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Cemented paste backfill (CPB), which is a mix of tailings, water and cement, is subjected to the combined
actions of temperature and sulphate during its service life. There is a need to acquire solid knowledge on
the coupled effects of temperature and sulphate on the strength of CPBs for a safe, durable and cost-effec-
tive design of CPB structures. Hence, the main objective of this paper is to use an experimental approach
to study the combined effect of temperature and sulphate on the strength development and microstruc-
ture (mineralogical composition of the hardened cement paste) of CPBs. About 200 CPB specimens with
various initial sulphate contents (0, 5000, 15,000, and 25,000 ppm) and cured at different temperatures
(0 �C, 25 �C, 20 �C, 35 �C, and 50 �C) are tested at different curing times (28, 90, and 150 days). The results
show that the coupled effect of temperature and sulphate has a significant impact on the strength and
mineralogical composition of the CPB. Depending on the curing time, temperature and initial sulphate
content, the sulphate can have a positive or negative impact, i.e., leads to an increase or decrease of
CPB strength. The obtained results show a strong indication that the absorption of sulphate by cal-
cium–silicate–hydrate (C–S–H) could lead to the formation of lower quality C–S–H, thereby decreasing
the strength of the CPB. This study has demonstrated that the coupled effect of sulphate and temperature
on CPBs is an important factor for consideration in the designing of cost-effective, safe and durable CPB
structures.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decade, cemented paste backfill (CPB), a rela-
tively new cemented tailings material, has become increasingly
popular in underground mining operations around the world. In
addition to its ground support contribution during mining opera-
tions, CPB is now an indispensable tailings management method
[1–5]. CPB is a mixture of thickened and filtered tailings from the
processing operation of mines, water, and a hydraulic binder. It
contains between 70% and 85% solids (tailings + binder) by weight.
The binder creates cohesion in the CPB through binder hydration.
Binders can represent up to 75% of the cost of CPBs. Ordinary Port-
land cement is traditionally used as a binder in a proportion that is
commonly 2% to 7% by total weight. Proportions up to 10% are
sometimes used to increase early strength [6]. The components
of CPBs are combined and mixed in a plant that is usually located
on the mine surface and transported (by gravity and/or pumping)
to the underground openings (Fig. 1). To carry fresh and hydrating
CPB materials during stope filling and thereby prevent CPB from
ll rights reserved.
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flowing into the mine working areas, permeable retaining walls;
otherwise known as barricades, or retaining walls that are imper-
meable; known as bulkheads, are built in each of the access ways
into the stope prior to stope filling.

One of the most important quality criteria for a CPB structure is
mechanical stability at a given time. Once placed in the mine
opening (Fig. 1), CPBs have to satisfy certain dynamic and static
load resistance requirements to ensure a safe underground work-
ing environment for all mining personnel. Mine backfill and/or bar-
ricade failures can have considerable financial ramifications and
also often result in fatalities or injuries as reported in Canada
and around the world [7]. The uniaxial compressive strength
(UCS) is undoubtedly the most often used geotechnical property
to evaluate mechanical stability of CPBs in underground mine
backfill practices because the testing of UCS is relatively inexpen-
sive and can be incorporated into routine quality control programs
at the mine [8]. For example, the 28 days compressive strength
that is required to maintain backfill stability is generally lower
than 1 MPa [7] in cut and fill mining. When the CPB is used for roof
support, strength values higher than 4 MPa are required [7]. How-
ever, when the CPB is simply used to fill voids or for underground
disposal, backfill strength values between 150 kPa and 300 kPa are
often used as target values at several mines sites [9] in order to
eliminate the risk of liquefaction at an early stage. Furthermore,
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Fig. 1. Grain size distribution curve of the tailings material used.
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a high rate of early backfill strength gain is especially important for
opening of the barricades and thus, reduces the mining cycle, and
increases production, i.e., for increasing the profitability of the
mine [10]. Therefore, the designed and built CPB structure should
be capable of achieving the desired UCS for ground support as early
as possible.

During the past 15 years, several studies have been conducted
to understand the factors that affect the UCS of CPBs [e.g.,
1,2,4,7,10–15]. These studies have shown that the initial sulphate
content can significantly affect the UCS of the CPB [15]. However,
technical data about the effect of temperature on the UCS of CPBs
is quite limited. Moreover, despite the tremendous progress made
in understanding the effect of sulphate or temperature on the UCS
development of CPBs, all of the previous studies have only investi-
gated the isolated effects of sulphate [e.g., 10,11] or curing temper-
ature [10] on the strength of CPBs. There are no studies on the
coupled effect of sulphate and temperature on the UCS develop-
ment of CPBs. Yet, there is a need to acquire such solid knowledge,
since once built, in the engineering practice, the CPB structure is
often simultaneously subjected to coupled thermal (temperatures)
and chemical (sulphate) loads from early to advanced ages as
explained below.

Various heat sources can significantly affect the temperature of
CPB structures as described in [10]. These sources include: (i) the
depth of the mine and geological conditions (the temperature of
the rockmass which surrounds the CPB increases with depth
[16,17]), (ii) the geographical location of the mine (e.g., permafrost
region), (iii) the heat produced by the backfill hydration and/or
transport (temperature within the CPB can reach 50 �C because
of the binder hydration [6,18,19]), (iv) self-heating of the rocks
and/or the hardened backfill, and (v) other human-induced tem-
perature [20,21].

CPB materials often contain sulphate. The quantity of sulphate
that can be present within the CPB system is usually much higher
than that found in conventional concretes or mortars subjected to
sulphate attacks. The initial sulphate content of CPBs can be low
(<5000 ppm) to very high (25,000 ppm). Four main internal
sources of sulphate in the CPB system can be identified. First, the
CPB has a high proportion of tailings (75–80 wt.%) that can contain
a high proportion of sulphide minerals (up to 60%, [e.g., 22]). The
oxidation of the sulphide minerals [23,24] contained in the tailings
(before mixing with cement and water) can produce sulphate in
the tailings. However, the oxidations of the tailings in the CPB sys-
tem is considered negligible due to the high water saturation of the
CPB, binder hydration products that act as a physical barrier to
oxygen and porosity reduction caused by the cement hydration
process [21]. Secondly, another source of sulphate in a CPB system
is the process of using sulfur dioxide/air for the destruction of cya-
nides in gold mining [25]. Furthermore, the addition of gypsum
(CaSO4�2H2O) or anhydrite (CaSO4) to the clinker to control the set-
ting of the cement can introduce small amounts of sulphate into
the CPB mix [15,26]. Finally, the presence of sulphate in the CPB
system can result from the use of mine processing waters that
are often rich in sulphate in the preparation of CPBs.

In consideration of the facts that are mentioned above, a
research program has been conducted at the University of Ottawa
by the above authors to thoroughly investigate the effect of sul-
phate on the development of CPB UCS under various thermal
loadings.

The main objectives of this paper are:

– to present the results of the coupled effect of sulphate and cur-
ing temperature on the strength of CPBs at early ages;

– to present the results of the coupled effect of sulphate and cur-
ing temperature on the strength of CPBs at advanced ages; and

– to develop an understanding of the mechanical performance
(UCS) of CPBs when simultaneously exposed to sulphate attacks
under various thermal curing conditions.

This study deals with CPB materials whose binder is made of or-
dinary Portland cement (Type I).

This paper is organized as follows. The experimental program,
i.e., the materials used, the preparation of CPB specimens and the
tests done are presented in the next section. This is followed by a
presentation and discussion of the results obtained. Finally, we
present our conclusions.
2. Experimental program

2.1. Materials

Silica tailings, binder and water with different amounts of sul-
phate were used to prepare the CPB specimens.

2.1.1. Tailings
Silica tailings (ground silica, ST) were used. This allowed the

preparation of CPB samples with controlled mineralogical and
chemical (e.g., sulphate) composition and physical characteristics
(grain size). Natural tailings may contain various (uncontrollable)
minerals and chemical elements that can influence the outcome
of the study. The ST shows the same particle size distribution from
the average of nine Canadian mine tailings (Fig. 1). The ST is made
almost exclusively from 99.8 wt.% SiO2. With 40% fine particles
(particles with diameters lower than 20 lm), the ST can be classi-
fied as medium tailings. Further physical and chemical properties
of the ST are given in Tables 1 and 2. The ST is well-graded with
a coefficient of uniformity (Cu) of approximately 16.2 (Table 1)
and free of sulphide minerals (Table 2).

2.1.2. Mixing water
Distilled water was used as the basic water. Specific amounts of

sulphate salt (FeSO4�7H2O) with a molecular weight of 278.01 were
added to a specific volume of distilled water to create mixing water
with well known sulphate concentrations (0 ppm, 5000 ppm,
15,000 ppm, and 25,000 ppm). Ferrous sulphate is the most com-
mon sulphate type found in cemented backfill mixes.

2.1.3. Binder
Portland cement Type I (PCI) in a weight proportion of 4.5% was

used as the binding agent. The relative density of PCI is 3.1. The
main chemical characteristics of the binder are shown in Table 3.



Table 1
Physical properties of the tailings used.

Element unit Gs (–) D10 (lm) D30 (lm) D50 (lm) D60 (lm) D90 (lm) Cu (–) Cc (–)

2.7 1.9 9.0 22.5 31.5 88.9 16.2 1.3

Table 2
Main chemical properties of the tailings used (data source: [27]).

Element unit SiO2 (wt.%) Fe2O3 (wt.%) Al2O3 (wt.%) TiO2 (wt.%) CaO (wt.%) MgO (wt.%) Na2O (wt.%) K2O (wt.%)

99.8 0.035 0.05 0.02 0.01 <0.01 <0.01 0.02

Table 3
Main chemical composition of the binder used.

Element unit MgO (wt.%) CaO (wt.%) SiO2 (wt.%) Al2O3 (wt.%) Fe2O3 (wt.%) SO3 (wt.%)

2.65 62.82 18.03 4.53 2.70 3.82

Table 5
Composition of the different recipes of cement paste of CPB prepared in this study.

Mix name Binder type w/c ratio Sulphate (ppm)

CP-0 PCI 2.0 0
CP-5 PCI 2.0 5000
CP-15 PCI 2.0 15,000
CP-25 PCI 2.0 25,000
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2.2. Mixing procedures and mix proportions

A total of about 200 CPB specimens with a constant binder con-
tent of 4.5 wt.%, water–cement (w/c) ratio of 7.5, and same tailing
type were prepared. The tailings materials, binders and water were
mixed and homogenized for about 7 min to produce the desired
CPB mixture. The slump (consistency) of all mixes was about
18 cm, which is the most frequent slump used in CPB technology.
The produced CPB mixes were poured into curing cylinders that
were 5 cm in diameter and 10 cm in height. The prepared moulds
were then sealed to avoid the evaporation of water and cured in
environmental chambers with controlled temperatures at 2 �C,
20 �C, 35 �C and 50 �C for periods of 28, 90 and 150 days. Table 4
presents the recipes of the prepared CPB specimens.

In addition to the aforementioned CPB specimens, about 50
specimens of cement paste with a high w/c ratio (w/c = 2; to simu-
late the cement matrix of CPBs) and various initial sulphate con-
tents of 0, 5000, 15,000, and 25,000 ppm were prepared. The
prepared cement paste mixes were poured into curing cylinders.
The sealed cylinders were then cured at various temperatures of
2 �C, 20 �C, 35 �C, and 50 �C for various curing times of 28, 90,
and 150 days. Table 5 illustrates the recipes of the prepared ce-
ment paste specimens.

2.3. Testing methods

In order to evaluate the UCS of the CPB specimens as well as the
mineralogical composition of the cement paste, mechanical tests
and mineralogical analysis were performed.

2.3.1. Mechanical tests
In accordance to ASTM C 39, uniaxial compressive tests were

performed on the CPB specimens after different curing times for
different studied temperatures and initial sulphate contents to
determine their UCS values. The press has a normal loading capac-
ity of 50 kN. The load was applied at a slow rate (1 mm/min). Each
Table 4
Composition of the different recipes of CPB prepared in this study.

Mix
name

Tailings
type

Binder
type

% of
binder

w/c
ratio

Sulphate
(ppm)

CPB-0 ST PCI 4.5 7.5 0
CPB-5 ST PCI 4.5 7.5 5000
CPB-15 ST PCI 4.5 7.5 15,000
CPB-25 ST PCI 4.5 7.5 25,000
UCS test was repeated at least twice and the average was consid-
ered as the UCS of the tested sample.
2.3.2. Microstructural tests
X-ray analyses were conducted to evaluate the coupled effect of

temperature and sulphate on the mineralogical composition of the
hydration products of CPB samples. X-ray analyses were performed
on the prepared cement pastes (described in Section 2.2) which
were cured at different temperatures and times by using a Scintag
XDS 2000 XRD.
3. Results and discussion

3.1. Coupled effect of sulphate and temperature on the strength of CPBs
at early ages

Fig. 2 shows the evolution for the 28 days UCS of a CPB for dif-
ferent curing temperatures and sulphate content. From this figure,
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Fig. 2. Coupled effect of temperature and initial sulphate content on the 28 days
UCS of CPB.
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it is clear that there is a relationship between the sulphate content,
temperature and the 28 days strength of the CPB as well as be-
tween the sulphate–temperature interactions and the 28 days
strength of the CPB.

3.1.1. Effect of the curing temperature on the strength of CPB for a
given sulphate concentration

Regardless of the sulphate content, a higher curing tempera-
ture results in higher strength of the CPB at an early age. This
is because high temperatures accelerate the dissolution of the
anhydrous clinker phases and thus, the cement hydration pro-
cess. Consequently, the amount of hydration products (e.g., cal-
cium–silicate–hydrate or C–S–H, portlandite or Ca(OH)2, calcite)
increases with temperature. This is beneficial for CPB strength
gain since C–S–H is considered to be the major binding phase
in hardened cement [28,29]. This higher amount of hydration
product, such as C–S–H and calcium hydroxide (CH) associated
with higher curing temperatures, is experimentally demonstrated
by the results of different thermal analyses (DTG/DTA) performed
on 7 days old cement pastes cured at 20 �C and 35 �C, respec-
tively, and presented in [30]. The authors compared TG/DTA dia-
grams of the cement pastes cured at different temperatures and
noted that the amounts of C–S–H, ettringite, CH, and calcite that
are formed increase with the curing temperature. An additional
factor is suggested as a contributor to the temperature induced
strength increase of CPBs at early ages. This factor is the refine-
ment of the pore structure of CPBs with higher curing tempera-
tures due to the larger precipitation of hydration products. This
is graphically demonstrated by the results of mercury intrusion
porosimetry (MIP) tests [10] performed on 7 days old CPB sam-
ples made of PCI (Fig. 3) and cured at 20 �C and 35 �C. From
Fig. 3, it is obvious that the CPB cured at a higher temperature
(35 �C) has a denser microstructure with a finer distribution of
the pores than the CPB cured at room temperature (20 �C).
Fig. 2 also shows that the strength of CPB samples cured at a cold
temperature (2 �C) is lower than that of samples cured at higher
temperatures. This can be attributed to the inhibition of the ce-
ment hydration at low temperatures which is also reported by
[31]. At low curing temperatures, the cement hydration rate is
slow, thereby leading to lower rates of precipitation of hydration
products and thus to the production of lower amounts of C–S–H
gel in early ages [32,33]. Also, this in turn results in the forma-
tion of a more porous cemented matrix, thereby decreasing the
strength of CPBs.
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Fig. 3. MIP pore size distribution of CPB with 4.5% Type I Portland cement (PCI) vs.
curing temperature after 7 days of curing (w/c � 7.5; slump � 18 cm) [10].
3.1.2. Effect of sulphate content on the strength of CPB for a given
curing temperature

It can be also observed from Fig. 2 that regardless of the curing
temperature, CPB samples with 5000 ppm and 15,000 ppm of sul-
phate have higher UCS values than those without sulphate. As
mentioned in [19], the higher UCS values can be explained by the
fact that sulphate contributes to the decrease of CPB internal
porosity, and thus to the increase in CPB strength. This is because
of the precipitation of secondary hydrated minerals (such as gyp-
sum and ettringite) within the empty capillary pores of the CPB
caused by the reaction of the sulphate ions with CH and tricalcium
aluminate (C3A). This argument is fully supported by the results of
scanning electron microscope (SEM) observations performed on
sulphate-bearing CPB by [19]. From this study, it can be observed
that secondary hydrated minerals precipitate in the pores that
were inside the cement matrix of CPB and thus, reduce its porosity.
However, CPB samples with higher sulphate content (25,000 ppm)
show a lower 28 days UCS value than those with 5000 and
15,000 ppm of sulphate and those without sulphate, regardless of
the curing temperature (except at 35 �C). This can be explained
by the fact that high sulphate content can inhibit binder hydration,
thereby resulting in a lower UCS. This is in agreement with the re-
sults of previous studies on cemented paste of CPBs which revealed
that a high sulphate content strongly inhibits the early hydration
of C3A [e.g., 19] as well as with studies performed on conventional
concrete [e.g., 34]. This argument is also supported by the results of
an X-ray analysis performed on cement paste with a 25,000 ppm
initial sulphate content, and cured at 50 �C for 28 days (Fig. 4).
Fig. 4 shows the mineralogical composition of the cemented paste
and illustrates the X-ray pattern of the cemented paste with an ini-
tial sulphate content of 25,000 ppm, and cured at 50 �C for 28 days.
The XRD result presented in Fig. 4 shows that the 25,000 ppm sam-
ple still has unreacted C2S and C3S. This means that the sample is
not fully hydrated.

3.1.3. Effect of sulphate-curing temperature interactions on the
strength of CPBs

From Fig. 2, it is also obvious that the effect of sulphate on CPB
strength at 28 days is strongly dependent on the curing tempera-
ture. It can be seen that as the curing temperature increases, the
positive effect (increase in strength) of the sulphate content of
the 5000 and 15,000 ppm samples on the strength of the CPB is
generally higher. This can be explained by the fact that a higher
temperature is associated with faster binder hydration and thus,
the production of a higher amount of CH. Hence, more gypsum will
be formed through the reaction of sulphate with CH. This gypsum
will contribute to the hardening and the reduction of the porosity
of the CPB, thereby increasing its strength. However, for a temper-
ature of 50 �C, CPB samples with an initial sulphate content of
5000 ppm have the same strength as those with an initial sulphate
content of 15,000 ppm (Fig. 2). This indicates a decrease of the
strength gain rate with higher temperatures for an initial sulphate
concentration of 15,000 ppm (compared to a sulphate concentra-
tion of 5000 ppm), suggesting that for 15,000 ppm of sulphate, a
curing temperature of 50 �C will start to have a negative effect
on the early age strength (28 days) of the CPB. The negative effect
can be due to the fact that a higher curing temperature leads to a
higher absorption of sulphate by C–S–H [35]. This could lead to
the formation of a weaker C–S–H gel, i.e., C–S–H of lower quality
(e.g., weaker binding ability to other hydration products), thereby
resulting in strength decrease since the strength of Portland ce-
mented materials is mainly controlled by C–S–H, especially by
the ability of the latter to effectively bond to other products of
hydration. Jelenić et al. [36] speculated that sulphate can decrease
the strength of C–S–H gel. This argument with regards to the sul-
phate absorption by C–S–H is fully supported by the results of
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the experimental studies performed by [37] which reported that
sulphate binding to C–S–H increases and is faster as the curing
temperature increases. This is also consistent with the XRD results
presented in Fig. 4, where despite a high initial sulphate content
(25,000 ppm), no gypsum is detected in the 28 days old cemented
paste. This figure also shows the presence of an insignificant
amount of ettringite and a high amount of CH. The absence of gyp-
sum and a high amount of CH suggests that due to sulphate
absorption by C–S–H, there are no enough sulphate ions remaining
in the CPB system to react with the CH and thus, form gypsum.
Consequently, it is evident that competition for sulphate ions
exists between three reactions; (i) the fixing of sulphate ions by
C–S–H gel; (ii) the reaction of sulphate ions with CH to form gyp-
sum; and (iii) the reactions of sulphate ions and C3A to generate
ettringite. This competition for sulphate ions is experimentally
demonstrated by previous studies performed on C–S–H samples
synthesized in laboratories [37]. A higher absorption of sulphate
ions by C–S–H will reduce the sulphate concentration in the ce-
ment paste solution and thereby limit the amount of sulphate ions
that are available to form gypsum as well as generate ettringite
(which increases the strength of CPBs at early ages through the
mechanism explained above). In addition to the absorption of sul-
phate ions by C–S–H gel, the high temperature contributes to the
destabilization of ettringite in the CPB system since the solubility
of ettringite increases with increasing temperatures [38]. As ob-
served in previous studies [e.g., 37], high temperature induced dis-
solution of ettringite results in an increase of sulphate
concentration in pore water solutions of the cemented system,
and thus increases the quantity of sulphate bound to the C–S–H.
This could lead to the formation of additional lower quality C–S–H,
thereby contributing to the reduction of CPB strength. Furthermore,
since the ettringite contributes to the filling of empty pores of CPBs
at early ages (as explained above), it should be also acknowledged
that the dissolution of ettringite will contribute to the coarsening
(increase of porosity) of the CPB matrix, and thus to the decrease
of its strength. This coarsening of the pore structure agrees well
with the findings from the permeability tests presented in
Section 3.2.

However, temperature induced-higher absorption of sulphate
by C–S–H gel and ettringite destabilization cannot be considered
as the only significant parameters that are responsible for a
decrease in the strength of CPBs under the coupled influence of
temperature and sulphate. Indeed, from Fig. 2, it can be observed
that the evolution of the curve of temperature vs. strength of CPB
specimens with 25,000 ppm of sulphate is relatively different than
that of CPBs with lower initial sulphate content. The UCS of the
25,000 ppm CPB specimens is lower than that of CPBs with lower
sulphate content at 50 �C, and higher only than that of the CPB
specimen without sulphate at 35 �C. Hence, the high concentration
of sulphate should be considered as an additional cause of decrease
in CPB strength. This agrees well with the findings of experimental
studies conducted by [37], who reported that an increase of sul-
phate concentration in cement paste solution leads to higher
absorption of sulphate by C–S–H gel, thereby resulting in less for-
mation of expansive minerals (e.g., gypsum). This high absorption
of sulphate in C–S–H gel could lead to a C–S–H gel of lower quality,
thereby negatively affecting the CPB strength. From Fig. 2, it can be
also seen that the inhibition of cement hydration by a high sul-
phate content (25,000 ppm) is more severe in cold temperatures
because the binder hydration rate is slow (i.e., lower hydration rate
of C3A) when associated with cold temperatures. This means that
in cold temperatures, more C3A will be available where their reac-
tions will be inhibited by the high sulphate concentration.

3.1.4. Further discussions
The results of the coupled effect of sulphate and temperature on

the UCS of CPBs at early ages suggest that for the studied CPBs, a
curing temperature of 635 �C and an initial sulphate content that
is up to 15,000 ppm appear to have a positive effect on the early
age strength of CPB. This finding can have significant and practical
applications with regards to the speeding up of the mining process,
reduction of liquefaction susceptibility of CPB structures and the
cost-effective design of CPB structures. Indeed, a high rate of early
backfill strength gain that is achieved in an economical manner is
targeted by all in the mining industry. Early strength gain is espe-
cially important for opening of barricades and thus, reduces the
mining cycle time, increases mining efficiency and speeds up pro-
duction. This is obviously associated with economical benefits for
mines. Furthermore, high early age strength gain may play a signif-
icant role in reducing the potential for CPB liquefaction at the early
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ages of curing and thus, decreases the risk of barricade failure. The
decrease in the risk of barricade failure is due to the ability of the
binder hydration product to create bonds between individual tail-
ing particles of the CPB and provide strength.

Although early age strength is a key parameter in the cost-effec-
tive designing of CPB structures, the strength of CPBs at advanced
ages is also highly important for judging long term stability and
durability (resistance to sulphate attacks). Consequently, this leads
to the importance of answering the following question: How will
the coupled effects of sulphate and temperature affect the strength
of CPBs at advanced ages?

3.2. Coupled effect of sulphate and temperature on the strength of CPBs
at advanced ages

Since the results of the coupled effects of sulphate and temper-
ature on the 90 and 150 days UCS of CPBs are relatively similar,
only the results of the 150 days CPB will be presented and dis-
cussed in this section so that the paper is a reasonable length.
Fig. 5 shows the coupled effect of sulphate and temperature on
the 150 days UCS of the CPBs. Again, as at an early age (28 days),
it can be seen that a higher curing temperature is associated with
a higher 150 days strength of the CPBs (except for the 25,000 ppm
CPB, which will be discussed below). The reasons of this strength
increase are the same as those previously discussed in an earlier
section.

However, from Fig. 5, it is also clear that the effect of tempera-
ture on the UCS of CPBs at advanced ages is significantly affected
by the initial sulphate content.

3.2.1. At 2 �C curing temperature
It can be observed that at a 2 �C curing temperature, the

strength of CPBs with high initial sulphate contents (15,000 and
25,000 ppm) is lower than those of specimens with 5000 ppm of
sulphate and without sulphate. As also noted in early age strength,
the 5000 ppm CPB specimens show the highest UCS. The lower UCS
values of the 15,000 and 25,000 ppm can be explained by the inhi-
bition of cement hydration (especially C3A) by a high sulphate con-
tent (15,000 and 25,000 ppm). The higher UCS value of the
5000 ppm specimens is attributed to the precipitation of expansive
minerals, such as ettringite and gypsum, in the empty pores of the
CPBs which contribute to their hardening as explained above. Since
CPBs have high porosity and large capillary pores [14,30], they can
accommodate a large quantity of expansive mineral without any
physical damage resulting from the pressure developed by the
expansive minerals. Furthermore, CPBs cured at colder tempera-
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Fig. 5. Coupled effect of temperature and initial sulphate content on the 150 days
UCS of CPB.
tures show a coarse pore structure, i.e., more and larger empty
pores [10] that can be filled by expansive minerals without any sig-
nificant physical damage.

3.2.2. At 20 �C curing temperature
Fig. 5 shows that at 20 �C curing temperature, the UCS value of

the 5000 ppm sample cured at 150 days is 18%, 4% and 25% higher
than that of 0 ppm, 15,000 ppm and 25,000 ppm samples for the
same curing time and temperature, respectively. This can be
explained by the fact that because of the low sulphate concentra-
tion of the 5000 ppm sample (in comparison to 15,000 and
25,000 ppm), there is no (or an insignificant) inhibition of the
hydration of cement and precipitation of an adequate amount (it
is not an excessive amount with respect to the volume of empty
pores available) of sulphated expansive minerals. The absence of
inhibition will favour a more complete hydration of the cement
in the 5000 ppm samples than the highly sulphated CPB samples.
This is in accordance with the X-ray analysis results of the 150 days
old 5000 ppm cemented paste sample as presented in Fig. 6. An ab-
sence of C2S and C3S can be noted from this figure, which indicates
an almost complete hydration of cement. In addition, the precipi-
tation of an adequate amount (no excessive proportion) of expan-
sive minerals within the empty pores of the 5000 ppm samples
play a beneficial role of refining the pore structure (porosity reduc-
tion), thereby positively contributing to the strength of the sam-
ples. This argument agrees well with the results presented in
Fig. 6, where ettringite and gypsum can be observed. However,
the amount of ettringite and gypsum detected in the 5000 ppm
sample is less than that detected in the highly sulphated samples
as shown in Fig. 7, which also illustrates the XRD result of the
25,000 ppm cemented paste cured at 20 �C for 150 days. The low-
est 150 days UCS observed for the 25,000 ppm samples at 20 �C can
be attributed to the combined effect of two mechanisms. First, an
initial sulphate content of 25,000 ppm means a more severe inhibi-
tion of cement hydration, which is also demonstrated by the re-
sults of the X-ray analysis presented in Fig. 7. The XRD data
confirm the presence of the clinker phases C3S and C2S in the
CPB specimen. These clinker phases were not detected by the
X-ray analyses conducted on the 150 days old hardened cement
paste with an initial sulphate content of 5000 ppm as shown in
Fig. 7. Secondly, a comparative analysis of the XRD results pre-
sented in Figs. 6 and 7 indicates that a high proportion of ettringite
and gypsum has formed in the 25,000 ppm samples, which sug-
gests the possibility that excessive amounts of ettringite and gyp-
sum may have produced expansive pressure, which contributes to
the deterioration of the strength of the 25,000 ppm CPB at 20 �C.
Similar observations have been made in other studies on sulphate
attacks on cemented tailings backfill cured at room temperatures
[e.g., 7,11,15]. This argument is also supported by the main find-
ings on sulphate attacks on conventional concretes cured at room
temperatures [e.g., 38–41]. For example, Bing and Cohen [39] men-
tioned that sulphate attacks on Portland cement concrete, which is
cured at room temperature, is often considered to arise from two
major sulphate reactions: (1) the sulphate ions react with C3A
and its hydration products to produce ettringite with an increase
in volume that results in expansion and subsequent cracking of
the concrete, and (2) the sulphate ions react with CH to produce
gypsum [39]. This argument is also in perfect agreement with
the results of the SEM observations performed by the authors
[21] on highly sulphated CPB samples cured at room temperatures.
From this study, it can be clearly noted that the pores within the
CPB, which are filled with secondary gypsum minerals, have dam-
aged the CPB with their destructive expansive action. However,
Metha [40] underlined that in most cases, the loss of adhesion
and strength of the cemented material, not expansion and crack-
ing, is the primary consequence of sulphate attacks.
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From the results of the effect of sulphate on the strength of ma-
ture CPBs cured at 20 �C presented above, it can be concluded that
depending on the sulphate content, the sulphate can have two
opposite effects on the strength of mature Portland cement CPBs,
contributing to an increase or decrease. The increase results from
the refinement of the pore structure of the CPB through the precip-
itation of expansive minerals that are not excessive in the empty
pores. The decrease is attributed to the combined effect of the inhi-
bition of the cement hydration by high sulphate content and the
physical damage of the CPBs due to the formation of excessive
amounts of expansive minerals. Depending on the initial sulphate
(see 150 days of 0 ppm and 15,000 ppm samples at 20 �C, Fig. 5), it
is evident that competition exists between factors of strength de-
crease and increase.
3.2.3. At 35 �C curing temperature
Fig. 5 demonstrates that at a curing temperature of 35 �C, the ef-

fects of sulphate on the UCS of 150 days old CPB specimens are rel-
atively similar to those observed at 20 �C. The key differences are
characterized by the fact that the 15,000 ppm samples show the
highest strength and the UCS of the 25,000 ppm samples are closer
to that of 0 ppm samples at 35 �C than at 20 �C. Indeed, the
150 days UCS value of the 15,000 ppm specimens is 15%, 10% and
16% higher than that of 0 ppm, 5000 ppm and 25,000 ppm samples
at the same temperature, while the UCS value of the 25,000 ppm
sample is less than 1% (the difference is negligible when experi-
mental errors related to the UCS test are taken into consideration),
which is lower than that of sulphate-free CPBs. The improved UCS
performance of highly sulphated samples (15,000 and 25,000 ppm)
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at this temperature can be mainly attributed to the increased dis-
solution of ettringite at high temperatures, as previously discussed.
This dissolution contributes to the reduction of the quantity of
expansive ettringite in the pores of CPBs, thereby reducing the
magnitude of damaging expansive pressure applied onto the pores
of high sulphate CPBs. Another factor which should be considered
as a contributor to the decrease of the aforementioned damaging
pressure is the absorption of the sulphate by the C–S–H gel, which
means that less sulphate ions will be available in the pore solutions
to build expansive minerals.

3.2.4. At 50 �C curing temperature
Finally, from Fig. 5, it is also interesting to notice that at a curing

temperature of 50 �C, the CPB sample with a 25,000 ppm of sul-
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phate shows a high drop in strength while the 5000 ppm and
15,000 ppm specimens show no decline in strength. CPB speci-
mens without sulphate are also unaffected by strength loss at
50 �C. This suggests that the observed strength drop is not caused
by the well known mechanism (crossover effect) of high curing
temperature induced strength loss of cemented materials at ad-
vanced ages (this mechanism is well and fully described in the lit-
erature [e.g., 42–44]). This argument agrees well with the findings
of Fall et al. [10], who noted the absence of a crossover effect on
Portland cement CPB samples cured up to 150 days and that the
effect of a high initial curing temperature on the strength develop-
ment of PCI–CPB is not fully similar to that on conventional PC con-
crete and mortar materials. The origin of this drop of strength can
be attributed to the combined effect of several mechanisms. First,
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the increase of curing temperature increases the amount of sul-
phate absorbed by the C–S–H gel, while the higher sulphate con-
centration is also associated with higher sulphate absorption by
C–S–H. The binding of sulphate to C–S–H gel may have led to the
formation of C–S–H gel of lower quality (e.g., with weaker binding
abilities), thereby resulting in decrease of CPB strength. The
absorption of sulphate ions may have strongly limited the avail-
ability of sulphate to form gypsum or ettringite. This suggests that
the observed decrease in strength cannot be attributed to the neg-
ative effect of the expansive minerals as commonly observed in
sulphate attacks on cemented material in room temperature. The
argument is supported by the results of an X-ray analysis per-
formed on hardened cement paste which contains 25,000 ppm
of sulphate (Fig. 8) and 0 ppm of sulphate (Fig. 9) and cured at
50 �C. From these figures, it can be observed that the intensity of
the gypsum and ettringite peaks is almost the same for both fig-
ures. Hence, there is no increase in the quantity of expansive min-
erals formed with a higher sulphate content (from 0 to 25,000
ppm). Furthermore, since the stability of ettringite decreases with
higher temperatures, the destruction of ettringite phases at high
temperatures (50 �C) should be considered as an additional cause
of low amounts of ettringite observed in samples that contain
25,000 ppm of sulphate and cured at 50 �C. This is fully supported
by the detection of calcium monosulphate in the sample presented
in Fig. 9. Indeed, increased temperatures promote the formation of
calcium monosulphonoaluminate, while the stability of ettringite
decreases [38]. This dissolution of ettringite could have also led
to the coarsening of the pore structure of the 25,000 ppm CPB,
thereby contributing to the decrease of its UCS. This hypothesis
is experimentally supported by the results on permeability tests
performed by [45] on 150 days old CPB samples with an initial sul-
phate content of 0, 5000, 15,000 and 25,000 ppm and cured at
50 �C. The results are summarized in Fig. 10. From this figure, it
can be observed that the 25,000 ppm sample shows the highest
permeability value, which indicates a coarsening of the pore struc-
ture. Finally, it can be noticed from Fig. 8 that there remains unre-
acted clinker phases of C3S and C2S in the 150 days old CPB
specimen with 25,000 ppm of sulphate cured at 50 �C. This sug-
gests that the inhibition of cement hydration by high sulphate con-
tent still plays a non negligible role in lowering the strength of
150 days CPB specimens.
4. Summary and conclusion

This paper presents the results of a study which aims to evalu-
ate the coupled effect of sulphate and temperature on the strength
of CPBs. Several CPB mixtures with various sulphate contents (0,
5000, 15,000 and 25,000 ppm) are cured at different temperatures
(2 �C, 20 �C, 25 �C, 35 �C, and 50 �C) and curing times (28, 90, and
150 days). Mechanical tests and microstructural (mineralogical
composition of the cement paste of CPBs) analyses of these CPB
mixtures provide valuable information of the effect of sulphate
on the strength and microstructure of CPBs under various curing
temperatures.

It is demonstrated that the effect of sulphate on CPB strength is
strongly affected by the curing temperature. The sulphate–temper-
ature–cement hydration interactions can have positive or negative
effects on the mechanical resistance (strength). The magnitude of
the effects depends on the amount of the initial sulphate content
and the value of the curing temperature.

It is found that for curing temperatures which are P20 �C, sul-
phate concentrations up to 15,000 ppm have a beneficial effect on
the strength development of the studied CPBs for early (28 days)
and advanced (90, 150 days) curing times. However, CPBs with
an initial sulphate content of 25,000 ppm generally show lower
strength, especially at high curing temperatures (50 �C), regardless
of the curing time.

Higher curing temperatures (P35 �C) and initial sulphate con-
tents (P15,000 ppm) lead to absorption of a larger amount of sul-
phate ions by the C–S–H. The obtained results show that there are
strong indications that the binding of sulphate to C–S–H may lead
to the formation of lower quality C–S–H, which in turn, results in
the decrease of CPB strength. However, there is still a need to con-
duct additional investigations, especially on material essentially
made of C–S–H, to study the impact of sulphate absorption by
C–S–H on its physical, chemical and mechanical properties. This
will be the objective of further studies.
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