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A cdear understanding and accurate assessment of the mechanical properties of the interface between backfill
material and the adjacent rock mass is paramount to a safe and economical design of cemented paste backfill (CPB)
structures. With the CPB being a cementitious material, sulfate compounds prevalent in the mining environment may
affect the shear characteristics of the CPB-rock interface. However, there are currently no research studies on the
long-term shear behaviour of the CPB-rock interface exposed to sulfate attack, although CPB often contains a
relatively large amount of sulfate ions. This paper presents and discusses the findings obtained through
experimental investigation of the impact of the initial sulfate concentration in CPB on the shear characteristics of the
interface between rock and CPB cured for long durations. The obtained results show that sulfate considerably
influences the long-term shear strength and behaviour of the interface. Sulfate can either negatively or positively
alter the shear properties of the mature CPB-rock interface due to the competition between the processes that
reduce or increase the strength at the interface. The dominant process is a function of the initial sulfate content and

the curing time.
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Introduction

Cemented hydraulic backfill (CHB), cemented rock backfill (CRB)
and cemented paste backfill (CPB) are the three main types of
cemented backfills that are used in underground mining operations.
CHB is produced by mixing mill tailings (with 60-75% solid
content) and cement, while CRB contains waste rock, tailings and a
small fraction of cement (Amaratunga and Yaschyshyn, 1997).
However, due to the potential geotechnical hazards associated with
CHB (e.g. failure of backfill barricades) and its higher cost, the use
of CHB has been increasingly restricted. In contrast, CPB is
becoming more popular as a preferred backfill material or technology
in recent years (Brackebusch, 1995; Hassani and Archibald, 1998).
CPB, a cementitious material, is yielded by mixing thickened tailings
(including 70-85% solid content), binder (usually 3-7% by weight)
and water in a plant commonly situated at the ground surface of a
mine. Thereafter, the obtained CPB mixture is transported to the
underground voids created by ore extraction through pipes by
pumping and/or under gravity. The recycling of tailings not only
decreases the cost of constructing tailings-storage facilities, such as
dams and embankments, but also reduces environmental and
geotechnical threats (including acid mine drainage, water and land
pollution and potential dam failure) caused by the surface disposal of
(Buckby er al, 2003). Besides its
environmental benefits, CPB maintains the ground stability in the

tailings economic and
mining area, which typically increases the ore recovery ratio.
Moreover, some CPB structures, particularly those with a sufficient
curing time, can also bear heavy equipment when exploiting the
adjacent stopes (Benzaazoua et al., 2004). This makes mechanical
stability an important property to be taken into account when CPB
structures are designed.

The uniaxial compressive strength (UCS) of CPB is one of the key
parameters commonly adopted to assess the mechanical properties
of CPB structures. Many studies have been conducted in the past to
evaluate the evolution of the UCS of CPB under varying thermal,
hydraulic, mechanical and chemical conditions (Fall et al., 2010;
Simms and Grabinsky, 2009; Yilmaz et al., 2009). However, the
stability of CPB structures is also substantially influenced by the
shear resistance at the interface between CPB and its surrounding
or adjacent rocks. The assessment of this shear resistance or
behaviour is essential for the determination or quantification of the
arching effect (as shown in Figure 1), which can significantly
reduce the vertical stress in the backfill body (in comparison with
the stress caused by the self-weight of the CPB) (Marston, 1930;
Pirapakaran and Sivakugan, 2007). Moreover, mine excavations
advancing under sillmats (structural elements used in cut-and-fill
mining of small to medium width, steeply dipping ore zones to
allow extraction of ore sill pillars) must remain stable when
exposed and subjected to mine-induced stresses. The sillmat is
frequently made of CPB with a high binder content (De Souza and
Dirige, 2002; Fang and Fall, 2018). The shear strength or shear
characteristics of the sillmat-rock interface are critical data in
assessing sillmat stability. Furthermore, a thorough investigation
into the shear characteristics of the short- and long-term CPB-rock
interfaces will lead to an improved design of a stable and more
economical backfill structure. In other words, less cement will be
consumed in the design of CPB structures, which will reduce the
cost (75% caused by cement usage) remarkably, therefore resulting
in a more cost-effective design of CPB and barricades (Grice,
2001). On the other hand, acquiring a more thorough knowledge of
the interface shear performance is also critical for operation of a
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Figure 1. CPB structure and sillmat over a working area in a mine

mine in which the underhand cut-and-fill mining method with CPB
is used (Figure 1). In this condition, the stability of the CPB body
above the working areas and the safety of the mineworkers are
influenced by the interface shear strength. The underestimation of
the long-term interface shear resistance would result in the failure
of the fill mass, which can have significant human (e.g. injuries,
fatalities), social and financial consequences for mines (De Souza
and Dirige, 2002; Pakalnis et al., 2005). However, there is limited
research in the literature aimed at addressing the shear properties/
behaviour of the CPB—rock interface (Aubertin et al., 2003; Fang
and Fall, 2018; Koupouli et al, 2016; Nasir and Fall, 2008).
Despite the achievements in investigating the general shear
behaviour of the interface in these studies, none of them focused on
the effects of sulfate or internal sulfate attack on the long-term
interface shear characteristics. For the reasons mentioned earlier as
well as the fact that CPB often contains sulfate ions, there is a need
to bridge the research gap. Sulfate ions are introduced into CPB
structures from many sources, such as when sulfide minerals found
in the tailings (a primary source of sulfate in CPB) undergo
oxidation reaction or through the natural degradation of cyanides,
which are usually found in gold mine processing waters. It could
also come from the process of adding gypsum (CaSO,4-2H,0) for
flash setting control of cement (Fall and Benzaazoua, 2005).

In response, the goal of this research is to assess experimentally
the shear strength and behaviour at the CPB—rock interface cured
for long durations and exposed to internal sulfate attack or effect.

Experimental process

Materials adopted

Tailings

The samples tested in this study were produced with silica tailings
(STs), 99.8% of which are made up of quartz (SiO,). Using STs
helps diminish the uncertainties in the results associated with the
adoption of natural tailings (NTs). Indeed, NTs contain various
reactive minerals that usually oxidise during the preparation of

CPB samples as well as interfere with the cement hydration
mechanism, ultimately influencing the accuracy of the results (Cui
and Fall, 2016; Jiang et al., 2017; Wang et al., 2016). STs are
also a good substitute to use in place of NTs because they have a
particle size distribution comparable with that of the tailings
produced in Canadian mines, as shown in Figure 2.

Binder

Portland cement type I (PCI) was utilised to produce the CPB
components of the samples. PCI is the prevalent binder material
used in CPB operations.

Mixing water

CPB samples with varying sulfate contents had to be prepared. A
specific amount of iron (II) sulfate heptahydrate (FeSO,-7H,0)
was dissolved in distilled water to produce solutions with sulfate
concentrations of 0, 5000, 15000 and 25 000 parts per million

(ppm).

Rock samples

Granite (with dimensions of 60 x 60 x 10 mm) was polished to
work as the rock base. This polishing creates a rock surface of
similar roughness, so that the effect of the sulfate on the
CPB-rock interface can be assessed with a high degree of
accuracy — that is, the shear behaviour of the interface will not be
affected by uncertainties due to the use of rocks with slightly
different surface roughness. The joint roughness coefficient was
used to evaluate the shear strength through comparisons with
typical roughness profiles, and according to Tse and Cruden
(1979), the surface roughness of granite is zero.

Specimen preparation and testing procedure

Specimen preparation

A food mixer was used to produce the CPB mixture. After
thoroughly mixing specific amounts of STs, PCI (4.5%) and water
with various sulfate contents for 7 min (a common mixing time in
practice), the obtained homogeneous paste (with a water/cement
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Figure 2. Comparison of the particle size distribution of STs and the
average particle size distribution of NTs from nine Canadian mines
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(w/c) ratio of 7.35 and a solid content of 76%) was then poured
into square plastic containers with the granite. The container
dimensions are 60 x 60 x 30 mm, matching the size of the direct
shear box. Thereafter, the entire sample was subjected to manual
vibration to ensure that there was no air trapped in the CPB. After
removing the air, the containers were then covered with plastic
film and allowed to cure at a temperature of 20°C until testing at
different times. Figure 3 shows specimens of CPB containing
different initial sulfate contents cast on rock surfaces and cured
for 150 days.

Testing procedure

After the samples with varying initial sulfate contents were cured for
28, 90 and 150 days, direct shear tests were carried out under three
constant normal stresses (50, 100, 150 kPa). These normal stresses
can represent the horizontal (normal) stresses applied at the interface
between the rock mass and a backfill structure up to 40 m high,
considering the arching effect. Figure 4 shows the experimental
scheme. As shown in the figure, each node refers to an experimental
condition — for example, the red node corresponds to the following
condition: a 100 kPa normal stress applied onto a 5000 ppm sample
that was cured for 90 days. The nodes in the blue plane represent
samples that were cured for 150 days. For accuracy, the testing for
each sample was performed at least three times. Therefore, more than
108 sets of direct shear tests were conducted in this study.

Mechanical tests and microstructural analyses

Direct shear testing

In compliance with the ASTM D 3080-04 standard (ASTM,
2004), direct shear tests on interface samples were performed at a
loading rate of 0.5 mm/min. The experimental results, including
the horizontal and normal displacements, as well as the shear
stress, were collected through the LabView computer application.

Microstructural analyses

Different microstructural tests were conducted to assess the
influence of sulfate on the evolution of the pore structure and the
amount of hydration products in CPB. They include
thermogravimetric (TG) analysis, differential TG (DTG) test,
X-ray diffraction (XRD) and mercury (Hg) intrusion porosimetry
(MIP). The thermal analyses were conducted on oven-dried
(temperature of 40-45°C for at least 4 days) cement paste powder
(with w/c of 2) using a Q5000 IR TG analyser. The TG and DTG

25000 ppm

15000 ppm

ed> SSalls |[eWION

e Experimental status: sulfate content — 5000 ppm
curing time — 90 days
normal stress — 100 kPa

[ Samples cured for 150 days

Figure 4. Experimental scheme

results were used to assess the progress of hydration in the cement
paste with different sulfate contents. XRD was also performed on
paste powder Scintag  XDS-2000
diffractometer, and its results were used to determine the

the cement using a
mineralogical composition of the samples with different ages and
various sulfate contents. The MIP test was performed on the
oven-dried CPB samples (with a temperature between 40 and
45°C for at least 4 days) using a Micromeritics AutoPore 111-9420
mercury porosimeter, and using the results, the porosity of
differently sulfated CPB samples can then be analysed.

Results and explanation

Effects of sulfate ions on interface shear behaviour

Figure 5 presents plots of shear displacement against shear stress of
the interface between granite and CPB samples with varying initial
sulfate contents that were cured for 28, 90 and 150 days. The plots
show that the shear stress curves exhibit similar trends and shapes,
increasing steadily up to the shear strength followed by a sudden
failure (in bonding), irrespective of the curing time and the sulfate
content. The sudden bond failure is due to the weakening of the

5000 ppm Oppm

Figure 3. Interface of samples with various initial sulfate contents (150 days)
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Figure 5. Shear displacement—shear stress curves of interface samples (normal stress: 50 kPa): (a) 28 days of curing; (b) 90 days of curing;

(c) 150 days of curing

hardened cement that bonds the CPB to the rock surface (interface
bonding failure) at a low normal stress (Saiang et al., 2005; Seidel
and Haberfield, 2002; Swedenborg, 2003; Tian et al, 2015).
Meanwhile, it is noticeable that the interface peak shear stress (shear
strength) is dependent not only on the curing time but also on the
initial sulfate content, as discussed below.

Figure 6 is a plot of the shear behaviour (shear displacement
against normal displacement) of the aforementioned interfaces
with varying sulfate contents and curing times. It shows that for
all the samples, the interface undergoes a slight contraction during
the beginning of the direct shear tests. These contractions are
caused by the inherent compressibility of the CPB samples. Such
contraction behaviour was observed previously by Nasir and Fall
(2008). Thereafter, the interfaces of all of the samples show
obvious dilation until bonding failure at the interface. Beyond the
point that corresponds to this bonding failure, the samples then
generally showed continuous contracting behaviour.

It can also be inferred from Figure 6 that the sulfate content does not
have a significant effect on the interface contraction behaviour.
However, the amount of shear dilation is impacted by the curing time
and the initial sulfate concentration, which is presented in Figure 7.
The figure indicates the amount of maximum shear dilation of the
interface with variable sulfate contents at different curing times.
Notably, Figures 6 and 7 reveal that the value of the maximum shear
dilation increases gradually as the curing time extends (with the

exception of the 25 000 ppm samples that were cured for 150 days).
This rise in shear dilation with curing time is caused by the
intensification of cement hydration with time (Husem and Gozutok,
2005), which generates stronger asperities at the surface (Hou et al.,
2019; Nasir and Fall, 2008). Stronger asperities are more resistant to
damage during the shearing or the sliding of the surface at the
interface. Consequently, the interface of the samples with a longer
curing time shows more dilation. However, Figures 6 and 7 indicate
that although there are no significant differences (in considering the
experimental errors associated with these tests) in the maximum
shear dilation values of the 90-day samples, the maximum shear
dilation value of the 25 000 ppm samples are significantly lower than
those of the 0, 5000 and 15000 ppm samples after being cured for
150 days. This lower dilation of the 25000 samples is attributed to
the high sulfate content, which weakens the asperities at the surface
of the CPB, thereby leading to lower shear dilation of the interface.
The negative contribution of a high sulfate content to the shear
strength has been linked to the influences through four processes:
(a) the retardation of cement hydration by sulfate, (b) the generation
of expansive hydration products (particularly ettringite), (c) the
coarser capillary structure in CPB and (d) the adsorption of sulfate
molecules by calcium silicate hydrates (C-S-H).

Contribution of sulfate ions to the interface shear
strength evolution

Figure 8 shows the change in shear strength against time and
sulfate concentration at the interface. The results show that sulfate
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Figure 6. Shear displacement—vertical displacement curves of interface samples (normal stress: 50 kPa): (a) 28 days of curing time;

(b) 90 days of curing time; (c) 150 days of curing time
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Figure 7. Changes in shear dilation values at the interface (normal
stress: 50 kPa)

exerts considerable effects on the interface shear strength.
Moreover, it is observable that the extent of the contributions of
sulfate on the shear strength evolution is a function of the curing
time, as discussed below.

Prior to the further discussion of the observed changes in the
shear strength under different sulfate contents, it is important to
recall the following key factors that impact the mechanical
strength of CPB or any cementitious material. (¢) The first is the
amount of C-S-H produced, because C-S-H is the principal
binding element in a hardened cemented system (Gan, 1997).
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& —=—5000ppm
200 } 15000 ppm
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28 90 150
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Figure 8. Changes in interface shear strength (normal stress:
150 kPa)

Therefore, greater cement hydration means that there is more
C-S-H (Fall et al., 2010). However, C-S-H adsorbs sulfate to form
weaker C-S-H gel (characterised with a weaker intrinsic
mechanical strength), consequently reducing the strength of the
cementitious materials (e.g. CPB) (Bentur, 1976; Jeleni¢ et al.,
1977; Pelisser et al., 2012). It is well known that the sulfate
adsorption by C-S-H is also influenced by the amount of sulfate
available. A high sulfate content means an increased rate of
adsorption (Fu et al., 1997, Ramlochan et al., 2003). (b) The
second factor is the quantity of expansive minerals (mainly
ettringite and gypsum) that are produced in the CPB system due
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to the presence of sulfate ions, considering that gypsum and
ettringite are products of reactions between sulfate ions and
calcium hydroxide (Ca(OH),; hereafter ‘CH’) and tricalcium
aluminate (3CaO-Al,O3), respectively (Husem and Gozutok,
2005; Li and Fall, 2016). The presence of expansive minerals can
influence the mechanical strength of CPB either negatively or
positively depending on the amount of the stated expansive
minerals and the size of the capillary pores (Li and Fall, 2016,
2018). On the one hand, the precipitation of sufficient (rather than
excessive) amounts of expansive minerals inside the CPB tends to
refine the capillary structure, ultimately contributing to an
improvement of the CPB mechanical strength (Pokharel and Fall,
2013). In contrast, the excessive formation of expansive minerals
causes physical damage and brings about the development of a
larger pore structure in the CPB, thereby decreasing its
mechanical strength (Fall and Pokharel, 2010).

Twenty-eight days of curing

As indicated in Figures 5 and 8, the shear strength of 28-day
samples containing sulfate is stronger than that of the ones
without sulfate. Moreover, the shear strength grows as the sulfate
content rises, except for the 25 000 ppm samples.

This higher shear strength and the increase along with the sulfate
content (rising up to 15000 ppm) are due to the refinement of the
CPB structure as a result of the deposition of gypsum and
ettringite as discussed above. This refinement of the CPB pores
increases the contact area of CPB with the rock, leading to a
harder interlocking structure at the interface of the sulfate-bearing
samples (Fang and Fall, 2019). The argument concerning pore
refinement caused by the deposition of more expansive materials
in CPB with sulfate is evident from the outcomes of scanning
electron microscopy (SEM) conducted on CPB samples that
contain sulfate (Fall er al., 2005), as well as by those of MIP
analyses performed on 0 and 5000 ppm samples, as presented in
Figure 9. The SEM observations of the 28-day-cured samples by
Fall et al. (2005) revealed that the pores in the paste backfill
containing sulfate are mainly filled up by secondary gypsum.

8 -
7 F —+—28 days - Oppm
6 —a— 28 days — 5000 ppm

Incremental Hg intrusion porosity: %

0.01 0.1 1 10 100
Pore size: ym

Figure 9. Pore size distribution of 0 and 5000 ppm samples

Figure 9 clearly shows that compared with the pore structure of
the 0 ppm sample, the 5000 ppm sample considerably has a finer
capillary structure. Moreover, the 5000 ppm samples contain more
expansive minerals (in comparison with the sulfate-free sample),
which is attested by the thermal analysis results shown in
Figure 10. Generally, the weight loss situated at 30—-105°C on the
DTG curve is the result of water evaporation, while the peak
occurring from 110 to 170°C is attributed to the desiccation of
some hydration products, mainly including C-S-H, gypsum and
ettringite (Fang et al., 2021; Nonnet et al., 1999). The higher
weight loss of the 5000 ppm samples at a temperature of
110-170°C (compared with samples without sulfate) suggests that
there are more expansive minerals. The aforementioned lower
strength associated with the 25 000 ppm samples (compared with
the 15000 ppm samples) is caused by the following two
processes: (a) the sulfate-induced retardation of cement hydration
(Fall and Pokharel, 2010; Tzouvalas et al., 2004), which results in
the generation of less C-S-H, and (b) the pronounced adsorption
of sulfate by C-S-H at high sulfate contents, which produces
weaker C-S-H gel (Jeleni¢ et al., 1977; Tian and Cohen, 2000).
Consequently, the less C-S-H and weaker C-S-H gel result in a
weaker adhesion between the CPB and rock with the sulfate
content being raised to 25000 ppm. This generates weaker
asperities and binding forces at the interface, thereby decreasing
the shear strength. The retardation of the cement hydration by
sulfate is proven by the outcomes of the thermal analyses carried
out on 0, 5000 and 25 000 ppm samples (see Figure 10). The TG
and DTG curves of the samples with various initial sulfate
concentrations show that there is less weight loss when the
range 400-450°C (due to CH
decomposition (Haigiang et al., 2016; Pane and Hansen, 2005))
as the sulfate content increases. Less CH, particularly in the
25000 ppm samples, corresponds to a lower level of cement
hydration and thus a smaller quantity of C-S-H.

temperature falls in the

It is also noticeable from Figure 8 that despite the aforementioned
inhibition effect, the observed shear strength of the 25000 ppm
samples is still higher than those of the 0 and 5000 ppm samples.
This observation suggests that there is a competition between the

100 510.25
——e— TG - Oppm - 28 days
o5t ——a—— TG - 5000ppm - 28 days
\ TG - 25000 ppm — 28 days 40.20
90t 1 N U P DTG - Oppm - 28 days g
X - ~==#===- DTG — 5000 ppm - 28 days <
g 85} B : DTG - 25000 ppm — 28 days 0.15 ?D
S .l & . s
= 80 # t 010 7
2X i ®
75t :‘ - 3 2
i i d 4 10.05
701§ =k Lo
¢ : p A e I‘-L
65 . L 2 2w oy ()
0 200 400 600 800 1000

Temperature: °C

Figure 10. TG and DTG diagrams of differently sulfated samples
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processes of shear strength development (due to the capillary
structure refinement by expansive minerals) and shear strength
reduction (the retardation of binder hydration) when the sulfate
content in CPB rises.

Ninety days of curing

Figure 8 indicates that after 90 days of curing, the interface of all
of the samples shows growth in shear strength, irrespective of the
sulfate concentration. The growth in the shear strength with
curing time is caused by the ongoing cement hydration. In fact,
with the increasing curing time, CPB tends to become harder
because of the continued hydration of the binder. The hardening
process induces the generation of stronger asperities at the
interface, thereby increasing the critical stress value required for
the breaking of these asperities (Fall and Nasir, 2010). This
obviously means that a higher shear stress will be required for the
bonding failure of the cement. Furthermore, it is also noticeable
from Figure 8 that the strength of 90-day samples shows the same
order as those with a curing length of 28 days. In other words, the
shear strength of the most highly sulfated samples is lower than
that of the 15000 ppm interface but higher than that of the
5000 ppm samples. The reasons for this phenomenon are the same
as those provided for the 28-day samples.

One hundred and fifty days of curing

Figure 8 shows that the shear strength of the 0 and 5000 ppm
samples continues to increase while the curing age extends from
90 to 150 days. The interpretations for this behaviour have
already been discussed earlier.

In contrast, the 15000 and 25 000 ppm samples show a significant
reduction in shear strength. Moreover, the decreasing rate of the
former is less than that of the 25 000 ppm sample. This observably
significant drop in the shear strength of highly sulfated samples and
the higher decreasing rate of 25000 ppm samples are due to the
combined effects of the three processes: (@) formation of excessive
amounts (in terms of the size of the capillary pores) of expansive
minerals, particularly gypsum (Equation I); (b) retardation of the
binder hydration; and (c) sulfate adsorption by C-S-H.

. SO/ + Ca(OH), +2H,0 — CaSO, - 2H,0 + 20H"

The precipitation of a large quantity of gypsum in the capillary pores
means that excessive pressure will be generated inside the pores of
CPB (Ping and Beaudoin, 1992). This pressure, which is higher with
more sulfate, results in physical damages (e.g. generation of
microcracks) inside the CPB matrix. Specifically, the excessive
pressure will weaken the asperities at the interface and reduce the
cementation binding force. Subsequently, the shear strength of the
higher-sulfate-content samples is reduced. The sulfate-induced
physical damages or development of a larger pore structure in CPB
with high sulfate concentrations is confirmed by the outcomes of the
SEM and MIP tests reached in the study by Aldhafeeri and Fall

(2017) and Figure 11, respectively. The SEM observation of the
150-day CPB sample with 25 000 ppm sulfate content illustrates the
formation of many cracks inside the CPB. Figure 11, which
illustrates the outcomes of the MIP tests carried out on 150-day CPB
samples, shows that the most highly sulfated specimen has a less
dense pore structure than the sulfate-free specimen.

Moreover, the aforementioned retardation of the binder hydration
in the samples with a large volume of sulfate contributes to the
generation of fewer hydration products (particularly C-S-H),
which eventually leads to a reduced interface peak shear stress.
C-S-H is the key contributor to the strength growth of any
Portland-cement-based materials (Gan, 1997). Induced by sulfate,
this inhibition of the binder hydration concurs with the outcomes
reached by the XRD analyses targeted at the 150-day samples
with relatively low (5000 ppm) and high (25000 ppm) sulfate
contents, as presented in Figure 12. It is clearly noticed that the
25000 ppm specimen still includes unreacted bicalcium silicate
(C5S) and tricalcium silicate (C5S) even after being cured for 150
days, whereas none of these minerals is observed within the
sample with a 5000 ppm sulfate content, indicating that the former
has not fully hydrated or its degree of hydration is lower than that
of the latter.

Furthermore, the generation of C-S-H gel, which is generated by the
reaction between C-S-H and extra sulfate ions, reduces the interface
strength (Fang and Fall, 2019; Jeleni¢ et al., 1977). It is particularly
obvious when it comes to highly sulfated samples. This phenomenon
is also documented by studies conducted by other researchers
(Barbarulo, 2002; Divet and Randriambololona, 1998).

A closer look at the shear strength values of the 150-day samples
presented in Figure 8 also reveals that the 5000 ppm sample is
credited with the strongest peak shear stress. This is a result of the
following mechanisms: (@) the refinement of the pore structure of the
5000 ppm CPB owing to the deposition of sufficient gypsum, as
discussed previously and demonstrated in numerous previous studies

——4— 0ppm — 150 days

—a— 25000ppm — 150 days

0.001 0.01 0.1 1 10

Pore size: pm

N W~ U1 OO N 00 O

Incremental Hg intrusion porosity: %

o

100 1000

Figure 11. Pore size distribution of 0 and 25 000 ppm samples
(150 days)
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Figure 12. XRD results of cement paste with a curing time of
150 days: (a) 5000 ppm; (b) 25 000 ppm. cps, counts per second;
C,S, bicalcium silicate; C3S, tricalcium silicate

(Fall et al., 2005), and (b) the insignificant inhibition of the binder
hydration in samples with a 5000 ppm sulfate content. The absent or
low inhibition effect is in agreement with the XRD analyses
presented in Figure 12. It can be noticed that there are no unreacted
C,S and C5S in the 5000 ppm samples, while the samples with
25000 ppm of sulfate show unreacted C,S and C;S. These
observations indicate that, similar to the samples with curing times of
28 and 90 days, there is also a competition between the processes
that contribute to an increase in strength (generation of a larger
amount of cement hydration products) and a decrease in strength
(sulfate-induced retardation of the binder hydration, formation of
C-S-H gel, coarsening and microcracking of the CPB matrix). To put
it in another way, the dominant factors that affect the strength
evolution (reducing or increasing) of the samples in this study are the
initial sulfate content and the curing time.

Contribution of sulfate ions to the evolution of the
interface shear strength parameters

An analysis of the data obtained showed that the Mohr—Coulomb
failure criterion can be utilised to establish the shear failure envelope

Figure 13. Development of CPB—rock interface shear strength
parameters

of the specimens. Thereafter, the shear strength parameters can be
deduced based on the Mohr—Coulomb failure criterion. Figure 13,
which shows the time- and sulfate-dependent variations in the shear
strength parameters, indicates that the evolutions of the interface
friction angle and adhesion are significantly associated with the
curing age and initial sulfate concentration. In detail, both the friction
angle and the adhesion of 0 and 5000 ppm samples increase with
curing age. The finding also agrees with the outcomes achieved by
previous studies concerning the CPB-rock interface and cemented
soils (Koupouli et al., 2016; Uddin et al, 1997). The increased
adhesion is generated by the increase in binding force at the interface
owing to the enhanced cement hydration (Nasir and Fall, 2008). On
the other hand, the slight increase in friction angle is attributed to
stronger asperities formed at the interface. The stronger asperities that
form interlocking structures at the interface are cemented together by
the multiplying binder hydration products with curing time (Lade and
Overton, 1989). This in turn results in a higher frictional resistance at
the interface, thus increasing the friction angle.

However, for 15000 and 25 000 ppm samples, the adhesion and
friction angle show an increase during the first 90 days but then
experience a gradual decrease from 90 to 150 days. The processes
that are responsible for this reduction in adhesion and friction
angle are the same as those accounting for the aforementioned
decline concerning the shear strength of these highly sulfated
samples. Specifically, the excessive pressure applied by profuse
expansive minerals in the pores leads to physical destruction to
the microstructure of the bonding phase at the interface, thereby
reducing the adhesion. The generation of a smaller amount of C-
S-H (due to sulfate-induced inhibition) and lower-quality C-S-H
gel (due to sulfate adsorption) are additional factors that
contribute to reduced adhesion at the interface.

Conclusions

The experimental results of the effect of the initial sulfate
concentration on the shear performance of the CPB-rock interface
samples at advanced ages are presented in this paper. The main
conclusions are summarised as follows.
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= Sulfate ions considerably affect the interface shear
characteristics, and the effect varies with the initial sulfate
concentration and curing time. The changes in the initial
sulfate concentration and the curing time can have positive or
negative effects on the long-term shear strength of the
CPB-rock interface.

= The processes that increase the shear strength include (a) the
generation of a larger amount of C-S-H with time and (b) the
refinement of the capillary structure of CPB owing to the
deposition of sufficient amounts of gypsum and ettringite. The
combined effect of these processes leads to stronger binding
force and a larger contacting area at the interface, thereby
resulting in the formation of stronger asperities at the interface.

= For 15000 and 25 000 ppm samples, the processes that account
for the decreasing shear strength are (a) the more significant
retardation effect on the cement hydration with increasing sulfate
concentration; () the production of an excessive quantity of
gypsum, which leads to physical damage to the microstructure;
and (c) the generation of lower-quality C-S-H gel.

m [t is found that there is a competition between the processes
that increase or reduce the shear strength. The extent of the
effect is related to the initial sulfate concentration and the
curing ages.

The outcomes of this study allow a more in-depth understanding
and evaluation of the CPB-rock interface shear performance,
which is critical for building cost-effective backfill structures.
Despite the results obtained, it should be pointed out that the
impact of factors such as the scale effect, the influence of
interface roughness, normal stresses and CPBs consisting of
different binders (ordinary Portland cement (OPC)-slag, OPC—ly
ash) was not considered in this research. It would be interesting to
address this gap in future studies.
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