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Abstract It is of great interest for economical and
security reasons to understand the compressive prop-
erties of underground cemented paste backfill. In this
paper, the stress—strain behaviours of cemented paste
backfill (CPB) subjected to uniaxial compression and
conventional triaxial tests are presented and discussed.
The effect of CPB basic components, strength, ageing
and confining pressure on the deformation behaviour
of CPB are evaluated and discussed. The results show
that the stress—strain behaviour of CPB is strongly
influenced by the confinement, the age and strength of
CPB, and its components. The increase in confining
pressure leads to a change in the mode of failure, in the
stiffness, and an increase in the strength.

Introduction

Cemented paste backfill (CPB), a relatively new
material, typically consists of a mixture of cement
(often 3-7 wt% by weight), tailings and water. During
the last decade, CPB has become increasingly popular
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in underground mining operations around the world.
CPB technology is considered superior to conventional
slurry backfill method in terms of both economic and
environmental benefits [1-7]. Its application is very
useful for ground support and to maximize the recov-
ery of ore safely and economically [3, 8, 9].

One of the most important quality criterions for the
hardened cemented paste backfill is mechanical stabil-
ity. Indeed, the paste backfill must remain stable
during the extraction of adjacent stopes to ensure the
security of the mine workers. The response of a CPB
material under load is controlled to a large extent by
the stress—strain relation of the constituent materials
and the magnitude of stress [9]. Since CPB structures
are mostly subjected to compression in their service
life, understanding its stress—strain behaviour in com-
pression is of major interest.

However, despite the intensive and increasing use of
CPB in underground mining operations, it remains a
relatively new technology. Consequently, many funda-
mental aspects, such as its compressive properties [9-
11], are still not very well understood. A solid
knowledge of the CPB mechanical behaviour in
compression is vital for a rational design, and a safe
and efficient analysis of the stability of CPB structures.
Therefore, the main objectives of this study are:

— to study the stress—strain properties of cemented
paste backfill in compression through an extensive
experimental work;

— to evaluate the effect of ageing and confinement
pressure on the stress—strain properties;

— to evaluate the influence of the main CPB compo-
nents (tailings, water and cement) on its stress—strain
properties.
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Experimental program
Materials used
Tailings materials

The tailings materials used in this study were
collected from three mines in eastern Canada (Mines
A, B and C). Mine A is a gold mine, while mines B
and C are polymetallic. While the tailings material of
Mine A (TA) is originated from highly deformed and
altered magmatic rock (sericit schist), the tailings of
Mine B (TB) and of Mine C (TC) result from hard
magmatic rocks. Thus, from a physical point of view,
the tailings TA are relatively soft compared to tailings
TB and TC. The main physical and chemical proper-
ties of the tailings material are given in Tables 1 and
2, respectively. It can be noted from Table 1 that
tailings TB and TC are denser than tailings TA. The
sulphur content in tailings from mine A (TA) is lower
than 2% and the tailings of mine B (TB) and C (TC)
contain, respectively 15% and 26% (by weight)
sulphur (Table 2). The sulphur is mainly due to the
presence of pyrite (FeS,). To obtain tailings materials
with different particles size distributions, the sampled
tailings materials were then reprocessed. This step
was done by separation of TA by hydrocycloning and
sieving (elimination the coarse tailings particles), and

Table 1 Physical properties of the tailings used

of TB and TC by hydrocycloning, creating several
grain size classes corresponding to fine (20 pm parti-
cles >60 wt%), medium (35-60 wt% of 20 um parti-
cles) and coarse (15-35 wt% of 20 um particles)
tailings.

Binder reagents

Portland cement type I (PC I) was used as the basic
binding agent. It was blended with sulfate resistant
Portland cement type V (PC V) or with blast furnace
slag (Slag) or Fly Ash. The blending ratios of PC I and
PC V were 50/50, while Portland cement and Slag were
blended in a ratio of 30/70 or 20/80. Portland cement
and Fly Ash were blended in a ratio of 50/50. The main
chemical elements in the binders as well as their main
physical properties are shown in Table 3.

Waters

Tap water (TW) with very low sulphate content and
sulphated waters (SW) with relatively high sulphate
(>1,000 ppm) content were used as basic mixing waters.
The use of waters with different sulphate concentration
(SW) allowed simulating the effect of sulphate content
on the CPB stress—strain behaviour. The waters SW
were made by adding specific amount of sulphate
concentrate to tap water.

Element (unit) ~ Sp (m%g)  Gy(-) Dy (um)  Dso(um)  Dso(um) Do (um) — Do (um)  Cy(-)  Ce(-)
TA 2.40 2.86 1.78 10.51 13.89 34.99 34.99 7.79 1.36
TB 1.56 3.58 3.60 13.20 28.25 39.45 145.60 10.95 1.09
TC 221 3.40 2.28 9.01 19.60 27.20 76.61 11.93 3.25
Sp: specific surface area; Gq: specific gravity; C,: Coefficient of uniformity; C.: Coefficient of curvature

Table 2 Main chemical elements present in the sampled tailings materials®

Element (unit) Al (wt%) B (wt%) Ca (wt%) Si(wt%) Fe (wt%) Mg (Wwt%) Mn (wt%) Na (wt%) S (wt%)
TA 5.37 0.48 5.02 20.22 8.35 3.73 0.14 2.64 1.39
TB 3.86 0.29 1.13 17.16 24.30 2.93 0.13 0.61 15.04
TC 3.52 0.11 1.01 13.09 29.47 0.29 0.01 0.91 26.08

? Chemical composition determined by ICP ES analysis

Table 3 Main physical and chemical characteristics of the binders used®

Element (unit) Sp (m%g) Gs (-) S (wt%) Ca (Wt%) Si (Wwt%) Al (Wt%) Mg (Wt%) Fe (wt%) Si/Ca
Binder type

PCI 1.32 3.15 1.5 44.9 8.4 2.4 1.6 1.9 0.2
PCV 0.97 3.19 12 455 9.3 2.0 0.9 2.7 0.2
Slag 2.16 2.84 1.21 26.6 16.9 39 6.9 0.5 0.6
Fly ash 2.16 2.61 13 13.3 152 9.2 2.6 4.1 1.1

? Chemical composition determined by ICP ES analysis
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Specimen preparation

CPB specimens having different binder contents, w/c
ratios (water-to-cement ratio), and tailings types (gold
tailings, polymetallic tailings, tailings with different
particle sizes) were prepared. The tailings materials,
binders and water were mixed and homogenized in a
double spiral mixer for about 7 min to produce the
desired CPB mixtures. Then, the consistency of the
paste mixtures was measured by slump test according to
ASTM C143-90. The CPB mixes produced were poured
into curing cylinders, 10 cm in diameter and 20 cm high.
The specimens were then sealed and cured in a humidity
chamber maintained at approximately 80% humidity
and 23 + 2 °C. A total of 300 CPB specimens were
prepared and cured at different times: 7, 14, 28, 56, 90
and 120 days. Additionally, experimental data from
previous studies [5, 6, 9, 10, 12, 13] were used.

Testing of specimens
Mechanical tests

Uniaxial compression tests according to ASTM [14]
and triaxial compression tests according to ASTM [15]
were carried out to evaluate the mechanical properties
or behaviour of the prepared CPB samples. For these
tests, a computer-controlled mechanical press (MTS
10/GL) of 50 kN capacity was used. The load was
applied at a slow rate (1 mm/min). The axial deforma-
tions were automatically recorded by an electronic
data acquisition system.

Microstructure analysis

To evaluate the microstructure of CPB subjected to
compression and the influence of CPB microstructure
on its stress strain properties, the microstructure of
selected CPB samples was investigated by Scanning
Electron Microscopy (SEM) and by Mercury Intrusion
Porosimetry (MIP). The SEM observations were done
with a Hitachi®3500-N microscope. MIP measure-
ments were performed using a Micromeretics Auto-
Pore III 9420 mercury porosimeter.

Results and discussions

Stress—strain behaviour of CPB in uniaxial
compression

Uniaxial compression tests were performed on approx-
imately 80 CPB specimens after different curing times

@ Springer

(7, 14, 28, 56, 90, 120 days). Figure 1 shows a set of
typical responses of CPB specimens made from differ-
ent tailings types in uniaxial compression after a curing
time of 90 days. It can be seen that regardless of the
CPB types (i.e. of the tailings material used), up to
stress level of approximately 30-40% of the peak stress
the CPB shows an elastic behaviour. Near the peak
region, as the stress increases the load deformation
curve of CPB shows its first visible non-linear behav-
iour. Accumulation and localization of microcracks
begin to be observed on the tested CPB samples. The
strain corresponding to the peak stress depends on the
CPB type. The peak strain value is not approximately
constant as for normal concrete (~0.2%). In the
descending branch the stress level decreases (relatively
slowly) with increasing deformations. This phenome-
non can be attributed to the propagation of cracks
generated in the pre-peak and peak regions. Indeed, as
crack opening increases, the stress-bearing capacity
decreases. Figure 2a, which represents the SEM micro-
graph of a CPB specimen loaded up to peak stress,
illustrates the microcracks developed in the CPB.
Figure 2b shows that no visible microcracks are pres-
ent in the unloaded CPB. This demonstrates graphi-
cally that the initiation and the propagation of cracks is
an important mechanism in CPB material response.
Figure 1 also shows that the modulus of elasticity of
CPB is influenced by the type of tailings material used.
CPB made from hard rock tailings (TB, TC) show
higher moduli than CPB made from softer tailings.
However, the shape of the stress—strain curve is largely
influenced by the uniaxial compressive strength (UCS)
of CPB. Some typical stress—strain curves plotted in
Fig. 3 illustrate the change in shape of the stress—strain
curve with increasing CPB’s UCS. This figure indicates
that the uniaxial stress—strain response of CPB with
higher UCS is more linear in the ascending branch than
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Fig. 1 Typical stress—strain curves of laboratory CPB samples
made from tailings TA, TB, TC (CPB age = 90 days; 3% PCl/
Slag; slump: 18 cm)
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Fig. 2 SEM images showing
(a) microcraks in the CPB
subjected to uniaxial
compression test up to failure
and (b) no microcracks in the
CPB not subjected to uniaxial
compression test
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Fig. 3 Influence of the strength of CPB on the shape of its
stress—strain curve (CPB made from tailing TC)

with CPB with lower peak stress, and the descending
branch drops off more sharply as the CPB UCS
increases. This sharper decrease of the stress—strain
curve of CPB with higher UCS can be explained by the
following fact: the CPB specimen with higher strength
can accumulate a large amount of energy up to the
peak stress. This led to a quick propagation of cracks in
the failure zone, and consequently stress decreased
sharply.

Figure 4 shows the influence of the ageing of CPB
on its stress—strain relationship. It indicates that the
stress—strain response of CPB is time dependent.
Indeed, as expected, when the age of the CPB
increases, CPB tends to harden due to the progress
of binder hydration. This aging results in the shorten-
ing of the peak and post-peak deformation branch, an
increase in the peak stress and a gradual increase of the
stiffness of the CPB.

Stress—strain behaviours of CPB in triaxial
compression

Triaxial tests were performed on approximately 50
CPB samples cured at different ages. Examples of
stress—strain behaviour of CPB subjected to triaxial
compression tests are illustrated in Figs. 5 and 6. The
peak stress and strain and the stiffness of CPB are
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Fig. 4 Effect of ageing on the stress-strain curve of CPB (CPB
made from TA and 3.0% PCI/Slag)

affected by the confinement. Visual observation of the
CPB samples subjected to triaxial compression and of
their stress—strain curves (Figs. 5, 6) indicate that at
zero or low confinement pressure, distributed micro-
cracking and several macrocracks are present on CPB
samples, and the stress—strain curves show a better-
defined and sharper peak (Figs. 5, 6). The increase in
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Fig. 5 Effect of confinement pressure on the stress-strain
behaviour of CPB (CPB cured at 28 days, TA, 7% PCI)
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Fig. 6 Effect of confinement pressure on the stress—strain
behaviour of CPB (cured at 91 days, TB, 4.5% PCI/PCV at 50/50)

confinement causes a change in the mode of failure of
the CPB at peak stress. Figure 7 shows the effect of
confinement ratio I, (defined as the ratio between the
confinement stress f; and the uniaxial compressive
strength) on the compressive strength of CPB speci-
men having different UCS values. From this figure, it
can be seen that, as expected, the deviatioric strength
(peak stress) increases with the confinement ratio. For
a high confinement ratio, the increase of peak stress
with confinement is lower and/or tends to an asymp-
totical value. However, the influence of confinement
on CPB strength is lower with increasing CPB uniaxial
compressive strength. This increase of peak stress of
CPB with the confinement ratio can be partially
attributed to the friction between the fractured sur-
faces inside the CPB material. Indeed, as shown in the
previous section, the development of cracks and their
propagation is an important mechanism of the failure
of CPB. In the pre-peak region of the stress—strain
curve, the growing of cracks in length and width leads
to the failure of the CPB. However, with application of
confinement pressure, the fractured surfaces tend to be
held together, and consequently the resulting increase
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Fig. 7 Effect of confinement ratio on the strength of CPB having
different UCS (UCS indicated in legend)
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in friction between the fractured surfaces may continue
to support additional axial stress. This friction should
increase with the confinement ratio. On the other
hand, the constriction of the microstructure of CPB by
the confinement pressure should be considered as an
additional cause of the increase of the peak strength of
the confined CPB.

Figure 8 shows the influence of confinement ratio on
the increase in peak strain of some CPB specimens.
The ratio (g../e.) between the peak axial strain of
confined CPB and that of unconfined CPB is related to
the confinement ratio. It can be noted that for a low
confinement ratio, the aforementioned ratio increases
almost linearly; in other terms, the peak axial strain
increases linearly. However, for a high confinement
ratio, the slope of the curve representing the increase
of e../e. with confinement ratio decreases.

Figures 5, 6 and 9 demonstrate that the initial
modulus of elasticity of the unconfined (E.) and
confined (E..) CPB is not similar. Figure 9 shows that
increasing the confining pressure decreases first the
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Fig. 8 Effect of confinement ratio on the increase of peak strain
of CPB with different UCS (in legend)
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elastic modulus, and the rate of this decrease is
different for CPB having different UCS. This figure
also shows that for a given UCS the effect of
confinement on the elasticity modulus of CPB (E.. in
MPa) can be predicted by a second degree polynomial
in the form (Eq. 3):

Ee = A(f1)?+B(f;) + C (1)

where f; (kPa) is the confinement pressure applied
to the CPB sample, A, B, C are coefficients.

At f; = 0 (i.e. in the case of unconfined situation);
C=E.=Ey (2)

where E is the initial modulus of elasticity of the
unconfined CPB. Upon substituting this boundary
condition (Eq. 2) into Eq. 1, Eq. 1 can be rewritten
as the following Eq. 3:

Ecc = A(f1)2+B(f1) + ECO (3)

This Eq. 3 describes the influence of the confine-
ment pressure on the modulus of elasticity of CPB (E.
in MPa); in other terms, it gives the relationship
between the elasticity modulus of confined and uncon-
fined CPB. This equation may be useful for modelling
the stress—strain behaviour of CPB under compression.
Using regression analysis, hypothesis testing at 95%
confidence level (generally used in statistics to describe
the % confidence attached to a confidence interval, for
example 95%) and the experimental data obtained in
this study, it was found that for the studied CPBs,
A =855%10"% B = -1.03.

Effect of CPB components on its compressive
stress—strain properties

Approximately 170 different CPB specimens were
used to study the effect of CPB components on its
stress—strain properties. Figures 10-13 and 15, 16
illustrate the effect of some main components (binder,

water and tailings) of CPB on its stress—strain proper-
ties. Figure 10 shows the effect of binder content on
the stress—strain properties of CPB. As for a normal
concrete, the stress strain properties (e.g. stress—strain
curve, peak stress and strain, modulus of elasticity) of
CPB are significantly influenced by the binder propor-
tion. It shows clearly that the peak stress and Young’s
modulus of CPB increases with the binder content
(Fig. 10b). The peak stress increases almost linearly
with the cement content. The increase in binder
content leads to a change in the mode of failure at
peak stress. It can be seen that at high binder content,
the response exhibits a more defined peak and
subsequent softening, whereas for the low binder
content it will be more ductile and lead to horizontal
plateaus. These results are similar to the results
obtained by [10]. This difference in stress-strain
behaviour of CPB with different binder contents can
be attributed to the fact that higher binder content
leads to the formation of more cement hydration
products and thus to stronger hardened CPB [16-20].

Figure 11 points out that not only the binder content
but also the binder type significantly affects the stress—
strain behaviour of CPB. From this figure, it can be
observed that CPB samples containing Slag show
higher strength and modulus of elasticity than those
containing Fly Ash or only Portland cement. Their
strain at peak stress is also greater. This influence of
the mineral admixture (Slag) on the stress—strain
behaviour of CPBs can be attributed to their filler
and pozzolanic effect [16, 21-24]. Indeed, it is well
known [16, 21-24] that the mineral admixture (Slag)
improves the microstructure and strength of cemented
material in two ways. First, its small particle size results
in a filler effect by which the fine Slag grains bridge the
spaces between cement particles and spaces between
cement particles and tailings grains. This bridging
effect leads to denser packing within the cement
matrix. Second, the Slag mineral admixture reacts with
calcium hydroxide (CH) formed during the hydration
of the Portland cement to produce secondary calcium
silicate hydrate (C-S-H) (in addition to the C-S-H
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Fig. 11 Effect of binder type on the stress—strain behaviour of
28-day-old CPB (4.5% cement, TC used)

formed from the hydration of Portland cement) that
has a greater volume than the original solid reactants.
Considering the fact that according to ref. [16] C-S-H
is generally accepted as being the major load-bearing
phase in cement paste, it is evident that increasing the
C-S-H content in the cement matrix will lead to a
higher bond strength between tailings particles and the
cement matrix, and consequently to a higher CPB
strength and modulus of elasticity.

From Fig. 12 it can be observed that at given strain
CPBs with lower w/c ratios can sustain more stress
both before and after the peak stress load (Fig. 12a)

and they have higher Young’s modulus (less deform-
able) than the CPB samples with higher w/c ratio
(Fig. 12b). Generally, the results obtained show that
the peak stress and Young’s modulus of CPB increase
approximately linearly with deacreasing w/c ratio.
These observations can be explained by the effect of
w/c ratio on the overall porosity of the CPB. The lower
water content (a lower w/c ratio) causes a decrease in
the total porosity of CPB samples [6], because the
volume of capillary voids in a cement paste is essen-
tially determined by the quantity of water mixed with
the cement at the start of hydration and the degree of
cement hydration [16]. Therefore, for a given curing
time or degree of hydration, CPBs with a lower w/c
ratio show lower total porosity values. This decreasing
porosity or void spaces then causes an increase in CPB
strength and modulus of elasticity. The decrease in
strength with an increase in the overall porosity of
CPBs is consistent with the well-known fact that in
solids there is an inverse relationship between porosity
and strength.

Figure 13a and b underline that the tailings particle
size plays a non-negligible role in the mechanical
behaviour of CPB. The peak stress and modulus of
elasticity increase with decreasing fineness of the
tailings material (Fig. 13b), as observed by [25]. The
increase is higher for the CPB made from tailings
containing more than 50% fine particles than for CPB
made from coaser tailings. This improvement of the
mechanical behaviour of the CPB with a decrease of
the fines particles proportion (up to 30% fines particles)
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can be attributed to the fact that decreasing of the
tailings fineness decreases the water demand of the
fresh CPB (lower w/c ratio), giving the hardened CPB
a lower packing density and consequently a lower
porosity. The results (Fig. 14) of MIP tests on 28-day-
old CPB specimen made with the same tailings
material but with different grain size support this
analysis. It can be seen that the porosity decreases with
the tailings fineness, leading to a higher densification of
the cement paste and interfaces between tailings
particles and cement matrix, the result being an
increase of the bonding strength at these interfaces.
The consequence is the reduction of the formation of
microcracks at the pre-peak region and the retardation
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Fig. 14 Hg Porosity for different tailings fineness (CPB made
from 4.5% PCI/Slag)

of the opening of macrocracks at the beginning of the
peak region. In consequence, the peak stress of the
CPB increases. Another mechanism contributes to the
decrease of CPB strength with tailings fineness. The
finer particles increase the specific surface of the
tailings materials and thus increase the surface area
that must be cemented, since the cement coats the
surface of the tailings particles [16]. This effect also
contributes to a strength decrease of the CPB with
increasing tailings fineness.

Figure 15a and b shows that a high sulphate content
significantly affects the mechanical behaviour of CPB.
At early age (28 days curing time), the higher the
sulphate content, the lower the peak stress and the
Young’s modulus (Fig. 15b), a result of the inhibition
of the cement hydration reactions by the sulphate [12,
26]. After longer curing times, the strain-stress curves
are altered by the presence of sulphates (Fig. 16a, b).
High sulphate content reduces the peak stress of the
CPB, leads to flatter descending of the stress—strain
curve after peak load, and reduces the Young’s
modulus (chemical damage). For example, from
Fig. 16b, it can be observed that from 56 days to
120 days of curing time the modulus of elasticity and
the peak stress of the CPB are reduced by approxi-
mately 25%. This reduction is attributed to the
degradation of the mechanical properties of the
cement matrix of the CPB by chemical damage
(sulphate attack), possibly caused by the combined
effect of the mineral phases (ettringite, gypsum,
brucite) resulting from the reactions of sulphate with
the cement hydration products. The formation of these
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mineral phases that have high molar volumes might
have produced expansive pressures that have damaged
the backfill, and thus caused the loss of strength and
stiffness of the CPB material [24, 26].

Summary and conclusions

The stress—strain behaviour of CPB subjected to
compression was examined experimentally. In this
experimental work, valuable results were gained
regarding the stress—strain behaviour of CPB in com-
pression and the influence of the main components of
CPB on its mechanical behaviour, as well as the effect
of confinement on the compressive behaviour of CPB.
The stress—strain properties of CPB are strongly
influenced by the confinement and the cemented paste
backfill components. The axial stress—strain behaviours
of unconfined and confined CPB are significantly
different. The strain corresponding to the maximum
CPB stress and the ductility capacity of the CPB
generally increase with the confining stress. It was
shown that CPBs with lower w/c ratio have higher
modulus of elasticity and are more resistant than those
with higher w/c ratio. The increase of cement content
reduces the ductility of CPB and increases its stiffness.
Higher binder contents give the CPB higher strength.
CPB made from coarse or medium tailings show higher
strength and Young’s modulus than those made from
fine tailings. The presence of sulphate in the backfill
material can lead to the deterioration of the mechan-
ical properties (reduction of the strength and young’s
modulus) of CPB in long-term through sulphate attack.
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