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Abstract: Cement paste backfill (CPB) is an effective waste management method allowing the storage
of fine process tailings into underground mined-out voids. CPB performance generally depends on
the properties of the tailings and the type of binder. In recent years, there has been an increasing
trend in the use of alkali-activated slag (AAS) to improve the performance properties of CPB. This
study focuses on the ultrasonic and microstructural investigation of the effect of slag fineness on
the mechanical, geochemical, and durability properties of sulphide-rich tailings CPB made of AAS
(AAS-CPB) over 360 days. In this scope, the AAS-CPB samples were prepared at three different
slag fineness values (3100–4650–6300 cm2/g). According to the findings, the fineness of the slag
significantly improved the early-age and long-term strength (~2.3-fold and ~6.6-fold, respectively) of
the CPB samples (CPBs). However, a further increase in the slag fineness was observed to impair the
CPB microstructure and strength in the long term. Ultrasonic pulse velocity monitoring displayed
a very high relation with the strength evolution of the CPBs and is a very reliable method for the
durability assessment of the CPBs. Slag fineness around 4600 cm2/g was found to be sufficient for CPB
preparation, and was seen to improve the pore structure evolution of the AAS-CPB. Microstructural
studies are in good agreement with the geochemical and durability behaviour of the AAS-CPB at
this fineness. Microstructural and ultrasonic findings suggest that, while slag fineness enhances the
mechanical and microstructural properties of the AAS-CPB, a further increase in the fineness of the
slag has no additional technical advantages.

Keywords: cemented paste backfill; alkali-activated slag; slag fineness; ultrasonic pulse velocity;
microstructure; durability

1. Introduction

The development and growth of global economies and the investments in technological
studies increase the need for underground raw materials day by day. The increasing need
for raw materials entails deeper open-pit mining or underground mining operations. In
most cases, extracted ores from the Earth’s crust necessitate fine grinding and chemical
treatments to gain such raw materials/precious metals, etc. As a result, large amounts of
mineral processing tailings are produced which may contain environmentally hazardous
compounds [1,2].

Environmentally friendly management of these kinds of tailings/wastes is of great
importance. Such materials are mostly stored in tailings dams or placed into underground
mining voids as cemented paste backfill (CPB). Tailings dams require large areas and
constant maintenance, and carry high risks of collapse. On the other hand, the use of CPB
technology has been increasing and has become widespread all over the world in the last
40 years, especially in recent years, for the management of these tailings [2–4].
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CPB is widely used as a combination of cut-and-fill underground mining methods. It
provides many environmental and technical advantages, such as safe working conditions, a
high mining cycle, increased ore gain rate and mine life, decrease in the mining cost, etc. [5–9].

CPB is a successfully designed engineering cemented material prepared using fine-
processing tailings, water, and cement agents. The performance properties of CPB are very
significant during its service life. Strength, durability, and consistency are among the most
important properties of CPB. Therefore, the characterisation of each component is very
important. Up to today, the binder types and dosages [10,11], physical, mineralogical, and
chemical properties [12–14], microstructural, workability, and rheological properties [15–18],
and the durability properties of CPB [11,19] have been extensively studied.

The interaction of the binder agent and tailings is very important for CPB perfor-
mance [20]. Therefore, each tailing entails a special design in the case of the use as CPB
material for the desired strength, durability, and consistency. In most cases, CPB has a
30%–50% porosity and 15%–30% moisture as a result of the tailings characteristics. Based
on the strength requirements, in general, a 5–10 wt.% binder is used. Additionally, tailings
can contain high amounts of sulphidic minerals, such as pyrite. Due to the highly porous
structure and high water-retention capacity of CPB in its body for very long periods, pyrite
minerals oxidize and generate acid and sulphate products.

Ordinary Portland cement is the most common binder used in CPB applications.
However, it is vulnerable to acid and sulphate effects due to its intrinsic properties, such
as high CaO and C3A contents [21,22]. Therefore, there have been extensive studies to
overcome this problem and produce a durable CPB [21,23]. In practice, the durability of CPB
is followed by unconfined strength tests. Additionally, geochemical and microstructural
properties are the other main factors considered for durability assessments. Recently, there
has been an increasing interest in the use of alkali-activated slag cement (AAS) for CPB
preparation to increase the quality and microstructural properties. In this scope, the slag
and activator type [11,21], the tailings type and activator design [19], and the strength,
workability, and rheological properties [17,24–26] were studied. Among these, Cihangir and
his team investigated the durability of CPB prepared using AAS in the long term. However,
the effect of the slag fineness on the mechanical, microstructural, and durability properties
of sulphide-rich tailings CPB produced with alkali-activated slag was not investigated in
the long term (360 days).

Slag was generally ground above a Blaine value of 3500 cm2/g to increase the re-
activity as well as the gain of strength at early ages [27]. There are numerous studies
where the Blaine fineness of slags used to produce alkali-activated slag concretes was in
the range of 3300–9000 cm2/g [28]. On the other hand, the Blaine fineness of the slag
varied between 3950 and 6295 cm2/g in the CPB studies [19,21,25,29–32]. Provis and van
Deventer [33] reported that the optimum Blaine fineness of the blast-furnace slag may vary
between 4000 and 5000 cm2/g for a proper strength-gain rate. As can be seen, the slag
fineness can vary significantly from study to study. Therefore, the focus of this study is to
investigate the effect of the slag fineness (considering the above Blaine fineness interval) on
the strength-development rate on the early-age and long-term durability of CPB utilizing
the microstructural properties, in detail.

On the other hand, the ultrasonic P-wave velocity (ultrasonic pulse velocity: UPV)
test was used recently for the prediction of the UCS of CPB. Physical, mechanical, and
geotechnical properties can be determined via the UPV test [34,35]. Additionally, the UPV
test is an efficient and non-destructive method that is very sensitive to the bond strength,
the compactness of the materials, weathering properties, heterogeneity, structural defects
such as cracks, etc., indicating the quality of solid materials [35–37]. UPV is used for the
assessment of the durability of concrete materials, taking into account the defects, such as
voids and cracks. Microcracks were found to soften the material and lower the stiffness,
resulting in the loss of the UPV [38–42]. Additionally, the increase in the volume of the
porosity, the bond-strength loss between mineral grains, minerals transformations, etc.,
due to the weathering caused a loose microstructure and stiffness loss, which resulted in
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a lower UPV and mechanical strength [43,44]. Therefore, UPV provides quality control
solutions for material classifications [45].

As for CPB, previous studies investigated only the short-term relations between the
UCS and UPV of the CPBs up to 7 days [46], 14 days [47], 28 days [48–50], 56 days [26,51–54],
and 90 days [26,55,56] of the curing periods. However, no study was carried out for
the durability assessment of CPB via UPV in the long term together with the detailed
geochemical and microstructural properties of CPB.

Therefore, this is the first study aiming to investigate the effect of the slag fineness
and its use as an alkali-activated binder on the mechanical, geochemical, microstructural,
and durability properties of CPB. Since UPV is a very sensitive and strong tool for the
determination of structural defects, it was also first used for the durability assessment of
CPB produced with AAS using slags at different fineness values in the long term.

2. Materials Characterisation and Experimental Studies
2.1. Characterisation of Tailings and Binders

Sulphide-rich tailings for this study were obtained from a copper–zinc plant located in
the northwest of Turkey. Tailings were taken from the disc filter outlets in the paste backfill
plant and brought to the laboratory. After the homogenization, the particle size distribution
(PSD) of the tailings was measured under the laser diffraction method with a Malvern
Mastersizer Hydro 2000 MU (Figure 1a). Water was used as a dispersing medium, and
ultrasound was also utilized to better disperse the particles. Considering Cu (the coefficient
of uniformity) and Cc (the coefficient of curvature) values (Table 1), the tailings material
had a well-distributed particle size [18]. It is a medium-sized material with a fine particle
content of about 48.85%, under 20 microns [57]. The fineness of the tailings was determined
according to TS EN 196-6 [58] in a cement plant located in Trabzon, Turkey. Specific gravity
was determined in accordance with the ISRM [59].

Table 1. Chemical, physical, and mineralogical properties of the tailings.

Chemical Composition (%) Value Physical Properties Value Mineralogical Content (%) Value

SiO2 15.24 Specific gravity 3.95 Quartz 15.4
Al2O3 3.69 Specific surface (cm2/g) 3066 Pyrite 56.3

Fe2O3 49.19 −20 µm material
content (%) 48.85 Clinochlore 4.5

CaO 2.56 D10 (µm) 1.84 Kaolinite 3.1
MgO 1.64 D30 (µm) 8.44 Calcite 4.5
TiO2 0.21 D50 (µm) 20.97 Amesite 4.1

Cr2O3 0.03 D60 (µm) 30.37 Siderite 2.0
Na2O 0.98 D90 (µm) 90.37 Dolomite 2.4
K2O 0.22 Cu 16.51 Acmite 1.1
MnO 0.07 Cc 1.27 Copiapite 1.0

P2O5 0.06 Initial pH 8.98 Hematite 2.7
Loss on ignition 23.30 Initial SO4

2− (ppm) 5712 Halloysite 0.8

S2− (Sulphide) 32.33 Gypsum 1.0
Total S 28.89 Others ~1.1

Cu: (D60/D10); Cc: ((D30)2/(D10 × D60)).

Chemical analysis of the tailings was performed at ACME laboratories in Canada
using X-ray fluorescence (XRF) (Table 1). The X-ray diffraction (XRD) analyses were
carried out using a Panalytical X’Pert3 Powder model machine equipped with a Pixel 1D
detector (Malvern Panalytical, Malvern, UK) in the Karadeniz Technical University Central
Research Laboratories (KTU-CRL). The analysis duration was 1 h for each sample, and
performed between 5 and 80◦ under 2θ with a 0.013◦ step size. The scanning rate was
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applied as 1.25◦ per minute for the reliable determination of the crystalline phases of the
materials (Figure 1b). Under these conditions, the Rietveld technique was conducted for
the determination of the mineralogical contents (Table 1). As can be seen from Table 1,
pyrite was the dominant mineral.

Ordinary Portland cement (OPC: CEM I 42.5R) was obtained from a cement company
in Trabzon, Turkey. Ground granulated blast-furnace slag was taken from an iron–steel
company located in the northwest of Turkey. Then, the slag was ground in steel ball mill to
reach the previously determined specific surface areas (SSA: Blain fineness) of 3100, 4650,
and 6300 cm2/g. The Blaine fineness of the slags was measured at the abovementioned
cement plant in accordance with TS EN 196-6 [58]. Chemical, physical, and mineralogical
analyses were performed together with the tailings under the same standards/methods
at the same laboratories mentioned above. According to the chemical composition, slag
had an acidic character with a basicity index (BI) value of 0.96. The BI value was calculated
using the formula suggested by Bauné et al. [60]. The pozzolanic activity index test was also
performed in the Turkey Cement Manufacturers Research Laboratories located in Ankara,
Turkey, in accordance with ASTM C989/989M-22 [61], to evaluate the effect of the fineness
on the pozzolanic properties (Table 2). For the particle size distribution of the binders, the
wet dispersion method was also used, since the cement particles tend to agglomerate in a
dry state. Ethanol was used as a dispersive medium to prevent the dissolution of the cement
and slag particles, and ultrasound was also utilised during the PSD measurements. The
slag had a glassy phase, with some weak amorphous Ca-containing low peaks (Figure 1b).
The PSD and XRD profiles of the materials are given in Figure 1a,b.

Figure 1. Particle size distributions (a) and XRD profiles (b) of the materials.

Table 2. Chemical, mineralogical, and physical properties of binders.

Chemical
Composition (%) OPC (%) Slag (%) Physical Properties OPC Slag 3100 Slag 4650 Slag 6300

SiO2 19.10 40.24 Specific gravity 3.15 2.90 2.90 2.90
Al2O3 5.35 11.68 Specific surface (cm2/g) 4060 3100 4650 6300
Fe2O3 3.45 0.66 +90 µm sieve (%) - 0.8 - -
CaO 62.29 36.63 +45 µm sieve (%) 2.64 12.3 3.85 0.62
MgO 0.95 5.90 +32 µm sieve (%) 7.11 24.6 8.33 2.78

TiO2 0.14 1.00 Mineralogical
composition *Cr2O3 0.007 0.006

Na2O 0.41 0.3 C3S 64.1 - - -
K2O 1.09 1.27 C2S 26.0 - - -
MnO 0.07 1.98 C3A 3.0 - - -
P2O5 0.08 0.01 C4AF 3.7 - - -

Loss on ignition 1.53 0.9 Basicity index - 0.96

SO3 6.68 1.71 Pozzolanic index (%; 28
days) - 67.6 84.7 99.3

*: The mineralogical composition of the cement was determined under the XRD Rietveld technique.
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Liquid sodium silicate (LSS: 11.02% Na2O, 22.1% SiO2) obtained from Ege Chemicals
Ltd. (Istanbul, Turkey) and Merck-brand (Rahway, NJ, USA) granular sodium hydroxide
(SH: 99.5%) were used as activators. Taking into account the authors’ previous studies, the
modulus ratio of the sodium silicate (MS: mass ratio of SiO2 to Na2O) was set to 1.0 using
SH, while the activator dosage was fixed at 8.0 wt.% of the slag on a dry basis.

2.2. Preparation of the CPBs and Strength Tests

The CPB samples were prepared in four different recipes (Table 3) with ordinary
Portland cement (OPC) and alkali-activated slags (AASs) having different specific surface
areas (3100 cm2/g (AAS-3100), 4650 cm2/g (AAS-4600), and 6300 cm2/g (AAS-6300)). The
binder dosage for the CPB preparation was set to 7 wt.% on a dry basis of the total solids
(tailings + binders).

Table 3. CPB design conditions.

Binder
Type

Binder
Content

Solid
Content (%)

Water
Content (%)

Water/Binder
Ratio

Slump
(inch)

AAS-3100 7% 80.31 19.69 3.50 8.6
AAS-4650 7% 80.24 19.76 3.52 8.4
AAS-6300 7% 80.16 19.84 3,54 8.3

OPC 7% 77.97 22.03 4.04 8.4

After mixing, fresh CPB material at an 8.5 ± 0.2-inch slump height (~216 mm), mea-
sured according to ASTM C143/C143M-20 [62], was poured into plastic moulds of 54 mm
in diameter and 108 mm in height, with a perforated bottom for the drainage of excess
water. A total of 96 CPBs were produced for the experimental studies, 72 of which were
used for the UPV, UCS, pH, and sulphate tests at 14–28–56–112–224–360 days. After the
mouths of the sample moulds were sealed with parafilm, they were placed in two nested
separate plastic bags whose mouths were also tied separately. Thus, the contact of the CPB
samples with air was inhibited. After that, the CPBs were put into a temperature-controlled
curing cabinet with a humidifier at 20 ± 1 ◦C and %85 ± 1 humidity conditions.

The CPBs were subjected to UCS testing, in accordance with ASTM C39/C39M-21 [63],
using a 50 kN servo-controlled compression machine with a loading rate of 0.5 mm per
minute. Tests were carried out on 3 CPBs at each curing time, and the average values are
presented in the Results. Strength and durability assessments were made considering a
1.0 MPa threshold value in the short and long term, as suggested by Landriault [57].

2.3. The pH and Sulphate Monitoring

The pH and sulphate analyses were conducted on the CPBs after the UCS testing for
the evaluation of the acid and sulphate effects on the properties of the CPBs. One of the
most important indications of pyrite oxidation generating acid and sulphate products is the
pH. Portlandite completely dissolves when the pH drops under 12 [64,65], leaving a porous
structure behind [66], and also causing the weakening of the bond strength of C-S-H due to
the decalcification [67]. When the pH drops under 10.5, ettringite becomes unstable [68].
On the other hand, hydration products of cement were reported to dissolve under a pH of
9 [12]. Therefore, the pH was monitored in this study to investigate the effect of the slag
fineness on the ability of the prevention of pyrite mineral oxidation, as well as an indication
of the acid buffering capacity. For this purpose, after the UCS tests, the CPBs were grated
to under 2.36 mm and placed into a glass beaker. Then, distilled water was poured into the
beaker, providing a solid-to-water ratio of 1:1, and mixed thoroughly with a stainless-steel
kitchen whisk for 5 min. The mouth of the beaker was covered with a parafilm and stood
for one hour. Then, the pH was measured using the clear portion of the solution. Details of
the pH and sulphate monitoring method can be found elsewhere [21].
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The initial pH and sulphate concentrations of the tailings were 8.98 and 5712 ppm,
respectively. The high sulphate concentration was attributed to the sulphate-containing
chemicals used and the pyrite oxidations during the ore-processing stages.

2.4. Microstructural Investigation

The microstructural properties of the CPBs produced using slags in three different
specific surface areas were investigated in this study, in detail. In this scope, detailed mi-
crostructural experimental studies were carried out using a scanning electron microscope
equipped with an energy-dispersive X-ray spectroscopy (SEM + EDS) and mercury intru-
sion porosimeter (MIP). For the microstructural studies, 24 additional CPBs were cast and
used at 28-, 112- and 360-day curing times only for these experiments. The obtained results
were used to investigate the effect of the slag fineness on the microstructural evolution of
the CPBs and the durability properties.

The SEM + EDS studies were conducted at a 15 kV accelerating voltage using a ZEISS-
EVO MA-LS Series LEO 1550 SEM device (Carl Zeiss Microscopy GmbH, Jena, Germany).
The EDS analyses were performed for the phase definitions and the determination of
the Ca/Si ratios at the corresponding curing periods to evaluate the acid and sulphate
effects [19]. Detailed procedures for the sample preparation for the SEM studies and Ca/Si
determination can be found elsewhere [69].

To investigate the relation between the porosity and pore structure, and the strength and
durability properties of the CPBs, porosity tests were carried out using a mercury intrusion
porosimeter (MIP) with Micromeritics AutoPore IV Series 9510 MIP device (Micromeritics,
Norcross, GA, USA), based on ASTM D4404-18 [70], on the samples at 28, 112, and 360 days
of curing time. Details of the procedures for the preparation of the CPBs for the MIP tests can
be found elsewhere [69]. The obtained results of the MIP tests were assessed based on the
International Union of Pure and Applied Chemistry [71] classification.

2.5. Ultrasonic P-wave Velocity Testing

Ultrasonic P-wave velocity (UPV) tests were performed on the CPBs before the UCS
tests using a Portable Ultrasonic Nondestructive Digital Indicating Tester (PUNDIT Plus 6;
CNS Farnell Limited, Hertfordshire, UK) according to ASTM C597-22 [72]. The end surfaces
of the CPBs were flattened and the lengths of the CPBs were measured with an accuracy
of ±0.1 mm. Then, the surfaces were covered with a thin layer of gel to maintain a good
contact between the transducers and the CPBs. The transit time between the transducers
(transmitter and receiver; 42 mm in diameter with 54 kHz) was measured in the continuous
mode. Details of the applied procedures for the UPV testing can be found elsewhere [51].
The UPV values (UPVs) were calculated using the following equation, and the mean UPVs
are given in the Results for each curing point.

UPV = x/t

where UPV is the P-wave velocity (m/s), x is the length between the transducers (m), and t
is the travel time (µs).

Correlation tests were also carried out to investigate the relationship between the
UCSs and UPVs using predictive analytics software (PASW Statistics 18).

3. Results and Discussion
3.1. Effect of the Slag Fineness on the Strength Evolution and Durability Properties of the CPB

The strength (UCS) evolution of the CPB samples is given in Figure 2a. All the CPBs
provided the desired UCS at 28 days. The highest strength was obtained from the AAS-6300
samples at 28 days, while the AAS-3100 samples produced the lowest values. The UCS
of OPC increased up to 56 days at a low rate, and tended to decrease afterwards. The
loss in strength after 112 days was about 30%, considering the 360-day strength dropping
under the level of the 14-day strength. Similar tendencies in the OPCs produced from
sulphide-rich tailings were obtained in the long term in the previous studies by Cihangir
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et al. [69]. The loss in strength of the OPC-CPBs can be attributed to the high CaO content
and the poor gel structure.

Figure 2. Effect of the slag fineness on the UCS evolution (a) and variation in the water/moisture
content (b) of the CPBs over the curing period.

The AAS-CPBs showed a very high increasing trend and a high slope in the strength
gain up to 112 days, and displayed a slower increasing trend afterwards. The 360-day
strengths of the AAS-3100, AAS-4650, and AAS-6300 series were 9.8-, 6.33-, and 3.70-fold of
the 14-day strength values, respectively. The AAS-3100 samples produced lower strengths
than those of the AAS-4650 and AAS-6300 CPBs over the curing period. Considering the
average strength values of the AASs over the curing period, the highest belonged to the
AAS-6300s. The average strength differences between the AAS-3100, AAS-4650, AAS-6300,
and OPC-CPBs were 3.03-, 3.78-, and 3.91-fold, respectively. Similar strength differences
when the slag fineness was about 4600 cm2/g were reached in previous studies performed
on the sulphidic tailings CPB prepared with AAS in the long term. On the other hand, the
highest strength was obtained in the case of AAS-4650 in the long term. The AAS-CPBs
showed relatively much better performance and resistance against aggressive environments
than that of the OPC [11,19,69,73], except for the AAS-6300 samples, where only a 3.68%
strength loss was observed after 224 days.

The hydration degree of the slag and its strength were reported to increase with an
increase in the Blaine fineness [73]. The amount of <3 µm slag fraction was found to provide
higher early strength [74]. Additionally, Ref. [75] reached <5 µm of the slag material amount,
which significantly affected the hydration, and the 0–20 µm amount was crucial for the early-
age (≤7 days) strength development. However, they also found and reported that the amount
of slag particles coarser than 20 µm decreased the reactivity of the slag, having less effect on
early-age strength gain. In the current study, the <3 µm fine-particle amount of the 6300 slag
was ~2.5-fold of the 3100 slag, with a 1.5-fold pozzolanic index value (Table 2). Therefore, the
AAS-3100 CPBs produced 1.78- and 2.83-fold lower strengths than those of the AAS-4650 and
AAS-6300 CPBs at 14 days. These results suggest that the slag fineness and the amount of fine
fractions significantly affected the dissolution rate, the amount of C-S-H gel products, and,
therefore, the improvement of the strength-gain properties in the AAS-CPBs.

Figure 2 also displays the moisture content of the CPBs over the curing period. The
moisture content was at the lowest levels in the AAS-6300 CPBs compared to those of the
others. In other words, the consumption of water seemed to increase with the increase in
the fineness of the slag. This can be related to the continuous hydration/hydration-product
transformation, etc. Shi et al. [73] stated that the strength of the material may decrease
due to the increase in the water demand for the slags whose fineness is over a certain
value. Wang et al. [76] also reported that a further increase in the fineness from 5000 to
6000 cm2/g could cause a decrease in the strength. According to Shi et al. [73], proper
strength-development rates may be reached when the fineness of the slag is in the range
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from 4000 to 5000 cm2/g. The findings obtained from this study correspond very well with
the related literature mentioned above.

3.2. Effect of the Slag Fineness on the pH and the Sulphate Concentration Evolution of the CPBs

Figure 3 depicts the pH and sulphate concentration levels of the CPBs. The pH values
(pHs) of all CPBs displayed an increasing trend up to 14 days. The highest pHs belonged
to the OPC-CPBs up to 112 days, which can be attributed to the hydration products, such
as C-S-H and Ca(OH)2 (CH:Portlandite) [77]. However, the pHs of the OPC-CPBs tended
toward a drastic decline after 112 days, and dropped under a pH of 10.4 at 360 days
(Figure 3a), an indication of the continuous oxidation of the pyrite minerals [11,19,69].

Figure 3. Effect of the slag fineness on the pH (a) and the sulphate concentration (b) evolution of the CPBs.

As for the AAS-CPBs, the pHs were measured to increase, which can be related to the
amount of the higher dissolution rate and the higher formation of hydration products with
the increasing fineness of the slag [73,75]. The CPBs with a high slag fineness had high pHs
during the curing period. The pHs of all the AAS-CPBs stayed over a pH of 11.10, and the
slope of the decreasing trend was relatively very low compared to those of the OPC-CPBs
(Figure 3a). Similar results were obtained for the pH levels of the AAS-CPBs in the previous
studies [19,21,69]. Additionally, the low early strength of AAS-3100 can be related to the
lower pHs slowing down the hydration [78] during the very early ages.

Figure 3b demonstrates the sulphate evolution of the CPBs over the curing period.
The OPC-CPBs consumed the initial sulphate ions (Table 1) at an early curing time, which
is an indication of sulphate attack. The poor strength-gain rate in the OPC-CPBs at the
early ages can be ascribed to the sulphate ion adsorption into the gel products, causing
poor-quality C-S-H. Additionally, lower sulphate ion concentrations were an indication of
sulphate attack forming expansive reaction products, causing internal stress [73], and the
disruption of the OPC-CPBs [21], resulting in strength loss in the long term.

On the other hand, the AAS-CPBs with a higher fineness had higher sulphate ion
concentrations over the curing period, as with the pHs. It should also be noted here that the
sulphate concentration of the AAS-CPBs reached ~16,000–20,000 ppm, which was thought
to stem from the high initial sulphate content of the tailings compared to the authors’
previous studies [19,21,69]. As the slag fineness increased, the consumption of sulphate
ions seemed to decrease. This can be related to the formation of higher amounts of C-S-H
gels with a low Ca/Si ratio, precipitating on the tailings particles in the CPB body. This
acts as a protective Si-rich thick layer, decreasing both the rate of pyrite oxidation and the
consumption of sulphate ions, as well [21].
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3.3. Influence of the Slag Fineness on the Microstructural Evolution of the CPBs

The microstructural properties of the CPBs were examined together with the geo-
chemical studies for both the phase definition and the Ca/Si ratio determination (Figure 4).
The gel microstructure in the OPC-CPBs had a fibre-like morphology at early curing ages
(Figure 4a,b). Although the microstructure of the OPCs appeared to be dense at the early
ages, it became loose as the curing time progressed. One of the reasons stems from the
lower solid content of the OPC-CPBs compared to those of the AAS-CPBs (Table 3). Ad-
ditionally, the morphology tended to turn into a fibre-like/foil-like morphology, which
was ascribed to the continuous acid and sulphate effects with the elapse of the curing time
(Figure 4c). The bonding of the C-S-H gels was observed to be weak to the tailings’ parti-
cles. At 28 days, secondary gypsum products were seen to integrate into the C-S-H gels,
lowering the product quality, as well. In the SEM examinations performed on the 28-day
OPC sample, no obvious crystalline secondary gypsum was encountered, although some
small needle-like ettringite crystals were observed to form around the voids (Figure 4a,b).
In the long term, obvious secondary gypsum products at different morphologies and coarse
needle-like ettringite minerals were observed in the OPC-CPBs (Figure 5). The authors
related the loss in strength to the acid and sulphate effects, together with the secondary
expansion minerals causing a loose and heterogeneous microstructure [13,14,21,69] .

Figure 4. SEM images of the OPC (a–c), AAS-3100 (d–f), AAS-4650 (g–i), and AAS-6300 (j–l).
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Figure 5. Secondary expansion mineral formations in the OPC-CPB samples and their morphologies.

As for the AASs, all the AAS-CPBs had a foil-like, gel-like (Figure 4d in AAS-3100
and Figure 4l in AAS-6300 samples), and denser microstructure compared to the OPC-
CPB. Foil-like hydration products were seen to cover most of the surfaces of the particles
and the spaces between particles, which can be related to the continuous strength gain
in the AASs. The voids between tailings particles were filled with the newly formed
hydration products, with products transformed in other phases and/or other secondary
products, such as gypsum, ettringite, monosulphate, etc., with the elapse of the curing time.
The microstructure became denser and more compact in all the AASs as the curing time
increased. Among the AASs, AAS-4650 had the densest foil-like structure, especially at
112 days and at later ages, while the AAS-6300 sample had a mostly gel-like morphology.
The features/morphology of the C-S-H gel products can be seen around the particles and
the voids in the AAS-CPBs (Figure 4d–l).

During the SEM examinations and scanning, the amount of secondary mineral phases
was found to increase as the fineness of the slag decreased at 112 days and later ages.
Very-well-crystallised gypsum minerals, having different morphologies and needle-like
ettringites, were observed to form in the air bubbles (Figure 6) and voids as the curing
time proceeded to 112 days and thereafter. Secondary gypsum minerals were seen to form
especially around and adjacent to pyrite minerals, and the voids between tailings particles
in all AASs were the most common and abundant formations encountered in the AAS-3100s
during the SEM monitoring (Figures 7, 8 and 9b). Gypsum minerals appeared finer and
scattered in/around voids and within the C-S-H gel products in the AAS-6300 sample.
Additionally, hexagonal-plate AFm (calcium sulphoaluminates/monosulphoaluminate)
phases were seen to be more common in the AAS-6300s (Figure 4l).

Figure 6. Secondary mineral formations in air bubbles in CPB body: gypsum in AAS-3100 (a),
gypsum and ettringite in AAS-4650 (b), gypsum in AAS-4650 (c), and gypsum in AAS-6300 (d).
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Figure 7. Secondary mineral formations in AAS-3100 at 360 days: ettringite (a); gypsum (b).

Figure 8. Secondary mineral formations around pyrite minerals in AAS-4650 at 360 days.
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Figure 9. Secondary mineral formations (ettringite (a); gypsum (b)) in AAS-6300 at 360 days.

It should be noted here that needle-like ettringite minerals were detected within the
CPB material for the first time in this study in all the AAS-CPBs. Coarser needle-like ettrin-
gites and ettringite clusters were found to form in the air bubbles (Figures 6b, 7a and 9a),
similar to the gypsum crystal formations in such bubbles. The authors attribute this
phenomenon to the very high initial sulphate ion content compared to the previous stud-
ies [11,19,21,69] and the interaction of the tailings with the binder agent [20]. Ettringite was
reported to form when Na2SO4 was used as an activator and/or sulphates were present in
the medium [73].

Some drying shrinkage cracks were observed in the AAS-6300 CPBs after 112 days
(Figures 9a and 10). These cracks were thought to result from the decrease in the moisture
content in the AAS-6300 samples (Figure 2b). It is well-known that drying shrinkage is
caused due to moisture loss. A decrease in strength was reported to occur due to an increase
in the water demand with the increasing fineness of the slag. Additionally, drying shrinkage
differences between the AAS and OPC samples were reported to increase with the decrease
in the relative humidity [73]. Therefore, the decrease in the UCS of the AAS-6300 sample in
the long term can be related to such cracks.

Decalcification of the C-S-H products depends on the drop in the pH. With the decrease
in the pH, C-S-H releases Ca2+ ions for the neutralisation of the acid environment. Therefore,
the Ca/Si ratio of the binding-gel products was followed by spot chemical analysis with
EDS to monitor the decalcification and assess the durability properties of the CPBs.
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Figure 10. Crack formations in the AAS-6300 CPB after 112 days.

The Ca/Si ratio of the OPCs was 1.90 at 28 days, which dropped to 0.89 at 360 days of
curing, an indication of the continuous oxidation of the pyrite minerals. The decreasing
trend in the Ca/Si ratio was high at the early stage, which was ascribed to the high
initial sulphate content consuming the Ca products (dissolved Ca2+ ions, etc.). However,
after 112 days of curing, the trend of decrease in the Ca/Si ratio was observed to decline
considerably (Figure 11). Although the Ca/Si ratio was 0.89 at 360 days, it appeared to
fall even more. The poor strength performance of the OPC-CPBs (Figure 2a) corresponded
well with the pH and sulphate ion change (Figure 3), the loose microstructure (Figure 4b,c),
and the change in the Ca/Si ratios (Figure 11) with the elapse of the curing time. These
findings are in good agreement with the previous studies [19,69]. Decalcification is the most
significant phenomenon for the durability performance of cemented materials compared to
the expansive phases, such as secondary gypsum, ettringite, etc. [64].

Figure 11. Ca/Si ratio of the binding gels of the CPB samples.
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The Ca/Si ratios of the AAS-CPBs were less than those of the OPC-CPBs due to the
initially dissolved Si ions coming from the activator and the composition of the slag, of
which the Ca/Si ratio was ~0.91. The lowest Ca/Si ratios belonged to the AAS-3100s over
the curing period. This can be related to the slower dissolution rate of coarser slag particles
releasing fewer Ca2+ ions, the consumption of Ca2+ ions for the formation of secondary
expansive phases, and the dissolved Si ions coming from the activator. The Ca/Si ratios of
the AASs were about 0.8 at the early age and 0.55 at 360 days. The trends of decrease were
much slighter compared to the OPC-CPBs, where the trends were approximately parallel to
the horizontal axis. This can be related to the outer Si-rich protective C-S-H layer covering
the surface of the tailings particles, and most importantly, the pyrite minerals reducing
oxidation [19,69].

3.4. Pore Size Evolution of the CPB Samples

The pore size distributions (PSDs) and technical parameters of the curves of the CPBs
are seen in Figures 12 and 13, respectively. The OPC-CPB sample had the highest total
and macroporosities (macropores had a pore size larger than 0.05 µm), and the lowest
mesoporosities (mesopores ranged between 0.002 and 0.05 µm) [71,79]. For the given
binder dosage, the AASs had a ~38% higher mesoporosity, while the OPC-CPB sample
had 18% and 10% higher macro- and total porosities than those of the AASs, respectively.
Among the AASs, the 4650 sample had the finest pore structure considering the porosity
curves, although total porosity was not the lowest at all curing times (Figures 12 and 13a).
At 360 days, the pore size distribution curve of the AAS-6300 sample was seen to swell
out/shift to the right, although the total porosity was approximately the same as other
AASs (Figure 12b,d,f). Therefore, AAS-6300 had the highest macroporosity at 360 days.
This phenomenon can be ascribed to the cracks formed due to internal stress and/or drying
shrinkage (Figure 10). This finding very well explains the low decrease in the UCS in the
AAS-6300 CPB sample (Figure 2a).
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The AAS-CPBs produced lower total porosities than those of the OPC-CPBs in all
curing times. The lower total porosities of the AAS-CPBs can be related to the higher solid
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contents at the preparation stage, owing to the dispersant and lubricating effects of LSS
and the newly formed C-S-H gels [17].

For a given activator, the total porosity and pore sizes were stated to become lower
and finer, respectively, when the fineness of the slag increased [73]. In this study, evaluated
together with the SEM images, the porous microstructure of the AAS-3100 and AAS-
4650 samples were observed to become finer and denser with the progress of the curing
time, which was more evident in the AAS-3100 sample. The lower porosity and denser
microstructure of these samples can be attributed to the continuous formation of C-S-H,
other hydration products, and secondary expansive minerals over the curing period. It
seems that the formation of secondary expansive minerals (i.e., gypsum, ettringite) up
to a certain amount had a beneficial effect on the decrease in the porosity, improving
the compactness (Figure 12) and resistance of the AAS-CPBs against acid and sulphate
effects [23,73].

On the other hand, dcr, responsible for fluid transfer in the CPB body, was the highest in
OPCs and the lowest in all curing times in the AAS-4650s, as can be seen from Figure 12a,c,e
and Figure 13b. As for dth (representing the largest pore diameters), the OPCs had the
coarsest pores at all curing times (Figures 12b,d,f and 13b). After 28 days, the dth values
were the lowest in the AAS-4650 samples at all relevant curing times, and the highest in the
AAS-6300 samples at 360 days among the AAS-CPBs (Figures 12b,d,f and 13b), which is in
line with the swelling of the AAS-6300 sample curve towards the right (Figure 12f).

The higher UCS and durability performance of the AAS-CPBs can be related to the
quality of the binding gels, the bond strength, the impermeable and protective Si-rich gel
products resistant to the aggressive medium and porosity/PSD, etc. [19,64,69,73]. The
findings suggest that a further increase in the fineness of the slag does not provide a further
advantage in terms of strength, microstructure, and durability.

3.5. Evaluation of the CPB Strength and the Durability Properties via P-Wave Velocity (UPV)

Figure 14a depicts the ultrasonic P-wave velocity (UPV) propagation results of the
CPBs. Except for the AAS-3100 and AAS-4650 samples at 14 days, the UPV values (UPVs)
of the AAS-CPBs were higher than those of the OPCs at all curing points. Lower UCS
values for the AAS-3100 and AAS-4650 samples at 14 days can be ascribed to the slower rate
of the strength-development characteristics of the activated slags, and the inhibitory effect
of initial high sulphate ion concentration in the CPBs at very early ages [4,19,21,69]. The
UPVs of the AASs were 1.15-, 1.22-, and 1.23-fold on average for the AAS-3100, AAS-4650,
and AAS-6300 CPBs compared to the OPCs, respectively. Although the AASs produced
prominently greater UPVs than those of the OPCs, the differences are very low compared
to the UCS values.

Figure 14. UPVs of CPBs during the curing period (a) and the relation between UCS and UPV couples (b).
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The UPVs of the AASs exhibited a substantial growth trend for the CPBs up to 112 days
as a consequence of the intensive formation, densification, and solidification processes of
the hydration products, and the slight rate of the rise thereafter. These findings agree well
with a similar trend that was obtained between the UPV and UCS couples in previous
studies [52]. On the other hand, the UPVs of OPCs displayed a decreasing trend after
56 days, which was parallel to the UCS values. A decrease in the UPV was also seen in the
AAS-6300 CPB, as in the UCS, after 224 days. The loss in the UPVs was associated with:
(i) acid production, causing decalcification–weathering–loosening in the cemented matrix,
and so a reduction in the C-S-H bond strength; (ii) sulphate productions resulting in the
disruption–disintegration and the lowering of the material stiffness due to the internal
stress, and, so, an increase in the heterogeneity in the OPCs [12,14,21]. Additionally,
drying shrinkage cracks (Figure 10) and possible detrimental secondary products were
also responsible for the reduction in the UPV of AAS-6300 after 224 days [11,19,66]. Such
structural imperfections led to the breakage and diffraction of the UPV waves, resulting in
a decrease [80–83].

Higher UPVs for AASs compared to OPCs can be related to the higher solid contents,
lower water/cement ratios (Table 3), resistance against acid and sulphate effects (Figure 3),
the compact microstructure (Figure 4), the resistance of the binding gels against decalcifica-
tion (Figure 11), and the lower porosity and finer pore structure (Figures 12 and 13). Higher
UPVs can also be attributed to the silicate polymerisation, the higher rate of solidifica-
tion [73], the quality of the hydration products, and the gain of the strength characteristics
of the AAS-CPBs [19,21,69].

There is a similar trend of increase or decrease in the UPVs and UCSs of the CPBs at
each corresponding curing point. The coefficient of correlation value between the UCS
and UPV couples of the CPBs is very strong, with an “r” value of 0.992 (Figure 11). The
direction of the relation is positive, and the relation is significant between each couple
within a 95% confidence interval (Table 4). From this point of view, the UPV measurements
show that the strength and durability of the CPBs can reliably and simply be followed
and/or estimated for a specific CPB design for a mine operation.

Table 4. Relationship between UCS and UPV couples of the CPBs.

Correlation Parameters Coefficient of Pearson Correlation (r) Sig. (2-Tailed)

UCS-UPV for all CPB designs 0.992 0.000
UCS-UPV for AAS-3100 CPB samples 0.982 0.001
UCS-UPV for AAS-4650 CPB samples 0.998 0.000
UCS-UPV for AAS-6300 CPB samples 0.997 0.000

UCS-UPV for OPC-CPB samples 0.872 0.023

4. Conclusions

According to the obtained results, AAS provides durable CPBs against acid and
sulphate effects when the CPB is made from sulphide-rich tailings. In such a medium, AAS
can produce ~four-fold strengths compared to the OPC in the CPB.

The fineness of the slag and fine fraction amounts were found to have an influential
effect on the dissolution rate and the amount of hydration-product formation affecting the
improvement of the strength-gain properties in the AAS-CPBs, especially in the short term.
Hydration-product solidification was observed to slow down with the decreasing fineness
of the slag. Further increases in the slag fineness were found to have no advantageous
results in terms of the UCS gain. On the contrary, it may have detrimental effects due to the
drying shrinkage.

The pH was seen to be high in the case of the increase in the slag fineness. On the other
hand, the dissolution rate of the slag particles and the amount of hydration products were
found to decrease with the decreasing fineness of the slag. Abundant secondary gypsum, as
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well as ettringite minerals, may form in the case of a high sulphate concentration and due to
the continuous oxidation of pyrite minerals in the CPB body. Increasing the fineness of the
slag was found to unambivalently decrease the secondary expansive mineral formations,
but caused drying shrinkage cracks due to the excess moisture loss and/or water demand.
The quality of C-S-H is very close in the AAS-CPBs and displays similar resistance against
aggressive environments.

The total porosity of the AAS-CPBs decreased with the increasing slag fineness. How-
ever, the finest pore structure and the most compact CPBs were reached in the case of
the AAS-4650 slag. Secondary mineral formations up to certain amounts were seen to
contribute to the decrease in the porosity.

The UPV was very sensitive to the defects and heterogeneity in the CPB body, and
was a very effective tool for the evaluation of the durability of the CPB.

Cumulative assessments of the mechanical, geochemical, microstructural, and ultrasonic
findings of this study suggest that around a 4600 cm2/g slag fineness is sufficient for the
preparation of the AAS-CPB. Slag in this fineness appears to provide the early-age strength
desired for the stability and long-term strength required for the durability of the CPB.
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