greater incorporation of lightweight aggregate or intro-
duction of the air-entraining agent (foam agent), further reduces its load
bearing capacity. In the lack of any significant molecular scale modifi-
cation to the properties of OPC-based cementitious matrix, dominated
by C-S-H and CH [22,25], as well as lightweight aggregate, the strength
loss can be easily explained by gel/space ratio reduction, as originally
observed by Powers and Brownyard for Portland cement mortars [25].
With the packing efficiency of C-S-H gel relatively constant and con-
tained within two morphologies: a) low-density (LD-C-S-H) 64% pack-
ing efficiency, and b) high-density (HD-C-S-H) 74% packing efficiency
[34,35], the reduction in gel/space ratio reflects the increasing free
volume of cement system occupied by capillary and air-voids (air--
entrained and/or entrapped pores).

Finding the balance between thermal and mechanical properties of
the low-density concrete (density below 800 kg/m>) has been the sub-
ject of extensive investigation in the recent years. This refers to the effect
of mix composition [5,13,15,36,371, processing [5,14], as well as mix
design strategies [13,38]. A special attention has been placed on the
alternatives to conventional light-weight aggregates such as ceno-
spheres [8,10,14,39], cellular glass LWA [13], and recently aerogel
powder [40 42]. Listed aggregates offer several advantages: a closed
pore structure with very low water absorption reduces the water ingress
thus making the cement-composite less vulnerable to moisture changes,
due to their low density they effectively contribute to lowering thermal
conductivity of the cement composite, and their glass shell can provide
extra reinforcement to the air voids helping in sustaining the local
stresses exerted on the pore walls. For typical values of thermal con-
ductivity in the range 0.1 < k < 0.2 W/mK, this technological modifi-
cation lead to substantial enhancement of specific strength as compared
to conventionally produced normal and autoclaved aerated concrete
(AAQ). still, to the best of authors knowledge, their load-bearing ca-
pacity is below minimum required for structural applications [25,26].
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Table 1
Design and processing parameters of investigated cement systems.
System
T1 (lightweight) T2 (neat)
o (kg/m®) 1204 1890
SVF (%)* 68 41
cement (kg/m%)** 356 1300
silica (kg/m3)** 242
-spheres (kg/m>) 285
w/c (w/s) 0.89 (0.36) 0.45
SP (mL/kg cem.) 987
(Ca/Si)mix 0.75
pre-curing 25 C for 7/14/28 days 25 Cfor7/14/28
days
HTHP curing 24 hat 175 C, hydrothermal <5 none

MPa

* SVF  solids volume fraction, ** - per 1 m® of paste.

In this work, the authors present an original experimental develop-
ment focused on addressing existing limitations in thermal and me-
chanical performance of cement-based composites for applications in
oil-well cement systems in particular. This is achieved by incorpo-
rating hollow glass microspheres and micro-silica in the cement-paste
microstructure subjected to the normal and elevated temperature
curing conditions. Engineered cement composites are studied with
respect to microstructure development, thermo-mechanical perfor-
mance as well as -spheres stability. This includes analysis of pore
network with Ny gas adsorption and mercury porosimetry, phase
composition with X-ray diffraction and electron microscopy, as well as
thermal and mechanical properties measured in standardized tests.

2. Materials and methods
2.1. Materials synthesis

For this study a set of samples were prepared using Class G oil-well
cement (Lafarge-Holcim): lightweight cement formulation at the
water-to-solid ratio 0.36, and auxiliary neat cement system at water-to-
cement ratio 0.45 (Table 1). Crystalline silica MIN-U-SIL®5 (US-Silica),
with the median particle size dsp 2 m was used in the lightweight
composite T1. 3 M hollow soda-lime-borosilicate glass -spheres with
the median particle size dso 16 m, apparent density 0.6 g/cm?,
average wall thickness 0.70 m, and isostatic crush strength of 186 MPa
(90% survival rate [43]) were used as a lightweight filler. The work-
ability and consistency of the pastes were adjusted with the high-range
water reducing admixture (MasterGlenium 7700, BASF). After homog-
enization in the high-shear mixer (RZR 21002, Heidolph), pastes were
casted into PC cylindrical molds ( h 22 70mm) and cured under
saturated conditions for 7, 14 and 28 days prior to hydrothermal curing
at 175 C. Similar curing at room temperature was employed in neat
cement paste, however, the hydration process was arrested at specific
time intervals via the solvent exchange method.

Hydrothermal curing was run in the 500 ml stainless steel chemical
reactor (Col-INT Tech) with controlled curing schedule: initial pressure

9 bar (helium), 90 min linear temperature increase from room tem-
perature to 175 C, 24hr hold period followed by natural cooling.

2.2. X-ray powder diffraction

Representative samples for x-ray powder diffraction were extracted
at the mid-height of each specimen. Circular discs covering the entire
cross-section of the original specimen, and approximately 1 mm thick,
were submerged in isopropyl alcohol for 2 h followed by manual wet
grinding in alcohol using an agate mortar [44]. Powdered samples were
dried and stored under vacuum until testing. All powder diffraction
patterns were collected with a PANalytical X Pert PRO XRPD
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multipurpose diffractometer configured in Bragg-Brentano geometry,
with a high-speed, high-resolution X Celerator position sensitive de-
tector, and a Cu anode source (Cu K-alpha 1.541 A). Scans were
carried out from 5 to 60 /2 , with a step size of 0.009 and a speed of
0.5 s/step. Experimental x-ray patterns were analyzed in HighScore
Plus® (PANalytical) package and compared to Powder Diffraction Files
(PDF) from the database published by the International Centre for
Diffraction Data (ICDD).

2.3. Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP), AutoPore IV 9500 instrument
(Micromeritics, US), was used to assess the medium and large capillary
porosity, as well as the pore size distribution. The intrusion pressure
ranged from 3.5 10 ® MPa 455 MPa, discretized into 70 pressure
steps equally spaced on a logarithmic scale, equilibration time 15 s,
evacuation pressure 50 m Hg, and mercury filling pressure 3.5 10 3
MPa. A value of 140 was assumed for the contact angle, and 0.48 N/m
for the surface tension of mercury [45]. Thin disks of cement paste were
oven dried to a constant weight at 105 C. Two samples per specimen
were analyzed (with mass of around 0.6 g), given an excellent repro-
ducibility of the MIP measurements. The bulk density was determined at
an intrusion pressure level of 13.8 10 3 MPa. The pore size classifi-
cation proposed by Mindess et al. [25], and previously used in the
description of the pore domain evolution of conventional oil well
cement systems [46,47], is applied in this work.

To complete the characterization of the pore domain, the total
evaporable water content was determined by oven drying of a saturated
surface dry paste to a constant weight at 105 C. Sample was considered
to achieve constant weight when the difference in weight between two
consecutive recordings dropped below 0.5% over the period of 24 h. On
average, six samples (cylindrical disks 22 mm in dimeter and 5 mm
thick) per batch were tested before and after exposure to hydrothermal
conditions.

2.4. Ny gas adsorption (BET)

Nitrogen gas adsorption was used to gain insight into the effect of
accelerated curing on the relative changes of fine pore structure, which
could not be completely recapitulated by mercury intrusion technique.
Indeed, the MIP pore inference is constrained by the high intrusion
pressure required to infiltrate fine voids, which can cause damage to the
pore structure [48,49], but more important by the isostatic crush
strength of hollow glass -spheres, 193 MPa [43]. Intrusion beyond this
pressure limit is required to access fine pores. For this experiment,
specimens were analyzed in the automated multiport gas sorption in-
strument Micromeritics 3Flex (Norcross, USA). Disks of saturated paste
were degassed to a constant weight at 105 C, crushed into small par-
ticles, and coarse ground with mortar and pestle. On average, three
samples of each paste were tested, and the sample weight was kept
around 1 g. The post-processing of the experimental output was
executed with the MicroActive (Micromeritics) data analysis software.
The pore distribution was determined according to BJH method by
analyzing the desorption branch of the isotherm [50 52].

2.4.1. Comment on selected method of sample preparation

It is well established that direct drying has significant drawbacks on
preservation of cement paste microstructure [22,25,53,54]. The stresses
related to the surface tension of receding menisci can lead to shrinkage
and alter the pore structure. Comparing to other less detrimental prep-
aration strategies e.g. D-drying, solvent exchange, the systematic
coarsening is reported in PSD obtained on 105 C dried pastes. However,
this downside comes with a benefit of significantly reducing the total
time of water removal. This is especially evident in hydrothermally
cured specimens, which have much finer pore structure [46] (Fig. 2).
Therefore, conventional drying was consistently applied across all
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Fig. 2. Effect of microstructure densification on the kinetics of water removal in conventional drying at 50 C (a), and in water removal by solvent exchange with

isopropanol (b).

samples given the project timeframe, instruments availability, as well as
selected sample geometry. Consequently, MIP and N, adsorption mea-
surements carried out in this study are used for the purpose of general
inference of the impact of accelerated curing on the relative changes of
void structure domain between the samples, rather than to perform
quantitative analysis of the undisturbed pore system in hardened paste.

To cross-validate the observed trends in pore structure changes
across investigated specimens, an auxiliary Class G cement paste was
synthesized (Table 1). The hydration of this paste was arrested at
particular time intervals corresponding to different values of hydration
degree, including 7, 14 and 28 days (Fig. 2). At each age, thin circular
disks of paste were extracted and dried by solvent exchange method
using isopropanol. The solvent to sample volume ratio was set at 50:1,
the isopropanol was frequently replaced, and the samples were left
immersed until stabilization of their weights. This stage was followed by
the conventional degassing at 50 C prior to MIP and Ny testing.

2.5. Scanning electron microscopy

Secondary electron micrographs were acquired at 15eV accelerating
voltage, 35 spot size and 11 mm working distance (JEOL 6010LA). Prior
to imaging, small fragments extracted from the central part of the
specimen tested in compression were dried, and the surface was coated
with the conductive layer of carbon to prevent charge build-up. Sec-
ondary electron (SE) images were acquired at magnification range from
X150 to X3000 and image resolution 5120 3840 pixels.

2.6. X-ray micro-computed tomography ( CT)

X-ray microtomography ( CT) was employed to gain insight into the
effect of hydrothermal curing on the microstructure of lightweight
cement system. In particular, the chemical stability of hollow glass

-spheres was investigated. Cement paste samples were dry cut with low
speed diamond saw into rectangular prisms 3 3 5 mm, which were
further reduced in sizeto 1.5 1.5 4 mm by gentle grinding on a 320
grit SiC paper. Final step included sample cleaning with dry compressed
air.

In order to expose the hollow glass -spheres in which the integrity of
the shell was compromised, either by mechanical action or chemical
interactions, previously dried and vacuum degassed T1 sample was
immersed for 24hrs in 3% iodine solution. Due to its high x-ray ab-
sorption, iodine solution is commonly used as a contrast enhancing

Table 2
Scanning parameters for the samples before and after immersion in an iodine
solution.

Scanning parameter Before immersion After immersion

Pixel size [ m/px] 0.74 0.74
Voltage [kV] 59 89

Current ( A) 167 112
Exposure Time [ms] 2650 2650
Filter Al 0.5 mm Al, 0.5 mm

Angle rotation step [ ] 0.18 up to 360 0.18 up to 360

agent in the CT tomography [55,56]. Samples were scanned using
SkyScan 1172 (Bruker microCT, Kontich, Belgium) and each scan took
approximately 12 h. Detailed CT analytical conditions are listed in
Table 2.

3D microstructure reconstruction was carried out on 2D projections
following Feldkamp algorithm [57] (Fig. 3). Median and Kuwahara fil-
ters [58,59] were applied to all CT scans. Finally, the
volume-of-interest (VOI) selected for consecutive statistical analysis was
reduced to 1.0 1.0 0.5 mm inner prism. VOI size reduction was
directed to minimize the bias in the statistical analysis caused by the
boundary effects e.g. microstructure damage due to grinding. Statistical
analysis of the reconstructed microstructure was performed with the
help of Wolfram Mathematica computing package. Prior to quantitative
analysis the image segmentation was performed based on the decon-
volution of the gray level histogram. Moreover, a manual size threshold
of 40 m was prescribed in order to separate macroscopic air voids from
the hollow glass microspheres. This size corresponds to the iM30K
particle top diameter [43].

2.7. Thermal conductivity

Disk-like cement paste specimens, 22 mm in diameter and 6 mm in
thickness, were dried at 105 C to constant weight. Next, top and bottom
surfaces were polished with P1200, P2500 and P4000 SiC sand papers
(CarbiMet, Buehler) to minimize surface roughness and ensure good
contact with the instrument plates. In the final stage, top and bottom
surfaces were cleaned with pressurized dry air and stored in the desic-
cator prior to testing. Thermal conductivity was measured with heat
flow meter FOX 50 (TA Instruments, 10 mm diameter transducer) ac-
cording to ASTM standards C518 04 and E 1530 06 [60,61]. For all
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Fig. 3. Reconstructed microstructure of the lightweight T2 cement system (room temperature curing for 28 days) obtained with computed x-ray microtomography:

(a) 2D projection after image processing, (b) 3D reconstruction.

Q Hydrothermal Curing

——Normal Curing
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Fig. 4. X-ray powder diffraction spectra of investigated lightweight cement
system (T1) cured in normal (20 C) and hydrothermal conditions (175 C). Et
ettringite, Cm unreacted cement clinker, P portlandite, Q low quartz,S C-
S-H, T tobermorite. Hydrothermal curing spectra shifted at 2 axis for clearer
presentation.

specimens, the upper plate temperature was set to 25 C and the lower
plate to 15 C. Two-thickness method was used to account for the
thermal contact resistance [62].

2.8. Compressive strength

Synthesized samples were tested for unconfined compressive
strength according to ASTM standard procedure [63]. Cylindrical
specimens, 22 mm in diameter and 44 mm in height, were tested after
curing in the saturated conditions for 7, 14, 28 days, as well as after
HTHP treatment. Top and bottom surfaces of the cylinders were grinded
with the sand paper to achieve smooth finish and to minimize possible
tilt. On average, six specimens were evaluated for each batch in the
universal testing machine (Instron 5969, Illinois) at the stress rate of
0.25 0.05 MPa, which was determined on the trial specimen measured
prior to the batch testing.

3. Experimental results
3.1. X-ray diffraction and qualitative phase analysis
X-ray powder diffraction results of normally cured and hydrother-

mally cured specimens are presented on Fig. 4. As expected, in the
normally cured cement system the crystalline phases of cement

hydration include: portlandite (CH) with its strongest lines at 2
{18.01,34.1} and ettringite (AFt) with its characteristic lines at
{9.09,15.78}. However, the latter shows very weak reflections above the
background, which can be the result of low cement content in the
investigated mix as well as low abundance of C3A and gypsum in Class G
cement [64]. Moreover, a characteristic diffraction hump may be
observed in the range 2 {25; 35}, which is typical feature of
semi-amorphous calcium-silicate-hydrate (C-S-H) gel [22,47]. Other
crystalline phases present in this sample are -quartz with major peaks
at 2 {20.85, 26.63} and unreacted clinker.

Hydrothermal processing significantly alters the mineralogical
composition of the matrix. The portlandite peaks are no longer present
in the spectra and the intensities of -quartz lines are substantially
reduced. This observation is a direct evidence of thermally activated
pozzolanic reaction in which both phases take an active part and the
pozzolanic C-S-H gel and/or nanocrystalline tobermorite product is
formed [22,46,47,65 67]. The formation of pozzolanic calcium silicate
hydrates is reflected by the increased intensity of diffuse reflections
centered at around 29.4 , 31.9 and 49.5 . The observed spectra shows
strong similarities to XRD patterns recorded on the hydrothermally
cured high density silica-enriched cement systems discussed in detail in
previous work [46].

3.2. Bulk dry density, porosity and pore structure

Bulk dry density and open porosity results are presented in Table 3
for investigated samples. Overall, cement system, T1, displays very
comparable values of dry bulk density in the range 915 940 kg/m°,
which are not significantly affected by the type of applied curing con-
ditions and duration of curing. However, hydrothermal curing tends to
slightly increase open porosity. Such increase is especially evident in 7
days old samples, for which the absolute difference in measured porosity
is significantly larger than recorded standard deviation.

Cumulative mercury intrusion curves are displayed on Fig. 5. In the
room temperature cured pastes the first breakthrough point on the
intrusion curve is recorded in the domain of capillary pores (>50 nm
[25]). However, the characteristic pore size corresponding to this
breakthrough point systematically shifts toward smaller value as the
sample age increases. Such behavior is typical for hydrating cement
systems in which products of cement hydration build up in the
inter-particle space previously occupied by the pore solution. This effect
is demonstrated with the help of auxiliary data, obtained on neat Class G
cement paste (T2 system), in which the intrusion curves were recorded
at different values of degree of hydration (see Fig. 5¢). The densification
of the inter-particle space with the advancement in the cement hydra-
tion is evident and in complete analogy to changes taking place in the
lightweight T1 system cured from 7 to 28 days.
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Fig. 5. Mercury intrusion curves obtained on: (a) lightweight T1 cement system cured at room temperature from 7 to 28 days, (b) and after hydrothermal curing at

175 G, (c¢) auxiliary Class G cement paste at w/c

It must be remembered, the working principle of the MIP technique
is the intrusion of the open porosity domain with the non-wetting fluid.
Accordingly, the use of the Washburn equation [68] allows to relate the
pressure to the physical characteristic size of the void and infer the pore
size distribution (in the sense of the pore throat size [45]) in the solid.
Given this principle, any intrusion in the normally cured paste recorded
beyond the open porosity threshold, which was determined from the
total evaporable water content (see Table 3 and Fig. 5), must correspond
to mercury invading the closed porosity. This can only happen upon
previous collapse of the hollow glass -spheres due to excessive stresses
exerted on theirs walls. In fact, the manufacture s data for iM30K glass
bubbles specify the isostatic crush strength at 193 MPa (28,000 psi)
[43], which would correspond to the intrusion pressure through 8 nm
“fictitious pore throat. As displayed on Fig. 6, the second breakthrough
in the MIP curves closely aligns with this limiting pressure, and most of
the intrusion beyond this threshold does not correspond to probing a
physical pore structure of even finer morphology. Finally, the maximum
recorded cumulative pore volume reaches the value  50%, which is still
below 64%, the theoretical estimate of the total porosity in both systems.

0.45 cured up to 28 days ( corresponds to degree of hydration).

In fact the max. pressure (414 MPa) in the measurements corresponds to
pore diameter 3.6 nm, therefore, MIP was not able to probe any open
pore below this threshold size. Additionally, the existence of some re-
sidual fraction of glass microspheres which eventually might have sur-
vived the intrusion cycle cannot be excluded.

Hydrothermal processing of investigated lightweight system T1
leaves a significant impact on the pore structure and the intrusion
behavior, respectively (see Fig. 5b). First, no significant intrusion takes
place in the pore size corresponding to the large and medium capillary
voids. Second, the breakthrough intrusion point is located at around 10
nm pore throat dimeter, and in very close proximity to the point of the
isostatic strength of the glass bubbles. The observed differences, in
particular the lack of capillary pore domain, points toward fine pore
structure dominated by the gel pores and characterized by much lower
hydraulic permeability.

3.3. Nga-gas adsorption and fine pore structure

Results of the N3 physisorption recorded on normal and
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hydrothermally cured lightweight cement pastes are presented on Fig. 6.
In both cases, IUPAC Type IVa adsorption isotherms with H3 hysteresis
are observed. These types of isotherms are commonly given by meso-
porous solids [51,52]. Recorded isotherms do not display plateau asso-
ciated with the limiting uptake at high P/Py, instead they rise rapidly
indicating the presence of capillary pores (macropores according to
IUPAC classification) [52]. The Type H3 loop is also characteristic of
mesoporous materials in which loosely coherent plate-like particles
assemble into an aggregate giving rise to slit-shaped pores. This obser-
vation is coherent with the current view on C-S-H gel meso-structure, in
which layered structure particles, assembled into globules, cluster
together in two different packing densities, high-density HD C-S-H and
low density LD C-S-H, respectively [34,35,69]. However, a significant
difference, between normal and hydrothermal cured pastes, is observed
in the lower portion of isotherms corresponding to Ny uptake in mi-
cropores (see Fig. 6a). Much higher adsorption in the latter case points
toward more refined pore structure with greater contribution of gel
pores comparing to the former. More insight into this result is gained
with the help of standard BET-plots (see Fig. 6b), which show a linear
relation between P/(Q (P-Pp)) and P/Py in the range 0.05 0.25.
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Although the estimate of parameter C is comparable between the spec-
imens, C values in the approximate range 80 150 are indicative of
monolayer-multilayer adsorption process [51,52], the monolayer ca-
pacity (ny,) in the hydrothermally cured paste is almost double that of
normally cured. Therefore, higher specific surface area (SSA) may be
expected in this case. In fact, the SSA values estimated from BET-plots
(Fig. 6b) read 26 m?/g for HT-cured paste and 16 m?/g for normal
paste, respectively. However, given the controversy surrounding the use
of Ny to assess the SSA of cement-based materials [54], as well as applied
degas protocol, these quantitative estimates must be taken with caution
and be used only for qualitative comparison.

Fig. 6¢ and d depict trends in the Barrett-Joyner-Halenda [50] pore
size distribution inferred from the desorption branch of the isotherm.
Regardless of the duration of pre-curing in the standard conditions, the
hydrothermal treatment results in finer pore structure dominated by gel
pores. This result suggests that hydrothermal processing of low maturity
lightweight pastes, e.g. 7 days, tends to lead to similar end-point in the
microstructure transformation as cement pastes pre-cured for longer
times. Described observations are is in line with the MIP results reported
earlier in the text.
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Fig. 6. N, adsorption-desorption isotherms (a) and corresponding BET-plots (b) for 28 days old pastes cured in saturated conditions at 20 C (blue) and followed by
hydrothermal curing at 175 C (yellow), (¢ d) BJH pore size distribution derived from desorption branch for 7 days and 28 days old pastes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)



K.J. Krakowiak et al.

Cement and Concrete Composites 108 (2020) 103514

Fig. 7. Secondary electron micrographs of T2 (Class G) system: (a) after 7 days standard curing at 20 C, (b) 14 days standard curing, (c,d) 7 days standard curing

followed by hydrothermal curing at 175 C for 24hr.
3.4. Microstructure

3.4.1. Scanning electron microscopy

Secondary electron micrographs of T1 fractured surfaces, before and
after exposure to hydrothermal processing, are presented on Fig. 7.
Hollow glass microspheres tend to be distributed uniformly across ma-
trix dominated by the cement hydration products intermixed with silica.
No tendency toward the clustering of spheres was observed. At the sub-
micron scale, the observed smooth profile of the microspheres after
fracture suggests very limited physicochemical interaction of the boro-
silicate glass with the cement hydration products at the curing age of 7
days (Fig. 7a). The fracture pattern also points toward relatively weak
interfacial bond between spheres and the matrix (Figs. 7a and 8a). On
the other hand, the texture of the microspheres in the sample aged for 14
and 28 days display higher roughness, more frequent surface defects,
and residual matrix material remaining on the surface after the fracture
(Fig. 7b).

In contrary to standard saturated curing, hydrothermal processing at

175 C alters the paste microstructure in regard to the texture of hy-
dration products, the interfacial bond, as well as chemical stability of the
microspheres. The first two effects are clearly demonstrated on Figs. 7c
and 8b, in which the fractured surface displays open -spheres with
smooth cut across their glass shell and the matrix. This observation
qualitatively indicates a higher interfacial toughness as compared to
samples cured at 20 C. Moreover, a higher degree of -spheres
confinement may be expected due to additional fraction of pozzolanic C-
S-H, which efficiently fills the free volume and leads to near complete
elimination of the capillary pores. Finally, SEM micrographs reveal rare
occurrence of local dissolution of microspheres (Fig. 7d), and the for-
mation of new product with fibrillar, or lath-like morphology.

3.4.2. X-ray micro-computed tomography ( CT)

Results of the statistical analysis of reconstructed microstructure are
presented in Table 4. Overall, the large microscopic voids, which are
typical of the air entrapped in the paste during homogenization and
consolidation stage, account for less than 3% of the total bulk volume.

(b)

Fig. 8. Micrographs of developed crack after uniaxial compression tests in T2 (Class G): (a) 7 days sample prior to hydrothermal curing, (b) after hydrother-

mal curing.



K.J. Krakowiak et al.

Table 3
Measured bulk dry density,
weight cement system.

(kg/m>), and open porosity (%), of T1 light-

Sample P
20 C saturated curing 175 C hydrothermal curing
(24hr)

7d 14d 28d I I 111
(kg/ 915 5% 933 936 2 923 3 934 5 922
m?) 16 21
(%)** 27.7 28.7 27.2 29.3 28.3 28.9

0.5% 1.2 1.5 0.7 0.9 1.8

* - one standard deviation, **
content.

- estimated from the total evaporable water

Table 4

Estimated volume fractions of large microscopic air-voids (fyay), hollow glass
-spheres (fs), and the survival rate (SR) of glass microspheres in the light-

weight T1 paste cured for 7 days at room temperature and followed by hydro-

thermal curing at 175 C.

Sample finav (%) fins (%) SR** (%)

T1 (normal curing) 2.6 0.8* 429 0.9 98.1 0.3

T1 (hydrothermal) 1.7 0.7 40.5 0.8 82.8 35
* - one standard deviation, ** - defined as the volume fraction of hollow glass

microspheres which did not infiltrate with iodine solution.

Moreover, the hollow spheres account for 43% and 41% of the volume of
the paste cured in standard and hydrothermal conditions, respectively.
This image-based estimates are slightly below the upper bound value of
47%, which is calculated from slurry design parameters (see Table 1)
assuming 0% of entrapped air content. If the correction for the entrap-
ped air is made, the existing discrepancy decreases, but still, the CT
analysis tends to underestimate the volume fraction occupied by hollow
spheres by up to 5% absolute. Both, the low phase contrast between C-S-
H based matrix and glass spheres, as well as relatively coarse working
resolution (0.74 m/pix), have negative impact on the deconvolution/
segmentation process, and are responsible for the observed discrepancy.

In the normally cured paste, the survival rate (SR) of hollow glass

-spheres prior to the hydrothermal processing reaches 98%, Table 5.
Such high value of SR factor indicates low impact of high-shear mixing
of the paste on the microsphere breakage. On the other hand, the hy-
drothermal processing at 175 C decreases SR value to 83%. This
significant reduction is attributed to thermally accelerated glass disso-
lution mediated by high-ionic strength pore solution. Therefore, the
borosilicate spheres contribute partially to the pozzolanic processes
despite highly abundant source of Si0* (aq), in the form of crystalline
micro-silica, incorporated in T1 cement system (see Table 1). Conse-
quently, around one fifth of the initial closed porosity provided by glass
bubbles is compromised and open to fluid infiltration (Fig. 9).

Finally, it is interesting to focus on the spatial distribution of regions
showing the compromised glass bubbles. While in the normally-cured
sample the infiltration of damaged spheres with iodine solution was
very rare, with no preference with regard to the spatial location within
the microstructure, a specific pattern emerges in the hydrothermally
cured paste. In the latter, the regions with high concentration of
compromised spheres are located in the very close proximity to

Cement and Concrete Composites 108 (2020) 103514

entrapped air voids (see Fig. 10), or clusters of unreacted clinker grains.
A similar trend has been observed in the SEM investigation discussed
previously.

3.5. Thermal conductivity

Results of thermal conductivity assessment are presented in Table 5.
Normally cured lightweight T1 cement system displays the average k
(W/mK) around 0.28. Given the magnitude of the experimental error in
the current analysis, thermal conductivity tends to be unaffected by the
sample age. A significant decrease in thermal conductivity is achieved
after hydrothermal processing. For T1systems k experiences a reduction
of around 12%, relative to its value in the room temperature cured
samples. In both cases, lightweight cement system discussed here out-
performs normal density Class G paste, T2, for which k  0.64 0.004
W/mK in the dried state and increases to 1.05 0.1 W/mK when
saturated.

3.6. Compressive strength

Unconfined compressive strength results are presented in Fig. 11.
Samples cured in saturated conditions at normal temperature display the
usual trend typical for hydrating cement systems: strength increases
with the sample age (degree of hydration). Moreover, as the hydration
progresses cement paste becomes more brittle. The 28 days compressive
strength is significantly above the minimum required of 17 MPa speci-
fied by ACI for lightweight structural concrete [26], and it has been
achieved at more than 30% density reduction.

On the other hand, hydrothermal curing at 175 C significantly in-
creases the compressive strength (Fig. 11a). The largest improvement is
observed for 7 days old sample, in which the strength is more than
doubled. In all cases, this improvement is a direct consequence of
thermally activated pozzolanic processes resulting in more refined pore
morphology dominated by gel pores, complete elimination of the
capillary voids, as well as improved interfacial properties between C-S-H
matrix and hollow glass -spheres. Interestingly, the duration of pre-
curing period prior to the hydrothermal treatment does not impact the
ultimate strength. Finally, when compared to normally-cured speci-
mens, hydrothermally-cured pastes are more brittle in nature with
sudden and abrupt point of failure at the ultimate load.

4. Discussion

4.1. Building lightweight load bearing microstructures with hollow glass
-spheres

Based on the presented experimental results, the following guiding
principles revolving around the system chemistry, phase thermody-
namic stability, and solids packing fraction, are discussed in the context
of building lightweight load bearing cement-based matrices and
enhanced zonal insolation in HT environments.

4.1.1. System chemistry and thermodynamic phase stability
Under normal conditions hydration of oil well Portland cement re-
sults in the formation of nearly amorphous C-S-H gel with molar ratio

Ca/Si 1.7 1.8 [22,23]. Precipitating in the pore solution saturated
Table 5
Thermal conductivity of lightweight T1 paste measured in dry state.
Sample k (W/mK)
20 C saturated curing 175 C hydrothermal curing (24hr)
7d 14d 28d I 1 111
T1 (lightweight) 0.279  0.003* 0.279  0.005 0.286 0.003 0.249 0.003 0.252  0.007 0.241  0.006

* - one standard deviation.
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(b)

Fig. 9. 3D spatial distribution of hollow glass microspheres and entrapped air voids in the lightweight cement paste cured at 20 °C (a) followed by hydrothermal
curing at 175 °C (b). Undisturbed glass spheres presented in yellow, reacted spheres infiltrated with iodine solution presented in red, entrapped air voids in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

with respect to CH (pH ~ 12.5), 5-nm thick C-S-H particles have lamellar
structure with high specific surface area [70], surface charge density
between 0.08 and 0.68 C/m? [71,72], both of which control cohesion of
the cement system. Although metastable with respect to crystalline
calcium silicate phases, C-S-H is persistent in concrete microstructure at
normal temperatures [22,73]. However, when the gel is subject to
elevated and high temperature, for example in deep wells, thermally
enhanced oil recovery wells, or even during accelerated concrete curing
at precast plants, it anneals [73] and crystallizes to lower free energy
phases e.g. a-dicalcium silicate hydrate (a-CoSH), and 11 A tobermorite
[47,65,66,74,75]. Whether the C-S-H crystallization is beneficial, or
detrimental, to the cementitious matrix is governed by initial Ca/Si ratio
of the starting composition [47,76], processing temperature [47,66],
and the micro-texture of cement paste prior to accelerated curing [46].
In this regard, possible candidates for the main building block of binding
matrix in normal and lightweight systems include xonotlite, 11 A
tobermorite (crystalline and semi-crystalline gel), and gyrolite. Listed
calcium silicate hydrates have Ca/Si < 1 [77]. They offer attractive
micro texture characteristics e.g. phase morphology of tobermorite,
which can be tailored via pore-solution chemistry. Moreover, their
molecular framework provides them with particle mechanical proper-
ties which are comparable, or even superior, to the properties of regular
C-S-H [24,78,79]. However, in the xonotlite phase the water is present
in the form of hydroxyl ions only (OH") resulting in specific gravity of
2.70 [771, therefore, the effect of its crystallization from C-S-H gel
precursor is the net chemical shrinkage and increased capillary porosity
of cement matrix. This phase also requires higher temperatures to
crystalize (in general above 200 °C) under hydrothermal conditions. In
contrary, 11 A tobermorite and gyrolite display specific gravity 2.46 and
2.45, respectively, due to incorporation of water molecules in their

molecular structure. These values are lower than the specific gravity of
solid C-S-H nano-particle, 2.604 (H/S = 1.8) [23], indicating potential
for more efficient capillary space filling. Moreover, in highly confined
environment with limited free volume e.g. high packing density systems,
the crystal growth tends to be inhibited and the rate of pore space
coarsening (an increase in capillary porosity at the expense of gel pores)
can be reduced [46]. Therefore, the design of durable cement systems
for enhanced zonal insolation should target the compositional domain
and processing conditions of low-lime nano-crystalline calcium silicate
hydrates.

This is achieved by adjusting the bulk Ca/Si of the cement mix to be
in the range 0.6-1.0 (low-lime CSH type stoichiometry) with reactive
source of Si0O*~ (aq.) in the form of crystalline or amorphous micro-
silica. The required reactive silica-to-cement ratio (ms/m.) can be
calculated according to:

Ca Si\

mg M — P )Hsi D
ml' ﬁ

where f is the target Ca/Si ratio of the mix, .#5® and .#5 are molar
content of CaO and SiO» in cement, and .#s; = 60.08 g/mol corresponds
to molar mass of silicon dioxide, respectively. For example, for Class G
(Lafarge-Holcim) used in this study .#5® = 1.120 x 102 mol/g, .#5 =
0.355 x 10~2 mol/g, which for the design value of § = 0.75 sets mg/m,
to 0.68. This value of p has been prescribed in the lightweight system
investigated here (see Table 1) and it has been calculated assuming
micro-quartz (MIN-U-SIL 5) as the primary source of reactive silica.
Results of x-ray diffraction (Fig. 4) confirmed the formation of semi-
crystalline calcium silicate hydrate in the cementitious matrix which
was hydrothermally cured at 175° for 24hrs. This semi-amorphous gel is

Fig. 10. Contrast enhanced pCT cross sectional analysis of T1 cement system after hydrothermal curing: (a) dry paste, (b) paste saturated with iodine solution, and
(c) spatial distribution of dissolved (red) and preserved (yellow) hollow glass p-spheres with entrapped air microscopic voids (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

10



K.J. Krakowiak et al.

a precursor for crystalline CSH phases which eventually be formed under
the conditions of prolonged exposure to thermodynamically favorable
conditions in the well environment. On the other hand, the semi-
amorphous C-S-H shall persist indefinitely in the matrices of light-
weight autoclaved cement systems (AAC) manufactured at T 175 .

4.1.2. Reactive silica source and spheres dissolution

The incorporation of the hollow glass -spheres allows for the
reduction of the bulk density of the concrete, as well as introduction of
the closed pores into its microstructure. However, to take a full advan-
tage of this technical solution, the chemical and structural stability of
the glass shell should not be compromised at any time along the func-
tional lifespan. It should also be stable at the initial stages of system
processing e.g. mechanical homogenization and curing. Therefore,
minimizing and controlling aqueous glass-corrosion, as well as me-
chanical damage at the initial stage of material processing, is of
importance for discussed lightweight cement systems.

Either in the cement slurry state, or in the hardened paste, hollow
glass -spheres are exposed to continuous interaction with pore solution
at ionic strengths in the approximate range 0.03 0.29 M and pH-values
around 12.5 and above [80]. In aqueous environments the corrosion of
silicate glasses arises from several coupled mechanisms: hydration, hy-
drolysis of the ionic-covalent network and exchange between alkali or
alkaline-earth ions and protons in solution [81]. These mechanisms are

Cement and Concrete Composites 108 (2020) 103514

also present in the dissolution of silicate minerals e.g. quartz. The linear
kinetic rate equation, Eq. (2), is commonly used to model basic disso-
lution process, where c is the instantaneous concentration of the dis-
solved species, ¢y is the saturation concentration, S is the total available
surface area of dissolving solid, V is the solution volume, and r is the
dissolution rate constant [82,83].

(2)

Thus, the slowdown of the glass dissolution (corrosion kinetics) can
be achieved in two ways: (a) by controlling the saturation of the solution
with respect to silica, (b) by decreasing the intrinsic dissolution rate
constant, r, via chemical or molecular modifications to glass structure. In
practice, a borosilicate glass is the most common commercially available
glass type for hollow microspheres used in the industry e.g. iMK30 (3
M). An increased cost associated with the production of more durable
glasses is of significant barrier in implementation of the latter solution.
However, the chemical affinity route seems to offer an attractive alter-
native. In this solution the additional source of reactive silica, which will
be able to supply SiO* (aq.) at the overall rate much higher than the
glass -spheres, should be introduced into the cement system. This
original approach was tested in the current work by introducing micro-
crystalline quartz of significantly smaller particle size as compared to
the average size of hollow spheres (Table 1). Given its fine diameter, dso
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Fig. 11. Effect of curing age (a) and curing conditions (b) on the unconfined compressive strength the investigated cement system, (c) force-displacement diagrams

for normally cured samples from 7 to 28 days.
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(a)

(®)

Fig. 12. Secondary electron micrographs of fractured surfaces in the lightweight cement system T1 enriched with silica fume (fss = 0.29, m;,/myjigs = 0.2) and
hydrothermally cured at 175° for 24 h. Exposed glass bubbles show sound and continuous glass shell with clear interior embedded in high density composite matrix

of C-S-H, crystalline quartz and possibly residual silica fume.

= 1.5 pm, and the specific surface SSA = 1.5 m?/g, micro-quartz pro-
vides almost 72% of the total available surface of reactive silica in the
mix. Moreover, due to its fine size it fills space vacancies resulting from
packing of glass bubbles and cement particles, hence, serving as a
homogenously distributed point sources of SiO*~ (aq.) within the ma-
trix. The microstructural investigation with electron microscopy (Figs. 7
and 8), together with X-ray pCT (Figs. 9 and 10), showed that intro-
duction of fine crystalline quartz powder helps in chemical stabilization
of glass bubbles. Supported with the x-ray diffraction data (Fig. 4), ob-
tained results indicate an active role of micro-quartz in the thermally
activated pozzolanic processes, which would otherwise be entirely
consuming SiO*~ (aq.) from dissolution of hollow glass p-spheres.
Though being quite effective, it did not eliminate it completely. The
estimated survival rate of microspheres, after hydrothermal processing
at 175 °C, is round 80% (see Table 4). It must be remembered, this es-
timate was established for 24hrs curing period (Table 1), which may not
be enough to attain thermodynamic equilibrium. Therefore, a further
reduction in survival rate should not be excluded in case of prolonged
exposure. Studies investigating longer exposure times are currently
underway.

Finally, it is plausible the significant mismatch in the intrinsic solu-
bility of silicate glasses and crystalline silica is at the origin of
compromised fraction of spheres. Indeed, the difference of almost three
orders of magnitude in the dissolution rates separates these two solids
[84,85]. Thus, quartz substitution, or augmentation of cement system
with amorphous silica additive such as silica fume should have even
more positive effect on preservation of hollow p-spheres. This industrial
byproduct [86], has dissolution rate constant, 7y, of a silicate glass, fine
particle size with the average diameter of about 100 nm [86] and high
specific surface area (SSA) of about 20 m?/ g. In this case, the first order
estimate of the required amount of silica fume can be derived based on
the modified Eq. (2) taking into account tri-component dissolution
process, Eq. (3):
de S

dtiv fh:rhs +fsfr:f +fsrs) (1fé> (3)

where fr,, fi, fs are surface fractions of hollow spheres, silica fume and
crystalline silica, respectively, S is the total available surface of reactive
silica. After substituting specific surface and weight of each component
for surface fraction terms e.g. fys= SSAps -myps, Eq. (3) takes the form:

de 1

d v Q)

SSAnisris + SSAymyry + SSA M) (1 - i)
Co

It is apparent, each term in the parenthesis represents the contribu-
tion of corresponding silica source to the overall initial dissolution rate.
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Therefore, to minimize the contribution of glass bubbles to the overall
dissolution rate it is required that:

SSAgmyry + SSA myr

>1 5
SSAhymh:rh: ( )

which after neglecting the second term in the numerator

(SSAgmyry>>SSAsmiry), and introducing the silica fume-to-cement ratio,

Bsf, reduces to the following condition.
Py dy

s> Phs——
Py ﬂhphS i

(6)

Given the density and particle diameter ratios, 3.7 and 6.7 x 1073,
respectively, this condition implies B factor to be at least 0.2 for T1
concrete mix (see Table 1). The results of our preliminary investigation
(see Fig. 12) of lightweight concrete formulations incorporating crys-
talline quartz and silica fume suggest increased survival rate of glass
bubbles after hydrothermal curing as compared to cement systems with
crystalline micro quartz only.

4.1.3. System packing, free volume and paste properties

Packing density of the solids must be considered at the design stage
of cement slurry. This factor, which relates to packing of the reactive and
non-reactive solids, as well as the subsequent precipitation of the hy-
dration products, is vital for achieving high-specific strength cementi-
tious composite. In particular, the contribution of capillary pores should
be considered as they are the primary microstructural features nega-
tively affecting mechanical performance [25]. On the other hand, they
positively contribute to lowering thermal conductivity of the porous
solid.

According to technical specifications, the median particle size of
cement Class G is dso,c = 30 pm [64]. This size is comparable to the
median size of hollow glass p-spheres, dsg s = 20 pm [43]. Therefore, it
may be assumed that the binary mixture of both coarse particles is close
to the maximum packing efficiency of n = 64%, which corresponds to
random dense packing of mono-sized spheres [87]. Consequently,
packing of the coarse material dictates the amount of the interstitial
space available to fine micro-silica, which has the median diameter dso g
= 1 pm < (dso,c, dso,us). Similar to the coarse fraction, the fine
micro-silica material packs at the similar efficiency (see Fig. 13a). In this
simplified geometrical model, the remaining volume is occupied by
water, and its amount is calculated according to:

o — [_(1 ) (@+&) _ﬁ] o
n Pus Pe Ps

where mps, m,, m; are the weights of hollow glass p-spheres, cement, and

@)
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Fig. 13. Simplified thought model of space filling with bimodal PSD (a), variation of the slurry density and water-to-solids ratio in the function of the content of

hollow -spheres.
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Fig. 14. Gel, capillary, closed porosity and effective thermal conductivity of
the lightweight cement system in the function of -spheres content per unit
weight of cement. Values estimated under assumption of complete hydration.
T1(N) and T1(HT) refer to normal (20 C, saturated) and hydrothermal curing
(175 C) of investigated lightweight composite. Notice, the total open porosity
in T1 system is  28% (Table 3).

micro-silica, respectively. Naturally, for fixed cement and silica content
the slurry density decreases with increasing number of hollow micro-
spheres, Fig. 13b. On the contrary, the water-to-solid ratio increases as
there is more free volume available for water. However, given the very
large fineness of the mix component, the calculated amount of water,
m,, may not be enough to provide the mix with the sufficient work-
ability characteristics. Therefore, the required amount of additional
water supplemented with the water reducing admixture can be adjusted
in the trial mixture to provide adequate rheology. For example, in the
present study, the theoretical water-to-solids ratio of T1 system is 0.28,
however, the adjusted value which results in the adequate flow is 0.36
(see Fig. 13b, Table 1). As a consequence, the slurry density and solid

13

Table 6
Volumetric thermal conductivity and density values of hydrated T1 cement
system components.

Sample Phase
C3S Quartz -spheres  C1.75-S- CH Air
H2.0
(g/em® 312 2.65 0.6 2.6 2.24
k (W/mK) 3.35%* 7.7* 0.187 0.98** 1.32%* 0.024
« . . 1 2
* - effective thermal conductivity, ks 3 k 3 k.

Where k
- after [22].

10.7 W/mK and k 6.2 W/mK [91], ** - after [24], ¥ - after [23],

packing decreases to 1204 kg/m°> and 68%, respectively (model density
1221 kg/m3, 74% packing).

Given the proportions of each particulate ingredient the effect of
hollow spheres content on the thermal conductivity of the hydrated
cement paste can be inferred. From now onward, it is assumed that
cement is composed of C3S phase only, its hydration reached an
asymptote ( 1), and micro-quartz together with glass -spheres are
chemically inert. The classic Powers-Brownyard [22,88] model is
employed to estimate the gel and capillary porosity in the hydrated
cement paste (Fig. 14), while mass balance equation of C3S hydration is
used to estimate the weight fractions of hydration products, C; 7-S-Haz o
and CH [34]. The effective thermal conductivity of the lightweight
cement composite is represented as the Hashin-Shtrikman (H-S) lower
bound [89] and self-consistent (S-C) approximation [90] (Fig. 14), both
of which were calculated assuming the intrinsic phase properties
detailed in Table 6.

Despite the significant simplifications of the model, the valid trends
can be inferred and used as an initial guideline in the design of the
lightweight cement systems similar to the ones investigated in this work.
Therefore, the increasing concentration of the -spheres in the cement
slurry results in increased total porosity, the sum of gel and capillary
voids, respectively. Such trend is a direct consequence of the pre-fixed
amount of the micro-quartz and increasing free volume. This trend is
followed by the effective thermal conductivity, k, for which both
effective estimates steadily reduce with rising mys/m, (Fig. 14). More-
over, the experimentally measured thermal conductivities of T1 pastes
(Table 5), normal and hydrothermally cured, are within the domain set
by H-S lower bound and S-C estimates derived based on the introduced
simplified model. In fact, after accounting for 10% divergence in the
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total open porosity from the model value, both, C-S estimate and
experiment show close agreement.

With regard to the strength of investigated lightweight composites,
although beneficial from the standpoint of thermal properties, the
incorporation of the hollow spheres in increasing amounts results in the
lower gel/space ratio and capillary porosity. Moreover, the weak ITZ
with low interfacial toughness between cementitious matrix and glass

-spheres has been observed (see Fig. 7a and b and Fig. 8a). Therefore, a
strength decline should be expected for normally cured pastes with
increasing myg/m, ratio [10,22,92]. However, still in case of investi-
gated lightweight system, in which -spheres constitute 80% by weight

of cement (around 47% by paste volume) the 28days compressive
strength of 36 MPa was achieved, which is significantly above the
minimum required for the structural lightweight concrete [26]. More
importantly, the load-bearing capacity of the material has drastically
improved after accelerated curing in the hydrothermal conditions; more
than 50% improvement (see Fig. 11) achieved at similar value of total
porosity. This significant increase in the load bearing capacity is caused
by the textural changes in the matrix phase and ITZ which are sche-
matically depicted in Fig. 15. These changes refer to: a) altering
mineralogy and composition of the matrix as discussed in the previous
sections, b) pore space refinement with close to complete elimination of

100
N/HT dry density = 920-940 kg/m3, cement dosage <400 kg/m3
| @ 0K
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Fig. 16. Map of thermal resistance vs. compressive strength of lightweight cement systems. R-values (U.S.) are calculated for 15.24 cm (6 ) barrier thickness, SI R-

Value

for T1 composite enriched with silica fume ( ¢  0.29, my,/Mgojids

0.176  R.Value (U.S.) conversion applies. N/HT refers to T1 cement system cured in normal (N) and hydrothermal (HT) conditions, HT* preliminary data
0.2). Literature data after [4 21].
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the capillary voids and c) enhancement of the interfacial toughness of
ITZ.

4.2. Thermo-mechanical metrics and cement dosage

In the selection of the optimum slurry design for oil-gas-geothermal
wells cement liner, or lightweight concrete, mechanical strength, ther-
mal conductivity and density are key metrics considered. Naturally, the
high specific strength cement-based composite with the high insulation
potential is desirable. Moreover, given the environmental footprint of
the OPC, it is beneficial if listed metrics can be achieved at the reduced
cement content. Certainly, high strength hollow glass -spheres systems
offer new opportunities in this area as shown by the results of this
research and others (Fig. 16).

Among recent developments, Wu et al. [11] reported on high specific
strength ultra-lightweight cement composites in the dry density range
970 1300 kg/m® for which cenosphere content varied from 270 to 440
kg/m> (38 52% by volume) of the slurry. As expected, the strength
values of up to 60 MPa with k of 0.4 W/mK were obtained at the upper
density range. On the other hand, strength of 33 MPa and k of 0.28 were
achieved for oven dry density of 970 kg/m®. However, it is worth to
notice that the corresponding mix designs heavily rely on the substantial
quantity of OPC, which ranges from 500 to 850 kg/m? of mix, to boost
mechanical performance. The experimental results outlined in the cur-
rent work show that lightweight cement composites with similar, or
even greater mechanical and thermal characteristics can be achieved at
the lower cement dosage (Fig. 16). Moreover, if subject to different
curing conditions e.g. hydrothermal in the high depth wells or auto-
claving at the precast plant, the specific strength can be drastically
enhanced without compromising on density or thermal conductivity
(Tables 3 and 5); 60% strength enhancement was recorded for T1 system
(see Fig. 11). It is of author s opinion, that lightweight cement com-
posites with even greater specific strength and lower thermal conduc-
tivity should be attainable at low cement dosage by tailoring the
composition-microstructure-processing link, similarly to what have
been achieved in the area of high (HPC) and ultra-high (UHPC) per-
formance concrete.

5. Summary and Conclusions

This work explored different aspects of mix design, processing and
microstructure engineering of silica-enriched light-weight oil-well
cement systems with hollow glass -spheres for high specific strength
and reduced thermal conductivity in cement liners operating in normal
and HTHP environments. For this purpose, the model lightweight
cement composite has been synthesized and characterized with various
experimental methods to infer changes in matrix mineralogy, texture, as
well as physical and mechanical properties. The effect of silica doping
and hydrothermal treatment on the structural and chemical stability of
hollow glass spheres was assessed with x-ray tomography and the sur-
vival rates were estimated. Moreover, supported with the experimental
data the discussion of the effect of system chemistry and solids packing
on the matrix composition, spheres dissolution and thermo-mechanical
performance was presented.

The experimental analysis revealed the beneficial effect of silica
additive on the chemical stability of the glass spheres. Although close to
inert in the room temperature cured pastes, hollow -microspheres will
take an active role in the thermally activated pozzolanic processes if no
other significant silica source is present. However, the selection of the
auxiliary siliceous additive should be guided by the additive specific
surface area (SSA) as well as its dissolution rate constant (r). Although
not completely eliminated, the glass corrosion processes can be sub-
stantially inhibited enhancing the endurance of the -spheres in the
cement-based matrix, thus preserving the closed porosity and
strengthening the C-S-H matrix with stiff and hard glass shell. The
application of the crystalline micro-silica helps to achieve this effect.
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However, the estimated survival rate is around 83%, thus close to one
fifth of spheres population lost its functionality. As indicated by the
preliminary data enrichment with silica fume has potential to increase
the survival rate.

The auxiliary silica source (additive) takes the primary role in the
pozzolanic processes and phase transformations in which low-lime cal-
cium silicate hydrates, crystalline or semi-crystalline, constitute the
matrix hosting hollow spheres. While the pore domain in the normally
cured systems spans across broad range of pore sizes, the hydrothermal
processing significantly narrows the pore size distribution to gel pores,
with close to zero contribution of capillary voids.

Cement composites with hollow glass microspheres, introduced in
this study, are capable of delivering load bearing capacity significantly
above 17 MPa the minimum required for lightweight structural concrete
specified by ACI [26]. It has been shown that hydrothermal curing
significantly enhances the specific strength of lightweight composite
while preserving its low thermal conductivity, which has been measured
0.28 and 0.24 W/mK, normal and hydrothermally treated pastes,
respectively. Experimental measurements are in close agreement to
theoretically derived bounds based on the presented simplified model,
which can be used as an initial design guideline of systems alike.
Moreover, competitive thermo-mechanical metrics have been achieved
at lower cement dosage, < 400 kg/m® (per meter cube of slurry), as
compared with reported data for composites of similar density.

In the author s opinion, lightweight cement composites with even
greater specific strength and lower thermal conductivity should be
within reach if the particular attention is paid to material aspect at all
scales. The presented findings concerned oil-well cement systems,
however, given the substantial similarities between oil well cements and
typical construction cements, they may be of interest to the precast and
calcium silicate insulation industries.
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