
lable at ScienceDirect

Cement and Concrete Composites 67 (2016) 101e110
Contents lists avai
Cement and Concrete Composites

journal homepage: www.elsevier .com/locate/cemconcomp
Initial temperature-dependence of strength development and self-
desiccation in cemented paste backfill that contains sodium silicate

Yong Wang a, b, Mamadou Fall b, *, Aixiang Wu b

a Key Laboratory of High-Efficient Mining and Safety of Metal Mines of Ministry of Education, School of Civil and Environmental Engineering, University of
Science and Technology Beijing, Beijing, 100083, China
b Department of Civil Engineering, University Ottawa, Ottawa, Ontario, Canada
a r t i c l e i n f o

Article history:
Received 27 November 2014
Received in revised form
2 January 2016
Accepted 17 January 2016
Available online 19 January 2016

Keywords:
Cemented paste backfill
Tailings
Mine
Temperature
Strength
Suction
Concrete
Sodium silicate
* Corresponding author. Department of Civil Engin
161 Colonel by, Ottawa, Ontario, K1N 6N5, Canada.

E-mail address: mfall@uottawa.ca (M. Fall).

http://dx.doi.org/10.1016/j.cemconcomp.2016.01.005
0958-9465/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Advanced knowledge of the effect of the initial temperatures of cemented paste backfill (CPB) on its
strength development and self-desiccation ability is needed to provide a rational basis for mixture
proportioning as well as the cost-effective design of CPB structures and speeding up of the mining cycle.
An experimental testing and monitoring program has been undertaken to determine the influence of
various initial temperatures (2 �C, 20 �C, 35 �C and 50 �C) on the strength development and evolution of
the self-desiccation (measured by the volumetric water content and suction) of the CPB that contains
sodium silicate as the admixture (S-CPB) at early ages (up 28 days). The evolution of the temperature,
electrical conductivity (gives information about the cement hydration progress), volumetric water
content and suction of S-CPB samples with the specified initial temperatures have been monitored for 28
days. Moreover, mechanical tests and microstructural analyses are performed on these S-CPB specimens
after specific curing times (6 h, 1 day, 3 days, 7 days and 28 days). The results obtained show that the
initial backfill temperature has a significant influence on the curing temperature of S-CPB, its strength
development and self-desiccation. Furthermore, the results reveal that the temperature-time history,
cement hydration, self-desiccation and strength development of S-CPB are strongly coupled. The initial S-
CPB and these couplings should be taken into account for a safe and economical design of S-CPB
structures and the speeding up of mining cycles.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most important technological innovations in the last
two decades, with the aims to increase the productivity of mines,
manage mine waste cost effectively and contribute to the
improvement of health and safety in mine operations, is the tech-
nology of cemented paste backfill (CPB) [1]. CPB is a mix of tailings,
water and binder. Its components are combined and mixed in a
plant usually situated on the mine surface and transported (by
gravity and/or pumping) to the underground mine openings
(stopes) [2e4]. To carry fresh and hydrating CPB materials during
stope filling and thereby prevent CPB from flowing into the mine
working areas, retaining wall structures called barricades or bulk-
heads are built in each of the access ways into the stope prior to
eering, University of Ottawa,
stope filling [5e7].
The most common binder used in the preparation of CPB is

Portland cement (PC). PC is not only a costly binder, but its pro-
duction generates a large amount of carbon dioxide (CO2) (CO2 is a
by-product of a chemical conversion process used in the production
of clinker; CO2 is also released during cement production by fossil
fuel combustion) [8]. The cement consumption can represent up to
80% of the cost of CPB. These factors mentioned above have
compelled mining companies to seek for alternatives to cement
that increase the strength of the CPB, decrease the cement content
and reduce the carbon footprint of the mining industry. Sodium
silicate is one of the most recent chemical additives that are used to
reduce the binder content in cemented backfill and increase its
strength [13]. This new product, sodium silicate cemented paste
backfill (S-CPB) (also named gelfill), is a mix of tailings, water,
cement and sodium silicate (usually 0.3e0.4% by weight of solids).

Mechanical stability is one of the key performance properties of
any CPB. Once placed, the CPB has to satisfy certain mechanical
stability requirements to ensure a safe underground working
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environment for all mining personnel [9e14]. Moreover, a me-
chanically stable cemented backfill structure at the early ages is
especially important for the opening of the barricades, thereby for
reducing the mining cycle time, and thus increasing mining effi-
ciency and improving production. So to say, the designed and built
CPB structure should be capable of achieving the desired me-
chanical stability for ground support as early as possible.

As a structural element, the assessment of the mechanical sta-
bility of a CPB structure is mainly based on the (undrained) un-
confined compressive strength (UCS). This is because the UCS test is
relatively inexpensive, and can be easily incorporated into routine
quality control programs at the mine [15]. The 28-day compressive
strength that is required to maintain backfill stability is generally
between 0.7 and 2 MPa [16]. However, the required UCS value
largely varies, depending on the application and/or function of the
CPB.

Moreover, the understanding and assessing of pore water
pressure development in the CPB at the early ages are also critical
for a safe and cost-effective design of the barricades or bulkheads.
Indeed, the mechanical stability of the barricade or bulkhead walls
is significantly affected by the porewater pressure developed in the
CPB [7,17]. An excess of positive pore water pressure can consid-
erably increase the loads applied onto these retaining structures
[18]. It is well known that self-desiccation (induced by cement
hydration) happens in the CPB. This self-desiccation results in the
reduction of the positive porewater pressure or the development of
negative pore pressure (suction) in the hydrating CPB structure.
This means that a clear understanding of the pore water pressure
changes induced by self-desiccation is critical for the proper
assessment of the mechanical stability and safety of the barricades,
and thus for their cost-effective design. In addition, suction has a
direct impact on the strength of porous materials, and thus on CPB
strength [19e21]. Moreover, pore water pressure decrease or suc-
tion development will change the effective stress in the CPB, which
will affect the mechanical behavior of the CPB [9,18,20,21].

However, despite the extensive use of CPB and several past
studies [e.g., 9,10,14,22e27] performed on CPB, many fundamental
factors that affect its strength development and self-desiccation are
still not well understood. Among these factors, the effect of the
initial CPB temperature (i.e. fresh CPB temperature at time zero
after its pouring into the mine stope) on its early age strength and
self-desiccation is not well known. All of the past studies on the
impact of temperature have only focussed on the effects of
isothermal curing temperature [e.g., 8, 25] or high(fire)-
temperature [(e.g. 28,29] on the strength of CPB. The influence of
the initial temperature on the strength development and the self-
desiccation of CPB with or without silicate sodium have been
ignored. There is a need to address this issue for both economical
reasons and the safety of mineworkers. This is because every single
CPB structure is uniquewith regards to differences in temperatures,
and fresh CPB can have variable initial temperatures. Since CPB is a
mixture of binders, water and tailings, its initial temperature is
strongly affected by the initial temperatures of the mix compo-
nents, such as the mixing water and tailings. The geographical
location (e.g., warm/cold region) and/or the variations in temper-
ature due to seasonal influence (e.g., winter/summer) can consid-
erably change the temperature of the mixing waters (especially
when lake or river waters supply the mixing waters for the prep-
aration of the backfill), tailings (e.g., tailings stored outside before
their use in CPB preparation) and thus that of the CPB mixtures [8].
Furthermore, an increase of the temperature in fresh CPB can occur
during its transport in pipes from the surface to the underground
working areas of a production section as described byWu et al. [30].
In addition, when preparing CPB, moderate heat could be added to
achieve a high early strength.
Thus, the objective of the present work is to experimentally
study the influence of the various initial temperatures of CPB which
contains sodium silicate on the evolution of its early age strength
and self-desiccation (evaluated by the evolution of the volumetric
water content (VWC) and suction in the backfill) within the S-CPB.

2. Materials and experimental program

2.1. Materials used

The materials used include water, binders, tailings and sodium
silicate.

2.1.1. Water and binders
Tap water was used to mix the binders and tailings. Portland

cement type I (PCI) and blast furnace slag (Slag) were used as the
binders. PCI was blendedwith Slag. The blending ratio (weight) was
50/50. These binders are often used for CPB mixtures in mines
located in eastern Canada. Table 1 shows the physical and chemical
properties of the binders used.

2.1.2. Tailings
The physical and chemical characteristics of tailings can vary

and are mainly dependent on the parent rock properties, ore
mineralogy together with the physical and chemical processes used
to extract the desired product [8]. Two types of tailings are used in
this study, with the aim to reveal the relevance of tailings type in
the response of S-CPB at early ages. These tailings include natural
gold tailings (GT) and artificial (silica) tailings (ST). GT was collected
from the CPB plant of a hard rock gold mine in eastern Canada. The
particle size distribution of the GT is shown in Fig. 1. This figure
shows that GT has about 42 wt. % fine particles (<20 mm) and can be
classified as medium tailings. ST has the advantage of allowing the
accurate control of the mineralogical and chemical compositions of
the tailings, and thus reducing the level of uncertainties to a min-
imum level. Generally, natural tailings can contain several reactive
chemical elements, and often, sulphide minerals, which can
interact with cement and thus, affect the interpretation of the re-
sults [8]. ST contains 99.8% SiO2 and shows a grain size distribution
close to that of GT (Fig. 1) and the average of those from nine Ca-
nadian hard rock mines. It can be observed that ST has about 45 wt.
% fine particles (<20 mm) and can also be classified as medium
tailings. Tables 2 and 3 show the physical and mineralogical char-
acteristics of GT and ST, respectively. GT is mainly made of chlorite,
talc, quartz, magnetite, magnesite, dolomite and sulphides
(particularly pyrite and a small amount of pyrrhotite) minerals. TS
is made of quartz (one of the dominant minerals in Canadian hard
rockmines). Furthermore, the tailings were tested for various index
properties (e.g., liquid and plastic limits) by following ASTM stan-
dards. From the results obtained, GT and ST are non-plastic and
classified as sandy silts of low plasticity, and ML in the Unified Soil
Classification System (UCCS; [31]). Categorization as ML is typical
for tailings from hard rock mines as also determined by Vick [32].

2.1.3. Sodium silicate
Soluble sodium silicates, also named water soluble glasses, are

usually produced from varied proportions of an alkali metal and
silicon dioxide (SiO2). Aside from being used as an admixture for
cement, soluble sodium silicate is also used for a number of ap-
plications in various industries or fields, such as the paper industry
(e.g., for binding packaging), geotechnical engineering (e.g., soil
grouting, mine backfill), soap and detergent manufacturing,
waterproofing, textile processing, and foundries. Soluble sodium
silicates are silicate polymers. It is a polymer liquid that is clear,
colorless, and viscous. It is agreed that sodium silicates activate the



Table 1
Characteristics of the binders used.

Type of binder MgO (%) CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) SO3 (%) Relative density

PCI 2.65 62.82 18.03 4.53 2.70 3.82 3.10
Slag 10.98 41.14 34.23 9.54 e 3.87 3.30

Fig. 1. Grain size distribution of the tailings (ST, GT) used and the average grain size
distribution of tailings from 9 Canadian mines.

Table 2
Physical characteristics of the silica tailings (ST) and gold tailings (GT).

Element Gs D10 (mm) D30 (mm) D50 (mm) D60 (mm) Cu Cc

ST 2.7 1.9 9.0 22.5 31.5 16.2 1.3
GT 3.6 3.6 13.2 28.3 39.5 11.0 1.2

Table 3
Mineralogical composition of the tailings used.

Tailings/Mineral Quartz (wt.%) Albite (wt.%) Dolomite (wt.%) Calcite (wt.%) Chlorite llb (wt.%) Magnetite (wt.%) Pyrite (wt.%)

GT 11.87 1.16 5.70 2.22 18.21 11.41 15.40
ST 99.8 e e e e e e

Tailings/Mineral Talc (wt.%) Sphalerite (wt.%) Magnesite (wt.%) Actinolite (wt.%) Stilpnomelane (wt.%) Pyrrhotite (wt.%) Spinel (wt.%)

GT 16.44 0.13 7.56 3.18 0.41 3.12 3.18
ST e e e e e e e
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hydration of Slag [13,31]. In this study, a commercial solution of
sodium silicate (Type N) is used, inwhich the ratio of SiO2 to Na2O is
3:2. Table 4 shows the sodium silicate properties. Sodium silicate
was added to the mix in a liquid form.
2.2. Specimen preparation, mix proportions and curing conditions

S-CPB specimens with a constant binder content (4.5% by
weight), binder weight ratio (PCI/Slag: 50/50), water to cement (w/
c) ratio (7.6), sodium silicate content (0.4% by weight) and different
Table 4
Sodium silicate properties (source: National Silicates Ltd.).

Property Value

Na2O% by weight 8.90
SiO2 by weight 28.66
Weight ratio, %SiO2/%Na2O 3.22
Specific gravity @ 20 �C 1.39
% Solids 37.56
tailings type (GT and ST) were prepared. The components of the
backfill (GT, ST, PCI, Slag and water) were first stored in a
temperature-controlled chamber until achieving the desired initial
temperatures (2 �C, 20 �C, 35 �C and 50 �C). The tailings material,
binders, sodium silicate and water were then mixed by using a
Eurodib B20F mixer in a temperature-controlled chamber until
obtaining a homogeneous paste (about 7 min). The slump or the
consistency of the paste mixtures, measured by a slump test in
accordance with ASTM C143, was equal to 18 cm (which is a
frequently used slump value in Canadian CPB operations) for the S-
CPB made of ST. For the purpose of comparing the S-CPB made of
the two types of tailings (ST and GT), the samples made of GT were
prepared with the same w/c ratio (7.6).

The prepared S-CPB samples with various initial temperatures
(2 �C, 20 �C, 35 �C and 50 �C) were then poured into two types of
thermally insulated plastic cylinders (20 � 10 cm) (Fig. 2b): (i) the
first type of cylinder (test cylinder or specimen), which was not
equipped with, was for testing purposes, and (ii) the second type of
cylinder (monitoring cylinder or specimen) was equipped with
various sensors for monitoring purposes (to monitor temperature,
water volumetric content and electrical conductivity; Fig. 2). The
test and monitoring cylinders were then sealed (this avoids the
evaporation of water) and placed in specially designed thermally
insulated boxes (Fig. 2a). The tested specimens were then cured for
periods of 6 h, 1 day, 3 days, 7 days and 28 days. After each curing
period, mechanical test was performed on each S-CPB specimen in
the test cylinders. The monitoring cylinders were cured up to 28
days. The objective of the insulation was not to create adiabatic
curing conditions, but to slow down the heat transfer between the
backfill material and the surrounding environment (where it was
room temperature, ~20 �C), in order to mimic the heat transfer
between a narrow cemented backfill structure and the surrounding
rockmass in the field. In the field and most cases, the CPB is sur-
rounded by the rockmass, which cannot transfer heat very quickly.
The field CPB can lose heat to the rockmass, if its temperature is
higher than the rock temperature or gain heat from the rockmass, if
its temperature is lower than that of the rockmass as shown in
Refs. [1,27,33]. In narrow backfilled stopes, the process of heat loss
and gain is faster.

In addition to the aforementioned S-CPB specimens, specimens
of cement paste with a high w/c ratio (w/c ¼ 2; to simulate the
cement matrix of CPB) that contain sodium silicate (S-CP) were
prepared. The prepared S-CP mixes with various initial tempera-
tures (2 �C, 20 �C, 35 �C, and 50 �C) were poured into the test



Fig. 2. Schematic diagram of monitoring set-up: (a) location of a thermally insulated monitoring cylinder in an insulation box, and (b) location of the sensors in the thermally
insulated cylinder.
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cylinders. The sealed cylinders were then cured in the same con-
ditions as the S-CPB cylinders for 6 h, 1 day, 3 days, 7 days and 28
days. After the curing was completed, microstructural analyses
were performed on the S-CP specimens.
2.3. Monitoring of specimens

A schematic diagram of the developed monitoring set up is
presented in Fig. 2. The cylinders were continuously monitored in
terms of temperature evolution, volumetric water content (VWC),
suction evolution, and evolution of the electrical conductivity (EC)
for a period of 28 days after the monitoring cylinders were installed
in the thermal insulation boxes. The monitoring of the temperature
evolution enables non-isothermal curing temperatures to be
determined, to which the S-CPB specimens with various initial
temperatures were subjected. The monitoring of the electrical
conductivity (EC) is an effective means of assessing the progress of
cement hydration, and tracking the structural changes that occur
within the hydrating cementitious materials [34e36]. The moni-
toring of the VWC and suction provides information about the self-
desiccation of the S-CPB. Sensors were connected to a data logger to
record the data with time. The monitoring of suction development
with time was conducted by using a dielectric water potential
sensor, model MPS-2. This sensor is capable of measuring the soil
water potential between �10 and �500 kPa. This sensor is also
capable of monitoring the temperature evolution. In order to follow
the evolution of the WVC and EC, 5 TE sensors were employed. The
MPS-2 and 5 TE sensors were installed at heights of 7 and 13 cm
from the bottom of the cylinder. The location of the sensors and
cylinders in the insulation boxes is shown in Fig. 2.
Fig. 3. Temperature evolution in the S-CPB specimens for various initial temperatures.
2.4. Mechanical tests

Unconfined compressive strength (UCS) tests were performed
on samples taken out from the test cylinders after a given curing
time. The specimens were tested in accordance with ASTM e C 39
by using a computer-controlled mechanical press (the deformation
rate was defined as 0.8 mm/min during the testing). Each test was
repeated at least twice to ensure the repeatability of the results.
2.5. Microstructural analysis

The microstructure of the studied cement paste (S-CP) samples
was investigated by conducting thermal analyses (TGA/DTG) as
well as X-ray analyses. The thermal analyses were undertaken by
using an SDT apparatus from TA Instruments, which allows for the
simultaneous registration of weight loss and heat flow along the
thermal treatment of the sample. The various (dried) samples
(about 30 mg each) were heated in an inert nitrogen atmosphere at
the rate of 10 �C per minute up to a temperature of 1000 �C. The
thermal analyses allowed the binder hydration products that
formed in the S-CPB system to be studied. X-ray diffraction analyses
were conducted to evaluate the effect of different non-isothermal
curing conditions on the mineralogical composition of the hydra-
tion products of the S-CPB samples. The X-ray diffraction analyses
were performed on prepared cement pastes by using a Scintag XDS
2000 XRD.
3. Results and discussion

3.1. Temperature evolution within the backfill specimen

Fig. 3 depicts the evolution of the internal temperatures of the S-
CPB samples with different initial temperatures. These different



Fig. 5. Evolution of matrix suction with initial temperature and curing time for S-CPB
made of silicate tailings.
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temperature-time histories represent the non-isothermal curing
temperatures, to which the S-CPB specimens were subjected. From
this figure, it is clear that the temperature-time history or curing
temperature and its evolution with time strongly depends on the
initial temperature of the S-CPB sample. The internal temperature
of the S-CPB specimens with an initial temperature of 20 �C re-
mains almost at the same value as that of the surrounding medium
(20 �C). Only a slight increase in the backfill temperature from 20 �C
to 21 �C can be observed after 8 h of curing. Then, this temperature
progressively decreases until reaching the temperature of the sur-
rounding medium after 2.5 days. This minor temperature increase
is due to the heat released by binder hydration. The small increase
in temperature indicates that the contribution of heat generated by
binder hydration to temperature variation in all of the studied S-
CPB specimens is negligible. This enables the studying of the iso-
lated effect of the initial temperatures. Fig. 3 shows that S-CPB
samples with initial temperatures (35 �C and 50 �C) higher than
those of the surrounding medium (20 �C) lose heat with time until
reaching temperature equilibrium (20 �C) with the surrounding
medium after 2.5 days of curing. On the other hand, the S-CPB
sample with an initial temperature (2 �C) lower than that of the
surrounding medium gained heat. Temperature equilibrium is also
reached after 2.5 days of curing. A similar behavior with regards to
heat loss and gain was observed in previous field and modeling
studies on CPB [e.g., 1,27,37]. This observed initial temperature
dependence of the temperature-time history of S-CPB could have
significant impact on the self-desiccation and early strength of S-
CPB. These hypotheses are addressed in the following sections.
3.2. Effect of initial temperature on the evolution of self-desiccation
of S-CPB

Figs. 4 and 5 illustrate the evolution of the volumetric water
content (Fig. 4) andmatrix suction (Fig. 5) of the S-CPBwith various
initial temperatures; in other words, the evolution of the self-
desiccation. From this figure, it is clear that the self-desiccation of
the S-CPB samples depends on both the curing time and initial
temperature of the S-CPB.

It can be observed that, regardless of the initial temperature, the
volumetric water content (VWC) decreases and the matrix suction
increases as the curing time is increased. This decrease or increase
Fig. 4. Evolution of volumetric water content with initial temperature and curing time
for S-CPB made of silicate tailings.
is due to the progress of the cement hydration. Higher amounts of
cement hydration products are generated as the curing time in-
creases [e.g., 38e41]. This results in higher cumulative consump-
tion of the moisture in the capillary pores of the S-CPB. This
increase of the amount of hydration products formed with longer
curing time is demonstrated by experimental evidence, which is
shown in Fig. 6. This figure represents the results of the thermal
analysis (simultaneous thermogravimetric (TG) and derivative
thermogravimetric analysis (DTG)) performed on the 1 and 7 day
cement pastes of the S-CPB samples with an initial temperature of
35 �C. A comparison of the TG/DTG diagrams of the cement paste
cured at 1 and 7 days shows that the weight losses as well as the
peaks in the 50e150 �C, 450 �C and 750 �C temperature ranges are
higher for cement paste cured at 7 days. This means that higher
amounts of hydration products are formed in the 7 day CPB
samples.

From Figs. 4 and 5, it can be also noted that, regardless of the
initial temperature, the self-desiccation is more rapid and intense
at an earlier age (during the first week). At a later age (beyond 7
days), the self-desiccation slows down. For example, it can be
observed that for the 2 �C S-CPB, the suction increases from 0 kPa to
approximately 200 kPa from 0 to 7 days of curing time. Then, the
suction slowly increases and reaches 270 kPa after 28 days. This
more intense and higher rate of self-desiccation in the early stage
corresponds to the period when the hydration of a Portland cement
Fig. 6. Effect of curing time on the TG/DTG diagrams for cemented paste with an initial
temperature of 35 �C.



Fig. 8. Time-dependent evolution of electrical conductivity of S-CPB with different
initial temperatures.
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system is faster [42], which is obviously associated with quicker
water consumption.

However, from Figs. 4 and 5, it is also clear that the volumetric
water content and matrix suction of the S-CPB samples and their
evolution with time are strongly dependent on the initial temper-
ature of the backfill, and thus on the temperature-time history to
which the S-CPB samples are subjected.

In the early stages of curing (first week), the S-CPB samples with
higher initial temperatures (35 �C, 50 �C) experience more rapid
and intense self-desiccation than those with lower initial temper-
atures (20 �C, 2 �C). For example, the measured volumetric content
for 3 day S-CPB samples was 0.53, 0.47, 0.39 and 0.38 for specimens
with initial temperatures of 2 �C, 20 �C, 35 �C and 50 �C, respec-
tively, whereas the recorded suction values for the 3 day S-CPB are
56,137, 218 and 218 kPa for the specimens with initial temperatures
of 2 �C, 20 �C, 35 �C and 50 �C, respectively. This more intense and
quicker self-desiccation observed in the specimens with higher
initial temperature is attributed to the fact that the S-CPB samples
with higher initial temperatures were subjected to higher curing
temperatures in the first two days of curing (Fig. 3). It is well known
that at early ages, high temperature increases the rate of cement
hydration, thereby resulting in more and faster consumption of the
water within the capillary pores of the cemented material [e.g.,
42e44]. This temperature induced increase of the cement hydra-
tion rate is explained by the fact that heat causes faster kinetics of
the chemical processes (e.g., faster dissolution, nucleation or pre-
cipitation rates) and quicker diffusion through the hydrate assem-
blage around unreacted cement grains [e.g., 40]. This faster cement
hydration with higher curing temperature is experimentally
demonstrated by the results of thermal analyses (DTG diagram)
performed on 7 day S-CP with initial temperatures of 2 �C and
35 �C, respectively (Fig. 7). A comparison of the DTG diagrams
shows that the peaks at 400e500 �C are higher for cement paste
with an initial temperature of 35 �C. These experimental observa-
tions indicate that the amount of hydration products formed in-
creases with the curing temperature at early ages. This faster
cement hydration with higher curing temperatures is also fully
supported by the results of the monitoring of the electrical con-
ductivity of the S-CPB with various initial temperatures shown in
Fig. 8. This figure illustrates the effect of initial temperature on the
electrical conductivityetime curves for the studied S-CPB. All of the
curves show common characteristics with an increase up to the
peak electrical conductivity value, followed by a gradual decrease.
From Fig. 8, it can be observed that there is a clear shift of the
conductivity peaks to shorter times of hydration with increasing
initial temperatures or higher curing temperatures in the early
Fig. 7. Effect of initial temperature (2 �C and 35 �C) on the DTG diagrams for 7 day
cemented paste.
ages, which indicates that the hydration reaction rate is increased
by temperature during this period [39,45e47]. Indeed, the con-
ductivity peak takes place at 9.50 h, 4.75 h, 1.25 h and 0.75 h for the
specimen with initial temperatures of 2 �C, 20 �C, 35 �C, and 50 �C,
respectively.

From Figs. 4 and 5, it can be also noticed that beyond 7 days of
curing, the initial backfill temperature has less effect on the volu-
metric water content (VWC) and suction development within the
S-CPB, i.e. on its self-desiccation. For example, the measured VWC
values for the 7 day S-CPB with initial temperatures of 2 �C and
50 �C are 0.41 and 0.35, respectively, whereas for the 28 day S-CPB
these values are 0.37 and 0.32. This reduced impact of the initial
temperature at later ages (beyond 7 days) is due to the fact that all
S-CPB samples show similar temperatures after 2.5 days of curing
because of the heat transfer between the backfill and the sur-
rounding medium as illustrated in Fig. 3. Moreover, from Fig. 5, it is
interesting to notice that beyond 7 days of curing, the suction of the
50 �C S-CPB is reduced compared to that of the 35 �C and 20 �C S-
CPB. Differences in the internal microstructure of the S-CPB sam-
ples could probably be the reason behind this observed behavior.
Detailed nano- and microstructural studies should be performed in
the future to better understand the cause of the tendency of the
evolution curves of suction to cross at 50 �C.

The results presented above with regards to the effect of initial
backfill temperature on the self-desiccation of the cemented
backfill at early ages (�7 days) may have significant practical im-
plications. The design of a safe and cost-effective barricade is an
integral part of a successful paste backfill operation. Moreover, the
early opening of a barricade is of special importance for reduction
of the mining cycle time, hence increasing mining efficiency and
production. This is obviously associated with financial benefit for
mines [8]. The safety, cost-effectiveness and opening time of a
barricade are significantly influenced by the magnitude of the pore
pressure developed in the cemented backfill at early ages. The
findings presented above reveal that S-CPB with a higher initial
temperature demonstrates faster and more significant self-
desiccation at early ages. This will obviously result in faster and
more significant drop of the pore pressure within the backfill, and
thus in earlier openings of the barricades. On the contrary, the rate
and magnitude of self-desiccation in S-CPB with cold initial tem-
peratures (e.g., backfill operations in cold regions) will be signifi-
cantly reduced. This will have a negative impact on the stability of
the barricade and the mining cycle time.
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3.3. Effect of initial temperature on the strength development of S-
CPB

Fig. 9 illustrates the effect of the initial temperatures on the
strength development of the studied S-CPB. It can be observed that,
regardless of the type of tailings used, higher initial curing tem-
perature results in higher strength of the S-CPB (except for samples
with an initial temperature of 50 �C and older than 7 days; this will
be discussed later). This is because the specimens with higher
initial temperatures were subjected to higher curing temperatures
in the first 2 day as graphically demonstrated in Fig. 3. A higher
temperature speeds up the cement hydration. Indeed, the amount
of hydration products (e.g., calciumesilicateehydrate (CeSeH),
portlandite (CH)) increases with temperature. This is beneficial for
backfill strength gain, since CeSeH is considered to be the major
binding phase in hardened cement [8,42]. Moreover, this higher
amount of hydration results in the refinement of the pore structure,
which is favorable for strength gain [8]. This greater amount of
hydration products, such as CeSeH, and CH, associated with higher
curing temperatures, is demonstrated by the results of different
Fig. 9. Coupled effect of initial temperature and curing time on the UCS of S-CPB: (a) S-
CPB made of silicate tailings, (b) S-CPB made of gold tailings.
thermal and x-ray diffraction (XRD) analyses performed on 7 day
cement pastes of S-CPB with initial temperatures of 2 �C and 35 �C,
respectively (Figs. 7 and 10). A comparison of the DTG diagrams of
the cement pastes shows that the peaks at 400e500 �C are higher
for cement paste with an initial temperature of 35 �C. This indicates
that higher amounts of hydration products are formed in the 35 �C
S-CPB sample. It is well recognized that peaks situated between
400 and 500 �C are due to the disintegration of CH [48e50]. These
thermal analysis results are consistent with the X-ray analysis re-
sults of the cemented paste samples with initial temperatures of
2 �C and 20 �C as presented in Fig. 10. This figure shows the pres-
ence of a higher quantity of hydration products in the sample with
the initial temperature of 20 �C (Fig.10b). For example, the intensity
of CH is found higher for the sample with the initial temperature of
20 �C (Fig. 10b) than that with a temperature of 2 �C (Fig. 10a). It is
observed that the intensity of CH at 18� 2-theta is 210.5 CPS in the
case of the sample at 2 �C whereas at 20 �C, this intensity is
approximately 238.2 CPS. In the sameway, the intensity of CH at 34,
47, 51� 2-theta for the sample at 20 �C is higher than that of the 2 �C
samples. An additional factor should be also considered as a
contributor to the initial temperature induced strength increase of
S-CPB. This factor is the intensification of the self-desiccation
(particularly suction increase) of S-CPB with a higher initial
curing temperature as illustrated in Fig. 5. This figure depicts that
the S-CPB with higher initial temperatures (35 �C, 50 �C) have
higher suction at the early ages (�7 days), which obviously results
in higher strength. It is well known that suction development can
lead to an increase in the strength of unsaturated porous media
[19]. The rapid evolution stage of the strength (during the first
Fig. 10. Effect of initial temperature on the XRD result of 7 day cement paste made: (a)
initial temperature of 2 �C; (b) initial temperature of 20 �C.
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week; Fig. 9) corresponds to the time when self-desiccation is
intense in the backfill material (Fig. 5).

From Fig. 9, it can be also observed that there is a decrease of the
strength of the S-CPBwith an initial temperature of 50 �C for curing
times longer than 7 days. This phenomenon of temperature
inversion in the compressive strength of cementitious materials
cured at high temperatures has been the reason for many studies
on the impact of temperature on cement hydration in the last de-
cades. It is widely accepted that an overly high curing temperature
slows down the kinetics of hydration (at advanced ages) after the
initial acceleration [8,38,51]. This is mainly because the rapid initial
rate of cement hydration causes non-uniform distribution of the
hydration products across the cementitious material microstruc-
ture, with dense hydration products that form around the hydrat-
ing cement grains and retard subsequent hydration. The resulting
coarser pore structure of the cementitious material has a negative
effect on the strength [8,38,43,51]. This high temperature (50 �C)
induced coarsening of the microstructure of cemented paste
backfill at advanced ages was experimentally demonstrated by the
results of a mercury intrusion porosimetry (MIP) performed by Fall
et al. [8]. An additional factor which should be considered as a
contributor to this temperature inversion in the strength of the
50 �C S-CPB is the inversion (drop of the suction) in the suction of
the 50 �C S-CPB after 7 days of curing. Lower suction is associated
with lower strength of the porous media [19].

Given the fact that a high rate of early backfill strength gain
achieved in an economical manner is a key target for all in the
mining industry, the results presented above with regards to the
impact of initial temperature on the early age strength of S-CPB can
have significant practical applications. These results show that a
difference in the curing temperature in just the two first days of
curing can considerably affect the rate of early age strength gain
and the strength of the S-CPB, i.e. influences the stability of the S-
CPB structure at early ages. This is obviously linked to the impact on
mining cycle time, and thus on the mining efficiency and produc-
tion. Furthermore, these results suggest that a higher initial backfill
temperature would be capable of providing better S-CPB strength
with respect to binder content, and potential considerable cost
savings are being projected.

3.4. Coupled evolution of the temperature, cement hydration
process, self-desiccation and strength of the S-CPB for various initial
temperatures

The main mechanical, hydraulic (VWC, suction), chemical and
thermal experimental results obtained from the monitoring and
testing of the S-CPB samples are summarized in Fig. 11. This figure
depicts the simultaneous evolution of the temperature (thermal
factor, T), electrical conductivity (gives information about the
progress of the cement hydration; chemical factor, C), self-
desiccation (negative pore water pressure and VWC are hydraulic
factors, H), and the strength (mechanical factor, M) of the S-CPB
during its curing as well as the interactions between these factors.
An understanding of the interactions among these thermal, hy-
draulic, chemical and mechanical factors at an early age is impor-
tant in making rational decisions with regards to the cost-effective
design of S-CPB structures and the opening time of the barricades.

From this figure, significant thermal effects on the cement
chemical reactions as well as thermo-chemical coupling effects on
the self-desiccation and the strength of S-CPB can be observed. As
the curing temperature increases (i.e. the initial backfill tempera-
ture increases), the peak maxima of electrical conductivity shifts to
a shorter time, which indicates an acceleration of the cement hy-
dration process (Fig. 11). Subsequently, these thermo-chemical in-
teractions significantly impact the time at which the suction starts
to considerably increase in the S-CPB; in other words, the time at
which the self-desiccation starts or intensifies. It can be clearly seen
that the time interval between the peak maxima of electrical con-
ductivity (setting time of the cement) and the start of a significant
increase in the suction (intensification of self-desiccation) is
approximately 13, 10, 5 and 5 h for S-CPB samples with initial
temperatures of 2 �C, 20 �C, 35 �C and 50 �C, respectively (Fig. 11).
This indicates a retardation of the self-desiccation as the cement
hydration slows down due to lower curing temperatures. Given the
fact that self-desiccation decreases the pore water pressure behind
the barricades, these findings suggest that the barricades for
backfills with higher initial temperatures (35 �C, 50 �C) should be
opened earlier than those for backfills with lower initial tempera-
tures (e.g., 2 �C, 20 �C). This is naturally associated with the increase
of the speed of mine cycles and thus the mine productivity.

The thermo-chemical coupling effect on the strength of S-CPB is
evidenced by the fact that the S-CPB specimens with higher curing
temperatures (initial temperatures of 35 �C and 50 �C) show higher
strength than those with lower curing temperatures (initial tem-
peratures of 2 �C and 20 �C), when the suction was still constant
and had the same value in all of the samples (Fig. 11). From Fig. 11, it
can be also noticed that there is strong coupling between the
suction (self-desiccation) and the strength development of the S-
CPB. It can be observed that, regardless of the initial and curing
temperature, there is clear correlation between the intensification
of the self-desiccation (increase of suction development) and the
increase of the rate of strength gain. This is consistent with the
well-known fact that higher suction generally results in higher
strength in porous material [19]. These findings suggest that the
higher strength and strength increase rate of cemented backfill at
early ages associated with higher curing temperature is not only
due to the increase of the amount of cement hydration products
(e.g., CeSeH, CH) formed and the resultant refinement of the pore
structure of the cemented backfill (as discussed earlier), but also to
the significant increase of suction because of the intensification of
self-desiccation. From the results presented above, it can be
concluded that consideration of the coupled thermal (temperature-
time history), chemical (cement hydration process) and hydraulic
(suction induced by self-desiccation) effects on the strength
development of S-CPB at early ages will play a crucial role in the
design of stable backfill structures in a cost-effective way as well as
in the optimization of backfill cement consumption.
4. Conclusions

In this paper, the experimental results of a study which aims to
understand the influence of the various initial temperatures of CPB
that contains sodium silicate as the admixture (S-CPB) on the
evolution of its early age strength and self-desiccation are pre-
sented. The main conclusions derived from this study are sum-
marized as follows.

- The initial temperature of the S-CPB has a significant influence
on temperature-time history and its evolution with time; in
other words, it significantly affects the curing temperature, to
which the backfill structure will be subjected.

- A higher initial temperature leads to more intense and rapid
self-desiccation (decrease in volumetric water content, increase
in suction) in the S-CPB, particularly at very early ages (�7 days).
This more intense and quicker self-desiccation is due to the fact
the S-CPBwith higher initial temperatures is subjected to higher
curing temperatures at early ages, which speeds up cement
hydration, and thus increases the amount of capillary water
consumed.



Fig. 11. Coupled evolution of the temperature, cement hydration process, self-desiccation and strength of the S-CPB for various initial temperatures (a) 2 �C, (b) 20 �C, (c) 35 �C and
(d) 50 �C.
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- The rate of strength gain at an early age and strength are
strongly dependent on the initial temperatures of the S-CPB, and
thus on its temperature-time history. The S-CPB with a higher
initial temperature (35 �C, 50 �C) show higher rates of strength
gain and strength at the early ages than the S-CPB with a lower
initial temperature (2 �C, 20 �C). This is because a higher initial
temperature results in the formation of a greater amount of
cement hydration products and the resultant refinement of the
pore structure. It also leads to the intensification of the self-
desiccation of the CPB which results in higher suction inside
the backfilled material. However, it should be emphasized that
an overly high initial temperature (50 �C) can lead to the
reduction in the compressive strength of S-CPB older than 7
days.

- There is strong coupling among temperature-time history,
cement hydration, self-desiccation and the strength of the S-
CPB. Consideration of these coupled effects is crucial for the
design of stable and economical backfill structures as well as in
the optimization of backfill cement consumption and the timely
opening of barricades.

This study has provided valuable information for understanding
the effect of initial backfill temperatures on strength development
and self-desiccation ability.
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