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This paper reports on the results of a laboratory investigation on the shear behaviour of the interface between
granite rock and cemented paste backfill (CPB) reinforced with different amounts of fibre (F-CPB) and cured at room
temperature for different lengths of time by performing direct shear tests. Moreover, various microstructural
analysis techniques are also used to characterise the degree of cementation of the cemented matrix, as well as the
microstructure of the interface. The results indicate that the shear properties and behaviour of the F-CPB/rock
interface are a function of the fibre content (optimal fibre content) and reduce the contraction at the interface. It is
also found that the optimal fibre content is a function of the curing time and applied normal stress. The shear
strength envelopes indicate that the friction angle at the interface is larger in the sample that contains fibres,
whereas fibre reinforcement reduces the interface adhesion. The results of this research will contribute to
improvements in the design and stability assessments of fibre-reinforced cemented-backfill structures.

Notation

c cohesion or adhesion at the interface
Do effective diameter

G, specific gravity

h

height
Ss specific surface area
Y effective unit weight
[ normal stress
o, vertical effective stress
T shear strength
0] internal friction angle at the interface
Introduction

Cemented paste backfilling has received considerable interest in
the mining industry worldwide over the past few decades, as it is
a method that not only allows the reuse of up to 60% of the total
amount of tailings (harmful soils generated from the processing of
ore for extraction of minerals) produced to provide secondary
ground support in underground mine stopes but also reduces ore
dilution and surface subsidence to a large extent; it also enables
management of tailings in a more environmentally friendly way
(Ghirian and Fall, 2013, 2014; Nasir and Fall, 2008; Orejarena
and Fall, 2008).

Cemented paste backfill (CPB) is usually composed of dewatered
tailings (70-85% solids by weight), water and a hydraulic binder
(2-10% by dry mass of the tailings) (Nasir and Fall, 2009;
Pirapakaran and Sivakugan, 2007). The strength and mechanical
properties of CPB have always been key factors that determine
the mechanical stability of CPB structures; they also significantly
influence the design of CPB structures.

Therefore, the strength and mechanical characteristics of CPB and
the factors that affect them have been the focus of many previous
studies. For instance, Pokharel and Fall (2010) experimentally
studied the impact of curing time, chemical composition of the
pore water and temperature on the strength of CPB and
established that there are coupled thermochemical effects on the
strength of CPB. Yilmaz et al. (2014) established a relationship
between the propagation velocity of ultrasonic waves through
CPB samples and the strength of CPB samples that have been
cured for different lengths of time by using an ultrasonic pulse
velocity (UPV) test and showed the reliability of UPV in
predicting the strength of CPB. Ercikdi et al. (2009) assessed the
long-term strength of CPB that contains sulfide minerals and
emphasised the importance of the binder type and content to
ensure the durability of CPB that includes sulfide minerals. Fall
and other scholars (Fall and Pokharel, 2010; Fall and Samb, 2009;
Fall et al., 2009, 2010) analysed the effects of various factors,
such as time, temperature and sulfate (SO,4>7), on the mechanical
properties and microstructure of CPB and proposed a model to
predict the physical and chemical properties of CPB. Liu et al.
(2017) simulated the stress-and-strain behaviours of CPB under
triaxial compression by using the Particle Flow Code (PFC2D)
program and studied the effects of different particle size and
porosity on the mechanical properties of CPB. Previous studies on
CPB have also shown that the strength of CPB, and thus its
mechanical stability, increases as the cement content is increased.
However, a higher cement content will result in a more costly
CPB design. Cement content can represent up to 75% of the total
cost of CPB (Fall and Pokharel, 2010). Therefore, finding
alternative means to reduce the binder content while maintaining
or improving the mechanical stability of CPB structures is a key
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goal for mine backfill designers and mine operators. However,
CPB structures that have low binder content are weak and can fail
easily when subjected to stress from the overlying rock (Consoli
et al., 2004; Ma et al., 2016; Nasir and Fall, 2008). To reduce the
binder content and address the aforementioned brittleness of the
CPB, studies have proposed and investigated the effects of adding
fibres into CPB (Mitchell and Stone, 1987).

A large number of studies have shown that the incorporation of
fibres can increase the strength and toughness of cemented soil
and other materials (e.g. concrete). The reinforcing eftect of fibres
is related to the type, length, shape and content of the fibres and
the mechanical properties of the material itself (Consoli and
Vendruscolo, 2009; Consoli et al., 2004, 2010; Correia et al.,
2015; Diambra and Ibraim, 2015; Hamidi et al., 2013). However,
CPB materials have different properties as opposed to cemented
sand and soil and other materials due to their tailings mineral
composition, particle size distribution and fill requirements.
Mitchell and Stone (1987) conducted a limit equilibrium analysis
and an accelerated model test on fibre-reinforced cemented
backfill for the first time. The results indicated that the addition of
fibres can effectively improve the stability of CPB and reduce the
costs associated with using cement as a binder. Yi et al. (2015)
studied the internal failure process of CPB reinforced with fibres
(F-CPB) by subjecting samples to uniaxial compression testing
and X-ray computed tomography scanning and found that
incorporating fibres can result in an increase in the uniaxial
compressive strength (UCS) by 70-90% and prevent the
expansion and propagation of cracks in the CPB samples, which
could indicate significantly higher toughness and durability.

The aforementioned studies provide useful information and
technical data for better comprehension of the mechanical
characteristics of CPB with or without fibres. However, no
research has been done on the shear behaviour and characteristics
of the interface between rock and CPB that contains fibres. An in-
depth understanding of the interaction between the CPB and the

Backfilled stope

surrounding rock, in particular the shear characteristics or
behaviour of the interface between the CPB and rock, is critical
for assessing the arching effect in the CPB structure and thus
essential for the optimal design of CPB structures. Indeed, when
CPB is placed into an underground cavity (stope), in particular
long narrow stopes with a ratio of length to width greater than 5,
the microstratification of the CPB at different depths will result in
sinking under the effect of self-weight. Compared with the CPB,
the surrounding rock of the stope has higher rigidity, stiffness and
strength (tens or even hundreds of times higher), so its vertical
displacement is negligible. These two obviously different degrees
of settlement will result in friction between the CPB and the
surrounding rock, which in turn causes some of the self-weight-
induced stress of the CPB to be transferred to the surrounding
rock. The vertical and shear stresses of the CPB are lower than
the stresses due to self-weight at this location, and as shown in
Figure 1, this phenomenon is generally called the ‘arching effect’
(Fall and Nasir, 2010). Obviously, this arching effect is a function
of the interface shear property of the CPB/rock (Liu, 2017). If the
interface shear property of CPB/rock is not considered, the CPB
and the surrounding rock will be tightly connected and cannot be
separated, which will prevent the free deformation of CPB and
result in an inaccurately estimated amount of arching. In turn, this
could lead to an erroneous and/or costly design of the CPB, in
which its failure can result in severe technical, economic and
social repercussions (Fall and Nasir, 2010). However, the shear
characteristics or behaviour of the interface between F-CPB and
rock is known and understood. Therefore, a series of direct shear
tests was performed in this study mainly to assess and understand
this interface shear behaviour. The main goals of this paper are

= to study the time-dependent changes in the shear behaviour of
the interface between the F-CPB and the rock

= to assess the effect of fibre content on the shear behaviour of
the interface between the F-CPB and the rock

= to develop a good understanding of the shear behaviour of the
interface between the F-CPB and the surrounding rock.

0 Stress

AN

N
Fractured
rock mass

Depth in CPB

Figure 1. Schematic diagram of the arching effect: (a) arching and stress distribution in CPB mass; (b) arching and vertical stress

distribution in CPB (Fall and Nasir, 2010)
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Experimental programme

Materials used

Tailings

Two kinds of tailings were used in this research (Figure 2). The
first kind was silica tailings (ST), which are a kind of synthetic
tailings (U.S. Silica Co.). The use of ST can minimise the
uncertainties in the test results because using natural tailings (NT)
would likely result in different initial chemical compositions of
the CPB, as NT commonly contain different types of reactive
minerals that can oxidise during the storage of the tailings or the
mixing of CPB. This oxidation may generate sufficient sulfate
ions that can deteriorate the long-term strength of the CPB
through sulfate attack (the use of sulfate-resistant cements or
binders can hinder the sulfate attack). Therefore, the use of ST
would contribute to more accurate experimental results and better
facilitate the accurate evaluation and interpretation of the
experimental results (Li and Fall, 2016; Wang et al., 2016). The
second type was zinc tailings (ZT) that had been obtained from a
zinc mine in eastern Canada. As shown in Figure 2(b), the ore
processing water is retained in the ZT during the sampling
process. Therefore, ZT have to be dried, pulverised, grounded and
sieved before use. However, ZT contain some reactive chemical
components (such as sulfides) that may react with the cement and
its hydration products, as well as with other additives, which may
affect the analysis of the experimental results (Table 1). The
mineralogical composition and physical properties of the tailings
used in this study are shown in Tables 1 and 2, respectively. It can
be seen from Figure 3 that the grain size distribution of the ST is
similar to that of NT and tailings from nine metal ore mines in
Canada, which are medium tailings.

Cement and mixing water

The type of cement used in the experiment in this study was ordinary
Portland cement type I (PCL Ciment Québec Inc.). The main
chemical and physical characteristics of PCI are listed in Table 3.

In the experiment in this study, tap water with a pH of 7-5 was
used as the mixing water. The chemical composition of the tap
water is provided in Table 4.

Rock samples
The rock used for the experiment is medium-grain granite. It has
an average UCS of 160 MPa. A large piece of granite rock was

Figure 2. Tailings used in study: (a) ST; (b) ZT

Table 1. Mineralogical composition of tailings used in study

Mineral ST V4)
Quartz: wt% 11-9 99-8
Albite: wt% 12 —
Dolomite: wt% 5.7 —
Calcite: wt% 2:2 —
Chlorite: wt% 18-2 —
Magnetite: wt% 11-4 —
Pyrite: wt% 15-4 —
Talc: wt% 16-4 —
Magnesite: wt% 7-6 —
Pyrrhotite: wt% 31 =
Spinel: wt% 32 —
Others: wt% 37 0-2
Total: wt% 100-0 100-0

Table 2. Physical characteristics of tailings used in study
Tailings G; Dio:pm Dszg:pm Dso:pm Dgo: pm S cm?/g

ST 27 [ES 9-0 22-5 315 3600
T 33 16 10-9 29-9 37-8 2772

G, specific gravity; Ss, specific surface area

cut into samples with dimensions of 60 x 60 x § mm by using a
rock cutter. Subsequently, the surface of the samples was
polished. The surface roughness was determined by using a high-
precision linear variable differential transformer (LVDT) before
the interface shear test was carried out. According to the profile
roughness parameter (Gokhale and Underwood, 1990), the rock
surface that is in contact with the CPB is smooth and flat. It
should be underlined that the effect of rock surface roughness on
the interface shear behaviour between fibre-reinforced CPB and
rock is outside the scope of the present study.

Fibres

The fibres used in the experiment were bundles of monofilament
polypropylene fibres (Ignis (Adfil)), which are a crystalline
material with an orderly structure and a white or milky white
colour (Figure 4). These fibres have extremely low water
absorption and good chemical stability. They are also acid, alkali
and corrosion resistant. These fibres can be well mixed with other
types of cements to enhance their strength and durability (Yi
et al., 2015). The Ignis fibres have a 6 mm length, a diameter of

p——

@Grounded

@sieved

(b)
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Figure 3. Grain size distributions of tailings: this study’s tailings
compared against tailings from nine metal ore mines in eastern
Canada

18 um and a specific gravity of 0-91. Their tensile strength can be
up to 600 MPa. Based on the results of previous studies on CPB
that incorporates fibre (Consoli ef al., 2011; Zaimoglu and
Yetimoglu, 2012), the compressive strength of the CPB can be
significantly increased when the fibre content is between 0-25 and
0-75% (by dry mass). Consequently, the fibre contents selected in
this investigation were 0-0, 0-2, 0-3 and 0-5% by mass of the sum
of the dry tailings and cement. It should be emphasised that the
objective in this investigation is not the development of optimal
fibre content for CPB.

Sample preparation and curing

In preparing the F-CPB samples, the required amounts of cement,
tailings and Ignis fibres were first weighed separately. Then, they
were added to a mixing container and mixed uniformly. Finally,
mixing water was added to the container and then the entire mixture
was stirred for approximately 7 min to obtain a homogeneous paste.
After putting the granite into plastic square moulds with sizes of 60 x
60 x 30mm, the prepared F-CPB was poured on the top of the
granite. Subsequently, the plastic container was manually vibrated to
eliminate the air bubbles that had been formed in the F-CPB or

Figure 4. Ignis (Adfil) fibres

interface of the samples. The container was then covered with plastic
wrap (to avoid the evaporation of water) and then moved to an
environmental chamber (room temperature or ~20°C) for curing (1, 3
and 7 d). After curing for the targeted amount of time and just before
the shear testing was started, the samples were removed from the
moulds and wrapped with plastic wrap and labelled with numbers
(Figure 5). The composition of the mixture and curing time and
temperature of the interface of the samples prepared are shown in
Table 5. Over 70 samples were prepared.

Table 3. Main chemical and physical characteristics of the PCl used (Pokharel and Fall, 2010)

Calcium oxide
(Ca0): wt.%

62-82

Sulfur trioxide
(S03): wt.%

3:82

Ss:m?/g G,

PCl 132 315 18:03

G, specific gravity; Ss, specific surface area

Silicon dioxide
(Si0y): wt. %

Aluminium oxide
(A|203): wt.%

4-53

Magnesium oxide
(MgO): wt.%

2:65

Iron (Ill) oxide
(Fe,03): wt.%

2-70

Table 4. Chemical composition of the tap water used (chemical composition determined by inductively coupled plasma emission

spectroscopy analysis)

Iron Calcium  Aluminium
(Fe) (Ca) (Al)
Concentration: parts per million  0-03 46-60 013

Silicon  Sodium Magnesium  Manganese Sulfate
(si) (Na) (Mg) (Mn) (504*)
0-64 5-:30 2:60 0-00 88-00
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Figure 5. F-CPB/ rock interface samples: (a) wrapped with plastic
film; (b) labelled with numbers

Interface shear tests

A strain-controlled direct shear device was used to evaluate the
shear behaviour and shear strength at the interface between the
F-CPB/rock in this research, as shown in Figure 6. During
the experiment, the sample was inserted into the shear box of the
shear device, as shown in Figure 7. The shear box had an upper
and a lower half. The upper half of the shear box held the F-CPB
part of the sample, and the lower half contained the granite part of
the sample. Then, after applying a certain amount of normal stress
(50, 100 and 150 kPa), the sample was sheared at a constant shear
rate until the sample broke. After failure of the sample, shearing
was performed until a stable shear stress value (residual strength)
was obtained. The shear rate was 0-5 mm/min, which is similar to
that used in previous studies (Nasir and Fall, 2008). The
maximum shear displacement in this experiment was 6 mm. Each
shear test was conducted at least twice to ensure the repeatability
of the results. All of the data (e.g. shear force and shear and
normal displacements) were recorded by using a computerised
data-logging system. The results were monitored and saved by
using the computer software called LabView.

Microstructural analysis
Two microstructural analysis techniques — namely, thermal
gravimetric (TG)/differential thermal gravimetric (DTG) analyses

Wires

Normal force

o CPB)
Wlower half "
(10dk) sl

Motor

Shear force

Figure 6. Schematic diagram of direct shear device (Fall and Nasir,
2010). DAS, data-acquisition system

and scanning electron microscopy (SEM) observation — were used
to assess the time-dependent evolution of the microstructure
(binder hydration products, pore structure) of the F-CPB and the
interface. All of the samples that were subjected to a
microstructural analysis were first dried in an oven at 45°C to
eliminate the free water. Drying at this temperature did not create
microcracks in the samples.

The TG/DTG analyses were conducted on the cement paste of
F-CPB with a water/cement ratio of 1 (to mimic the high water
content of F-CPB) by using a Q5000IR TG analyser and a
differential scanning calorimeter (TA Instruments SDT) to

Shear box

(b)

Figure 7. Sample (a) before and (b) after being placed into the
shear box

Table 5. Mixture composition, curing time and temperature of prepared samples

Sample Tailings Binder Binder Fibre
number type content: % content: %
CPB/rock 1 ST PCI 4.5 0-5
CPB/rock 2 T PCI 4.5 0-5
CPB/rock 3 ST PCI 45 0-0
CPB/rock 4 T PCI 4.5 0-0
CPB-CPB 1 ST PCI 4.5 0-5
CPB/rock 5 ST PCI 45 0-3
CPB/rock 6 ST PCI 4.5 0-2

Curing Curing Number of
W/C .
temperature: °C time: d samples

7-35 20 1,3, 7 18
7-35 20 1 6
7-35 20 1 6
7-35 20 1 6
7-35 20 1 6
7-35 20 1,3,7 18
7-35 20 1,3, 7 18

PCl, Portland cement type I; ST, silica tailings; W/C, mass of water divided by mass of binder; ZT, zinc tailings
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examine the progression of the cement hydration and the volume
of hydration products formed in the F-CPB materials. The dried
samples were heated to 1000°C at a rate of 10°C/min, and the
weight changes, heat flow and temperature transitions were
recorded accordingly.

The SEM observations were performed using a Hitachi 3500-N
microscope to characterise the pore structure at the interface
between the rock and the F-CPB. Different magnifications were
used to examine the transition zone at the interface.

Results and discussion

Figure 8 shows typical (representative)
displacement curves of the interface between the F-CPB and the
rock samples cured for 1d (1d F-CPB/rock interface) under a
normal stress of 150 kPa for different fibre contents. It can be
observed that all of the curves have a similar pattern irrespective
of the kind of tailings. Figure 8(a) shows that the curves all have
three phases or stages (taking as examples the curves of the
samples with fibre contents of 0 and 0-2% — the former is OABC
and the latter is OA’B’C’). The first stage (OA or OA’) can be
regarded as the linear elasticity stage, in which the shear stress
linearly rises with an increase in the shear displacement. There is

shear stress—shear

no significant difference in the slope of all of the curves at this
stage, thus indicating that the fibres have no significant influence
on the initial stiffness at the interface of the samples. This finding
is consistent with the conclusions made in the study by Ma et al.
(2016) on fibre-reinforced cementitious material or soils, which
indicated that the initial stiffness of fibre-reinforced soils is not
influenced by the fibres but is significantly affected by
cementation. At this stage, the interface shear behaviour is mainly
governed by the CPB matrix itself, and the fibres do not
significantly contribute to this behaviour yet. The second stage
(AB or A’B’) is the plastic stage, and as the shear displacement
continues to increase, the shear stress gradually increases until it
reaches the interface shear strength or the initiation of the peak

Shear stress: kPa
(o))
o

40 { —o—0% fibres
¢b— A —+—0-2% fibres
20 —=—0-3% fibres
0-5% fibres
0 /‘\O
0 1 2 3 4 5 6

Shear displacement: mm

(a)

shear stress at a shear displacement of about 1:0-1-3 mm. The
curves at this stage show non-linearity. Moreover, the interface of
the fibre-reinforced backfill generally shows a higher shear stress
than those without fibre reinforcement. In other words, the slope
of the stress—strain curve of the interface of fibre-reinforced
backfill is generally slightly higher because the presence of fibres
inhibits the propagation of microcracks and increases the local
stress required to break the microasperities on the surface of the
F-CPB due to the reinforcement effect of the fibres (Nasir and
Fall, 2008). The third stage (BC or B'C’) is the post-destruction
stage, and as the shear displacement continues to increase, the
shear stress gradually becomes constant (residual shear strength).
At this stage, the F-CPB/rock interface has less strength loss than
the CPB/rock interface with no fibres. The process responsible for
this lower strength loss is discussed later. A comparison of
Figures 8(a) and 8(b) reveals that the interface samples with NT
have a lower peak stress and residual strength than those with ST.
The lower values observed for the samples made with NT are due
to the fact that NT contain sulfate ions (~5000 parts per million).
Sulfate ions inhibit cement hydration, which obviously leads to
lower strength values, as proven in many previous studies on
cementitious materials (CPB, concrete etc. (Ercikdi et al., 2009;
Fall and Pokharel, 2010; Li and Fall, 2016)).

Further analysis of Figure 8 shows that the peak shear stresses of
the granite rock and F-CPB interface with 0-2, 0-3 and 0-5% fibre
contents are 10% higher than, 5% higher than and similar to that
of the samples with no fibres, respectively. Moreover, the samples
with a fibre-reinforced interface have higher residual strength than
the samples without added fibres. A fibre content of 0-2% results
in the highest peak and residual strengths. These results on the
impact of fibre content on the interface shear strength indicate that
the shear strength of the 1d F-CPB/rock interface (i.e. at a very
early age) and fibre content is not a simple linear relationship.
Indeed, there is a critical value beyond which the shear strength
decreases as the fibre content is increased. Similar conclusions

100

90
80 /*‘\’_‘\;_‘\n\,g .

S 70 B ‘\F'\H

v

“ 60

£ 50

§ 40

ey

v 30
20 - —o—0% fibres
10 0-5% fibres
0o

0 1 2 3 4 5 6 7

Shear displacement: mm

(b)

Figure 8. Shear stress plotted against shear displacement of the 1 d F-CPB/rock interface under a normal stress of 150 kPa for different

fibre contents: (a) CPB made with ST; (b) CPB made with ZT
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have been made in past studies on soils reinforced with fibres. For
example, Prabakar and Sridhar (2002) observed that when the
sisal fibre content is greater than 0-75%, the shear strength of soil
starts to decrease. Akbulut et al. (2007) studied the unconfined
compressive strength of clayey soils reinforced with scrap tyre
rubber and synthetic fibres and noticed that when the fibre content
exceeds 0-2%, the unconfined compressive strength starts to
decline. Cai et al. (2006) studied the mechanical properties of
fibre-lime-treated soils and, by using a direct shear test, obtained
the optimal fibre content, which is 0-3% of the dry soil weight.
Wu and Zhang (2011) showed that the shear strength of expansive
soil with polypropylene fibres incorporated first increases and
then decreases with the fibre content, and the corresponding
optimal fibre content is 0-3%.

The optimal fibre content is related to the reinforcing ability of the
fibres. When a small amount of fibres is added, the fibres are
easily dispersed throughout the CPB. The interfacial force between
the fibres and the CPB particles will inevitably prevent the relative
sliding of the fibres, so that the fibres can resist a certain amount
of shear stress, thus sharing the external load. Moreover, when the
fibres are stressed, they restrain the CPB particles at the bend of
the fibres, limit the deformation of the CPB and contribute to
improving the overall shear mechanical properties of the F-CPB/
rock interface. When a large volume of fibres is added, the fibres
might adhere to each other in partial agglomeration, which reduces
the dispersion of the fibres in the CPB (Wang ez al., 2013). This
results in an inhomogeneous distribution of fibres in the CPB and
their reduced contact with the CPB particles (tailings, cement
hydration products), as well as an increase in the microdefects of
the backfill materials (Akbulut ez al., 2007), thereby reducing the
interface shear strength. In addition, CPB particles, in particular

“ ~iB

SS55

Figure 9. SEM image of the 1d F-CPB/rock interface

cement hydration products (e.g. calcium silicate hydrate (C-S-H)
and calcium hydroxide (CH)), on the F-CPB/rock interface could
be replaced with fibres, which means that the effective contact area
between the cementitious matrix of the F-CPB and the rock will
be inevitably reduced. As a result, the cohesion between the F-
CPB and the rock is also reduced (as shown in Figure 17(b)),
which is not favourable to the interface shear strength. This
replacement of the cement hydration products or cemented matrix
of F-CPB at the interface is experimentally supported by the SEM
image of the 1 d F-CPB/rock interface presented in Figure 9. This
figure shows the presence of fibres at the interface, particularly
between the surface of the rock and that of the cemented matrix of
the backfill, which will obviously lead to a reduction in the
cohesion or adhesion at the interface.

The results discussed in the preceding paragraphs indicate that,
although the addition of fibres in general increases the shear
strength of the 1d F-CPB/rock interface, this fibre-induced
increase in the interface shear strength (up to 10%) is small
compared with the increase in the strength (UCS) of the soil or
CPB alone due to the addition of fibres. Previous studies (Ma
et al., 2016; Tang et al., 2007; Yi et al., 2015) have reported that
the addition of fibres can significantly increase the UCS of fibre-
reinforced soils and fibre-reinforced CPB (up to 70-90%)).

Figure 10 presents the typical vertical displacement plotted against
the shear displacement of the 1d F-CPB/rock interface under a
normal stress of 150 kPa for different fibre contents. As can be seen
from the figure, the 1d interface samples show a contractive
behaviour irrespective of the fibre content and type of tailings under
an applied normal stress of 150kPa. No dilative behaviour is
observed. The contraction is particularly considerable at the
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Figure 10. Vertical displacement-shear displacement plot of the 1 d F-CPB/rock interface under a normal stress of 150 kPa for different

fibre contents: (a) CPB made with ST; (b) CPB made with ZT

beginning of the shearing (shear displacement <~1-0 mm) and then
is reduced as the shearing continues. This high contraction that is
found early on is due to the fact that when the F-CPB material is
cured for a very short period of time (1 d), the cementation of the
tailings particles and fibres is weak due to the few hydration
products (e.g. C-S-H and CH) produced by cement hydration.
Accordingly, at the start of the loadings, more contact between the
fibres and tailings particles, between the tailings or between the
fibres themselves and between the fibres or tailings particles and
the rock developed, and the size of the local voids was reduced
(Nasir and Fall, 2008). In addition, at the early ages, the backfill
material has high compressibility, which contributes to the observed
contracting behaviour (Fall and Nasir, 2010). The significantly
fewer contractions and non-dilative behaviour observed at the later
stages of shearing can be explained by the coupled effects of two
factors: (a) the initial contraction significantly reduces the void size
of the F-CPB and (b) the shear loadings in this stage have damaged
the asperities on the surface of the F-CPB, which are still weak at
the early ages of cement hydration (Nasir and Fall, 2008). However,
it should be emphasised that the amount of contraction and dilation
is a function of the applied normal stress, as observed in previous
studies on the behaviour of the interface between rock and soils or
rock and cemented materials, which is shown in Figure 14 and
discussed later. It can also be noticed in Figure 10 that the interface
samples with NT show larger contraction than those with ST. The
reason for this behaviour is, as explained previously, the inhibition
of cement hydration due to the presence of sulfate ions in the NT,
which increases the compressibility of the samples made with NT.

Moreover, Figure 10 also shows that the total vertical
displacement or contraction of the fibre-reinforced interface
sample is smaller than that of the sample without fibres, and the
amount of deformation is reduced as the fibre content is
increased. This can be due to the fact that the presence of fibres
inhibits the rearrangement and settlement of the tailings particles,

which macroscopically reduces the compressibility and prevents
the further deformation of the F-CPB material. When a small
volume of fibre is added, there are large voids between the fibres
or fibres and tailings, and an effective fibre matrix cannot be
formed. As the fibre content is increased, a large number of fibres
are interwoven into a matrix, which not only fills the microcracks
or capillary pores in the CPB but also prevents the deformation
and compressibility of the CPB. These arguments are consistent
with the results of Starcher and Liu (2013) on the mechanical
behaviour of soft soil improved with cement and fibres. They
concluded that the addition of cement and fibres reduces the
compressibility of soft soil.

Typical shear strength envelopes for the 1 d F-CPB/rock interface
are shown in Figure 11. These envelopes have been developed by
fitting linear regression lines through each set of interface shear
stress against normal stress data points at the interface. From the
figure, it can be seen that all of the correlation coefficients R> of
the envelope curves are higher than 0-98, and a good linear
correlation between the shear strength and the normal stress can
be found. Thus, the shear envelope can be described by using the
Mohr—Coulomb failure criterion

1. T=o,tan¢ +c¢

where ¢ and ¢ are the cohesion or adhesion and internal friction
angle at the interface, respectively. The values of ¢ and ¢ are
calculated and shown in Table 6.

From Figure 11 and Table 6, it can be also noticed that the
presence of fibres slightly increases the internal friction angle of the
1d interfaces studied. However, a high proportion of fibres (0-5%)
significantly reduces the cohesion at the interface due to the reasons
explained previously. This figure and table also confirm the
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Figure 11. Shear stress—normal stress plots of the 1d F-CPB/rock interface: (a) F-CPB made with ST; (b) F-CPB made with ZT

previous conclusion that after a certain (threshold) fibre content, the

increase in fibre content reduces the cohesion at the 1 d interface.

Figure 12

shows typical shear-stress-against-shear-displacement

curves of the F-CPB/rock interface with 0-3% fibre content for
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different curing times under different normal stresses. It is obvious
that the curing time significantly influences the shear characteristics
of the F-CPB/rock interface, and a longer curing time means higher
shear strength. This is because a longer curing time results in a
higher degree of cement hydration — that is, more cement hydration
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Figure 12. Shear stress—shear displacement plots of the of CPB/rock interface with 0-3% fibre content for different curing times under
different normal stresses: (a) 50 kPa; (b) 100 kPa; (c) 150 kPa
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Figure 13. TG/DTG analyses of cemented paste of F-CPB samples
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products will be formed (Fall e al., 2010). As a result, on the one
hand, there is a greater adhesion between the F-CPB material and the
granite rock (which increases the interface cohesion) and, on the
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other hand, the hardness of the asperities on the surface of the F-CPB
will increase (which increases the interface friction strength during
the shear process (Fall and Nasir, 2010)). According to the
aforementioned Mohr—Coulomb failure criterion, shear strength
mainly consists of two types — namely, cohesive and friction forces.
Therefore, a longer curing time leads to higher shear strength at the
F-CPB/rock interface. This argument, which relates the increase in
cement hydration products to a longer curing time, has been
experimentally confirmed by the results of the TG/DTG analyses
performed on the cemented pastes of F-CPB cured for 7 and 28 d,
which are shown in Figure 13. From this figure, it can be observed
that the weight loss at temperatures of 110-200 and 400-450°C of
the 28 d samples is higher than those that are cured for only 7d. In
other words, more cement hydration products form in the samples
that are cured for a longer period of time.

Figure 12 also shows that the shear strength of the interface samples
increases as the normal stress is increased. This is because a higher
normal stress leads to increases in the contact area between the
surface of the rock and the tailings particles, as well as between the
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Figure 14. Vertical deformation—shear deformation plots of the CPB/rock interface with a 0-3% fibre content for different curing times

under different normal stresses: (a) 50 kPa; (b) 100 kPa; (c) 150 kPa
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Table 6. Shear strength parameters of 1d interface samples

Sample number Interface type Tailings type
1 CPB/rock ST
2 CPB/rock ST
B CPB/rock ST
4 CPB/rock ST
5 CPB/rock T
6 CPB/rock T

surface of the rock and the fibres. Consequently, the friction
resistance between the tailings particles or fibres and the surface of
the rock is increased (Nasir and Fall, 2008).

Figure 14 shows the vertical-displacement-against-shear-displacement
curves of the F-CPB/rock interface with 0-3% fibre content for
different curing times under different normal stresses. Under the same
normal stress, the interface samples that have been cured for a shorter
period of time are more deformed than the more aged samples. This
is due to the fact that the degree of cement hydration of the former is
lower than that of the latter. Accordingly, the F-CPB that has been
cured for shorter periods of time has higher compressibility (Correia
et al., 2015; Fall and Nasir, 2010; Nasir and Fall, 2008).
Furthermore, it is evident in Figure 14 that under a low normal stress
(50kPa), all of the samples show some dilatancy after the initial
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0-2 251 25-7
0-3 24-2 24-7
0-5 10-3 277
0-0 15-3 26-8
0-5 79 277

contraction behaviour. Moreover, the dilatancy is more pronounced
with a longer curing time. The dilation behaviour observed at a low
normal stress is due to the relative movement of the asperities. Under
a low normal stress (50 kPa), the asperities slide and roll on the shear
plane, which cause dilatancy, while under a high normal stress
(150 kPa), the asperities are damaged during the shearing process,
particularly with the crushing of large CPB particles, thus inhibiting
the dilation or causing contraction. From Figure 14, it can be also
observed that the amount of contraction is increased as the normal
stress is increased. This is attributed to a greater reduction of the local
voids due to a higher applied normal stress.

Figure 15, which shows the influence of curing time and fibre
content on the shear strength of the F-CPB/rock interface for
different normal stresses, indicates that the optimal fibre content
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Figure 15. Effect of curing time and fibre content on the shear strength of the F-CPB/rock interface for different normal stresses

(a) 50 kPa; (b) 100 kPa; (c) 150 kPa
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(fibre content that results in the interface sample with the highest
strength) is also a function of the normal stress applied at the
interface, as well as of the curing time. For a high normal stress
(150kPa), the interface samples with more fibres (0-5%) have a
higher shear strength, whereas the samples that have a normal stress
of 50 kPa with 0-2% fibres have higher shear strength. Moreover, the
samples with fibres generally have higher shear strength than those
without fibres, which could be due to the fact that the presence of
fibres contributes to the strength of the asperities on the surface of
the F-CPB. In other words, the fibres increase the amount of local
normal or shear stress necessary to destroy the asperities fully. The
fibres can bridge cracks in the asperities and delay their propagation,
which would specifically result in an increase in the residual strength
of the asperities. This would indicate that at a high normal stress
(150 kPa), fewer asperities are destroyed at the surface of the F-CPB
with a 0-5% fibre content. Stronger and more asperities on the
surface of the F-CPB are obviously associated with an increase in the
interface friction strength (due to the increase in the internal friction
angle) during the shear process, as also evidenced in Figures 15 and
16 (which will be discussed later). However, the presence of fibres at
the interface should be regarded as an additional factor that
contributes to the higher shear strength at the interface, as they
increase the friction resistance at the interface.

—
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Normal stress: kPa
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0 50 150
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«3d
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(©
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Figures 16 and 17 show the effect of curing time and fibre content
on the internal friction angle and cohesion of the samples and the
shear envelopes of the F-CPB/rock interface, respectively. It is
observed in Figure 16 again that all of the curves can be described
well by using the Mohr—Coulomb failure criterion. Figures 16 and 17
also indicate that regardless of the length of the curing time, the
interfaces of the samples with fibre generally have a larger internal
friction angle than those without fibres. The processes responsible for
the difference in the internal friction angle are the same as those
described previously. Figure 17 shows that the interface adhesion or
cohesion significantly increases as the curing time is increased,
whereas the internal friction angle at the interface slightly increases
with time. This is due to the increase in the degree of cement
hydration with time, as explained previously. However, this figure
also shows that the reduced cohesion due to the fibres at the interface
is more pronounced at the more advanced ages (7 d). Indeed, the
presence of fibres significantly reduces the cohesion at the interfaces
of the 7d samples irrespective of the fibre content. On the other
hand, the difference in cohesion value between the interfaces of the
samples with and without fibre content is obvious only when large
volumes of fibres (around 0-5%) are used when cured for shorter
periods of time (1 and 3 d samples). This is because the presence of
fibre particles at the surface of the rock not only reduces the effective
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Figure 16. Shear envelopes of the F-CPB/rock interface against curing time for various fibre contents: (a) no fibre added; (b) 0-2% fibre

content; (c) 0-3% fibre content; (d) 0-5% fibre content
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Figure 18. SEM image of F-CPB/rock interface with 0-5% fibre content

contact area between the cementitious matrix of the F-CPB and the
rock but also reduces the volume of additional cement hydration
products that can precipitate on the surface of the rock (to bind or
cement the CPB material and the rock) with curing time.
Consequently, the interfaces of the samples with a lower volume of
fibres will have more cement hydration products on the surface of
the rock and thus greater cementation (higher cohesion) at the
advanced ages. This finding is supported by the SEM image of the
interface of the 7 d sample with a fibre content of 0-5% in Figure 18.

Summary and conclusions

In this paper, the experimental results of a study that aims to
understand the shear behaviour and properties of the interface
between rock and CPB with different fibre contents (F-CPB) are
presented. The following conclusions are made based on the findings.

®  The addition of fibres can improve the shear strength and
residual shear strength at the interface between the F-CPB and
the rock. However, a higher fibre content does not necessarily
result in higher shear strength at the interface. There is a critical
or optimal fibre content beyond which the shear characteristics
(e.g. peak shear stress and residual shear strength) of the F-CPB/
rock interface are negatively affected. This optimal fibre content
is a function of the curing time and normal stress applied at the
interfaces of the samples studied.

B The addition of fibres reduces the contraction at the interface,
and the degree of vertical deformation decreases as the fibre
content is increased. This is because the presence of fibres
inhibits the rearrangement and settlement of the tailings
particles, which macroscopically decreases the compressibility
and prevents the further deformation of the F-CPB material.
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= A longer curing time means higher shear strength due to the
production of more cement hydration products. In addition,
the shear-displacement-against-vertical-displacement
behaviour at the F-CPB/rock interface is significantly affected
by the applied normal stress.

®  The chemical composition (sulfate content) of the pore water
of the tailings also significantly affects the shear strength
characteristics and deformation of the F-CPB/rock interface
due to the inhibition of cement hydration by sulfate ions.

®m  The shear envelopes of the F-CPB/rock interface can be
described well by the Mohr—Coulomb failure criterion, and
the internal friction angle and cohesion are affected by the
curing time and fibre content. The internal friction angle and
the cohesion of the interfaces of samples with the same fibre
content generally increase with time due to a higher degree of
cement hydration. The presence of fibres reduces the interface
cohesion, which is reduced even more significantly with a
higher fibre content and a longer curing time.
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