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Abstract: Cementitious grouts are being developed for use as sealing and support matrices (SSMs) in
deep borehole disposal (DBD) where temperatures do not exceed 190 ◦C. They will seal radioactive
waste containers into the bottom 2 km of holes drilled up to 5 km deep into the crystalline basement.
The temperature and pressure is likely to be similar to those in hydrocarbon and geothermal energy
wells, where grout placement and durability are affected. This paper reviews the potential cementing
systems suitable for this application and explains why a single solution of a formulation of Class G
oil well cement, silica flour, water, fluid loss additive, and retarding admixture has been selected.
This type of formulation has been used extensively for over 100 years in well cementing. It should
provide the short-term performance and durability required for an SSM, maintaining the seal around
the waste packages within the disposal zone long after the boreholes are sealed back to the surface,
and thus augmenting the safety case for DBD.
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1. Introduction

Deep borehole disposal (DBD) of high-level radioactive waste (HLW, including spent nuclear
fuel) is now seen as a viable alternative to the use of mined repositories located only a few hundreds
of meters deep [1–7]. The DBD Research Group at The University of Sheffield in the UK has been
pioneering the development of DBD for more than 25 years ([8] and references therein). It is envisaged
waste packages will be placed and sealed into the bottom of a 5 km deep borehole drilled into basement
granitic rock (called the disposal zone) [4,9–12]. This has significant advantages over a shallow mined
repository, which include safety, cost, and ease of implementation [13,14]. The concept is now receiving
considerable attention worldwide. [3,15].

A key component of the Sheffield DBD concept is the use of a sealing and supporting matrix
(SSM) in the disposal zone which provides two principal functions, both of which will augment the
DBD safety case:

(i) The provision of a seal/barrier preventing the ingress of saline groundwater to the waste container,
thus prolonging the container life and delaying the release of any radionuclides into the near field.

(ii) The provision of mechanical support to protect the container against buckling and damage caused
by the load from overlying packages, which could breach the waste container and subsequently
release radionuclides before the borehole is finally sealed.
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By using a perforated casing in the disposal zone, any SSM deployed around the waste containers
would also flow through the perforations and fill the annulus between the casing and the borehole
wall. After hardening, the cement would not only fix the casing to the borehole wall but also provide a
seal around the waste containers. The preferred SSM is a high-density support matrix (HDSM) of a
eutectic lead-based alloy melting at 183 ◦C at 0.1 MPa pressure, but which melts slightly higher than
this at 50 MPa [8]. For waste packages, where insufficient radiological heat is generated to melt the
HDSM [16], cementitious grouts are proposed, and possible formulations have been developed by the
group at Sheffield [17,18].

This paper reviews potential cementing systems that may be appropriate for use in DBD. The most
likely systems have been identified and their properties and most important technical issues in their
use assessed and discussed. The details and justification for the selection of a Portland cement system
are explained.

2. Requirements of Candidate Cements

For a cementitious SSM, the following points need to be considered:

• The cement slurry must be capable of being placed in the disposal zone where the temperature
and pressure during deployment at 5 km deep will be around 120 ◦C and 50 MPa. Once the slurry
has hardened, the radiogenic heating may increase the temperature to around 190 ◦C.

• It has been anticipated that it will take around 4 hours to lower and place each of the waste
canisters using coiled tubing [4], so retardation of the thickening time of any cement slurry will be
needed for at least this long.

• Conditions within the disposal zone will be such that the cement slurry must be placed, set, and be
durable as a hardened grout in saturated brine groundwater.

While several cementing systems have been developed over the past 30 years as alternatives to
Portland cement, their usage in well cementing has been minimal. Table 1 lists possible cements which
could be considered as SSMs for deep borehole disposal of nuclear waste.

Table 1. Potential cementing systems.

Cement Type Binder Use in Wells

Portland oil well cement Calcium silicate hydrate Used extensively
CSA cement Ettringite/CSH No evidence

Alkali Activated systems Metal aluminosilicate Claimed suitable but no practical use
Calcium Aluminates cement Calcium aluminate hydrate Used as P modified cement. No reports on field durability.

Phosphate cement Metal phosphate hydrate Claimed but not used
Pozzolan cement CSH Minor use

3. Cement Types

3.1. Portland Cement

Portland oil well cements are commonly used in hydrocarbon and geothermal wells to secure
the borehole casing to the formation after drilling, and to provide separation between the different
fluid chemistries and rock formations through which boreholes pass. They have been successfully
used in deep well applications for more than 100 years [19,20]. While the local geology in the DBD
disposal zone is likely to be different to that sought for hydrocarbon and geothermal energy wells,
both the borehole depth and the radioactive waste package decay heat mean that the temperatures
and pressures an SSM will encounter will be similar to those encountered in these well applications,
so the experience gained in cementing hydrocarbon and geothermal energy wells will be valuable in
developing grouts for DBD.

The compositions of oil well cements are regulated in the UK and Europe by BS EN
ISO 10426-1:2009 [21], and in the USA by American Petroleum Institute (API) Spec 10A [22].
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Like construction cements, they contain two calcium silicates, tricalcium silicate (C3S; C = CaO,
S = SiO2, A = Al2O3, F = Fe2O3 and H = H2O) and dicalcium silicate (βC2S, also known as belite),
which, upon hydration, form the main binders along with calcium aluminate (C3A) and calcium
aluminoferrite (C4AF). Both elevated temperature and pressure in deep wells accelerates the cement
hydration reactions [23–27], so oil well cements are generally coarsely ground to reduce the surface
area and prolong setting. They also contain lower amounts of the fast reacting C3A than construction
cements, which provides a degree of sulphate resistance, preventing the formation of expansive
ettringite (Ca6Al2(OH)12(SO4)3.26H2O) after setting, damaging the hardened binder. API lists eight
classes of cement from A to H, designed for different depths and temperatures [22]. As deeper wells
are now being drilled and the temperature at which cementing is conducted is increasing, advanced
retarders are needed. Class G and H cements have become the most popular products used in
hydrocarbon and geothermal energy well cementing. Both are manufactured without additives, such
as grinding aids, that can detrimentally affect the performance of retarding agents.

The high temperature and pressure in deep wells influence the properties of a Portland cement
grout in several ways:

1) Thickening and setting times of the cement slurry are accelerated and retarders are required,
which has a significant impact on engineering operations and cost. The performance of retarders
can vary widely with temperature and pressure.

2) Above ~120 ◦C, the hardened pure Portland cement binder slowly loses strength as the temperature
increases, due to crystallisation of the main calcium silicate hydrate binding phase to a phase
known as α-C2SH with an increase in porosity, giving rise to a phenomenon known as ‘strength
retrogression’ where the strength slowly decreases with time.

To overcome this issue of strength regression with increasing hydrothermal treatment, ground
quartz (silica flour) is added and new low Ca/Si ratio crystalline CSH phases (tobermorite and xonotlite)
are formed at temperatures above approximately 120 ◦C [28,29]. Formation of these phases is slow and
is dependent on the temperature and impurities. While alternative sources of silica are sometimes used,
including diatomite and perlite (which is ~70% silica), the use of these materials reduces the amount of
quartz, and inhibits the formation of tobermorite, which only forms with large amounts of quartz.

Other additives have been developed for well cementing, primarily to control paste thickening
and setting, density, viscosity, and loss of mix water (known as fluid loss) [19,20]. The retarders were
based on calcium lignosulphonates or hydroxyl compounds, such as sugars or sugar acid salts (e.g.,
sodium gluconate or sodium heptagluconate, where a paste containing ~0.1 wt% sodium gluconate
will take about 1 day to set at 30 ◦C), although phosphonates and other organic products, such as
hydroxyacids, can also provide retardation. Inorganic compounds, such as those of zinc, tin, borate,
or phosphate, also delay thickening times, but generally a much higher dose is required compared
to organic retarders and they do not function well at elevated temperatures [30,31]. Clay products
(such as bentonite and metakaolin) have been used to prevent segregation of the cement solids from
the mix water because of the high water:solids ratio used to control slurry density, but their effect
lessens above ~60 ◦C. Also, clay materials should be used with caution above ~120 ◦C as they react
with the silicates to form aluminosilicate phases, such as katoite, in preference to the formation of
C-S-H phases. These aluminosilicates have low strength and are detrimental to the overall strength of
the hardened cement.

Durability If Used as an SSM

Oil well cements have been in use for approximately 100 years [32], and whilst problems still exist
in some aspects of their performance, their durability in the field, at least over periods of approximately
50 years, has been proven. The high temperature and pressure conditions at the bottom of a DBD
borehole will be very similar to those encountered in hydrocarbon and geothermal energy wells,
suggesting that cement grouts that perform satisfactorily in those situations should also be appropriate
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for DBD applications. While the method of grout deployment in DBD may be very different from that
in hydrocarbon and geothermal energy wells, it is likely that techniques used for cementing the latter
could be relatively easily adapted for DBD.

Comparing the durability of cements in oil well applications with those required for DBD is
difficult because of the different timescales involved. The lifetime of an oil or geothermal well is of the
order of 30 years, although longer time periods are now being sought [33], with the cementing job
ideally lasting for the length of the well’s operational life. An estimation of the ultimate lifetime of
DBD is difficult when it is based on the notion of “for as long as possible,” in hundreds of thousands or
even millions of years [1].

For DBD, the borehole could be expected to remain open and unsealed for up to 2 years while
loading continues [34], so this is the lifetime requirement for the support function of the grout. After the
disposal zone is fully loaded, the hole will be sealed back to the surface of the earth, and this will
allow the density and salinity stratification of the groundwater to reform. Use of a cementitious SSM
around the waste packages will delay both container corrosion and the possible release of radioactive
waste ions into the near-field environment, thereby augmenting the safety case for DBD. As the ground
waters in DBD are likely to be less chemically aggressive than those encountered in conventional well
applications, the grouts are likely to be more durable.

Generally, the use of organic materials in cementing radioactive waste for storage and disposal is
not approved because they may complex the waste ions, leading to increased radionuclide solubility
and an acceleration of the movement of radioactive material to the biosphere. However, organic
retarders are likely to be needed as inorganic retarders do not function well at temperature. [31]. This is
considered less important in DBD applications for two reasons. Firstly, any radionuclide release will
only occur many years after the borehole has been sealed so there is unlikely to be any return to the
biosphere, and secondly, the elevated temperature and pressure, coupled with the high pH of the
cement grout, will cause decomposition of the organic compounds after grout thickening [35,36].

3.2. Calcium Sulfoaluminate (CSA)/Belite Cement

CSA cements are currently receiving attention due to their low CO2 footprint and reduced
energy requirements [37–39]. They set rapidly and are used in structural applications associated
with bridge decks, airport runways, and patching roadways and sidewalks. The principal clinker
phases are a calcium sulfoaluminate, ye’elimite, (Ca4(AlO2)6SO4), also known as Klein’s Compound,
and belite with other minor phases. CSA cement has been produced in China for a number of years for
construction, but the quality can be rather variable. The principal binder in the system is ettringite,
which is only stable to around 65 ◦C, when it loses hydrate water and decomposes, offering limited
binder functionality at elevated temperatures [40,41]. CSA cement was considered for cementation of
intermediate level radioactive waste (ILW) [42,43], but the consistency of the cement phase composition
has been insufficient to allow use in the UK for the storage and disposal of intermediate level radioactive
waste (ILW) despite some advantages with its lower pH and reaction with metals.

Companies, including Lafarge–Holcim [38] and Heidelberg Cement [39], are developing CSA/belite
products. The Lafarge–Holcim Aether®cement contains 40% to 75% belite, 15% to 35% ye’elimite,
15% to 25% C2AF (Ca2Al2Fe2O8), a phase similar to the aluminoferrite phase present in Portland
cement), and 0.1% to 10% of minor phases. A small quantity (~5%) of anhydrite (CaSO4) is also added.
The product hydrates in two stages. The first stage is the reaction/hydration of the ye’elimite with
anhydrite and water to produce ettringite and a hydrated alumina gel (Al2O3.3H2O). The second stage
is the reaction between the βC2S and 1) AH3 to form strätlingite (Ca2Al2(SiO2)(OH)10.2.5(H2O)), 2)
C2AF to form hydrogarnet phases (those based on Ca3Al2O6.6H2O phases), and 3) strätlingite to form
hydrogarnet and C-S-H. The reaction of the ye’elimite with water is rapid whereas that of the βC2S is
slower, giving rise to a dormant period between the two sets of reactions.
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The Heidelberg Cement CSA/belite product known as Ternacem (or Belite Calciumsulfoaluminate
Ternesite, BCT) appears to be similar to the Lafarge–Holcim Aether, but also contains ternesite
(Ca5(SiO4)2SO4) as well as βC2S and CSA.

Durability If Used as SSM

The large amounts of βC2S in CSA cement suggests it may have properties similar to that of the
former API Class J cement (a combination of βC2S, silica flour (ground quartz), and a small amount of
calcium carbonate), although the prior formation of ettringite may be a problem. Class J cement was
designed for use in high temperature deep well applications due to the slow hydration of the βC2S
and its slow reaction with quartz, so retarding admixtures were rarely required when this cement was
used at circulating temperatures less than ~150 ◦C. [20,44]. However, unless specially manufactured
for nuclear waste disposal, this system appears no longer to be available because the well cementing
industry believes that similar properties can be obtained with other classes of cement combined with
silica flour and retarders [20].

While both Lafarge–Holcim and Heidelberg Cement are reported to be developing CSA/belite
cements, they are not yet commercially available. In addition, the ettringite formed in this product
decomposes at the temperatures encountered in DBD so it will not function as a binder and the
properties at elevated temperatures are unknown.

3.3. Pozzolanic Cements

Pozzolanic materials are siliceous and/or aluminous phases which do not hydrate on their own,
but when ground to a fine powder will react at room temperature with water and calcium hydroxide,
the so-called ‘pozzolanic reaction,’ to form cementitious phases similar to the C-S-H produced in
Portland cement hydration. The resulting binder is less permeable than that from just Portland cement
and usually provides superior durability. Pozzolanic materials include industrial by-products, such as
pulverised fuel ash (PFA, also known as fly ash), blast furnace slag (BFS), and silica fume, as well as
naturally occurring materials, such as metakaolin, volcanic ash, and glass, and a range of other waste
ashes, such as rice husk ash.

In well operations, the use of specific pozzolans in combination with Portland cement can
provide a lighter weight slurry, which reportedly performs better in deep borehole applications [20].
However, the evidence to support this advantage is limited, and the use of pozzolans has generally
been avoided in hydrothermal cementing because tobermorite is not formed unless there is a large
amount of additional quartz present and there is a detrimental effect on permeability [45].

An amorphous hydrothermally altered silica, Microsilica 600 (MS600), produced by Golden
Bay Cement in New Zealand, is now being used with Portland cement to produce an amorphous
binder rather than tobermorite, which performs much better in the carbon dioxide rich waters of the
geothermal wells in New Zealand [46]. While the reason for the enhanced durability is not entirely clear,
one possible explanation is that MS600 reacts more quickly with the Ca(OH)2 from cement hydration
than does the dissolved CO2 in the groundwater to rapidly form an amorphous product, which only
carbonates slowly to provide an expansive product which forms an impermeable carbonation sheath.
Carbonation of tobermorite results in a reduction in solid volume so no protective sheath is formed.

Durability If Used as an SSM

Some pozzolanic cements (similar to lime–quartz systems) only begin to react above 90 ◦C.
While this type of system may be suitable for use in DBD, there is little proof that this type of system
will perform any better than conventional oil well cements in downhole conditions, particularly where
uncertainties exist about the formation of durable high strength phases, such as tobermorite.
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3.4. Alkali Activated or Geopolymeric Systems

Geopolymer cements are inorganic systems based on the activation and hardening of an amorphous
aluminosilicate material using very strong (>5 M) alkaline chemical activators, such as waterglass
(sodium silicate, Na2(SiO2)nH2O, e.g., sodium metasilicate, Na2SiO3) and sodium or potassium
hydroxide [47–49]. The aluminosilicate materials include calcined clays, such as metakaolin, BFS, PFA,
or natural pozzolans. The binder is an amorphous aluminosilicate where aluminium substitution in
the silicate network requires a charge balancing cation, usually Na+ but it can be calcium ions (such as
that from BFS or PFA).

The term ‘geopolymer’ was originally coined by Davidovits [50–52], but various names, such
as inorganic polymers, hydroceramics, and alkali activated slags, have been used. Geopolymers are
currently receiving attention as alternatives to Portland cement for use in transportation, infrastructure,
construction, and offshore applications with a few structures built [49,53].

The potential for using geopolymers for well cementing has been recently explored by Nasvi
and co-workers [54–58] in laboratory-based studies. Other researchers are now exploring the use of
this system, particularly where CO2 sequestration is being considered, as the system is not readily
carbonated [59].

Issues with obtaining a suitable thickening time for these systems have been found although
they may have been overcome in a recent reported work [60]. The systems are very similar to those
developed at the South West Institute [61] as part of an extensive programme of cement development
for geothermal wells coordinated by Brookhaven National Laboratory conducted in the late 1970s.
Those cements relied on the activation of a metal oxide or hydroxide with sodium silicate, which
dissolved at an elevated temperature to give a metal silicate. Unfortunately, the product formed
was porous when the reaction occurred in water whereas in the dry steam conditions of many of the
geothermal fields in the USA, a reasonable product could be obtained.

Alkali-activated slag cements have been reported for applications of sealing in salt and sulphur
mines and for hydrotechnical operations [62–64], in oil well sealing [65], for CO2 storage and
sequestration applications [56], and in the conversion of drilling mud to cementitious slurries [66–69].
Recent patents demonstrate an ongoing interest in the use of these materials in downhole
applications [69,70]. However, variable cracking has been reported in alkali-activated BFS slurries [71].

Sodium silicate-activated BFS and BFS/fly ash cements were developed for potential use in
geothermal wells [72,73] with high compressive strengths (>80 MPa), low permeability to water,
and good resistance to acid attack. The binding phases formed at elevated temperatures and pressure
were dominated by partially crystalline C-S-H phases, including tobermorite. Apart from concerns over
being able to control the setting, the practical use of this type of system would need to be addressed,
as each aluminosilicate source behaves and reacts differently. Despite these reports, there is little
information on whether these types of systems are regularly in use in downhole applications, where
the temperature and pressure are similar to that in DBD, and whether there are any products readily
available on the market that have seen significant relevant use with good durability.

Durability If Used as an SSM

Most alkali activated systems, such as geopolymers, require very high concentrations (>5 M)
of soluble alkali hydroxide or silicate or both to react with an aluminosilicate material. This may
cause problems as the deployment/flow of a geopolymeric grout through water at the bottom of a
borehole is likely to dilute the alkaline activation component of the grout. Geopolymeric grouts cast in
steel moulds and cured before exposure to well conditions prepared by one of the authors showed a
promising performance. However, when the same formulation was deployed in a porous mould in
an attempt to set the formulation in a water filled autoclave at an elevated temperature, the soluble
component diffused from the mix, resulting in a failure to harden or set [74]. This dilution of the alkali
activator has been noted before [75], and the same is likely to occur with similar systems that contain
other water-soluble activators, such as phosphate bonded cements.
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There is a further issue which must be considered. Many of the alkali activated systems rely
on alkali concentrations as high as 14 M [76]. This concentration is likely to attack the host rock in a
similar way as that shown by da Silva and Milestone [77].

3.5. Calcium Aluminate Cement (CAC) Systems

CAC cementing systems, also known as aluminous cement, high alumina cement, and Ciment
fondu, are based on hydraulic calcium aluminate phases. As the production cost is higher than Portland
cements, they are only used in limited and specialised applications, such as:

• Where rapid strength gain is required across a broad temperature range, even at low temperatures.
• To prevent biological corrosion due to the presence of aggressive microbes (e.g., sulphides) in

applications, such as wastewater processing or sewer structures.
• Where structural strength is required at elevated temperatures, such as in refractory applications.
• As a constituent of blended cements designed for specific properties, such as rapid setting and

strength gain applications, e.g., for airport runway repairs.

The predominant reactive phase in CAC is monocalcium aluminate (CA, CaAl2O4). When mixed
with water, this undergoes a series of complex hydration reactions which lead to the formation of
a mixture of hydrate types known as the hexagonal hydrates, CAH10 (CaAl2O4.10H2O), C2AH8

(Ca2Al2O5.8H2O), cubic hydrates C3AH6 (Ca3Al2O6.6H2O), and alumina gel (Al(OH)3). The curing
temperature influences the type and quantity of these phases formed. Hexagonal CAH10 and C2AH8

undergo what is termed a ‘conversion reaction’, decomposing to a mixture of cubic C3AH6, Al(OH)3

gel, and water, causing an increase in porosity accompanied by a decrease in strength.
Retardation has been an issue with CACs at elevated temperatures, and work at Brookhaven

National Laboratory has dealt with this by adding a second component, such as phosphate (discussed
below) or fly ash plus sodium silicate [78].

CAC cementing systems have high resistance to chemical and acid attack [79], so they have
been used for lining waste-disposal wells [80]. However, despite this acid resistance, these systems
are poor at resisting alkali attack, and could not be used in the disposal of alkaline wastes unless
it was neutralized prior to disposal. CAC systems are stable and durable in very high temperature
applications, and so can be used as thermal cements and in fireflood and thermal recovery wells.
This high temperature performance is primarily due to the absence of hydrated phases, such as that
formed in Portland cement pastes. It is also reported that these systems can be employed in hot dry rock
geothermal energy recovery and for more general utilization in geothermal wells. A noteworthy point
is that these cements can be utilized as a base for specially prepared calcium phosphate cements [80].
Despite the claims detailed above, there is little evidence that CAC cements are regularly used in
downhole applications where the temperature and pressure are similar to DBD.

3.6. Phosphate Cements

Phosphate cements, also known as chemically bonded phosphate ceramics (CBPCs), were used
principally for dental applications, but recently, they have been considered for use in other applications,
including structural ceramics, waste processing, oil well operations, and bioceramics. They differ from
the more usual calcium-based cements as the reaction to form a hardened paste is an acid–base reaction
between metal cations and soluble phosphate anions to form insoluble crystalline metal phosphate
hydrates in the presence of water, rather than by direct hydration reactions. To date, work has focussed
on compounds of calcium, zinc, and magnesium as the source of cations. The reaction is achieved by
mixing an oxide or hydroxide with either phosphoric acid or an acid phosphate, such as ammonium
or potassium diphosphate solution, and occurs rapidly at room temperature, giving a product with
ceramic-like properties. By controlling the reaction rate between the acidic and basic components,
bonds can develop between precipitating particles and grow into crystalline structures to form a
ceramic-like material. Because the precursor components rapidly neutralize each other during mixing,
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the resulting paste has rapid setting properties and a near-neutral pH and has been developed as a
patching material [81]

Wagh [82], has championed a magnesium phosphate cement called Ceramicrete, formed by
mixing magnesium oxide powder and soluble phosphate powder with water in a process similar to that
for making concrete. The wet mix can be pumped, gunned, or sprayed with commercially available
equipment. The resulting product is reported to be non-porous and with a high compressive strength.
A number of advantages over Portland cement systems have been reported, including reduced density,
reduced permeability, higher strength, and increased resistance to acidic and carbon dioxide corrosion
(a major issue in geothermal energy well cementing). He has reported Ceramicrete as being applicable
for oil well/geothermal well applications ([82] and the references therein), but there is little practical
experience with these systems in the field.

A phosphate modified aluminous cement produced by reacting CAC cement with a source of
phosphate has been referred to as a calcium aluminium phosphate (CAP) cement [83,84]. It is reported
to resist carbon dioxide induced corrosion, protect pipes and casing, develop high strength, and is acid
resistant. While a number of papers report its use within the temperature range of 60 to 370 ◦C, there are
no durability test reports of field performance. This system, containing PFA partly as a filler material
but which forms apatite phases under hydrothermal conditions, was developed commercially by
Halliburton Energy Services as ThermaLock™ Cement [85], to resist carbon dioxide induced corrosion
and protect the cement and casing.

Durability If Used as an SSM

Attempts to employ the ThermaLock cement system in geothermal wells in New Zealand
encountered significant problems with flash setting [74]. Detailed investigatory work has shown
that these systems are strongly dependent on the composition and properties of the CAC and
PFA used and appear to have a short shelf life. Major problems were encountered in developing
consistent formulations which demonstrate repeatable performances when it was considered for waste
immobilisation [86].

3.7. Other Cementing Systems

Several other cementing systems have been reported for use in well applications. However, even
less is known about them than the systems detailed above, and they have not been manufactured in
reasonable quantity to make them readily available on the market.

Schlumberger offers a system they call CemCRETE™ [19,87]. This product appears to control the
particle size distribution to provide better particle packing so the solids content of the paste is increased
so that it is higher than in conventional Class G or H pastes, resulting in a slurry with higher density,
reduced porosity and permeability, and increased compressive strength [88]. It is also claimed that
lower concentrations of most admixtures can normally be used. Schlumberger have also produced a
range of products, including Lite-CRETE™ (for low density requirements in the range 1.20–1.56 g/cm3),
SqueezeCRETE™ (for the penetration of small/narrow gaps in remedial hole cementing), DensCRETE™
(for high-density requirements above 2.52 g/cm3), and DeepCRETE™ (where the acceleration of setting
and development of compressive strength is required).

Halliburton–Baker Hughes also offer a similar system designed for possible use in CO2

sequestration, with the trade names, Evercrete™, Set for Life™, and PermaSet™, with some formulations
that can be used up to over 300 ◦C.

Since the 1970s, investigations have been performed into whether Portland cement can be
introduced into drilling fluid (mud) and converted into well cement. If successful, this conversion
could reduce mud disposal costs, significantly improve annular cementing efficiency, and reduce costs
associated with staffing/manpower, equipment, time, and materials [89]. Little detail exists on how
this conversion could give desirable cementing properties, but some researchers have suggested the
use of BFS [19,66–68]. Additions of ground granulated BFS (GGBS) to a mud along with a suitable
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alkaline activator, such as sodium hydroxide or calcium hydroxide, could form C-S-H-type phases
similar to those from the hydration of Portland cement but with lower Ca/Si ratios [90]. The lower
Ca/Si ratio could ensure the formation of higher strength crystalline C-S-H phases. Little information
is available on their properties.

4. Selection of an SSM Cementing System for DBD

In reviewing the potential cementing systems that might be applicable to DBD, several other
points arise which help in determining a suitable cementing system for SSMs.

4.1. Proven Durability

Portland cement-based systems are by far the most commonly used in hydrocarbon and geothermal
well cementing with over 100 years of knowledge, experience, evidence and supporting literature,
and proven reliability of their use [32]. No other system can provide this level of credibility, and indeed
many have not been tested in field trials. API Classes G and H well cements are now the preferred
options for well cementing with quartz flour additions and have been used successfully in deep wells
where temperatures and pressures are well in excess of those being considered for DBD, particularly
when used with additional quartz flour [91]. A cementitious SSM can be expected to provide sealing
and support functions whilst the borehole remains open during the waste package deployment phase
(estimated at 2 years), much shorter than the required lifetime of hydrocarbon or geothermal wells of ~30 to
50 years. As the near-field ground water chemistry in DBD is likely to be less aggressive than in geothermal
wells, these hardened oil well cement grouts should be durable over the short-term DBD waste package
deployment phase before the final hole well sealing takes place. Moreover, the use of a system with a
proven durability of over 50 to 100 years will enhance the longer-term durability of the DBD application.

The hydrate phases formed in Portland cement systems have been shown to chemically retain a
range of waste cations and anions [92,93]. Portland composite cements are currently used in the UK for
ILW encapsulation/immobilisation with proven durability [94–99]. Therefore, if a waste package does
rupture in DBD (before or even after the final borehole sealing), the hardened paste will retard any
release of radionuclides to the biosphere. Significantly less is known about the retention of radioactive
waste ions for other cement systems.

4.2. Placement

Discussions with well cementing engineers and practitioners, and suppliers of cement products and
auxiliary additives and admixtures, show suitable formulations using a Class G cement and silica flour can
be prepared which would meet the demanding conditions of placement in the disposal zone of DBD.

Suitable slurries using recognised retardation and fluid loss additives can be prepared with a
thickening time of greater than 4 hours that could be placed in water at a 5 km depth and these have
been demonstrated by work carried out by the Sheffield DBD Research Group.

4.3. Regulation

As with any concept of radioactive waste disposal, rigorous assessment and regulation by
governmental bodies is essential, and safety must be assured by the production of a safety case.
An example of this process is the significant work that has already been carried out in developing the
safety case for the Geological Disposal Facility (GDF) preferred by the UK government for the disposal
of ILW and HLW wasteforms [100]. When developing a safety case for DBD, any organisation is likely
to find it easier and more acceptable to utilise materials already in use in radioactive waste processing
operations. Therefore, the use of grouts similar to the Portland cement-based systems already used
in the UK to produce ILW wasteforms should make it more straightforward and acceptable when
developing a safety case for DBD.
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4.4. Availability

Class G oil well cements are readily available in any country, along with the admixtures (retarders,
superplasticisers, etc.) and other components regularly used in oil well cements.

4.5. Financial Consideration

The cost of Portland cement is significantly less than any other cementing system. A typical
price of Portland cement is around US$125/tonne [101], but it is difficult to obtain similar up-to-date
information for alternative cement products in large amounts. CAC cement is always substantially
more expensive than Portland cement (US$200–500/tonne) [19]. Davidovits reported in 2005 [51] that
the costs of the principal components of two geopolymer cements were more than 3 and 4 times that of
Portland cement (~US$400 and ~US$330 per tonne of GA and M9 cement, respectively, excluding the
cost of sand and aggregate, based on an exchange rate of 1:1 US$:€).

4.6. Engineering and Placement

Significant differences are likely to exist between cementing a hydrocarbon or geothermal well
and deploying or placing a DBD grout [102]. In the former, the grout is pumped down through a tube
in the centre of the well, returning to the surface up the annulus outside the casing. The Sheffield DBD
Research Group have proposed deploying a known volume of grout to the disposal zone just before
or after placement of the waste package(s). Engineers involved in drilling and well cementing have
intimated that engineering a solution to this issue should be achievable.

4.7. Radiation Stability

The radiation durability of an oil well cement system is likely to be high in this DBD application
in the short-term [102]; a typical surface radiation dose rate expected from containers of vitrified UK
HLW is an order of magnitude less than that used during the radiation durability testing of the UK ILW
encapsulation grouts where no significant detriment to composition or microstructure was observed
over a 2-year period.

4.8. Potential System for SSMs

When the points in Sections 2 and 4 are considered and following discussions with well operators,
a generic formulation based on API Class G cement has been selected. The Sheffield DBD Research
Group has recently demonstrated that Portland cement-based systems show great potential to
perform as required under the conditions likely to be experienced in DBD [17,18,102]. However, their
performance as sealing matrices still needs to be assessed. The experimental work performed to
date has been carried out at the laboratory-scale (approximately 0.5 L) so further work is needed at
a larger-scale.

5. Summary

Cementitious grouts based on Class G oil well cement have been shown to be suitable for providing
low temperature sealing and support matrices (SSMs) for deep borehole disposal (DBD) applications.
These SSMs will seal the containers of high level radioactive waste within a disposal zone located
in the bottom ~2 km of holes drilled into the basement rock of the continental crust. The elevated
temperatures and pressures in the disposal zone will be similar to those encountered in hydrocarbon
and geothermal energy applications, although the chemistry of the groundwater local to the disposal
zone is expected to be more benign.

Partial replacement of the cement with silica flour is required to lower the Ca/Si ratio to ensure
the formation of the most durable cement hydrate phases; a fluid loss additive is required to enable the
grout to flow/move through water in the boreholes without the solid particle dispersing; and retarding
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admixtures are required because the elevated temperature and pressure will cause an acceleration of
the thickening time.

This system has been selected based on the fact that over the past 100 years, it has demonstrated
it can provide the short-term performance and durability required for DBD across the range of
temperatures and pressures likely to be experienced. In the longer-term, the seal around the waste
packages should be maintained after the boreholes are sealed to the surface, which will augment the
safety case for DBD.

Author Contributions: Conceptualization, K.P.T. and N.B.M.; Methodology, N.B.M. and N.C.C.; Investigation,
N.C.C.; Writing-Original Draft Preparation, N.C.C.; Writing-Review & Editing, K.P.T, N.B.M. and N.C.C.;
Supervision, K.P.T. and N.B.M.; Project Administration, K.P.T.; Funding Acquisition, K.P.T.

Funding: This research was funded by the UK Engineering and Physical Science Research Council grant number
EP/K039350/1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gibb, F.G.F. Deep Boreholes—A Better Solution to the Waste Problem? In Nuclear Energy; Energy World:
Hellbühl, Switzerland, 2015; pp. 30–31.

2. Brady, P.V.; Arnold, B.W.; Freeze, G.A.; Swift, P.N.; Bauer, S.J.; Kanney, J.L.; Rechard, R.P.; Stein, J.S.
Deep Borehole Disposal of High Level Radioactive Waste; SAND2009-4401; Sandia National Laboratories:
Livermore, CA, USA, 2009.

3. Arnold, B.W.; Brady, P.; Altman, S.; Vaughn, P.; Nielson, D.; Lee, J.; Gibb, F.; Mariner, P.; Travis, K.; Halsey, W.;
et al. Deep Borehole Disposal Research: Demonstration Site Selection Guidelines, Borehole Seals Design, and RD&D Needs;
FCRD-USED-2013-000409, SAND2013-9490P; Sandia National Laboratories: Livermore, CA, USA, 2013.

4. Beswick, J.; Gibb, F.; Travis, K. Deep Borehole Disposal of Nuclear Waste: Engineering Challenges. Proc. Inst.
Civ. Eng. Energy 2014, 167, 47–66. [CrossRef]

5. Al Bloushi, H.; Beeley, P.A.; Kim, S.-Y.; Lee, K.J. Spent Nuclear Fuel Management Options for the UAE.
Proc. Inst. Civ. Eng. Energy 2015, 168, 166–177. [CrossRef]

6. Chapman, N.A. Deep Borehole Disposal of Spent Fuel: International Developments and Implications for NE
Asia. In NAPSNet Special Reports; Nautilus Institute for Security and Sustainability: Berkeley, CA, USA, 2014.

7. Juhlin, C.; Sandstedt, H. Storage of Nuclear Waste in Very Deep Boreholes, Feasibility Study and Assessment of
Economic Potential; SKB Technical Report 89-39; SKB: Stockholm, Sweden, 1989.

8. Gibb, F.; McTaggart, N.; Travis, K.; Burley, D.; Hesketh, K. High-Density Support Matrices: Key to the Deep
Borehole Disposal of Spent Nuclear Fuel. J. Nuclear Mater. 2008, 374, 370–377. [CrossRef]

9. Arnold, B.W.; Swift, P.N.; Brady, P.V.; Orrell, S.A.; Freeze, G.A.; Gibb, F.G.F. Into the Deep, Radwaste
Management: Deep Boreholes. Nuclear Eng. Int. 2010, 18–22.

10. Bates, E.A.; Driscoll, M.J.; Lester, R.K.; Arnold, B.W. Can Deep Boreholes Solve America’s Nuclear Waste
Problem? Energy Policy 2014, 72, 186–189. [CrossRef]

11. Beswick, J. Status of Technology for Deep Borehole Disposal; NP 01185; Report by EPS International for the
Nuclear Decommissioning Authority, UK; EPS International: London, UK, 2008.

12. Chapman, N.; Gibb, F. A Truly Final Waste Management Solution—Is Very Deep Borehole Disposal a Realistic
Option for High-level Waste or Fissile Materials? Radwaste Solut. 2003, 10, 26–37.

13. Gibb, F.G.F. Deep Borehole Disposal (DBD) Methods and Initiatives: A Review. Nuclear Eng. Int. 2010, 19.
14. Kim, J.-M. Deep borehole disposal of high-level radioactive waste and spent nuclear fuel. J. Geolog. Soc. Korea.

2015, 51, 425–431. [CrossRef]
15. Gibb, F.G.F.; Travis, K.P.; Hesketh, K.W. Deep Borehole Disposal of Higher Burn up Spent Nuclear Fuels.

Mineral. Mag. 2012, 76, 3003–3017. [CrossRef]
16. Collier, N.C.; Travis, K.P.; Gibb, F.G.F.; Milestone, N.B. Characteristics of Cementitious Paste for use in Deep

Borehole Disposal of Spent Fuel and High Level Wasteforms. In Scientific Basis for Nuclear Waste Management
XXXVIII; Cambridge University Press: Cambridge, UK, 2015; Volume 1744, pp. 205–210.

http://dx.doi.org/10.1680/ener.13.00016
http://dx.doi.org/10.1680/energy.13.00015
http://dx.doi.org/10.1016/j.jnucmat.2007.08.017
http://dx.doi.org/10.1016/j.enpol.2014.03.003
http://dx.doi.org/10.14770/jgsk.2015.51.4.425
http://dx.doi.org/10.1180/minmag.2012.076.8.16


Energies 2019, 12, 2393 12 of 15

17. Collier, N.C.; Travis, K.P.; Gibb, F.G.F.; Milestone, N.B. Cementitious Grouts for Disposal of Nuclear
Wasteforms in Deep Boreholes. In Proceedings of the American Nuclear Society International High-Level
Radioactive Waste Management, Charleston, SC, USA, 12–16 April 2015.

18. Bensted, J. Development with Oil well Cements. In Structure and Performance of Cements, 2nd ed.; Bensted, J.,
Barnes, P., Eds.; Spon Press: London, UK, 2008.

19. Nelson, E.; Guillot, G. Well Cementing, 2nd ed.; Schlumberger: Houston, TX, USA, 2006.
20. BSI (British Standard Institution). Petroleum and Natural Gas Industries, Cements and Materials for Well

Cementing; BS EN ISO 10426-1:2009; British Standard Institute: London, UK, 2009.
21. API (American Petroleum Institute). Specification for Cements and Materials for Well Cementing. In API

Specification 10A, 23rd ed.; API: Washington, DC, USA, 2002.
22. Jupe, A.; Wilkinson, A.; Luke, K.; Funkhouser, G. Class H Cement Hydration at 180 ◦C and High Pressure in

the Presence of Added Silica. Cem. Concr. Res. 2008, 38, 660–666. [CrossRef]
23. Scherer, G.; Funkhouser, G.; Peethamparan, S. Effect of Pressure on Early Hydration of Class H and White

Cement. Cem. Concr. Res. 2010, 40, 845–850. [CrossRef]
24. Shariar, A.; Nehdi, M. Rheological Properties of Oil Well Cement Slurries. Proc. ICE Constr. Mater. 2012, 165,

25–44. [CrossRef]
25. Taylor, H.F.W. Cement Chemistry, 2nd ed.; Thomas Telford: London, UK, 1997.
26. Zhang, J.; Weissinger, E.; Peethamparan, S.; Scherer, G. Early Hydration and Setting of Oil Well Cement.

Cem. Concr. Res. 2010, 40, 1023–1033. [CrossRef]
27. Kalousek, G.L.; Adams, M. Hydration Products Formed in Cement Pastes at 25 to 175 ◦C. J. Am. Concr. Inst.

1951, 23, 77–90.
28. Kalousek, G.L. Crystal Chemistry of Hydrous Calcium Silicates: I, Substitution of Aluminum in Lattice of

Tobermorite. J. Am. Ceram. Soc. 1957, 40, 74–80. [CrossRef]
29. Collier, N.C.; Milestone, N.B.; Travis, K.P.; Gibb, F.G.F. The Effect of Organic Retarders on Grout Thickening

and Setting During Deep Borehole Disposal of High-level Radioactive Waste. Prog. Nuclear Energy 2016, 90,
19–26. [CrossRef]

30. Collier, N.C.; Balboa, H.E.; Milestone, N.B.; Travis, K.P. Inorganic Anions as Retarders for Deep Borehole
Disposal Grouts. Adv. Cem. Res. 2017. [CrossRef]

31. Bensted, J.; Smith, J.R. Oilwell cements. Part 6. An historic perspective. Cem. Wapno Beton 2010, 13, 124–135.
32. Sullivan, J.L.; Clark, C.E.; Han, J.; Wang, M. Life-Cycle Analysis Results of Geothermal Systems in Comparison to

Other Power Systems; ANL/ESD/10-5; Center for Transportation Research, Energy Systems Division, Argonne
National Laboratory: Upton, NY, USA, 2010.

33. Gibb, F.G.F. Looking Down the Bore, Radwaste Management: Deep Boreholes. Nuclear Eng. Int. 2010, 21–22.
34. Glasser, F.P. Progress in the Immobilization of Radioactive Wastes in Cement. Cem. Concr. Res. 1992, 22, 201.

[CrossRef]
35. Glasser, F.P. Chemistry of Cement-solidified Waste Forms. In Chemistry and Microstructure of Solidified Waste

Forms; Spence, R.D., Ed.; Lewis Publishers: London, UK, 1993.
36. Gartner, E. Industrially interesting approaches to “low-CO2” cements. Cem. Concr. Res. 2004, 34, 1489–1498.

[CrossRef]
37. LafargeHolcim. Innovating to Reduce the Carbon Footprint of Cement Production: Aether. 2017.

Available online: www.aether-cement.eu (accessed on 3 March 2017).
38. Dienemann, W.; Schmitt, D.; Ben Haha, M. Belite-Calciumsulfoaluminate-Ternesite (BCT)—A new low-carbon

clinker technology. Cem. Int. 2013, 11, 100–109.
39. Zhou, Q.; Lachowski, E.E.; Glasser, F.P. Metaettringite, a decomposition product of ettringite. Cem. Concr. Res.

2004, 34, 703–710. [CrossRef]
40. Collier, N.C. Transition and Decomposition Temperatures of Cement Phases—A Collection of Thermal

Analysis Data. Ceram.-Silikáty 2016, 60, 338–343. [CrossRef]
41. Zhou, Q.; Milestone, N.B.; Hayes, M. A New Cement for Waste immobilisation—Calcium Sulfoaluminate

Cement System. In Stabilisation/ Solidification Treatment and Remediation; Al-Tabbaa, A., Stegemann, J.A., Eds.;
CRC Press: Boca Raton, FL, USA, 2005; pp. 79–85.

42. Zhou, Q.; Milestone, N.B.; Hayes, M. An Alternative to Portland cement for Waste Immobilisation—The
Calcium Sulfoaluminate Cement System. J. Hazard. Mater. 2006, 136, 120–129. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cemconres.2007.12.004
http://dx.doi.org/10.1016/j.cemconres.2010.01.013
http://dx.doi.org/10.1680/coma.2012.165.1.25
http://dx.doi.org/10.1016/j.cemconres.2010.03.014
http://dx.doi.org/10.1111/j.1151-2916.1957.tb12579.x
http://dx.doi.org/10.1016/j.pnucene.2016.02.021
http://dx.doi.org/10.1680/jadcr.16.00183
http://dx.doi.org/10.1016/0008-8846(92)90058-4
http://dx.doi.org/10.1016/j.cemconres.2004.01.021
www.aether-cement.eu
http://dx.doi.org/10.1016/j.cemconres.2003.10.027
http://dx.doi.org/10.13168/cs.2016.0050
http://dx.doi.org/10.1016/j.jhazmat.2005.11.038
http://www.ncbi.nlm.nih.gov/pubmed/16406289


Energies 2019, 12, 2393 13 of 15

43. Salim, P.; Amani, M. Principal Points in Cementing Geothermal Wells. Adv. Petroleum Explor. Dev. 2013, 5,
77–91.

44. Luke, K. Phase Studies of Pozzolanic Stabilised Calcium Silicate Hydrates at 180 ◦C. Cem. Concr. Res. 2004,
34, 1725–1732. [CrossRef]

45. Milestone, N.B.; Bigley, C.H.; Durant, A.T.; Sharp, M.D.W. The Role of Silica in Geothermal Cementing.
In Proceedings of the 35th NZ Geothermal Workshop, Rotorua, New Zealand, 19–21 November 2013.

46. Provis, J.L.; van Deventer, J.S.J. Geopolymers: Structure, Processing, Properties and Industrial Applications;
Woodhead Publishing: Cambridge, UK, 2009.

47. Provis, J.L. Geopolymers and Other Alkali Activated Materials—Why, How, and What? Mater. Struct. 2014,
7, 11–25. [CrossRef]

48. Provis, J.L.; van Deventer, J.S.J. Alkali-Activated Materials: State-of-the-Art Report; RILEM TC 224-AAM;
Springer/ RILEM: Dordrecht, The Netherlands, 2014.

49. Davidovits, J. Geopolymers: Inorganic Polymeric New Materials. J. Therm. Anal. 1991, 37, 1633–1656.
[CrossRef]

50. Davidovits, J. Geopolymer: Green Chemistry and Sustainable Development Solutions. In Proceedings of the
World Congress Geopolymer 2005; Institut Géopolymère: Saint-Quentin, France, 2005.

51. Davidovits, J. Geopolymer Chemistry & Applications, 4th ed.; Institut Géopolymère: Saint-Quentin, France, 2015.
52. Hassel, University of Queensland Global Change Insititute. 2017. Available online: http://www.hassellstudio.

com/en/cms-projects/detail/the-university-of-queensland-global-change-institute (accessed on 1 December 2016).
53. Nasvi, M.C.M.; Ranjith, P.G.; Sanjayan, J.G. Comparison of Mechanical Behaviour of Geopolymers of Class G

Cement at Differing Curing Temperatures for Geological Sequestration of Carbon Dioxide. In Proceedings of
the 46th US Rock Mechanics/ Geomechanics Symposium, Chicago, IL, USA, 24–27 June 2012.

54. Nasvi, M.C.M.; Gamage, P.G. Geopolymers as Well Cement and the Variation of Mechanical Behaviour with
Curing Temperature. Greenh. Gases Sci. Technol. 2012, 2, 46–58. [CrossRef]

55. Nasvi, M.C.M.; Ranjith, P.G.; Sanjayan, J. The Permeability of Geopolymer at Down-hole Stress Conditions:
Application for Carbon Dioxide Sequestration Wells. Appl. Energy 2013, 102, 1391–1398. [CrossRef]

56. Kajarathan, S.; Karthikan, S.; Nasvi, M.C.M. Geopolymer as Well Cement and its Mechanical Behaviour with
Curing Temperature. In Proceedings of the 6th International Conference on Structural Engineering and
Construction Management 2015, Kandy, Sri Lanka, 11–13 December 2015.

57. Nasvi, M.C.M.; Rathnaweera, T.D.; Padmanabhan, E. Geopolymer as well cement and its mechanical integrity
under deep down-hole stress conditions: Application for carbon capture and storage wells. Geomech. Geophysr
Geo-Energy Geo-Resour. 2016, 2, 245–256. [CrossRef]

58. Kanesan, D.; Irawan, S.; Ridha, S.; Davannendran, C.; Nuriman, A.A. The Suitability of Fly Ash Based
Geopolymer Cement for Oil Well Cementing Applications: A Review. ARPN J. Eng. Appl. Sci. 2018, 13,
8296–8315.

59. Salehi, S.; Khattak, M.J.; Ali, N.; Rizvi, H.R. Development of Geopolymer-based Cement Slurries with
Enhanced Thickening Time, Compressive and Shear Bond Strength and Durability. In Proceedings of the
IADC/SPE Drilling Conference and Exhibition, Fort Worth, TX, USA, 1–3 March 2016.

60. Curtis, D.K.; Marlow, W.A. Hydrothermal Cements for use in Completion of Geothermal Wells; Report 51183;
Brookhaven National Laboratory: Upton, NY, USA, 1979.

61. Małolepszy, J.; Deja, J.; Brylicki, W. Industrial Application of Slag Alkaline Concretes. In Proceedings of the
First International Conference on Alkaline Cements and Concretes, Kiev, Ukraine; Krivenko, P.V., Ed.; VIPOL Stock
Company: Kyiv, Ukraine, 1994; Volume 2, pp. 989–1001.

62. Brylicki, W.; Małolepszy, J.; Stryczek, S. Industrial Scale Application of the Alkali Activated Slag Cementitious
Materials in the Injection Sealing Works. In Environmental Aspects of Construction with Waste Materials;
Goumans, J.J.J.M., Van der Sloot, H.A., Aalbers, T.G., Eds.; Elsevier: Maastricht, The Netherlands, 1994;
pp. 841–849.

63. Deja, J.; Brylicki, W.; Małolepszy, J. Anti-Filtration Screens Based on Alkali-Activated Slag Binders.
In Proceedings of the International Conference on Alkali Activated Materials—Research, Production
and Utilization, Prague, Czech Republic, 1 June 2007; pp. 163–184.

64. Shi, C.; Krivenko, P.V.; Roy, D.M. Alkali-Activated Cements and Concretes; Taylor & Francis: Abingdon, UK, 2006.
65. Javanmardi, K.; Flodberg, K.D.; Nahm, J.J. Mud to Cement Technology Proven in Offshore Drilling Project.

Oil Gas J. 1993, 91, 49–57.

http://dx.doi.org/10.1016/j.cemconres.2004.05.021
http://dx.doi.org/10.1617/s11527-013-0211-5
http://dx.doi.org/10.1007/BF01912193
http://www.hassellstudio.com/en/cms-projects/detail/the-university-of-queensland-global-change-institute
http://www.hassellstudio.com/en/cms-projects/detail/the-university-of-queensland-global-change-institute
http://dx.doi.org/10.1002/ghg.39
http://dx.doi.org/10.1016/j.apenergy.2012.09.004
http://dx.doi.org/10.1007/s40948-016-0034-2


Energies 2019, 12, 2393 14 of 15

66. Nahm, J.J.; Javanmardi, K.; Cowan, K.M.; Hale, A.H. Slag Mix Mud Conversion Cementing Technology:
Reduction of Mud Disposal Volumes and Management of Rig-site Drilling Wastes. J. Petroleum Sci. Eng.
1994, 11, 3–12. [CrossRef]

67. Ruiz-Santaquiteria, C.; Fernández-Jiménez, A.; Palomo, A. Rheological Properties of Alkali Activated Cement
for Oil Well Linings. In Proceedings of the 2nd International Symposium on Design, Performance and Use of
Self Consolidating Concrete, Beijing, China, 5–7 June 2009; pp. 878–891.

68. Barlet-Gouedard, V.; Porcherie, O.; Pershikova, E. Pumpable Geopolymer Formulation for Oilfield Application.
World Patent WO/2009/103480, 28 August 2009.

69. Barlet-Gouedard, V.; Zusatz-Ayache, C.M.; Porcherle, O. Geopolymer Composition and Application for
Carbon Dioxide Storage. U.S. Patent 7,846,250, 7 December 2010.

70. Benge, O.G.; Webster, W.W. Blast Furnace Slag Slurries May Have Limits for Oil Field Use. Oil Gas J. 1994, 92,
41–49.

71. Sugama, T.; Brothers, L.E. Sodium-Silicate-Activated Slag for Acid-resistant Geothermal Well Cements.
Adv. Cem. Res. 2004, 16, 77–87. [CrossRef]

72. Sugama, T.; Brothers, L.E.; Van de Putte, T.R. Acid-resistant Cements for Geothermal Wells: Sodium Silicate
Activated Slag/fly Ash Blends. Adv. Cem. Res. 2005, 17, 65–75. [CrossRef]

73. Milestone, N.B. Callaghan Innovation, Lower Hutt, New Zealand Personal Communication. September 2016.
74. Barbosa, V.F.F.; MacKenzie, K.J.D.; Thaumaturgo, C. Synthesis and Characterisation of Sodium Polysialate

Inorganic Polymer Based on Alumina and Silica. Int. J. Inorg. Mater. 2000, 2, 309–317. [CrossRef]
75. Valliappan, A.K.; Suppiah, R.R.; Irawan, S.; Bayuaji, R. Development of New Green Cement for Oil Wells.

Mater. Sci. Forum 2016, 841, 148–156. [CrossRef]
76. Da Silva, J.; Milestone, N.B. The effect of the rock type on the degradation of well cements in CO2 enriched

geothermal environments. Geothermics 2018, 75, 235–248. [CrossRef]
77. Pyatina, T.; Sugama, T.; Moon, J.; James, S. Effect of Tartaric Acid on Hydration of a

Sodium-Metasilicate-Activated Blend of Calcium Aluminate Cement and Fly Ash F. Materials 2016, 9,
422. [CrossRef] [PubMed]

78. Scrivener, K.L.; Capmas, A. Calcium Aluminate Cements. In Lea’s Chemistry of Cement and Concrete; John
Wiley & Sons: Hoboken, NJ, USA, 1998.

79. Bensted, J. Developments in Oil Well Cements. In Structure and Performance of Cements; Barnes, P., Benstend, J.,
Eds.; CRC Press: Boca Raton, FL, USA, 21 April 2014.

80. Qiao, F.; Chau, C.K.; Li, Z. Property Evaluation of Magnesium Phosphate Cement Mortar as Patch Repair
Material. Constr. Build. Mater. 2010, 24, 695–700. [CrossRef]

81. Wagh, A.S. Chemically Bonded Phosphate Ceramics, Twenty-First Century Materials with Diverse Applications,
2nd ed.; Elsevier: San Francisco, CA, USA, 2016.

82. Wagh, A.S.; Jeong, S.Y.; Lohan, D.; Elizabeth, A. Chemically Bonded Phospho-silicate Ceramics. U.S.
Patent No. 6,518,212 B1, 2 November 2003.

83. Sugama, T.; Carciello, N. Hydrothermally Synthesized Aluminum Phosphate Cements. Adv. Cem. Res. 1993,
5, 31–40. [CrossRef]

84. Pyatina, T.; Sugama, T. Cements for High Temperature Well. In Cement based Materials; InTechOpen: London,
UK, 2018.

85. ThermaLock™ Cement. H01458; Halliburton: Houston, TX, USA, 2006.
86. Swift, P. The Development of Calcium Aluminate Phosphate Cement for Radioactive Waste Encapsulation.

Ph.D. Thesis, The University of Sheffield, Sheffield, UK, 2013.
87. CemCRETE™. Concrete-Based Oil Well Cementing Technology, Schlumberger, 2016. Available online:

http://www.slb.com/services/drilling/cementing/cemcrete_materials.aspx (accessed on 11 October 2016).
88. Boisnault, J.M.; Guillot, D.; Bourahia, A.; Tirlia, T.; Dahl, T.; Holmes, C.; Raiturkar, A.M.; Maroy, P.; Moffet, C.;

Perez Mejia, G.; et al. Concrete Development in Cementing Technology. Oilfield Rev. 1999, 11, 16.
89. Wilson, W.N.; Carpenter, R.B.; Bradshaw, R.D. Conversion of Mud to Cement. In Proceedings of the

Society of Petroleum Engineers, SPE Annual Technical Conference and Exhibition, New Orleans, LA, USA,
23–26 September 1990.

90. Cowan, K.M.; Hale, A.H.; Nahm, J.J. Conversion of Drilling Fluid to Cements with Blast Furnace: Performance
Properties and Applications for Well Cementing. In Proceedings of the SPE 67th Annual Technical Conference
and Exhibition, Washington, DC, USA, 4–7 October 1992.

http://dx.doi.org/10.1016/0920-4105(94)90058-2
http://dx.doi.org/10.1680/adcr.2004.16.2.77
http://dx.doi.org/10.1680/adcr.2005.17.2.65
http://dx.doi.org/10.1016/S1466-6049(00)00041-6
http://dx.doi.org/10.4028/www.scientific.net/MSF.841.148
http://dx.doi.org/10.1016/j.geothermics.2018.06.002
http://dx.doi.org/10.3390/ma9060422
http://www.ncbi.nlm.nih.gov/pubmed/28773543
http://dx.doi.org/10.1016/j.conbuildmat.2009.10.039
http://dx.doi.org/10.1680/adcr.1993.5.17.31
http://www.slb.com/services/drilling/cementing/cemcrete_materials.aspx


Energies 2019, 12, 2393 15 of 15

91. Iverson, B.; Maxson, J.; Bour, D. Strength Retrogression in Cements Under High-Temperature Conditions.
In Proceedings of the 35th Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford,
CA, USA, 1–3 February 2010.

92. Gougar, M.L.D.; Scheetz, B.E.; Roy, D.M. Ettringite and C-S-H Portland Cement Phases for Waste Ion
Immobilization: A Review. Waste Manag. 1996, 16, 295–303. [CrossRef]

93. Evans, N.D.M. Binding Mechanisms of Radionuclides to Cement. Cem. Concr. Res. 2008, 38, 543–553.
[CrossRef]

94. Glasser, F.P. Fundamental Aspects of Cement Solidification and Stabilisation. J. Hazard. Mater. 1997, 52, 151.
[CrossRef]

95. Glasser, F.P. Mineralogical Aspects of Cement in Radioactive Waste Disposal. Mineral. Mag. 2001, 65, 621.
[CrossRef]

96. Wilding, C. The Performance of Cement Based Systems. Cem. Concr. Res. 1992, 22, 299. [CrossRef]
97. Hutson, G.V. Waste Treatment. In The Nuclear Fuel Cycle: From Ore to Waste; Oxford University Press: Oxford,

UK, 1996.
98. Palmer, J.D.; Fairhall, G.A. Properties of Cement Systems Containing Intermediate Level Wastes.

Cem. Concr. Res. 1992, 22, 325. [CrossRef]
99. Sharp, J.H.; Hill, J.; Milestone, N.B.; Miller, E.W. Cementitious Systems for Encapsulation of Intermediate

Level Waste. In Proceedings of the Ninth International Conference of Radioactive Waste Management and
Environmental Remediation, Oxford, UK, 21–25 September 2003.

100. Nuclear Decommissioning Authority. Geological Disposal, An Overview of the Generic Disposal System Safety Case;
NDA Report no. NDA/RWMD/010; Nuclear Decommissioning Authority: Cumbria, UK, December 2010.

101. Statista 2019. Available online: www.statista.com/statistics/219339/us-prices-of-cement/Cost (accessed on
13 March 2019).

102. Collier, N.C.; Milestone, N.B.; Travis, K.P. Lessons learnt from the development of cementitious grouts for
deep borehole disposal applications. J. Mater. Civ. Eng. 2017, 29, 04017197:1–04017197:8. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0956-053X(96)00072-4
http://dx.doi.org/10.1016/j.cemconres.2007.11.004
http://dx.doi.org/10.1016/S0304-3894(96)01805-5
http://dx.doi.org/10.1180/002646101317018442
http://dx.doi.org/10.1016/0008-8846(92)90069-8
http://dx.doi.org/10.1016/0008-8846(92)90072-4
www.statista.com/statistics/219339/us-prices-of-cement/Cost
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0002006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Requirements of Candidate Cements 
	Cement Types 
	Portland Cement 
	Calcium Sulfoaluminate (CSA)/Belite Cement 
	Pozzolanic Cements 
	Alkali Activated or Geopolymeric Systems 
	Calcium Aluminate Cement (CAC) Systems 
	Phosphate Cements 
	Other Cementing Systems 

	Selection of an SSM Cementing System for DBD 
	Proven Durability 
	Placement 
	Regulation 
	Availability 
	Financial Consideration 
	Engineering and Placement 
	Radiation Stability 
	Potential System for SSMs 

	Summary 
	References

