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Abstract

The microstructural evolution of different cemented paste backfill (CPB) samples made with ground silica was evaluated using mercury
intrusion porosimetry (MIP). The influence of three binders (OPC, OPC with fly ash, and OPC with blast furnace slag) and of three types of water
(one deionised and two sulphated) on the microstructure was studied over the curing time. Uniaxial compressive strength (UCS) tests were also
performed to relate MIP results to the backfill mechanical strength. Among other findings, the MIP analyses indicate that the slag based binder
combined with a mixing water having a high sulphate content (of 7549 ppm) showed the highest percentage of fine pores and the highest strength.
This behaviour is related to the potential precipitation of sulphate phases in pores, which may contribute to strength enhancement. Based on MIP
pore size distributions and UCS results, the authors propose a general relationship applicable for CPB.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Mine tailings are generated by ore processing plants and
consist of ground rocks from which the valuable minerals have
been extracted. The mining industry produces large volumes of
tailings that have to be safely managed to avoid significant
negative impact to the environment. In modern underground
mines, it is a common practice to use an important fraction of
the generated tailings as the main component of cemented paste
backfill (CPB) material. CPB is usually prepared in surface
installations and then transported underground into open stopes
via boreholes and pipelines. The material is made by mixing
filtered tailings (at a solid content usually between 75 to 85%),
binders (3% to7 wt.% of different mix of Portland cement, fly
ash, blast furnace slag), and water. The amount of mixing water
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added is a function of the paste viscosity required to ensure the
delivery to underground stopes. CPB provides ground support
to the rockmass around mine stopes and allows reducing the
amount of tailings sent to surface facilities. Hence the use of
CPB may help reducing environmental impacts and capital
expenditures related to surface tailings disposal. Surveys
conducted over the last few years indicate that CPB is
increasingly used as a tailings management option around the
world [1,2].

The properties of CPB are similar to those of a controlled low
strength material [3]: the water to cement ratio (w/c) is high
(usually between 6 and 10); the aggregates used in CPB
(tailings) are mainly composed of silt size particles (≈80%
b80 μm); and the binder content is usually low at values
between 2 to 7% by weight of dry tailings. The CPB strength
developed after 92 days is usually between 0.5 to 3 MPa [4–15].
Depending on the ore processed at the mine, tailings can contain
sulphide minerals (such as pyrite (FeS2) and pyrrhotite (FeS)) in
proportions that may reach up to 70% [10,13,14,16]. These
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minerals are known to react in the presence of water and oxygen
generating acidity, metal hydroxides and sulphate ions [17,18].
These reaction products can affect the behaviour and durability
of CPB over the time [7]. Another particularity of CPB is the
chemistry of the interstitial water of the paste. Depending on the
ore mineralogy and the mineral separation process, this water
can contain high concentrations of sulphate and other ions
which can affect the hydration process of binders and precipitate
in the paste as secondary minerals [7,9,11,19].

In recent years, many papers and reports have been written
on CPB characterization and behaviour [8–13,15,20]. Most of
these studies relied on a phenomenological approach to develop
correlations between mechanical strength and parameter(s) of
the CPB recipe. Nevertheless, it is generally accepted in the
mining community that a better understanding of the funda-
mental CPB behaviour would help to optimize CPB preparation
and consequently to reduce operating costs.

This paper presents the results of a study on microstructural
evolution during the curing of CPB using the mercury intrusion
porosimetry (MIP) technique. Other techniques such as scan-
ning electron microscopy (SEM) combined with image analysis
and thermogravimetry/differential scanning calorimetry have
also been used to study the pore structure and the mineral phases
of CPB. However, because of space limitation, the results will
not be presented in details here but more information can be
found in [21,22]. The main objective of this paper is then to
analyse the MIP porosity of CPB during curing and to relate this
parameter with the material strength. After a brief overview of
MIP tests performed on different geomaterials (cement pastes,
natural soils, and CPB), the main results are presented. CPB
samples were made from three binders commonly used and
three types of mixing water containing typical sulphate con-
centrations. MIP test results are presented for three curing times:
14, 43 and 92 days. Uniaxial compressive strength (UCS) test
results obtained at the same curing times are also presented. An
equation relating porosity evolution and mechanical strength is
proposed and discussed.

2. Mercury intrusion porosimetry tests performed on CPBs

Mercury intrusion porosimetry (MIP) have been commonly
used to evaluate the total porosity and the pore size distribution
of different geomaterials. MIP results are usually expressed as
the total mercury volume intruded in a sample, giving the MIP
total porosity, or by analysing the incremental volume intruded
at each pressure step. From the latter representation, Winslow
and Diamond [23] named the pore width corresponding to the
highest rate of mercury intrusion into the sample the “threshold
diameter” (TD). This parameter is important since it can be seen
as the smallest diameter of pores that are geometrically con-
tinuous throughout the sample. MIP results on cement paste
show a decrease of the threshold diameter and of the total
porosity with curing time [24,25]. Most MIP tests on cemented
materials, such as cement paste and mortar, were performed
mainly to define the microstructure evolution during hardening
and ultimately to relate microstructural evolution with mechan-
ical strength [26,27].
Over the past few years, some authors have investigated the
microstructure of CPB by MIP technique [8,10,15,20,28–30].
Their results show that the CPB total porosity is almost the same
as that of tailings only agglomerated with water (between 40
and 45%). Belem et al. [29] also showed that the addition of a
mixture of blast furnace slag and Portland cement (80:20)
modified tailings pore size distribution. A proportion of 5 wt.%
decreased the threshold diameter from 2 to 1 μm approximately.
This refinement of the pore size reduces the saturated hydraulic
conductivity and increases the water retention properties of the
CPB [31]. Fall et al. [20] used MIP to investigate the influence
of tailings particle sizes on the microstructure of different CPB
mixtures. This study showed that the amount of fine particles
(b20 μm) strongly influenced MIP results. The increase in fine
particle proportion leads to a decrease in the threshold diameter
value (of approximately 1 micron when the proportion of
b20 μm particles is increased from 40 to 55%), showing that
pore size distribution is also influenced by the grain size
distribution of the tailings used in the CPB mixture. Ouellet
et al. [30] presented a comparative MIP study between cement
pastes (water to cement ratio w/c=0.33) and CPB (w/c=7)
samples. Results show that the main mercury intrusion peak was
almost two orders of magnitude lower for cement paste samples
than for CPB samples. This difference was anticipated due to
the high w/c ratio of CPB. According to Powers et al. [32], with
a w/c ratio greater than 0.7, capillary pores should never become
de-percolated.

To the authors knowledge, no detailed study has been
reported on the understanding of the fundamental microstruc-
tural evolution of CPB during the curing period, and on the
main influence factors affecting porosity and strength.

3. Materials and methods

The present study aims at evaluating the influence of water
quality, type and proportion of binder, and curing time on the
microstructural evolution of CPBs. The main characteristics of
the different materials and methods used are presented in the
following.

3.1. Binders

The three binders used in the CPB mixtures are: a 100% type
10 CAN/CSA-A5-98 ordinary Portland cement (named T10 in
this study); a mix of 20% T10 and 80% ground granulated blast
furnace slag (T10SL); and a mix of 70% T10 and 30% fly ash
(T10FA). The Lafarge company provided these binders. The
proportions are in the range used in the mining industry to
produce CPB [13,14,33]. Fly ash and slag are both by-products
of industrial processes. The replacement of a fraction of the
Portland cement by these mineral additives in the CPB mixture
is often seen as an environmental value-added. Moreover, due to
the lower cost of fly ash, its use can significantly reduce overall
operational costs of a paste backfill plant [2,30].

The T10 cement shows a typical Bogue's composition of
64.4% for C3 S, 6.6% for C2S, 8.7% for C3A, and 7.4% for
C4AF. According to ASTM C618-00 standard, the fly ash can



Table 1
Chemical composition of the waters used in this study (ICP analysis)

W0 W1 W2

Al (ppm) 0.03 1.06 0.29
Ca (ppm) 0.02 803 1790
Cu (ppm) b0.01 0.59 0.21
Fe (ppm) 0.05 0.04 1.01
K (ppm) 0.14 41.40 48.00
Mg (ppm) 0.01 1.00 1.71
Na (ppm) b0.2 915 111
Si (ppm) 3.78 0.82 0.50
Zn (ppm) b0.02 0.08 0.53
SO4

2− (ppm) 0.36 4613 7549
pH 6.09 9.62 4.57
EhN (mV) 435.8 243.7 361.1
Cond. (μS/cm) 2 5950 3740

Fig. 1. Volumetric cumulative particles size distribution of silica.
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be classified as a class C with a cumulative value for SiO2,
Al2O3 and Fe2O3 of less than 70% and a SO3 content of less
than 5%. Blast furnace slag conforms to ASTM C989-99 and
shows the highest BET specific surface among the studied
binders with a value of 21380 cm2/g. The BET specific surfaces
of the other two binder components are 12764 and 8697 cm2/g
for cement T10 and fly ash respectively.

3.2. Mixing water

CPB mixtures were made with three different types of water:
the first one was deionised by filtration (named W0), while the
other two mixing waters (named W1 and W2) were sampled at
the tailings dewatering process of two mine backfill plants; the
latter two contained 4613 ppm and 7549 ppm of SO4

2−

respectively. Alkali concentrations are high with 1266 ppm
Na2Oeq. and 188 ppm Na2Oeq. for W1 andW2 respectively. One
can also see in Table 1 that the calcium content of these waters is
relatively high (803 and 1790 ppm for W1 and W2
respectively). Such high concentrations are mainly due to the
ore processing techniques at the two mines that use lime to
increase the pH. The pH and redox potential (Eh) were mea-
sured using the Benchtop pH/ISEMeter Orion model 920Awith
a coupling of different electrodes. An Orion Triode electrode
was used for the pH and the Eh was measured with a Pt/Ag/
AgCl combined electrode and then corrected for normal
hydrogen electrode (EhN). The pH ranged for the three different
waters between 4.57 and 9.62. Waters were filtered to remove
suspended particles before analysis and mixing.

3.3. Tailings

For all CPB mixtures ground silica was used to simulate
tailings. The silica contains 99.76% SiO2 and has a grain size
distribution (evaluated with a Malvern laser Mastersizer S)
close to the average of 11 mine tailings (as sampled from the
province of Quebec and Ontario, Canada; see Fig. 1). More than
50% of silica particles are smaller than 25 μm (D50) and 10%
smaller than 2 μm (D10). The uniformity coefficient (CU=D60/
D10) and the coefficient of curvature (CC=D30

2 /D60xD10) are
respectively 16.5 and 1.5. According to the USCS classification
[34], the silica material is a non plastic silt (ML), as are most of
the tailings produced by hard rock mines [18,35]. Ground silica
(a mono-mineral non-reactive aggregate) was selected to focus
the study on binder and water chemistry effects on CPB
microstructure. Hence, the influence of sulphide (and other)
minerals in CPB was not addressed in the present investigation.

3.4. Sample preparation and curing

CPB mixtures were prepared in small batches in a 20-litre
bucket and mixed for at least 5 min with a 1/2 inch electric drill
using a paint mixer bit. A total of 54 CPB cylinders 10 cm long
and 5 cm in diameter were cured at room temperature and at a
relative humidity greater than 90%. The binder proportion for
the CPB mixtures was 5% by weight of dry silica. Water to
cement ratio (w/c) was 7 for all CPB mixtures (representing a
water to solid ratio of 0.33); this is representative of values
observed in the Canadian mining industry [9,10].

3.5. Drying

The drying method used before MIP tests consisted of a
combination of freeze-drying and oven drying. The freeze-
drying technique on CPB samples was not able to remove all the
free water in a period of 24 h. The authors noticed that freeze-
drying was less effective for larger samples and for longer
curing period. To accelerate the drying, a second drying period
in an oven was introduced as proposed by Kjellsen [36]. More
specifically, samples were first cut in small cubes of approxi-
mately 1 cm3 each and immersed for 5 min in liquid nitrogen.
They were then dried for a period of 24 h at 0.9 Pascal and
−50 °C in a Virtis Ultra 35 Super XL freeze dryer. After the first
24 h, another period of 24 h in an oven at 45 °C completed the
drying. This complementary drying stage lead to a constant
weight of the CPB samples, which were then maintained in a
desiccator to avoid rehydration.

3.6. MIP test procedures

Two cylindrical samples of each mixture were used to
evaluate the uniaxial compressive strength (UCS) after 14, 43
and 92 curing days using a MTS 10/GL press with a normal
loading capacity of 50 kN and a displacement rate of 0.001 mm/



Fig. 2. Pore size distribution of CPB samples W2T10SL at 14, 43, and 92 days.
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min. The UCS corresponds to the maximum stress value
(failure, peak) reached during the compression test. After the
UCS test, the internal part of each cylinder was sampled and
dried as described in the previous section. Samples were spe-
cifically selected outside the zone affected by the failure plane
induced in the cylinders. It can thus be assumed that no sig-
nificant microstructural damage was induced on the small
samples by the strength testing (as microcracks initiation and
propagation tend to occur along the main failure plane; see
[37]).

MIP tests were performed on CPB samples after each curing
period. The equipment used is an Autopore III 9420 from
Micromeritics that can generate a maximum pressure of
414 MPa (60000 psi) and can evaluate a theoretical pore
diameter of 0.003 μm. With this machine, the MIP test is
performed in two steps: the low pressure step first evacuates
gases, fills the sample holder with mercury and performs
porosimetry from about 7 to 345 kPa; the high pressure step
reaches pressures between 345 kPa and 414 MPa. Low and high
pressure steps were always performed within a period of 8 h.
The contact angle and surface tension assumed for all tests were
respectively 130° and 485 dyn/cm. All tests were performed to
achieve the manufacturer recommendation of a mercury stem
Table 2
MIP porosity (%) and threshold diameter (μm) results

T10 cement T10-fl

W0 W1 W2 W0

14 days
Porosity≥0.3 μm 34.92 34.54 36.46 37.25
Porosityb0.3 μm 9.04 10.01 8.54 8.45
Total porosity 43.96 44.55 44.99 45.69
Threshold diameter 1.42 1.43 1.43 1.44

43 days
Porosity≥0.3 μm 34.36 32.61 33.70 34.53
Porosityb0.3 μm 10.36 10.96 10.13 10.26
Total porosity 44.71 43.57 43.83 44.79
Threshold diameter 1.17 1.17 1.44 1.44

92 days
Porosity≥0.3 μm 32.30 30.25 31.91 32.74
Porosityb0.3 μm 12.59 14.77 12.50 13.02
Total porosity 44.89 45.01 44.41 45.76
Threshold diameter 1.17 1.17 1.17 1.17
volume between 25% and 90%. Repeatability of MIP tests was
not extensively investigated in this study since the instrument
was considered accurate, based on past studies reported in the
literature [23,38,39]. However, two repeatability tests (not
presented) showed a difference of ±1% on the total MIP
porosity, and the mercury intrusion behaviour (pore size
distribution) was nearly the same.

3.7. Thermal and chemical analysis

Estimation of sulphate content in samples cured for 92 days
was conducted using thermogravimetry/differential scanning
calorimetry (TG/DSC) and chemical analysis. TG/DSC tests
were performed with the SDT Q600 apparatus from TA
Instruments which records simultaneously the weight loss and
heat flow during thermal treatment of the sample. Thermal
behaviour of samples was registered in an inert nitrogen
atmosphere at a rate of 20 °C/min up to 1000 °C. Approxi-
mately 35 mg of material, placed in a 90 μl alumina cup and
covered by an alumina lid, was used for each test. Previous TG/
DSC tests performed on CPB samples indicate that temperature
variations between 144–160 °C are associated to gypsum, while
and variations between 164–216 °C are associated to mono-
sulphate. The results observed here on CPBs are in the range of
those reported for other cement-based materials [40–44].

The selected chemical analysis technique follows the EPA
600/2-78-054 guidelines [45] to determine the sulphate sulphur
concentration in each CPB sample. The Sobek method was
mainly used to differentiate the sulphate sulphur and the
sulphide sulphur in materials containing sulphide oxidation
products by selective dissolution in HCl (40% v/v) and in
HNO3/Br2/HF acids. As the CPB samples did not contain
sulphide, only the HCl dissolution was performed and the
extracted sulphur amount was assumed to be in precipitated
sulphated phases. The resulting solutions were analysed by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES).
y ash cement T10-slag cement

W1 W2 W0 W1 W2

35.77 34.85 28.51 32.32 31.51
8.42 9.84 16.70 12.47 12.94
44.19 44.69 45.21 44.79 44.46
1.43 1.43 1.17 1.16 1.44

32.24 33.31 31.86 29.70 27.18
11.77 10.35 14.10 14.67 16.77
44.01 43.65 45.96 44.37 43.94
1.17 1.44 1.17 1.16 1.16

30.59 31.00 28.51 29.58 26.04
13.68 12.61 16.47 14.23 19.06
44.26 43.60 44.99 43.81 45.11
1.17 1.17 1.16 1.17 0.93
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4. MIP porosity results

Fig. 2 presents three MIP pore size distribution curves for the
CPB samples W2 T10SL at 14, 43, and 92 days; these results
are typical of those measured for the other studied samples. The
caption indicates the type of water and binder, and the curing
time (e.g. W2 T10SL14d means that this CPB sample was made
with W2 water, T10SL binder, and that the UCS test was
performed after 14 days of curing). Due to space limitation, all
other results are summarized in the Table 2 (all MIP test results
can be found in [21]). In the following, the results are analysed
with respect to the evolution of these curves, including porosity
refinement. In all cases, the MIP tests on CPB show a main
intrusion peak at a pressure corresponding to a threshold dia-
meter close to 1.4 μm. This main peak intensity decreases with
curing time while there is an increase in the volume of mercury
intruded at higher pressure. The mean MIP total porosity for all
samples is 44.6% with a standard deviation of 0.66% (see
Table 2). Similar porosity results were obtained using a drying
technique (at 105 °C) similar to the one frequently used in
geotechnical investigations [34] (the porosity is measured using
the specific gravity, the dry and humid weight of a given sample
having a known volume). The mean porosity values measured
with this approach were 45.4%, 45.3%, and 45.4% at 14 days,
43 days, and 92 days respectively; standard deviation for all
these porosity values is 0.52%. Hence, there is no significant
trend that would point towards a relationship between total
porosity, curing time, and binder type.

4.1. Evolution of the threshold diameter

One way to appreciate the effect of curing and of the binder
type is to look at the threshold diameter (TD) value (Table 2). In
Fig. 3. TGA and chemical analysis re
general, there is a pore refinement with curing time. For
instance, in the case of the T10 and T10FA samples the TD
moves from 1.43 μm at 14 days to 1.17 μm at 92 days. This
indicates that as these samples cure, pores tend to become finer
because the pressure needed for the mercury to significantly
intrude the matrix increases. A somewhat different trend is
observed for T10SL. TD values for W0 and W1 waters remain
constant at about 1.16 μm for the three curing period studied.
Only the mixtures with T10SL and W2 water show a significant
curing effect after 43 days; for this sample the TD values drop
from 1.44 μm at 14 days to 0.93 μm at 92 days.

4.2. Evolution of the MIP curve

As proposed by few authors [26,27], the analysis of the area
under the pore size distribution curve can also be used to
represent the pore structure evolution. In the present study, the
pore size distribution is divided into two portions: b0.3 μm and
≥0.3 μm. According to the definition of the capillary pores
[46], pores ≥0.3 μm correspond to the main interconnected
capillary porosity network. Values given in Table 2 are indica-
tive of a curing effect that is mainly due to a decrease in the TD
height with time. The average porosity ≥0.3 μm for all samples
is 34.0% at 14 days, 32.1% at 43 days, and 30.3% at 92 days.
Since the total porosity measured by the MIP tests remains
practically unchanged after a curing time of 92 days, this in-
dicated that pores of CPB samples tend to become finer with
curing time. The amount of pores ≥0.3 μm also shows the
effect of the binder type. For all samples at all ages, average
porosities are 33.5% for samples using T10 and T10FA binders
and 29.4% for samples using T10SL binder. In light of these
results, it appears that blast furnace slag seems to generate a
finer microstructure in CPB.
sults on samples cured at 92 days.
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Others have also observed an increase in the proportion of
small pores with curing time [25,27]. The evolution of these
pores can be related to cement hydration products [25]. This
evolution can also be observed on MIP curves reported for CPB
[10,20,29], even if it was not specifically noticed by the authors.
Table 2 also shows the sum of MIP porosity values for pore
sizes less than 0.3 μm. An increase in the relative proportion in
this size range is observed with the curing time for all samples
except for T10SL using W0 water at 14 days. For all mixtures,
the average MIP porosities b0.3 μm are 10.7% at 14 days,
12.1% at 43 days, and 14.3% at 92 days. These results also
indicate that the binder T10SL gives the highest proportion of
small pores for all curing times. Average porosities b0.3 μm are
11.0%, 10.9%, and 15.3% at all curing times for T10, T10FA,
and T10SL binders respectively.

4.3. Influence of mixing water

When samples are sorted by water type, the influence of the
water chemistry is not as clear as the binder effect. Average
porosity values with a size below 0.3 μm (for all curing times
and binder types) are 12.3%, 12.3% and 12.5% for W0, W1 and
W2 waters respectively. This slight porosity refinement
difference is also accompanied by a slight influence of the
water type in the pore fraction ≥0.3 μm; average porosity
values are 32.8%, 31.9% and 31.8% for W0, W1 andW2 waters
respectively. However, the influence of water quality seems to
be more significant for the smaller MIP pore sizes. For instance,
when summing MIP porosity values for pore sizes less than
0.1 μm, the average values obtained are 7.2%, 7.5% and 8.2%
for W0, W1 and W2 waters respectively.

Hence, for the CPB mixtures made with sulphated water, the
precipitation of sulphate minerals in the voids could explain, at
least in part, the slight refinement of the pore size. However, as
the proportion of cement is low in CPB, spectroscopic mineral
determination methods (e.g. XRD or FTIR) are not well adapted
to validate this hypothesis. Chemical analysis (Sobek method)
and TG/DSC were thus used on samples cured for 92 days to
quantify the precipitated sulphated phases in CPB mixtures. TG
weight loss results between 100 °C and 250 °C and between
100 °C and 1000 °C are presented in Fig. 3; this figure shows
also the measured sulphate sulphur (sulphur in sulphate
minerals measured with the Sobek method) concentration in
the samples. Based on these, the TG results between 100 °C and
1000 °C can be ranked as T10NT10FANT10SL; this ranking
follows the weight loss order for TG tests performed on
unhydrated binders. The TG temperature zone between 100 °C
and 250 °C can be related to C–S–H and to sulphates such as
ettringite (Ca6Al2(SO4)3(OH)12•26H2O), gypsum (Ca(SO4)
•2H2O), and monosulphates (such as 3CaO•Al2O3

•CaSO4•12H2O) [41,47]. Except for the T10FA-W0 sample
that lost more weight than the T10FA-W1 sample, all other
results are in conformity with the hypothesis that more sulphate
are precipitated in specimens having more SO4

2− ions in the
mixing water. Chemical analysis results are more explicit on the
increasing presence of sulphates (in solid form) in samples
made with water W1 and W2. Mean concentrations in the CPB
samples are 0.06 wt.%, 0.11 wt.% and, 0.18 wt.% for the
samples mixed with the waters W0, W1 and, W2 respectively.
Additionally, both methods show that amount of precipitated
sulphates could be ranked as T10NT10FANT10SL. This
ranking can be explained in part by the lower content in
gypsum (contained in ordinary Portland cement) in mixture
made of fly ash and slag.

4.4. Influence of the slag

Results previously shown indicate that slag specifically has a
different behaviour than the other two binders. It is known that
slag has a greater impact on pore refinement in cement pastes
than other binders [48,49]; which in turn affects the permeabil-
ity coefficient [41,50]. The degree of reactivity of the slag
particles is proportional to the specific surface, and depends on
water availability [51,52]. A particular aspect of slag is its
interaction with water: more water is needed for mixture with
ordinary Portland cement and slag to achieve the same viscosity
[50]. This phenomenon was also observed by Ouellet et al. [30]
on cement pastes (w/c=0.33) made with the same binders and
waters as the ones used in this study. Mini-slump tests on CPB
with W0 water showed slump values of 7.5 cm, 11.5 cm and
5 cm for T10, T10FA and T10SL respectively. Even if CPB is
significantly different from concrete or cement paste, results
shown here confirm that the particular behaviour of slag
observed for cement pastes is also seen with CPB mixtures
having a high w/c ratio (w/c fixed to 7 in this study). The degree
of reactivity of the slag appears to have a positive (refinement)
effect on the pore size distribution of the CPB.

4.5. Influence of MIP test on CPB microstructure

MIP results on CPB show an evolution and a refinement of
the pore size over time. It is mainly due to the presence of
hydrates and secondary minerals in the CPB matrix. These
minerals precipitate in voids, filling them partially or com-
pletely [9,11,53]. However, the MIP total porosity (or the
volume of mercury that fills the samples) does not change
significantly with the curing time. A possible explanation for
this phenomenon was proposed by Feldman and Beaudoin [24]
and Cook and Hover [25]. Feldman and Beaudoin [24] per-
formed several mercury re-intrusion tests (Hg intrusion fol-
lowed by a drying step and then re-intrusion on the same
sample) on cement pastes and noted that the second intrusion
showed coarser MIP pore size distribution and a higher TD
value than the first mercury intrusion. These authors raised the
possibility that changes occurred in the pore structure during the
first intrusion of mercury due to the breakage of pore walls at
high pressure. Similar comments were made by Cook and
Hover [25] to explain the development of a rounded peak at a
diameter of about 0.1 μm in cement pastes. They suggested that
mercury crushed hydration products on its path when it filled
the sample. According to this hypothesis, the peak developed
near 0.1 μm was related to a crushing pressure rather than to the
presence of true pores on the MIP distribution curve. Similar
experiments to evaluate the influence of the mercury intrusion



Fig. 4. Mean UCS results for CPB samples; cross marks show minimum and maximum values.
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on the microstructure were performed by Lawrence [54] on
three fine-grained soils (with a clay fraction ranging from 15 to
60%). Contrary to cement pastes, damages to pore structure by
the MIP test were not deemed significant.

To investigate the possible effect of mercury intrusion on the
microstructure of CPB samples, mercury re-intrusion tests were
performed on two samples. After a first test, samples were dried
at 90 °C and 1.5 kPa for 7 days to remove interstitial mercury.
Using the differential weight between the sample before the first
mercury intrusion and after the drying step, it was inferred that
the residual mercury represented approximately 0.002 ml in
each sample. 97% of the mercury was then removed from the
samples during this phase. The corresponding MIP curves are
not presented here (see [21]) but they are quite similar to those
shown in Fig. 2. The threshold diameter for all curves is the
same (1.16 μm) and the total MIP porosity for the first and the
second mercury intrusion are respectively 43.06% and 42.39%
for the first sample and 43.05% and 42.02% for the second
sample. These differences between the porosity values before
and after the re-intrusion test are in the precision range of the
MIP technique, estimated at +/−1%. Therefore, as observed by
Lawrence [54] on fine-grained soils, there is no clear evidence
of a modification to the internal structure of CPB by the MIP
test. The absence of an effect from the mercury intrusion is
probably due to the relatively coarse porosity of the CPB, which
is offering little resistance to the mercury filling at each pressure
step. Samples are thus expected to be completely filled at the
end of each test. There is no MIP total porosity decrease ob-
servable over the curing time.

5. Relationship between MIP porosity and uniaxial
compressive strength

It is generally accepted that the strength of porous materials
is a function of the form, quantity, and distribution of the voids
[26,55–58]. In general, an increase in total porosity induces a
decrease in material strength. Nonetheless, when the voids are
filled with precipitated phases, the material strength could be
increased by a refinement and segmentation of the porosity and
by the different nature of the precipitated phases.

Fig. 4 shows UCS results of the studied CPB samples; these
curves show the mean UCS value, with the measured extreme
values given as cross marks.

Once again, as for the MIP test results, mixtures using the
T10 and the T10FA binders have similar behaviour. For these
CPB samples, the UCS ranges from 288 kPa at 14 days to
1004 kPa at 92 days for the three water types. The strength of
samples with T10SL binder is higher than that of the other two
binders for all samples at all curing times. The highest UCS
value measured is 1822 kPa with water W2 at 92 days, which is
in accordance with MIP results that showed a finer porosity for
this CPB mixture.

Most of physically-based models relating strength and
porosity use the total porosity value of the material as the key
indicator [56]. As with other engineering materials, the total
porosity of cement paste and concrete is typically inversely (and
non linearly) proportional to the compressive strength. This
dependency is also observed with the MIP porosity. The review
of Beaudoin and Marchand [38] presents many relationships
between MIP porosity and strength; some of these use the total
porosity [59] while others use different portions of the pore size
distribution [26,27,60]. In the present study, a strength gain is
usually not accompanied by a decrease of the MIP total porosity
with time. Nevertheless, the pore size distribution does evolve
with curing time, and this change in the microstructure can be
related to strength evolution. The following equation is based
on a generalized power law expression, which distinguish the
contribution of the total porosity and of the size-dependent
porosity. Eq. (1). is proposed as a practical means to estimate the
strength of CPB samples using the MIP pore size distribution.

rcn ¼ rnmin

1� nð Þ
1� nminð Þ

� �u
� 1� nzdð Þ

1� nbdð Þ
� �V

ð1Þ

where σcn is the compressive strength (UCS) for the CPB
having a porosity n; σnmin is the reference strength at the
minimum porosity of the material (nmin); n is the MIP total
porosity; n≥d is the cumulative MIP porosity for pores larger
than diameter “d” (taken here as 0.3 μm); nbd is the cumulative
MIP porosity for pores smaller than diameter “d” (0.3 μm); u
and v, are the two exponents that control the non linearity of the
two porosity terms on the right hand site of Eq. (1). This
relationship can be viewed as an extension of the existing power
law functions that relate strength and porosity [55,56,60,61].
Eq. (1) includes two terms to define the porosity dependency:
one for the total n value (first bracket on the right hand side of
Eq. (1)) and one for the fractional size (second bracket). The
minimum porosity value (nmin) associated with the maximum
strength (σnmin) of the material is introduced explicitly in Eq. (1)
as a reference state. For the materials tested, the minimum
porosity nmin is estimated at 0.25, based on various test results
taken from the literature [62]. For instance, in the case of
tailings samples (without binder), Aubertin et al. [63] reported a
minimum porosity value of approximately 0.32 at the optimum
modified Proctor density, while Mabes et al. [64] reported a
value of 0.31 at the end of long term consolidation tests. A
minimum porosity value of 0.25 is retained here, considering
that an additional porosity reduction (of about 0.06 to 0.07)
would appear due to the precipitation of cementitious phases in
the CPB [65]. The minimum n value is associated to the
maximum strength, which is estimated to be σnmin=4080 kPa,
based on the available results on CPB.

In the proposed equation, the relative contribution of the two
fractional size distributions (fine and coarse pore size, based on
diameter “d”) is used to represent the effect of microstructural
evolution. The limiting size “d” (MIP diameter that distin-
guishes the fine and coarse pore fractions) was fixed at 0.3 μm
in this study, based on MIP observations; however, the value of
d may be different for other CPBs, as this size-dependency may
vary with the material studied. The porosity dependent terms
(inside the two brackets of Eq. (1)) are related to strength by a
geometric (power law) function, with exponents u and v used to
define the non-linearity of the dependency. The value of these



Fig. 6. UCS calculated with Eq. (1) versus UCS measured. Linear fit is applied
only on data coming from this study.
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parameters was evaluated with a regression (best fit) analysis,
giving: u=1 and, v=5.2.

Before arriving at Eq. (1), various mechanistic and empirical
approaches based on existing formulations were investigated.
None of the other expressions were correlated as well to the
authors’ results, while maintaining a range of application that
covers the theoretical value for the porosity variables (which
can range from 0 to 1). Eq. (1) includes a term for the total
porosity, which is typical of many power law relationships. This
term is coupled to a correction factor (second bracket on the
right side) that represents the relative contribution of the two
fractional porosities. This last term may increase or decrease the
uniaxial strength, depending on how the pore size distribution
evolves. It can thus be seen as a secondary internal state variable
component in the proposed model.

Fig. 5 (a) shows how the total porosity influences the
mechanical strength of CPB (represented by the ratio σcn/σnmin)
for different proportions of fine and coarse pores, expressed
from the ratio (1−n≥0.3)/(1−nb0.3). When the latter ratio is
fixed, the relationship between σcn/σnmin and the total porosity
n appears to be linear (with u=1), at least over a certain range
(n from 0.25 to 0.60 approximately). Observations on other
materials indicate however that the linear dependency may not
extend to a larger range of porosity [56], but more data would
Fig. 5. Graphical representation of Eq. (1) for the relative uniaxial compressive
strength: (a) influence of the ratio (1−n≥0.3)/(1−nb0.3) and of the total porosity
(for a range between 0.25 and 0.6); (b) influence of the MIP total porosity (in
figures: n1=n≥0.3 and n2=nb0.3, i.e. MIP porosity ≥ and b0.3 μm).
be required to evaluate this aspect of the model response. At
the same time as the material strength increases when the total
porosity decreases, it can also become larger when the ratio
(1−n≥0.3)/(1−nb0.3) increases. This is because of a rise in the
relative number of small pores (at a fixed porosity) has a
positive effect on strength. The contrary applies when the
proportion of larger pores is increased. Fig. 5 (b) shows how the
ratio of fine to coarse pores influences the material relative
strength (i.e. σcn/σn min) for three typical CPB porosities (0.3,
0.4, and 0.5), according to Eq. (1). As can be seen on this figure,
the UCS becomes larger when the ratio (1−n≥0.3)/(1−nb0.3)
increases (i.e. with a higher proportion of small pores).

Fig. 6 shows the measured UCS versus the calculated UCS
values based on the application of Eq. (1). The coefficient of
determination (R2) between the experimental data presented
here and Eq. (1) is relatively high, at 0.83. Higher correlation
coefficients could be obtained by including other variables in
the model, such as mixture parameters (especially the binder
type), but a more global approach is retained here to arrive at a
simple relationship based only on porosity terms. Fig. 6 shows
some data not included in the database used to develop the
model and to perform the initial analysis; these were taken from
two independent studies [8,10]. Even if these 31 additional
results were obtained with different types of tailings (some
samples were made of fine tailings and others with coarser
tailings), with another sample preparation procedure, and using
different MIP pressure steps; a similar trend between MIP
porosity and strength is observed. The coefficient of determi-
nation (R2) between measured UCS and calculated UCS for
all points included in Fig. 6 is 0.66 when forcing the linear
regression to go through the origin (i.e. 0,0 coordinates).
Considering the numerous influence factors involved in the
mixing, testing, and basic nature of the various CPB, this tend to
indicate that the same trend would apply to various types of
CPB. Of course, additional data are required to confirm this
preliminary assumption.

As in situ sampling is expensive, Eq. (1) could provide a
useful means to estimate the strength of CPB when only small
pieces of material are available. After a few tests, this
relationship could also be calibrated on a given site to provide
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the variations of CPB strength in a mine where the conditions
are expected to vary from one stope to the other (and even
within a given stope). However, more work will have to be
performed to validate the proposed equation for a wider range of
conditions, including different types of CPB. It is worth
emphasizing that the proposed estimation method does not
eliminate the need for a detailed mechanical characterization of
CPB samples with traditional approaches (UCS and triaxial
tests).

6. Summary and conclusion

Microstructural evolution of different cement paste backfill
(CPB) samples made with ground silica was measured by
mercury intrusion porosimetry (MIP). Three binders were used
at 5% by weight of dry silica: a type 10 Portland cement alone
(T10), a mix 20:80 of T10 and blast furnace slag (T10SL) and a
mix 70:30 of T10 and fly ash (T10FA). Three different types of
water were used in the preparation of the mixtures: a deionised
water and two waters sampled from two mine backfill plants
and containing 4613 and 7549 ppm SO42−. These waters are
representative of a true interstitial water of highly sulphidic
tailings. Uniaxial compressive strength (UCS) tests were also
performed on the different CPB mixtures to investigate the
link between pore size distribution and mechanical strength.
Based on the results obtained, the following conclusions can be
drawn:

1. MIP test is sufficiently sensitive to detect differences
between porosity evolutions of different CPB mixtures con-
taining 5% by weight of binder.

2. The threshold diameter (TD) decreases with curing time for
all mixtures, indicating a decrease in pore size in the main
pore network. The quantity of pores below the main intrusion
peak increases with curing time for all mixtures, showing a
porosity refinement due to the hydration process.

3. For the curing period and for the types of water used, the
CPB samples made with sulphated waters usually showed a
higher UCS value, with a smaller TD size. There was also a
slight increase in the relative proportion of smaller pores.
Precipitation of sulphated minerals in voids could explain
this observation.

4. CPB samples made of binder T10SL showed the highest
percentage of fine pores and the highest UCS values. The
fineness of the slag particles induced a more effective water
to binder cementitious effect than that of the other two
binders studied.

5. CPB mixtures with fly ash showed a similar pore size dis-
tribution and strength evolution asCPBmixtureswith ordinary
Portland cement (OPC) alone. Since fly ash is cheaper than
OPC and it contributes to reduce CO2 emission, a partial
replacement (30%) in the CPB mixture can be seen as an
environmental and economical opportunity.

6. For all samples at all curing times, MIP total porosity
remained at approximately 44%. Mercury re-intrusion tests
performed on CPB samples showed that the test did not
significantly affect the internal structure of the material.
This would indicate that because of the high w/c ratio
and the low binder percentages, the hydration/precipitation
phenomena do not significantly affect the total porosity of
CPB.

7. In spite of a constant MIP total porosity, the MIP pore size
distribution is affected by different factors such as curing
time, binder type and proportion, and, to a smaller extent,
water quality. The pore size distribution curve of CPB
samples was divided into two fractional sizes (b0.3 μm;
≥00.3 μm), and these were related to the UCS evolution. A
simple equation is proposed to represent the pore-size
dependency of the strength.

CPB is a particular material that has a unique evolutive
microstructure. This study has led to a better understanding of
the influence of some important factors, including binder type,
curing time, and water quality, on the microstructural evolution
of CPB. The authors were also able to correlate this evolution
with the mechanical strength of the material. Despite the
promising results, more work is needed to evaluate other types
of CPB and to assess the influence of other parameters on CPB
microstructure. In this regard, work is ongoing to study the
effect cement proportion, tailings grain size distribution and
mineralogy.
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