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a b s t r a c t

The effects of mixing time and curing temperature on the uniaxial compressive strength (UCS) and
microstructure of cemented hydraulic fill (CHF) and sodium silicate-fortified backfill (Gelfill) were
investigated in the laboratory. A series of CHF and Gelfill samples was mixed for time periods ranging
from 5 min to 60 min and cured at temperatures ranging from 5 �C to 50 �C for 7 d, 14 d or 28 d.
Increasing the mixing time negatively influenced the UCS of Gelfill samples, but did not have a detectable
effect on CHF samples. The curing temperature had a strong positive impact on the UCSs of both Gelfill
and CHF. An elevated temperature caused rapid UCS development over the first 14 d of curing. Mercury
intrusion porosimetry (MIP) indicated that the pore size distribution and total porosity of Gelfill were
altered by curing temperature.
� 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Mine backfill consists of tailings, binder and water. Gelfill is a
new mine backfill material, in which the binder component in-
cludes an alkali activator, i.e. sodium silicate. Although sodium
silicate has been used in concrete manufacturing, its use in mine
backfill is relatively new. Until very recently, there have been only a
few publications regarding Gelfill (Kermani and Hassani, 2012;
Kermani et al., 2014). This paper presents the second part of a
comprehensive study of Gelfill. The first paper (Kermani et al.,
2015), published in this journal, investigated the effects of so-
dium silicate concentration and binder dosage on the mechanical
andmicrostructural properties of Gelfill and cemented hydraulic fill
(CHF). It showed that Gelfill samples had higher mechanical
strength than CHF samples. However, elevated sodium silicate
concentrations (0.5 wt%, wt% is the percentage by total dry weight)
detrimentally affected the mechanical strength of Gelfill. Pore
structures and pore size distributions differed between Gelfill and
ni@hotmail.com (F.P. Hassani).
f Rock and Soil Mechanics,

ics, Chinese Academy of Sci-
hts reserved.
CHF samples, which could have contributed to the enhanced me-
chanical properties of Gelfill. Finally, the addition of sodium silicate
to CHF reduced the volume of water released from fill materials
during curing. This paper expands upon the previous findings by
investigating the effects of mixing time and curing temperature on
the uniaxial compressive strength (UCS) and microstructure of
Gelfill and CHF.

Mixing time and curing temperature are critical to mine backfill
placing. Backfill materials must be mixed to produce a homoge-
neous cemented fill. Insufficient mixing leads to inconsistent dis-
tribution of cement and water, and reduces backfill strength.
However, mixing consumes large amounts of energy and extended
mixing is costly. Furthermore, overmixing inhibits gel formation
during the hydration of cementitious materials. Therefore, it is
essential to determine an optimal mixing time to reduce energy
requirements and ensure backfill homogeneity. Curing temperature
plays a key role in determining the mechanical characteristics of
cemented materials. However, investigations on the influence of
curing temperature on cemented backfill are very limited. Fall et al.
(2010) conducted the uniaxial compression tests on paste backfill
specimens cured at 0 �C, 20 �C, 35 �C and 50 �C. The strength
development rate decreases with curing temperature due to the
increasing hydration rate of the binders. Therefore, samples cured
at lower temperatures had lower UCS. Moreover, the mode of
strength development differed among binder types (Fall et al.,
2010).

mailto:ferri.hassani@mcgill.ca
mailto:ferrihassani@hotmail.com
http://dx.doi.org/10.1016/j.jrmge.2015.09.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2015.09.004&domain=pdf
www.sciencedirect.com/science/journal/16747755
http://www.rockgeotech.org
http://dx.doi.org/10.1016/j.jrmge.2015.09.004
http://dx.doi.org/10.1016/j.jrmge.2015.09.004


Table 1
Physical properties of the tailings.

Material D10

(mm)
D50

(mm)
D60

(mm)
D90

(mm)
CU CC Specific

gravity, Gs

Tailings used in
this study

4.1 82.1 52.4 116.5 28.4 2.39 2.85

11 mine tailings
reported by
Ouellet et al. (2008)

2.2 20 29 102 13.2 1.24 Not available

Note: D10, D30, D60, D90 are the particle diameter sizes that 10%, 30%, 60%, 90% of the
sample particles are finer than corresponding size of the sample particles, respec-
tively; CU ¼ D60=D10; CC ¼ D2

30=ðD60D10Þ.

Table 2
Chemical compositions of the NPC and BFS provided by Lafarge Canada.

Chemical composition NPC (wt%) BFS (wt%)

CaO 61.1 37
SiO2 19.4 36.1
Al2O3 4.6 10.1
MgO 3.3 12
SO3 2.3 3
Fe2O3 2 0.7
Na2O 2 0.4
K2O 0.7 0.5
Other minor elements 4.6 0.2
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The objective of this research was to investigate the effects of
various mixing times and curing temperatures on the mechanical
strength of CHF and Gelfill.

2. Materials

2.1. Tailings

Tailings are waste products from ore processing plants, and
primarily consist of fine ground host rock. When used as a
component of mine backfill, the physicochemical properties of
tailings significantly affect the mechanical performance of the
backfill (Benzaazoua et al., 2004; Kesimal et al., 2004). In this
research, the classified tailings from one of Vale’s mines in Sudbury,
Ontario, Canada, generally consist of quartz, albite and small
quantities of calcite, muscovite, pyrrhotite, chalcopyrite, anorthite,
and chlorite. The particle size distribution determined using laser
diffraction (ASTM, 1996) indicates that the Vale mine tailings are
coarser than the average particle size of 11 mine tailings samples
from the provinces of Quebec and Ontario (Ouellet et al., 2008)
(Fig. 1, Table 1).

2.2. Binder

Binders are mainly used to increase the mechanical stability of
fill materials. They are the most expensive component of mine
backfill, representing up to 75% of backfill costs (Hassani and
Archibald, 1998). Normal Portland cement (NPC), fly ash and blast
furnace slag (BFS) are commonly used for mine backfill. In this
research, a combination of 10% type 10 NPC and 90% BFS, both
provided by Lafarge Canadawas used since its binder formulation is
generally used in Vale mines in Ontario. The densities of the NPC
and BFS were 3.07 g/cm3 and 2.89 g/cm3, respectively. The Blaine
specific surface areas of the NPC and BFS were 3710 cm2/g and
5998 cm2/g, respectively. The chemical compositions of the NPC
and BFS are shown in Table 2.

For this application, BFS has generally been associated with
three main limitations: (i) low hydration rate, (ii) low early
strength, and (iii) relatively slow strength development. In order to
overcome these limitations, BFS must be activated. Many studies
have shown that BFS can be successfully activated by alkali acti-
vators such as sodium silicate (Anderson and Gram, 1998;
Bakhareva et al., 1999).
Fig. 1. Particle size distributions of the Vale mine tailings and 11 mine tailings samples
from Ontario and Quebec.
2.3. Sodium silicate

In addition to acting as an alkali activator of BFS and fly ash,
sodium silicate has been used in glues, cements, paints, and de-
tergents, and as a hardening agent for natural and artificial stones
(Shi et al., 2006). It is manufactured from Na2CO3 and SiO2 by
smelting silica with sodium carbonate at approximately 1100e
1200 �C. The general formula for sodium silicate is Na2O$nSiO2,
with n ranging from 1.6 to 3.85 for most commercially available
sodium silicatematerials. Sodium silicate is themost effective alkali
activator for most pozzolans, including BFS and fly ash (Anderson
and Gram, 1998; Bakhareva et al., 1999; Brough and Atkinson,
2002; Hilbig and Buchwald, 2006; Chen and Brouwers, 2007).
Type N� sodium silicate, provided by the PQ National Silicate
Company, was chosen because it is the most efficient activator for
ground BFS (Table 3).
2.4. Sample preparation and curing

To investigate the effect of mixing time and curing temperature
on CHF and Gelfill, 198 CHF and Gelfill samples were prepared
(Table 4). In both types of fill, the pulp density was kept constant at
70%, as is practiced in Vale mines in Sudbury. Also, the binder
consisted of 5 wt% tailings. The binder for the Gelfill samples was a
combination of NPC, BFS, and 0.3 wt% sodium silicate. CHF and
Gelfill were mixed according to ASTM C305-14 (ASTM, 2014) in
small batches in a 5-L stainless steel bowl for six mixing times
(5 min, 10 min, 15 min, 20 min, 30 min and 60 min) using a mixer
Table 3
The properties of sodium silicate (PQ National Silicate Company).

Value type Na2O
content
(%)

SiO2

content
(%)

Weight
ratio
(SiO2/Na2O)

Specific
gravity
at 20 �C

Viscosity
at 20 �C
(centipoise)

Solids
(%)

Standard 8.9 28.66 3.22 1.394 177 37.56
Maximum 9.1 29 3.27 1.401 213 38.1
Minimum 8.7 28.2 3.15 1.388 141 36.9



Table 4
Binder mixtures characteristics of backfill samples.

Sample ID NPC
(wt%)

BFS
(wt%)

Sodium
silicate
(wt%)

Binder
(wt%)

Mixing
time
(min)

Curing
temperature
(�C)

5 min-CHF 0.5 4.5 0 5 5 20
10 min-CHF 0.5 4.5 0 5 10 20
15 min-CHF 0.5 4.5 0 5 15 20
20 min-CHF 0.5 4.5 0 5 20 20
30 min-CHF 0.5 4.5 0 5 30 20
60 min-CHF 0.5 4.5 0 5 60 20
5 min-Gelfill 0.5 4.5 0.3 5 5 20
10 min-Gelfill 0.5 4.5 0.3 5 10 20
15 min-Gelfill 0.5 4.5 0.3 5 15 20
20 min-Gelfill 0.5 4.5 0.3 5 20 20
30 min-Gelfill 0.5 4.5 0.3 5 30 20
60 min-Gelfill 0.5 4.5 0.3 5 60 20
CHF/5 �C 0.5 4.5 0 5 5 5
CHF/15 �C 0.5 4.5 0 5 5 15
CHF/25 �C 0.5 4.5 0 5 5 25
CHF/35 �C 0.5 4.5 0 5 5 35
CHF/50 �C 0.5 4.5 0 5 5 50
Gelfill/5 �C 0.5 4.5 0.3 5 5 5
Gelfill/15 �C 0.5 4.5 0.3 5 5 15
Gelfill/25 �C 0.5 4.5 0.3 5 5 25
Gelfill/35 �C 0.5 4.5 0.3 5 5 35
Gelfill/50 �C 0.5 4.5 0.3 5 5 50

y = -0.145ln(x) + 1.4996
R² = 0.8905

1.0

1.2

1.4
7 d 14 d 28 d

M. Kermani et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 668e673670
with a stainless steel wire whip blade (Table 4). Mixtures were cast
in cylindrical, polyvinyl molds 10 cm deep and 5 cm in diameter.
The bottoms of the molds were perforated by 25 uniformly
distributed holes to simulate drainage that occurs in the mines; a
geotextile filter prevented the loss of fine particles. Specimens were
cured in a curing chamber at constant (90 � 2)% relative humidity.
In order to investigate the effect of curing temperature on CHF and
Gelfill, samples were prepared according to the above-mentioned
mixing design and cured at curing temperatures ranging from
5 �C to 50 �C (Table 4).
y = -0.048ln(x) + 0.7131

y = -0.117ln(x) + 1.1796
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3. Experimental setup

3.1. Uniaxial compression tests

The UCS of triplicate samples was measured after 7 d, 14 d, and
28 d of curing with a “Wykeham Farrance 100 kN” pressure ma-
chine equipped with a 50 kN load cell (ASTM, 2006). A linear
variable displacement transducer sensor was used to measure the
vertical deformation rate (strain). A data acquisition board and
computer recorded and displayed the data. Samples were
removed from the humidity room just prior to the uniaxial
compression test.
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Fig. 2. Effects of mixing time on the UCSs of (a) Gelfill and (b) CHF samples after three
curing periods.
3.2. Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is a common technique to
investigate the microstructure (pore size distribution and pore
structure) of cemented materials (Aligizaki, 2006; Ouellet et al.,
2007). Evaluating microstructure is the key to understanding the
mechanical properties and durability of cemented mine backfill
(Belem et al., 2001). The MIP technique is based on the theoretical
foundation of Washburn (1921), which states that a nonwetting
liquid will only penetrate into pores under pressure, and that this
penetration directly depends on the amount of applied pressure.
Washburn developed a relationship between applied pressure and
pore size as follows:
r ¼ �2g cos f
P

where r is the radius of the pore, g is the surface tension of the
liquid (approximately 0.48 N/m for mercury), f is the wetting angle
or contact angle between the liquid and solid material (approxi-
mately 140� for mercury), and P is the absolute applied pressure.

Six CHF and six Gelfill samples cured for 28 d and used for
uniaxial compression test were subsequently subjected to MIP us-
ing a 9320-PoreSizer porosimeter (Micromeritics). Small particles
(5e7 mm) were carefully removed from the center of samples, and
then dried in a vacuum desiccator prior to porosimetry.

4. Results and discussion

4.1. Effect of mixing time on the Gelfill and CHF strengths

With increasing mixing time, the UCS of Gelfill samples
decreased, whereas the UCS of CHF samples did not change
(Fig. 2). The UCS of Gelfill was almost 30% greater than that of
CHF for the samples mixed for 5 min. However, the difference
between Gelfill and CHF UCSs decreased with increasing mixing
time.

In order to explain the effect of mixing time, the initial and final
setting times of the binder paste were determined by using a Vicat
apparatus according to ASTM C191-13 (ASTM, 2013). The volume
of distilled water required to reach the normal consistency of CHF
was added to the binder. Consequently, five sodium silicate
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concentrations (0 wt%, 2 wt%, 6 wt%, 10 wt% and 15 wt%) were
added to the Gelfill. The initial and final setting times of the NPC/
BFS paste decreased dramatically by the addition of sodium sili-
cate (Fig. 3), in agreement with the findings of Chang (2002).
Fig. 4. Effects of curing temperature on the UCS evolution of (a) CHF and (b) Gelfill.
Therefore, the negative effect of mixing time on Gelfill strength
can be attributed to (i) breaking of calcium-silicate-hydrate (CeSe
H) bond produced by the cementitious material and/or (ii) pre-
venting the formation of the CeSeH bond in the first place.
4.2. Effect of curing temperature on the Gelfill and CHF strengths

In order to investigate the effect of curing temperature on the
mechanical properties of CHF and Gelfill, Gelfill and CHF samples
were prepared and cured at five curing temperatures (5 �C, 15 �C,
25 �C, 35 �C and 50 �C). The CHF and Gelfill samples cured at 35 �C
and 50 �C rapidly developed strength for the first 14 d of curing,
and then plateaued (Fig. 4). This might be due to the formation of
Fig. 5. Incremental pore size distributions of (a) CHF samples and (b) Gelfill samples
cured for 28 d.



Table 5
Summary of results of MIP tests conducted on CHF and Gelfill samples cured at 5 �C,
25 �C and 50 �C.

Minefill Curing
temperature
(�C)

Size of pores
at �25% (mm)

Total
porosity
(%)

Critical pore
size (mm)

Threshold
diameter
(mm)

CHF 5 15 34.1 6 55
CHF 25 3.5 37.89 4 37
CHF 50 6 41.27 6 15
Gelfill 5 5 31.3 5 85
Gelfill 25 2 34.42 4 23
Gelfill 50 3 35.46 5 15

Note: Size of pores at �25% is the size of pores at which 25% pores are equal to or
larger than this pore size.
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a solid CeSeH gel and ettringite layer around the binder particles,
which could prevent moisture from reaching the inner parts of
the binder. Therefore, the hydration would not be continuous.

The MIP results revealed that the pore size did not exceed 15 mm
(Fig. 5, Table 5), which confirms the above hypothesis. After 14 d of
curing, the UCS of the CHF and Gelfill samples cured at 25 �C
increased more rapidly than samples cured at 35 �C and 50 �C.
Therefore, after 28 d the UCS of Gelfill samples cured at 25 �C was
35%e90% higher than that of the other samples. The UCS values of
samples cured at 50 �C did not increase after 14 d, which could be
explained by the driving out of moisture and hence cessation of
hydration of BFS and NPC in the CHF and Gelfill. Moreover, the very
low UCS values of samples cured at 5 �C could be due to the low
hydration rates of NPC and BFS at low temperature. This effect was
clearly explained by Fall et al. (2010). Curing temperature altered
the pore size distribution and pore structure of the CHF and Gelfill
samples. Increasing the porosity decreased the UCS. The low UCS
values for the samples cured at 5 �C could be explained by the
higher threshold and critical diameters. In fact, the pore size dis-
tribution of samples cured at 5 �C was dominated by larger pores
than those found in other samples. It can be concluded that the
combination of lower total porosities and better pore size distri-
bution contribute to the higher UCS values obtained from thee
samples cured at 25 �C.
5. Conclusions

An extended mixing time had a detrimental effect on the UCS
of Gelfill, but no effect on CHF. Moreover, measuring the initial
and final setting times of BFS and NPC paste showed that the
addition of sodium silicate could strongly reduce the initial and
final setting times. These results reveal that the addition of so-
dium silicate would be more effective if added at the close to the
discharge rather than on the surface. Curing temperature strongly
influenced the UCS of Gelfill samples. The results confirm that an
elevated curing temperature could prevent the hydration of
binders in CHF and Gelfill. Finally, a low curing temperature could
cause low UCSs in CHF and Gelfill. In general and at the laboratory,
the MIP conducted on the Gelfill samples cured in various curing
temperatures showed that the curing temperature influenced the
pore structures and pore size distributions, which could mainly
contribute to the different mechanical properties of Gelfill sam-
ples. Use of Gelfill as mine backfill could contribute to reducing
nonproductive time during the mining cycle and increase the
mine production efficiency. Gelfill has the potential to improve
the stability of underground mines and improve hydraulic fill
economics.
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