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Sulfidic mine tailings are potential waste materials from mining and mineral processing, and they can contain a
high content of sulfur and metal(loid)s, even after bioleaching. Due to the large amount of tailings waste from
historical mining, it is crucial to find alternative methods for utilizing such waste rather than permanent storage
in tailings impoundments. One-part alkali-activated slag mortars are promising co-binder systems for the recy
cling of sulfidic mine tailings thanks to their practicability, easy transportation, and user-friendly production. In
this work, up to 50 wt% mine tailings were incorporated into alkali-activated blast furnace slag mortars. C-(N)-AS-H gels were formed in all final samples with hydrotalcite zeolites. Tailings hardly participate in alkali acti
vation, but they do have a considerable influence on physical and chemical properties. The 20 wt% tailingscontaining sample showed the highest compressive strength of 91.1 MPa after 90 days of curing. The results
of isothermal calorimetry indicate that incrementally increasing the percentage of tailings promotes the preinduction reaction but hinders the slag hydration process. In addition, the results of X-ray microcomputed to
mography showed higher porosity when the mortar contains more tailings; thus, the sample with 10 wt% mine
tailings showed the lowest porosity. According to the European Union batch leaching test, up to 20 wt% bio
leached sulfidic mine tailings can be valorized in a co-binder system while remaining below the nonhazardous
waste thresholds.

1. Introduction
Sulfidic mining wastes are generated from mining excavation and
mineral processing, and they include sulfidic mining waste rock and
sulfidic mine tailings (SMTs). SMTs usually contain several sulfidic
minerals, such as pyrite, chalcopyrite, sphalerite, and galena, depending
on the geological conditions of the mining site. Acid mine drainage
(AMD) is a well-known environmental issue when sulfidic wastes are
improperly treated [1]. The SMTs investigated in this study were
received from a historical Cu–Pb–Zn mine in Freiberg, Germany, and
treated by bioleaching. It is estimated that about 1.3 Mt tailings waste
are stored on-site in the Davidschacht impoundment. Because mine
tailings contain mobile metal(loid)s, there is a potential risk to living
organisms exposed to the tailings [2]. However, bioleached mine tail
ings can still retain certain amounts of metal(loid)s, and these

aluminosilicate-rich tailings still accumulate near the mining sites.
Normally, mine tailings are backfilled with waste rocks or cemented
pastes where contaminants are immobilized in the matrix [3,4]. In
recent years, cement binders have contributed to a higher carbon foot
print, which accelerates global warming. Therefore, it is essential to seek
a green method to valorize mine tailings and remediate the effects of
climate changes. This is not about the specific case study of Freiberg
mine, as similar sulfidic mine tailings can be characterized and properly
treated.
Alkali-activated materials are emerging binders [5] in which a solid
aluminosilicate precursor (including calcium-rich blast furnace slag
[BFS]) reacts with an alkali activator to produce a hardened hydrous
alkaline–aluminosilicate binder [6]. Apart from conventional (two-part)
alkali-activated materials, one-part or “just add water” systems are
similar to ordinary Portland cement (OPC), with production methods
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Fig. 1. Particle size distribution of the SMTs (a); XRD pattern of the SMTs (b).
Table 1
Chemical composition of raw materials (wt%).
Major elements

SiO2

Al2O3

Fe2O3

TiO2

CaO

MgO

Na2O

K2O

MnO

SO3

P2O5

PbO

ZnO

CuO

SMT
BFS

51.97
32.33

6.6
9.58

14.4
1.23

0.5
–

0.8
38.51

0.7
10.24

0.2
0.51

1.6
0.53

0.1
–

12
4

0.2
0.01

0.2
–

0.2
–

0.1
–

superior to the complex solution preparation of conventional alkaliactivated materials [7]. Researchers have widely studied the recycling
of sulfidic mining tailings in different co-binders, such as fly ash [8–11],
metakaolin [12–14], and cement [15–18]. Kiventerä et al. [19,20]
studied the effect of alkali solution concentrations and BFS contents on
two-part sulfidic tailings co-binders, as well as the leaching properties of
mine tailings in a ternary mix design with metakaolin and BFS. The
backfill of SMTs using BFS was investigated, in which BFS showed better
mechanical strength and metal(loid) stability performance than OPC at
the same binder dosage [21,22]. Other studies on producing tailings cobinders with low-calcium slag indicated that a higher amount of slag can
gradually increase the mechanical performance of alkali-activated ma
terials [12,23,24]. These studies refer to the two-part binder prepara
tion, where the ratio and concentration of a sodium silicate (SS) solution
and a sodium hydroxide solution influence the features of the final
products. Chen et al. investigated the feasibility of using Zn–Pb mine
tailings in a one-part alkali-activated slag binder with up to 20 wt%
tailings [25] and found that mine tailings accelerate the reaction and
enhance the early compressive strength of one-part alkali-activated slag.
However, its long-term mechanical properties, mobile metal(loid)s, and
porosity still require further investigation. Chromium has been suc
cessfully immobilized in the alkali-activated slag system, in which the
co-binders meet the safe range of 5.0 mg/L according to the standard
(GB5085.3–2007) if<60 wt% mine tailings are integrated [26]. Zhang
et al. [27] reported that the co-binder significantly immobilized heavy
metals, such as Cu and Pb, when the geopolymer contained 50 wt% slag.
In addition, porosity is a crucial factor that can significantly affect the
performance of mortar samples. Apart from mercury intrusion poros
imetry (MIP) and the method of Barrett, Joyner, and Halenda (BJH), a
visualized and nondestructive technique, X-ray microcomputed tomog
raphy (µCT), has also been previously used to characterize monolithic
mortar specimens [28–36].
In this study, bioleached SMTs from the historic Freiberg mining
district were upcycled in one-part alkali-activated slag mortars. The
effect of incorporating tailings into slag mortars on mechanical perfor
mance and leaching behavior was investigated after up to 90 days of
curing. X-ray µCT was applied to the co-binders to analyze the

distribution and microstructure of pores and cracks. Ultimately, this
study aims to characterize the conditions required to valorize such SMTs
in the construction and building sectors to contribute to both the circular
economy and the environmental remediation of historic mine sites.
2. Materials and methods
2.1. Materials
Fine SMTs from the Davidschacht tailings impoundment (Freiberg,
Germany) were provided after bioleaching by Helmholtz-Zentrum
Dresden-Rossendorf (HZDR). The particle size distribution, mineralog
ical and chemical compositions of the SMTs and BFS are presented in
Fig. 1 and Table 1. The main mineral phases of the mine tailings are
chlorite (ICDD PDF#04-014-3772), muscovite (ICDD PDF#01-0716666), gypsum (ICDD PDF#04-015-8263), albite (ICDD PDF#01-0860099), sphalerite (ICDD PDF#04-016-7384), quartz (ICDD PDF#04015-8431), and pyrite (ICDD PDF#04-014-6085). As an internal stan
dard for mineralogical quantification, 10 wt% zincite (ICDD PDF#04008-8197) was used. The d50 value of the SMTs is 15.31 µm. Ground
granulated BFS was obtained from Finnsementti, Finland, and its d50
(50% of particles have a size below this value) and density were 10.8 µm
and 2.93 g/cm2, respectively. Solid SS, that is anhydrous sodium met
asilicate, was used as the sole alkali activator for one-part alkali-acti
vated mortars. Standard sand (Normensand, Germany) with a particle
size ranging between 0.08 and 2 mm was utilized for mortar preparation
(CEN standard sand according to EN 196-1). Distilled water (DI-water)
was used throughout the experiment.
2.2. Mix design
The ratio of the precursor to solid SS was kept constant at 9:1 [37],
where 0 to 50 wt% BFS was substituted by the bioleached SMTs in an
incremental value of 10 wt%. Based on the study of Luukkonen et al.
[38], the optimal water/binder and sand/binder weight ratios were
fixed at 0.35 and 2, respectively. A detailed mix design is given in
Table 2, in which BFS, SMTs, and SS were premixed for 3 min via shear
2
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Table 2
Mix design of one-part alkali-activated mortars (in mass %).
Abbr.

Exp. name

BFS

SMT

SS

Na2O/Al2O3

SiO2/Al2O3

Na2O/SiO2

CaO/SiO2

H2O/Na2O

MT0
MT10
MT20
MT30
MT40
MT50

100BFS0SMT
90BFS10SMT
80BFS20SMT
70BFS30SMT
60BFS40SMT
50BFS50SMT

90
81
72
63
54
45

0
9
18
27
36
45

10
10
10
10
10
10

1.03
1.06
1.09
1.12
1.16
1.19

6.53
7.09
7.69
8.33
9.01
9.75

0.14
0.14
0.13
0.12
0.12
0.11

1.09
0.94
0.80
0.67
0.55
0.44

21.92
22.04
22.15
22.28
22.40
22.52

Noted: The weight ratios were calculated based on the complete dissolution of the precursor.
Table 3
Summary of possible phases in the BSE image of MT20 after 90 days of curing, shown in Fig. 12.
Spot

Ca

Si

Al

Mg

Fe

Na

K

O

S

As

Phase

1
2
3
4
5
6
7
8
9
10
11
12

–
32.62
–
–
1.16
–
–
–
18.80
–
–
31.22

31.79
15.83
50.84
49.87
4.42
21.43
–
–
10.37
–
49.48
17.03

10.74
5.49
–
–
0.73
18.99
–
–
4.77
–
–
5.60

–
5.97
–
–
–
0.74
–
–
1.88
–
–
6.04

–
–
–
–
63.28
–
47.64
48.30
4.11
46.68
–
–

–
1.95
–
–
2.78
0.81
–
–
9.69
–
–
0.58

14.24
0.32
–
–
–
6.90
–
–
0.83
–
–
0.50

43.23
36.54
49.16
50.13
27.63
44.48
–
–
42.76
–
50.52
37.90

–
1.28
–
–
–
–
52.36
51.70
–
51.39
–
1.13

–
–
–
–
–
–
–
–
–
1.93
–
–

Muscovite
Unreacted slag
Fine sand
Coarse sand
Iron-rich phase
Chlorite
Pyrite
Pyrite
(C)-N-A-S-H
Arsenopyrite
Coarse sand
Unreacted slag

mixture. Thereafter, DI-water was added and continuously mixed for
another 3 min, and then the sand was added and further mixed for 3 min.
The prepared mortar was cast in a prismatic mold with dimensions of 20
× 20 × 80 mm3 and then compacted with a jolting table for 2 min.
Specimens were demolded after 24 h of curing and then kept in a curing
chamber at 23 ± 1 ◦ C and 90 ± 2% relative humidity until further
testing (EN196-1). For characterization, paste samples were prepared as
alternatives. The obtained samples were coded according to mine tail
ings content as MT samples MT0–MT50.

reconstruction were performed using X-ray µCT and analyzed using the
Thermo Fisher PerGeos® software version 2020.2. Two parallel samples
for each mine tailings content percentage were investigated with a GE
phoenix v|tome|x s X-ray µCT device at the Geological Survey of
Finland, Espoo, Finland. They were imaged using an accelerating
voltage of 120 kV and a tube current of 150 mA for a tube power of 18 W.
A 0.5-mm Cu beam filter was used. The samples were scanned in four
vertically shifted scans, with 2,500 angle steps per scan for a total of
10,000 projections. At each angle, the detector waited for a single
exposure time and then took an average over three exposures, with a
single exposure time of 500 ms. This resulted in a total scan time of 5.5 h.
The voxel resolution was 16.9 µm.

2.3. Characterization
The chemical compositions of SMT and BFS were determined by a
PANalytical AXiosmAX XRF spectrometer with a rhodium tube that has
a maximum power rate of 4 kW. Particle size distribution was deter
mined using a laser diffraction particle size analyzer (LS 13320, Beck
man Coulter, Inc., Brea, CA, USA). XRD analysis was performed with a
Rigaku SmartLab 4.5 kW device with the equipment parameters of Co
source (40 kV and 135 mA) Kα (Kα1 = 1.78892 Å; Kα2 = 1.79278 Å; Kα1/
Kα2 = 0.5) at a scan rate of 3 ◦ /min and 0.02 ◦ /step. Quantitative
analysis was performed using the PDXL2 Software Suite with integrated
access to the PDF-4 (2019) database. As an internal standard, 10 wt%
zincite (powder; ≥99.9% trace; metal basis) was used. Vibrational
analysis of waste rocks was performed using diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy. The spectra were collected
using a Bruker Vertex 80v spectrometer (USA) at a range of 400–4,000
cm− 1, and 40 scans were taken at a resolution of 1 cm− 1 for each sample.
The reaction heat of the paste in the early hydration period was recorded
by a TAM Air isothermal calorimeter at a temperature of 23 ◦ C.
Isothermal calorimetry analysis was conducted on in situ mixed samples,
lasting 120 h. Unconfined compressive strength and flexural strength
were measured by a Zwick Roell 100 kN machine with loading forces of
2.4 kN/s and 0.05 kN/s, respectively until failure. Four parallel samples
were prepared to obtain the average results. The morphology was
characterized with the Zeiss ULTRA plus field emission scanning elec
tron microscope (FESEM) with an acceleration voltage of 5 kV. A FES
EM–-Energy Dispersive X-ray Spectroscopy (EDX) analysis was
conducted using FESEM with an acceleration voltage of 15 kV and a
beam current of 120 × 10− 8 A. A porosity analysis and sample

2.4. Leaching tests
The EN 12457-2 batch leaching test [39] and the Toxicity Charac
teristic Leaching Procedure (TCLP); [40] were performed on MT samples
after 7 and 90 days of curing. The samples were crushed with a hammer
and ground to < 200 µm with a porcelain mortar on the same day as the
leaching tests. A particle size of < 200 µm was chosen for homogeneity
among a small sample size and considering an end-of-life or second-life
scenario. As the EN 12457-2 leaching test only requires a particle size
of<4 mm (95% of particles), an evaluation was also made comparing <
4 mm with < 200 µm (just sample MT20) for a better understanding of
the service life of the materials.
The EN 12457-2 batch leaching test was performed by adding
deionized water to the crushed sample at a liquid to solid (L/S) ratio of
10 l/kg in Nalgene polypropylene tubes and mixed at 100 rpm on a
reciprocal shaker (SM-30 Edmund Bühler GmbH) for 24 h.
The TCLP was performed using extraction fluid 2 (pH 2.88 ± 0.05 at
25 ◦ C, acetic acid solution), which was determined by measuring the pH
of the test sample according to the TCLP (Section 2.5) [40]. The
extraction fluid was added to the crushed sample at an L/S ratio of 20 l/
kg and shaken at 100 rpm using a reciprocal shaker for 18 h.
Both leaching tests were performed in duplicate, and procedural
blanks were included for quality control. The final pH of the leachates
was measured using Eijkelkamp (The Netherlands) equipment. All su
pernatants were filtered using a syringe and a 0.45-µm Chromafil®
PET45/25 filter and stored in the refrigerator (at 5–10 ◦ C) until analysis.
3
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Fig. 2. Compressive strength (a) and flexural strength (b) of the MT samples.

Fig. 3. Isothermal calorimetry analysis of MT samples. Heat flow through 36 h with an insert of the magnification of the first peak (a) and zoom in the second peak
during 4 to 18 h (b).

For elemental analysis, the leachates were analyzed via inductively
coupled plasma optical emission spectroscopy (Varian/Agilent 720-ES)
for As, Cd, Cr, Cu, Ni, Pb, S, V, and Zn.

compressive strength of the MT samples shows a dramatic decrease
when the mine tailings content reaches 50 wt%. However, the
compressive strength of MT50 (52.6 MPa) is still higher than 50 MPa
after 90 days of curing.
The flexural strength of both MT0 and MT30 displays the highest
values of 13.9 MPa and 13.4 MPa, respectively, after 90 days of curing.
MT0 shows the largest binder composition, where the introduction of 10
wt% and 20 wt% mine tailings decreases the flexural strength from 28
days to 90 days (Fig. 2). MT10 quickly obtains the highest flexural
strength after only 3 days of curing (10.7 MPa), and similarly its flexural
strength is highest after 28 days at 12.9 MPa. However, as there is a
small decrease to 12.8 MPa at 90 days, but the overall decrease in
flexural strength over the 90 days of curing is smallest for MT10. There is
also a slight flexural strength decline seen for MT20 from 28 days (12.2
MPa) to 90 days (11.9 MPa). These decreases are probably due to drying
shrinkage after quick strength gaining [41]. While the decreases for
MT10 and MT20 are shown in terms of flexural strength, MT40 and
MT50 show only minor increases between days 28 and 90. When 100%
BFS was used as a precursor, it easily dissolved in the alkaline condition,
forming a dense matrix. Therefore, the performance of flexural strength
for MT0 shows the highest value (Fig. 2b). Nevertheless, deteriorated
flexural strength can be observed when BFS was partially replaced by
SMTs, showing that the SMTs are not binder precursors like BFS, where
fewer binder precursors lead to lower mechanical performance. Sample
MT30 presents an exception, following the closely increasing flexural
strength trend of MT0 throughout the 90 days, possibly due to a better
particle interlock in the mortar samples [42].

3. Results and discussion
3.1. Mechanical performance
The incorporation of SMTs into mortar can significantly affect its
mechanical performance. With increasing substitutions of BFS by SMTs,
both the compressive strength and flexural strength decrease, with some
exceptions related to particle packing, change in porosity, and hydration
acceleration. The compressive strength and flexural strength of the MT
samples are given in Fig. 2. The three-day compressive strength de
creases from 66 MPa to 29.6 MPa when the SMTs content increases from
0 wt% to 50 wt%. MT10 gains the optimal compressive strength of 90.7
MPa after 28 days of curing, which is in line with previous research [25].
After 90 days of curing, there are minor variations in compressive
strength when the mine tailings content is below 20 wt%. Furthermore,
MT20 displays the highest compressive strength of 91.1 MPa, which is
superior to those of MT0 (89.2 MPa) and MT10 (84.7 MPa). Moreover,
MT10 slightly loses its compressive strength when it continues curing
from 28 days to 90 days (from 90.7 MPa to 84.7 MPa, respectively). This
strength reduction can be a result of the rapid strength gain during the
first 28 days of curing, causing shrinkage and porosity/cracks [37]. In
particular, the deviation in the compressive strength results of MT0 and
MT10 is relatively large compared to MT20 after 90 days (Fig. 2). The
4
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Fig. 5. DRIFT analysis of MT0 (a), MT20 (b), and MT50 (c).

reaction [44]. The first reaction is clearly accelerated by adding mine
tailings, where the addition of a higher amount of mine tailings induces
a more intense reaction. The second peak, i.e., accelerated hydration
peak, is assigned to the formation of the load-carrying phase (N)-C-A-SH gel. Furthermore, the formation of “primary C-S-H” has been elabo
rated elsewhere by Shi et al. [45]. The microstructural development of
alkali-activated slag was investigated previously, indicating the forma
tion of a more complex (N, C)-A-S-H gel [46]. When <20 wt% BFS is
replaced by mine tailings, it accelerates geopolymerization. In contrast,
a higher amount of mine tailings hinders the hardening process, even
though a fast and intense BFS dissolution rate is achieved during the
initial period. The decreased geopolymerization with higher wt% of
SMT results from a lower content of reactive CaO, which is highly
reactive under alkaline conditions. Previous research also shows that Zn
significantly decreases the hydration heat, thereby hindering hydration
[47]. The splitting of the second hydration peak for MT40 and MT50
could result from the sulfate residues remaining in the bioleached mine
tailings and could slow the nucleation and precipitation of (C)-N-A-S-H
[48]. The relationship between heat release and compressive strength is
not clearly linear, possibly due to the addition of standard sand
(Fig. A1), which differs from the paste samples in the previous research
[25]. Nevertheless, the 28 and 90-day compressive strengths show a
more linear relationship with early heat release (Fig. A1) compared to
the 3-day cured samples. This result indicates that the formation of the
strength-giving phase dominates the mechanical performance, while
particle interactions between tailings and sand still contribute to the
compressive strength. The introduction of sand and mine tailings

Fig. 4. XRD analysis of MT0 (a), MT20 (b), and MT50 (c).

3.2. Hydration kinetics
The early-stage hydration curves of the MT samples are shown in
Fig. 3, where the heat flow was normalized by the total mass of the paste.
There are two peaks in the heat evolution curves of all MT samples [43],
apart from the samples with higher tailings contents of 40 wt% and 50
wt%, in which the second peak shows a splitting behavior into two subpeaks. The first peak, i.e., the pre-induction peak, ascribes to the wetting
and dissolving of BFS, which is accomplished in the very first hour of the
5
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Fig. 6. XRD (a) and DRIFT (b) analyses of MT0, MT20, and MT50 at 90 days.

participate in alkali activation (Fig. 4b, c). Gypsum is likely to partici
pate in the reaction; however, there is no evidence in the final product
due to its small dosage.
Fig. 5 displays the DRIFT spectra of MT0, MT20, and MT50 up to 28
days of curing. In the spectrum of MT0 (Fig. 5a), the peak at 491 cm− 1 is
attributed to δ (Si–O–Si), and the peak complex at the range of 600–800
cm− 1 corresponds to vs (Si–O–T). The unreacted slag shows two wide
and intense peaks at around 1,108 cm− 1 and 1,655 cm− 1, which are
possibly assigned to the (Si–O)v bond and δ OH (H2O), respectively
[25,51,52]. The range between 850 cm− 1 and 1,300 cm− 1 is a typical
asymmetric stretching vibration of Si–O–T bonds (vas Si–O–T) in
[SiO4]4− and [AlO4]5− [53], which overlaps with previous Si–O features
in slag residues. A broad and deep O–H stretching band is seen, ranging
from 2,400 cm− 1 to 3,600 cm− 1 [54]. The sample is slightly carbonated
during the curing, reflected in a shoulder peak at around 1,450 cm− 1.
Due to the incorporation of mine tailings in the matrix, aluminosilicates,
such as muscovite and chlorite, are also found, and shown by the pres
ence of a Si–O stretching band at 1,062 cm− 1 and 521 cm− 1. The band at
1,108 cm− 1 (Fig. 5b), assigned to v Si–O, shifts to a higher energy field,
which means the sodium incorporation in the C-A-S-H gel forms the (N,
C)-A-S-H gel [51].
Fig. 6 presents the XRD and DRIFT analysis results of the MT0, MT20,
and MT50 samples after 90 days of curing. The XRD patterns display the
amorphous nature of the alkali-activated slag binder and crystalline
mine tailings, indicating that no new zeolites formed. Particularly,
MT5090d shows clear SMT phases compared to MT0 and MT20 after 90
days of curing (Fig. 6a). In addition, only high crystalline quartz can be
recognized from the amorphous background of MT2090d. In MT5090d
(Fig. 6b), the peak at around 1,102 cm− 1 and that at 1,654 cm− 1 shift to
lower wavenumbers corresponding to the Si–O–T vas band and unreac
ted slag residues, respectively. When compared with MT50 cured for
shorter lengths(Fig. 5c), it is obvious that the vas band shifts to a lower
energy area, indicating increased amounts of non-bridged oxygen with
extended curing time and higher amounts of tailings [55]. A weak and
small peak at around 3,800 cm− 1 is possibly attributed to the formation
of magnesium silicate hydrate (M− S− H) due to the high Mg content in
BFS [56]. A conspicuous shoulder peak can be seen around 1,450 cm− 1
in MT090d, which shows that carbonation of the alkali-activated slag
without SMT occurred in comparison to tailings-containing samples.

Fig. 7. X-ray tomography images of horizontal cross-sections for 90-day
MT samples.

significantly alters the microstructure of the final samples. There is no
considerable reduction in the compressive strength of MT0; neverthe
less, MT10 shows a potential decrease in compressive strength from
90.7 MPa (±3.96 MPa) to 84.7 MPa (±6.73 MPa) on the 28th and 90th
days, respectively.
3.3. Phase characterization (XRD and DRIFT)
Fig. 4 shows the XRD patterns of MT0, MT20, and MT50 at different
curing stages. The formation of hydrotalcite in SS-activated slag has
been reported in detail when a higher MgO content is presented in BFS
[43,49,50]. Because the mine tailings are highly crystalline without any
pre-treatment, their structure remains intact throughout the curing stage
of up to 28 days. MT0 displays an amorphous structure, apart from tiny
residual quartz particles and hydrotalcite formation. The hump around
35◦ (2 theta) is associated with the C-(N)-A-S-H gel overlapping with
that of unreacted slag particles (Fig. 4a). Both MT20 and MT50 show
combined amorphous and crystalline phases, where the latter, such as
chlorite, muscovite, quartz, sphalerite, albite, and pyrite, hardly

3.4. X-ray µCT-based porosity characterization
Fig. 7 displays the X-ray µCT cross-sections of MT samples with
different mine tailings contents. The middle slice along the x-axis was
determined for all MT samples, in which a darker grayscale value cor
responds with a low-density area, such as pore structures, while a
brighter grayscale is attributed to higher density regions, such as binders
6
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Fig. 8. Segmented 3D porosity reconstruction of 90-day MT samples.

Fig. 9. Porosity for individual slices along the z-axis, excluding the edge region, with a smoothing average curve over 4500 slices.

4,500 voxels (approximately 1.7 × 1.7 × 7.6 cm3) was extracted from
the prism samples for universal analysis. It is crucial to determine a
suitable region of interest so representative results can be obtained with
a low deviation [57]. Segmentation using the two-phase watershed

and aggregates (sand and mine tailings in this case) [35]. Fig. 8 shows
the visualized 3D pore structures of the MT samples with a 16.9-µm
resolution, and they are segmented and rendered from stacked crosssectional image data. A volume with dimensions of 1,000 × 1,000 ×
7
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Fig. 10. Porosity (a) and shape factor-based porosity composition (b) of MT samples in which the pixel-size/small pores, perfect pores, and large connected pores/
cracks are denoted by the purple, green, and yellow colors, respectively.

Fig. 12. BSE image of MT20 after 90 days of curing with EDS point analysis;
phase analysis is listed in Table 3.

axis. Again, MT10 and MT20 consistently show a lower 2D porosity
distribution, lower than that of the reference samples (MT0). The stan
dard deviation and variance in the 2D slice porosities are calculated in
Fig. A3. The results are all in line with the 3D porosities (Fig. 10a), with
MT10 and MT20 also having the lowest variation in porosity. MT50
contains the highest porosity with the lowest compressive strength due
to the incorporation of 50 wt% mine tailings as fine aggregates. These
aggregates are nonreactive, so that cannot bond with slag binders. To
analyze further the shape of identified pores, labeling tools are used to
determine the Shape_VA3d (S) variables using PerGeos®. The parallel
samples were also analyzed using the same method (Fig. A4).

Fig. 11. SEM image of MT0 after 90 days of curing with EDS point analysis, in
which spots 1 to 3 represent sand, unreacted slag, and developing binder phase
(or geopolymer gel), respectively.

segmentation recipe was conducted on MT images to separate the pores
(air) from the matrix, based on seeds determined by gray levels, i.e.,
density, and the watershed algorithm. A typical cross-section after seg
mentation can be seen in Fig. A2. There is an obvious increase in overall
porosity with the increased tailings content (Fig. 10a), except for MT10,
which is characterized by the lowest porosity of 1.0%, followed by 1.3%
for MT20. The pores were labeled with different object types according
to their diverse shape features, such as irregular pores, ideal sphere
pores, and large connected pores/cracks. However, it should be
mentioned that microcracks could not be detected due to their small size
compared to the voxel size.
A single-sectional image is not reliable enough to reflect the overall
porosity of MT samples. Therefore, enough slices were selected to plot a
detailed porosity distribution across the depth of the specimen. Fig. 9
shows the actual porosity variation on a slice-by-slice basis along the z-

(S)Shape VA3d =

A3d3
36 × π × Vd3

(1)

where A and V refer to the area and volume of the pore, respectively.
When S = 1, the pore is shaped like an ideal sphere. We visualize pore
distribution using the following filters:
S > k1 (k1 = 1.1, 3, 5..., 15)
S < k2 = 0.95
It could be seen that large/connected pores and cracks are mostly
identified when S > 1.1, while pixel-sized/small pores are mostly
8
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Table 4
EN 12457–2 batch leaching test results of MT samples after 7 days and 90 days of curing in comparison with the EU landfill directive indicative values for inert and
nonhazardous waste. Results are averages of two replicates, and concentrations are in mg/kg.
Sample name

pH

As

Cd

Cr

Cu

Ni

Pb

S

V

Zn

MT0 (7 d)
MT0 (90 d)
MT10 (7 d)
MT10 (90 d)
MT20 (7 d)
MT20 (90 d)
MT20 (90 d) (<4 mm)
MT30 (7 d)
MT30 (90 d)
MT40 (7 d)
MT40 (90 d)
MT50 (7d)
MT50 (90 d)
Inert waste threshold
Nonhazardous waste threshold

12.6
12.5
12.7
12.6
12.6
12.6
12.6
12.6
12.6
12.6
12.5
12.5
12.5

<0.4
<0.4
4.8
1.7
7.8
4.0
1.9
14.7
5.6
20.4
10.7
34.6
16.5
0.5
2

<0.01
<0.01
0.03
<0.01
0.05
0.02
0.01
0.10
0.03
0.13
0.06
0.22
0.10
0.04
1

0.05
0.02
0.08
0.04
0.08
0.05
0.02
0.09
0.05
0.09
0.06
0.11
0.08
0.5
10

<0.04
<0.04
0.2
0.1
0.4
0.2
<0.04
0.9
0.5
1.6
0.8
2.6
1.4
2
50

<0.02
<0.02
0.03
<0.02
0.08
0.03
<0.02
0.13
0.04
0.23
0.11
0.38
0.19
0.4
10

<0.02
<0.05
<0.02
<0.05
<0.02
<0.05
<0.02
0.01
0.06
0.01
0.05
0.02
0.06
0.5
10

3992
4847
4843
5354
5658
6063
2843
6483
6847
7158
7654
8078
8361

7
4
12
5
11
7
3
12
7
12
8
14
9

<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
4
50

Fig. A1. Relationship of 3 days’ total heat release with 3-day, 28-day, and 90day compressive strength.

identified when S < 0.95 (Table A1 and Fig. A5).
The fractions of different pore types are shown in Fig. 10b, in which
small pores dominate the pore structure [29], and pores smaller than 1
voxel, i.e., 16.9 µm, are missing. An increase in the fraction of large
pores/connected pores/cracks with increased tailings content can be
seen, resulting in poor mechanical properties. Also, MT50 possesses the
lowest portion of slag, i.e., the binder materials, showing the lowest
mechanical strength, as mine tailings act as fine aggregates. The X-ray
µCT porosity results suggest that the particle interfaces are occupied by
air voids rather than binder materials when compared with samples with
lower mine tailings content and especially MT0 without tailings.
Furthermore, the volume faction of the porosity of MT samples is
practically associated with individual mechanical strength properties.
3.5. FESEM–EDX characterization of binder materials

Fig. A2. Individual slice with low density pore spaces segmented via watershed
segmentation.

The morphology and phase analyses of MT0 and MT20 after 90 days
of curing are shown in Figs. 11 and 12, respectively. In the reference
sample (MT0), the three main phases can be assigned to the unreacted
slag particles with the brightest color, sand aggregates with an inter
mediate color, and geopolymer gel with the darkest color [38]. Micro
cracks can be seen in all MT samples; these commonly appear in highstrength alkali-activated slag cement due to high shrinkage [58,59].
Compared with the results from nondestructive X-ray µCT, the detected
cracks (size > 16.9 µm) should represent the smallest shaped pores. The
role of mine tailings is like that of fine aggregate and unreacted slag
particles (Fig. 12). After 90 days of curing, mine tailings do not seem to
participate in the chemical reaction of alkali activation, as indicated by

the clear boundary between tailings particles and the gel matrix. MT10
displays a lower porosity with a higher number of large/connected pores
(Fig. 10b, S > 1.1) after 90 days of curing compared with the reference
sample. However, particle packing has a significant effect on both me
chanical performance and porosity. MT20, with a slightly higher
porosity than MT10 and the lowest proportion of approximately
spherical pores among MT samples, shows the highest compressive
strength of all mine tailings percentages. This likely results from a good
packing density with sand aggregates in the gel matrix [60]. The packing
behavior of ultra-fine mine tailings particles in surrounding coarse
9
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Fig. A3. Standard deviation and variance of 2D porosity along z-axis.

Fig. A5. Visualized pore structures after filtering by shape_VA3d (S < k, k =
1.1, 3, 5…, 15).

3.6. Leaching tests
The EN 12457-2 batch leaching test releases relatively low levels of
Cr, Cu, Ni, Pb, and Zn in comparison to the thresholds (Table 4). How
ever, the concentrations of As leached exceed the inert waste threshold
for all MT-containing samples (MT10–50). This can be expected because
oxyanions, such as arsenate and arsenites, can typically show increased
leaching under the (highly) alkaline conditions of the studied MT sam
ples (pH range of 12.5–12.7). This trend of increased leaching of oxy
anions (e.g., oxyanions of As and V) after alkali activation has also been
observed in other studies [63,64].
Overall, longer curing times (90 days) result in much lower con
centrations of metal(loid)s leached than 7 days of curing. This implies
that the reaction forms a highly consolidated matrix after a longer curing
time [20].
Furthermore, under conditions with increased acidity, such as an
extraction at pH 2.88 during the TCLP, lower concentrations of As are
leached (Table A2). In all cases, leached concentrations of As, Ba, Cd, Cr,
and Pb from MT samples subjected to the TCLP were lower than the
regulatory thresholds of the U.S. Environmental Protection Agency (US
EPA) (Table A2). Given the high immobilization of metal(loid)s
(including As) under acidic conditions, the current samples could be
utilized in acidic environments (e.g., acid rain and AMD). However,
further testing is needed to assess the long-term results.
The larger particle size (<4 mm) of an additional MT20 sample
compared to the standard < 200 µm particle size also reveals decreased
metal(loid) leaching during the EN 12457–2 test. Therefore, as the EN
12457–2 test procedure only requires a particle size of < 4 mm (95% of
particles), sample MT20 could potentially be used as a construction
material since the concentration of metal(loid)s leached does not exceed
the nonhazardous waste threshold.
In the present study, the content of leaching elements is reduced with
extended curing time (from 7 days to 90 days). The mechanical strength
also experiences a significant increase after 90 days of curing, leading to
a higher-density matrix. The metal(loid)s are expected to be firmly
encapsulated in geopolymer gels or chemically bonded [65]. However,
due to the growth in porosity fractions with increasing SMT content,
more metal(loid)s leach out, likely due to the leaching solution pene
trating the mortar structure more easily, thereby increasing the leaching

Fig. A4. Porosity of parallel MT samples after 90 days curing.
Table A1
Identification of labelled pores in terms of shape factors.
Sample’s name

Shape_VA3d (S)

Percentage (%)

FMT0

S < 0.95
0.95 < S < 1.1
S > 1.1

78.07
15.56
6.37

MT10

S < 0.95
0.95 < S < 1.1
S > 1.1

75.63
15.52
8.85

MT20

S < 0.95
0.95 < S < 1.1
S > 1.1

75.54
14.27
10.19

MT30

S < 0.95
0.95 < S < 1.1
S > 1.1

70.50
16.78
12.72

MT40

S < 0.95
0.95 < S < 1.1
S > 1.1

68.35
16.86
14.79

MT50

S < 0.95
0.95 < S < 1.1
S > 1.1

67.28
14.75
18.07

aggregates is in agreement with the “loosening effect” and “wall effect”
proposed by de Larrard et al. [61]. Filling of sample particles in the
interparticle voids has also been reported previously, resulting in an
increase in the corresponding compressive strength of alkali-activated
mortars [62].
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Table A2
Toxicity Characteristic Leaching Procedure (TCLP) results of MT samples after 7 and 90 days curing in comparison with the US EPA regulatory thresholds. Results are
averages of two replicates and concentrations are in mg/kg.
Sample name

pH

As

Ba

Cd

Cr

Cu

Pb

Zn

MT0 (7 d)
MT0 (90 d)
MT10 (7 d)
MT10 (90 d)
MT20 (7 d)
MT20 (90 d)
MT20 (90 d) (<4 mm)
MT30 (7 d)
MT30 (90 d)
MT40 (7 d)
MT40 (90 d)
MT50 (7 d)
MT50 (90 d)
US EPA regulatory thresholds

11.0
11.3
11.0
11.3
10.8
11.2
10.5
10.7
11.0
10.5
10.9
10.2
10.6

<0.3
<0.3
0.32
0.30
0.66
0.40
0.44
1.21
0.49
2.15
0.92
3.25
1.82
100

9.7
9.7
8.3
9.6
9.8
9.7
7.4
9.5
10.3
10.1
9.5
9.8
9.3
2000

<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
20

<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
100

<0.08
<0.08
<0.08
<0.08
<0.08
<0.08
<0.08
0.18
0.14
0.26
0.26
0.45
0.25

<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
<0.4
100

<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2

concentration of metal(loid)s.

to assess the long-term (im)mobilization.

4. Conclusions

CRediT authorship contribution statement

In summary, the feasibility of incorporating bioleached mine tailings
into one-part alkali-activated slag was investigated. The mechanical
performance, hydration reaction, microstructures, and metal (loid)
leaching behavior of all mortar samples were evaluated. Due to the
intrinsic crystalline nature of mine tailings, they can be used as a fine
filler in alkali-activated mortars. C-(N)-A-S-H gels were formed in all
mortar samples with minor amounts of hydrotalcite zeolite. Embedded
mine tailings can significantly affect the physical and chemical proper
ties of mortar samples. However, the long-term participation of mine
tailings in geopolymerization still requires further research.
When mine tailings replace a higher proportion of slag, it accelerates
the wetting and dissolving process during the pre-induction period,
while the addition of>20 wt% mine tailings hinders the hydration
process.
The highest compressive strength is achieved at 91.1 MPa after 90
days of curing when 20 wt% slag is replaced by mine tailings.
Replacement of slag with 50 wt% mine tailings still results in a
compressive strength and flexural strength of 51.8 MPa and 10.6 MPa,
respectively after 28 days of curing. This performance is almost equiv
alent to that of OPC.
X-ray µCT results indicate that the introduction of 10 wt% mine
tailings can significantly decrease porosity (approximately 1%) relative
to the MT0 reference sample without tailings (approximately 1.5%).
Although MT10 displays the highest compressive strength of 90.7 MPa
(±3.96 MPa) after 28 days, it declines to 84.7 MPa (±6.73 MPa) after a
longer curing time of 90 days.
The leaching tests revealed that samples with up to 20 wt% mine
tailings (MT20) and a curing time of 90 days showed a low mobility of
metal(loid)s and could potentially be used as construction materials
with low environmental risks considering the low mobility of potentially
toxic elements.
Given the high immobilization of metal(loid)s (including As) under
acidic conditions, the current samples could be utilized in acidic envi
ronments (e.g., acid rain and AMD). However, further testing is needed
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Appendix A

Determination of pore structure using SHAPE_VA3D (S) factor
The hypothesis of defining large/connected pores and cracks:
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A3d3
36 × π × Vd3

where A and V refer to the area and volume of the pore, respectively. When S = 1, it means the pore is shaped like an ideal sphere. We visualized pore
distribution using the following filters:
S > k1 (k1 = 1.1, 2, 3..15)
S < k2 = 0.95
As shown, large/connected pores and cracks are mostly identified when S > 1.1, while pixel-sized/small pores are mostly identified with S < 0.95.
The Filter by Analysis tool was used and S values up to 15 were demonstrated (we only show specific visualization of shape factors):
TCLP Leaching test

Appendix B. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.conbuildmat.2022.127195.
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