
Open Journal of Applied Sciences, 2026, 16(1), 168-197 
https://www.scirp.org/journal/ojapps 

ISSN Online: 2165-3925 
ISSN Print: 2165-3917 

 

DOI: 10.4236/ojapps.2026.161011  Jan. 13, 2026 168 Open Journal of Applied Sciences 
 

 
 
 

Facies-Specific NaOH-Activated Gold Tailings 
from Senegal for Non-Load-Bearing Masonry 
Units: Mix Design, Strength and Leaching 
Performance 

Ibrahima Dia1* , Souleymane Niang1, Babacar Diouf2 

1Polytech Diamniadio, Amadou Mahtar Mbow University, Dakar, Senegal 
2Faculty of Engineering Sciences, Iba Der Thiam University, Thies, Senegal 

 
 
 

Abstract 
The distinct oxidized and sulfidic facies of Sabodala gold mine tailings (Sene-
gal), characterised by near-neutral drainage, are evaluated as potential second-
ary raw materials for non-load-bearing masonry in West Africa. This study 
evaluates NaOH-activated tailings as alkali-activated binders, examining me-
chanical performance, water absorption, leaching behavior, preliminary dura-
bility and curing energy demand. Both facies were activated with NaOH solu-
tions of varying molarity and solution-to-solids ratio, with minor additions 
(~3 wt%) of Portland cement or hydrated lime and curing temperatures up to 
210˚C. NaOH molarity emerged as the primary strength driver, while solution 
fraction defined facies-specific optima at ~21 wt% (oxidized) and ~18 wt% 
(sulfidic). Within this window, under 210˚C/4 h curing, 28-day compressive 
strengths reached 12 - 20 MPa with 24 h water absorption of 10% - 15%. Prod-
uct leachates for As, Cd, Cr, Cu, Ni, Pb and Zn remained low and within in-
dicative construction product limits. Accelerated wet-dry and sulfate exposure 
tests showed strength retention generally above ~80%, though these represent 
short-term screening rather than full service-life assessment. The consistent 
flexural-compressive strength relationship (ft ~ 0.26 - 0.27 fc) enables com-
pression-based quality control. Overall, this work establishes practical, facies-
specific mixture windows for NaOH-activated Sabodala tailings as secondary 
mineral resources, guiding the development of lower-energy curing schedules 
and supporting future standardization of tailings-based masonry units and 
mine-tailings management strategies. 
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1. Introduction 

Mine tailings represent one of the largest industrial waste streams worldwide, pos-
ing significant environmental and socio-economic challenges. Beyond engineered 
storage, repurposing geochemically benign tailings as construction materials 
aligns with circular-economy and sustainable mine-closure strategies. In this per-
spective, carbonate-buffered gold tailings can be regarded as secondary mineral 
resources rather than waste, which is central to contemporary minerals engineer-
ing practice. In rapidly urbanising regions like West Africa, where demand for 
masonry units outpaces local availability of quality aggregates, converting suitable 
tailings into masonry products can support local supply chains while reducing 
environmental footprints [1]-[4]. 

Alkali-activated materials offer a proven pathway to valorise silicate-rich resi-
dues into binders with competitive strength and durability [5]-[11]. While exten-
sive research has established the fundamental chemistry and microstructural de-
velopment of these systems, recent work has expanded to include various indus-
trial by-products, including mine tailings [12]-[14]. Studies report 28-day com-
pressive strengths suitable for masonry applications and, in some cases, reduced 
leachability of potentially toxic elements [15] [16]. 

Gold-mine tailings constitute a specific subset within this field. Previous in-
vestigations demonstrate that gold-processing residues can develop substantial 
strength through alkali activation, with potential for trace metal immobilization 
[17]-[22]. However, most studies remain focused on paste or mortar-scale opti-
misation, with limited product-level assessment of strength, water absorption and 
leaching against masonry standards such as EN 771-1 and EN 771-3 or ASTM 
C62/C67 [23]-[26]. Practical guidance for converting specific gold tailings into 
compliant masonry products therefore remains scarce. 

Geochemically, much tailings research addresses acid-generating systems, 
where low pH and sulphide oxidation drive metal release. In contrast, carbonate-
buffered tailings with near-neutral drainage present lower metal mobility and 
greater reuse potential. The Sabodala gold operation in Senegal (Figure 1) exem-
plifies this favourable context, with distinct oxidized and sulfidic facies exhibiting 
near-neutral drainage. However, the fine-grained nature and low bearing capacity 
of these tailings necessitate stabilisation for construction applications [27]-[30]. 

Critical gaps persist for near-neutral gold tailings: facies-specific mix-design 
envelopes are undocumented; the combined effects of activation parameters on 
mechanical and hydric properties are rarely examined in an integrated way; and 
practical compressive-flexural strength relationships remain unquantified. 
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Figure 1. Location of the Sabodala gold mine in eastern Senegal, showing the main regional towns, infrastructure and national 
borders. Inset: position of Senegal within West Africa. 
 

Previous work on alkali-activated mine tailings has mainly targeted copper, 
iron and polymetallic residues, typically in acid-generating systems, tested at paste 
scale and without explicit distinction between contrasting tailings facies. Conse-
quently, there is currently no facies-specific mix-design framework for near-neu-
tral, carbonate-buffered gold tailings in the West African Craton, and little infor-
mation on how compressive and flexural strength, leaching behavior and short-
term durability covary at product scale. This study addresses these gaps by inves-
tigating NaOH activation of oxidized and sulfidic facies from Sabodala tailings for 
non-load-bearing masonry. Specifically, we (i) delineate facies-specific activation 
windows based on NaOH molarity and activator solution fraction; (ii) quantify 
how activation parameters and curing regime jointly control compressive and 
flexural strength, density and 24 h water absorption; and (iii) assess product-level 
leaching and short-term durability against masonry benchmarks, thereby linking 
mix design to both mechanical and environmental performance. By integrating 
facies-specific optimisation with a comprehensive performance evaluation, we 
provide a practical framework for developing tailings-based masonry units in 
West African settings. 
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2. Materials and Methods 
2.1. Materials 

Process tailings from the Sabodala gold mine in eastern Senegal were used as the 
primary precursor. The ore is treated by conventional crushing and grinding, 
gravity and flotation, and the tailings are discharged into a downstream-raised 
tailings storage facility (TSF). Two representative facies were investigated: an ox-
idized facies sampled near the beach and an underlying sulfidic facies sampled 
closer to the pond. These facies were selected to capture the range of mineralogical 
and geochemical behavior relevant for potential reuse as construction materials. 
The main processing steps and the generation of oxidized and sulfidic tailings are 
summarized in Figure 2. 

 

 
Figure 2. Simplified process flowsheet for ore processing and tailings generation at the Sabodala gold mine, highlighting the main 
steps leading to deposition of oxidized and sulfidic tailings in the TSF. 

 
Tailings were sampled by combining near-surface channel samples, auger bor-

ings and shallow pits distributed across the TSF (Figure 3). Composite samples 
were air-dried, gently disaggregated and sieved to remove occasional gravel-size 
particles (>4 mm). Before mix preparation, moisture content was measured and 
all mix proportions were corrected to a dry-mass basis. Subsamples were stored 
in airtight containers prior to testing to minimize moisture exchange. 

Bulk chemical composition of the oxidized and sulfidic tailings was determined 
by X-ray fluorescence (XRF) on dried, powdered subsamples. Major oxides are  
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Figure 3. Sampling of oxidized and sulfidic tailings at the Sabodala TSF: (a) plan view of the 
tailings storage facility showing the locations of auger holes and hand-dug pits; (b) hand auger 
used for core recovery; (c) field sampling in a shallow pit intersecting the sulfidic facies. 
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reported as wt% together with loss on ignition (LOI) and total sulfur (S, or SO3-
equivalent where applicable). These quantitative data are provided in the Results 
(Section 3.4.4) to substantiate the mineralogical and geochemical distinctions be-
tween facies. 

Basic geotechnical characterization of the tailings included particle size distri-
bution, Atterberg limits, methylene blue value, Proctor compaction and Califor-
nia Bearing Ratio (CBR) tests carried out using standard procedures. Field dry 
unit weights were also measured on both facies. Mineralogical and geochemical 
characterization relied on bulk powder X-ray diffraction (XRD) and whole-rock 
chemistry (XRF major oxides, LOI and total sulfur) to identify the main crystalline 
phases and to quantify the abundance of carbonates and sulfides. The correspond-
ing results and their implications for geotechnical suitability and geochemical be-
havior are presented in Section 3.4. 

The alkaline activator was an aqueous sodium hydroxide (NaOH) solution pre-
pared from solid pellets (≥98% purity) dissolved in deionized water (conductivity 
≤ 5 µS·cm−1). Minor additions of Portland cement (CEM I 42.5 N) and hydrated 
lime were used as auxiliary binders to explore their influence on strength and wa-
ter absorption. Unless otherwise stated, all dosages are expressed as mass fractions 
relative to the dry mass of tailings [31]. In contrast to many studies that rely on 
mixed NaOH-sodium silicate activators [5]-[11] [13] [15] [16], NaOH alone was 
used here. This choice reflects the ready availability and lower cost of caustic soda 
in the Senegalese mining context, as well as the high inherent silica and feldspar 
content of the tailings, which reduces the need for additional soluble silicate. Focus-
ing on NaOH also simplifies potential field implementation and process control. 

2.2. Mix Design Variables 

The mix design focused on four main variables: 
• NaOH molarity, varied between 5 and 8 mol·L−1; 
• Activator solution fraction, defined as the mass of NaOH solution per mass of 

dry tailings, typically in the range 16-22 wt%; 
• Auxiliary binder content, with cement or lime additions between 0 and 6 wt% 

of dry tailings; 
• Curing temperature and age, with thermal curing temperatures between 110 

and 300˚C (representative condition 210˚C for 4 h) and testing at 7 and 28 
days. 

Oxidized and sulfidic tailings were treated as separate precursors so that facies-
dependent optima in activator content and curing conditions could be identified. 
A screening phase combined one-factor-at-a-time (OFAT) series with a reduced 
second-order response-surface design of Box-Behnken type. In this design, each 
facies was explored with a limited number of mixes, using three levels for each 
factor spanning the practically relevant ranges: NaOH molarity across 5 - 8 M, 
activator solution fraction across 16 - 22 wt%, auxiliary binder content across 0 - 
6 wt% and curing temperature across 150˚C - 250˚C (with 210˚C/4 h as the central 
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condition). These ranges were selected to target compressive strengths and water 
absorption compatible with non-load-bearing masonry classes in common stand-
ards (EN/ASTM/AFNOR), as further discussed in the Results and Discussion. 

2.3. Specimen Preparation and Curing 

Unless otherwise indicated, mass fractions of activator solution and auxiliary 
binders are given relative to the dry mass of tailings. For each mix, the required 
amount of NaOH solution was prepared at least 24 h in advance to allow cooling 
to laboratory temperature and stabilization of molarity. 

Dry tailings and the selected cement or lime addition were premixed for ap-
proximately 2 min in a paddle mixer. The pre-measured NaOH solution was then 
added over ~30 s while mixing continued for a further 3 - 4 min to obtain a ho-
mogeneous paste. The fresh mix was cast into prismatic molds (nominal dimen-
sions 40 × 40 × 160 mm) in two layers, each compacted by light vibration and 
rodding to remove entrapped air. Molds were sealed to limit moisture loss and 
stored at (20 ± 2)˚C for 24 h. 

After demolding, two curing regimes were applied: 
• Sheltered drying at ambient conditions, where specimens were stored under 

shelter at (20 ± 2) ˚C and ~50% - 60% relative humidity for up to 28 days; 
• Thermal curing, where specimens were first dried at (40 - 50)˚C to constant 

mass, then placed in a ventilated oven at the target curing temperature between 
110 and 300˚C. Unless otherwise stated, a representative curing schedule of 
210˚C for 4 h was used. 

The high-temperature curing regime was selected as an upper-bound, explora-
tory condition to clearly delimit a robust formulation window; subsequent work 
will aim at reducing curing temperatures and times. Such a curing schedule is 
much lower in temperature and duration than typical firing of clay bricks (often 
800˚C - 1000˚C for many hours), but still significantly more energy-intensive than 
the ambient or low-temperature curing regimes used for Portland cement-based 
masonry units. 

Preliminary trials indicated that thermal curing is required to achieve signifi-
cant strength development in these tailings; quantitative strength results for the 
different curing regimes are presented in Section 3.1. After thermal curing, speci-
mens were allowed to cool to room temperature before subsequent conditioning 
and testing. 

A first-order estimate of the specific energy consumption associated with oven 
curing (kWh·kg−1 of product) was derived from logged oven power, duty cycle and 
batch mass. 

2.4. Mechanical and Physical Testing 

For each formulation × curing condition, approximately 10 - 12 prisms were cast, 
providing at least 6 replicate specimens per test age for mechanical measurements. 
Flexural-tensile and compressive strength tests followed EN 196-1 procedures 
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adapted to alkali-activated units. Flexural-tensile strength was measured in three-
point bending on 40 × 40 × 160 mm prisms; the two halves generated by flexural 
failure were then used for compressive strength testing. Strengths are reported as 
peak load divided by the loaded area and expressed in MPa. Loading rates were 
selected to be consistent with EN 196-1 recommendations (of the order of 0.05-
0.10 kN·s−1 for flexure and 2.4 ± 0.2 kN·s−1 for compression). Unless otherwise 
stated, mean strength and absorption values reported in Section 3 (Results) are 
based on n = 6-8 specimens per mix and test age. 

Water absorption and bulk dry density were determined on specimens sub-
jected to the prescribed curing schedule. After curing, specimens were dried at (40 
- 50)˚C to constant mass, cooled in a desiccator and weighed to obtain the dry 
mass. For water absorption tests, dried specimens were immersed in water at (23 
± 2)˚C and weighed after 24 h and after 6 days of immersion. Water absorption 
was calculated as the percentage increase in mass relative to the dry mass. Bulk 
dry density was calculated from the dry mass and the post-cure specimen volume; 
the latter was determined from three orthogonal dimensions (length, width, 
height) measured with a digital calliper (±0.1 mm). Specimens with obvious edge 
damage or chipped corners were discarded and replaced to avoid volume bias. 

2.5. Durability Testing 

Two accelerated durability protocols were implemented on representative mixes 
selected to span the main formulation variables (facies, NaOH molarity, solution 
fraction near the identified optimum, and type of auxiliary binder): 
• Wet-dry cycling: each cycle consisted of 24 h water immersion at (23 ± 2)˚C 

followed by 24 h oven drying at (50 ± 2)˚C. Specimens were subjected to up to 
25 cycles. Flexural and compressive strengths were measured after 0, 10 and 
25 cycles to assess strength retention and visible damage (cracking, scaling, 
spalling). 

• Sulfate exposure: specimens were immersed in sodium sulfate (Na2SO4, 50 g·L−1) 
and magnesium sulfate (MgSO4, 50 g·L−1) solutions at (23 ± 2)˚C. The Na2SO4 
concentration (≈5% by mass, ~50 g·L−1) follows the commonly used sulfate so-
lution specified in ASTM C1012/C1012M [32] for sulfate resistance testing. A 
liquid-to-solid ratio of 10 L·kg−1 was used, and solutions were renewed every 7 
days to maintain sulfate concentration. Mass change, surface condition and the 
penetration depth of reaction fronts (assessed with phenolphthalein indicator on 
fractured surfaces) were monitored after 28 days of exposure. 

These two protocols were selected as simple representations of intermittent 
wetting-drying and sulfate-rich exposure conditions that are relevant for masonry 
units in many Sahelian and Sudanian settings, where walls may experience epi-
sodic rainfall and contact with sulfate-bearing soils or groundwater. 

For each durability condition, three to four specimens were tested. All mechan-
ical tests were performed on a calibrated electromechanical testing frame with ap-
propriate load cell and crosshead speed settings for mortar-sized specimens. 
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These durability protocols were conceived as short-term screening tests rather 
than full durability qualification. 

2.6. Product-Level Leaching 

Leaching of the cured products was evaluated on mechanically tested prisms using 
the EN 12457-2 batch leaching test. Fragments were crushed to <4 mm, and a 
liquid-to-solid ratio of 10 L·kg−1 deionised water was applied [33]. The suspen-
sions were agitated for 24 h at (20 ± 2)˚C and then filtered. The final pH of each 
filtrate was measured immediately after filtration using a calibrated pH meter and 
is reported alongside the metal concentrations (see Section 3.5). Filtrates were an-
alysed for major and trace elements of interest, including As, Cd, Cr, Cu, Ni, Pb 
and Zn, by inductively coupled plasma optical emission spectrometry (ICP-OES). 
Analytical quality was checked using procedural blanks, duplicate samples and 
certified reference materials. Typical limits of detection for the monitored trace 
metals were on the order of 1 - 20 µg·L−1, depending on the element. For the pur-
pose of summary statistics, concentrations reported as below the detection limit 
were assigned a value of one half of the corresponding detection limit. 

To provide environmental context for potential reuse, leachate concentrations 
were compared with indicative limit values compiled from European guidance 
documents on leaching from construction products and recycled materials, such 
as CEN technical specifications on the release of dangerous substances and Coun-
cil Decision 2003/33/EC. These comparisons are used only as non-regulatory 
benchmarks; formal compliance assessments would require testing on full-size 
units under the specific regulatory framework of the country of use. The detailed 
comparison with limit values is presented in the Results (Section 3.5). Statistical 
differences in leachate composition between mix types were assessed at a signifi-
cance level α = 0.05. 

2.7. Microstructural Characterisation 

Mercury intrusion porosimetry (MIP) was used to quantify total porosity and 
pore size distribution in selected mixes representative of key formulation win-
dows. Fragments of cured prisms (~5 - 10 mm) were taken after mechanical test-
ing, oven-dried at (40 - 50)˚C to constant mass and analysed in an automated 
porosimeter. The applied pressure range corresponded to an equivalent pore-
throat radius range of approximately 0.005 - 100 µm. Duplicate runs and periodic 
drift checks with manufacturer standards were performed to ensure data quality 
[34] [35]. Cumulative intrusion curves and derived parameters (total porosity, 
modal pore radius and sub-0.1 µm pore fraction) are referenced in the Results. 

Scanning electron microscopy (SEM) was carried out on carbon-coated frag-
ments (~5 - 10 mm) of cured specimens taken after mechanical testing. Observa-
tions were made in backscattered electron mode at an acceleration voltage of 15 - 
20 kV to enhance phase contrast. The focus was on the microstructure of the 
binder phase, reaction rims around unreacted tailings grains and crack patterns. 
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Powder X-ray diffraction (XRD) was used primarily to identify primary and sec-
ondary crystalline phases in the tailings and in selected cured products. Patterns 
were collected over a 2θ range of about 5˚ - 70˚ with a step size appropriate for 
phase identification, with emphasis on phases controlling alkali uptake and buff-
ering, and to relate these features to the carbonate-buffered geochemical behavior 
established independently. 

Fourier-transform infrared spectroscopy (FTIR) was also performed on se-
lected powdered samples (raw tailings and cured products) to provide comple-
mentary information on the main functional groups present in the reaction prod-
ucts and on the evolution of aluminosilicate and carbonate bands during activa-
tion. Spectra were collected over the mid-infrared range with a standard resolu-
tion suitable for phase identification and band-shape analysis. 

2.8. Experimental Design and Statistical Analysis 

An OFAT-anchored experimental design was adopted to screen the main effects 
of NaOH molarity, activator solution fraction, auxiliary binder content, curing 
temperature and age, and facies. This screening was complemented by a reduced 
second-order response-surface design (Box-Behnken type) in the most relevant 
parameter ranges (NaOH 5 - 8 M; solution fraction 16 - 22 wt%; cement or lime 0 
- 6 wt%; curing temperatures 150˚C - 250˚C, typically 210˚C/4 h; ages 7 and 28 
days). This design enabled attribution of performance trends to individual varia-
bles and their interactions while limiting the total number of mixes per facies. For 
illustration, one oxidized-facies mix in the Box-Behnken matrix combined a 6 M 
NaOH solution at 19 wt% of the tailings with 4 wt% Portland cement and curing 
at 210˚C for 4 h, whereas a representative sulfidic-facies mix used 7 M NaOH at 
20 wt%, 4 wt% hydrated lime and the same thermal curing schedule. 

For selected response variables (primarily compressive and flexural-tensile 
strengths), second-order polynomial models were fitted as functions of the main 
design variables. Analysis of variance (ANOVA) was used to assess the signifi-
cance of individual coefficients and overall model fit at α = 0.05. Model assump-
tions (normality and homoscedasticity of residuals) were checked graphically and 
found acceptable for the retained models. Root-mean-square errors are expressed 
in MPa for strength responses and in percentage points for water absorption. All 
statistical analyses were performed in R (R Core Team, Vienna, Austria) using 
standard linear modelling functions. For the retained models, adjusted goodness-
of-fit metrics and global F-tests indicate satisfactory fits for compressive strength, 
flexural-tensile strength and 24 h water absorption over the explored design space. 

3. Results 
3.1. Strength Development as a Function of Mix Design and Curing 

Strength development in NaOH-activated Sabodala tailings is governed by the 
combined effects of activator concentration, activator solution fraction, auxiliary 
binder type and curing regime. Unless otherwise stated, reported values in this 
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section refer to 28-day strengths of thermally cured specimens. 
Representative mean compressive strengths (fc), flexural-tensile strengths (ft), 

bulk dry densities and water absorption values for selected mixes are summarised 
in Table 1 for both oxidized and sulfidic facies. For each mix, Table 1 lists NaOH 
molarity, activator solution fraction, auxiliary binder type and content, curing 
temperature, number of specimens tested (n), and mean values with standard de-
viations. 

 
Table 1. Representative 28-day mechanical properties, dry density and 24 h water absorption for selected NaOH-activated Sabodala 
tailings mixes within the validated process window. 

Mix ID Facies 
NaOH 

molarity 
(M) 

NaOH 
solution 
(wt% of 
tailings) 

Auxiliary 
binder (type; 

wt%) 

Curing 
(˚C; h) 

n 
(specimens) 

fc,28 (MPa, 
mean ± 

SD) 

ft,28 (MPa, 
mean ± 

SD) 

Dry density 
(kN·m−3, 
mean ± 

SD) 

WA24h (% 
mass, mean 

± SD) 

O-C3 Oxidized 8 21 
Portland 
cement; 3 

210; 4 7 14.5 ± 1.2 3.9 ± 0.4 17.8 ± 0.3 13.5 ± 0.6 

O-L3 Oxidized 8 21 
Hydrated 

lime; 3 
210; 4 7 16.5 ± 1.3 4.4 ± 0.5 17.5 ± 0.3 14.8 ± 0.7 

S-C3 Sulfidic 8 18 
Portland 
cement; 3 

210; 4 8 19.0 ± 1.5 5.0 ± 0.5 18.6 ± 0.4 10.8 ± 0.5 

S-L3 Sulfidic 8 18 
Hydrated 

lime; 3 
210; 4 8 17.0 ± 1.4 4.4 ± 0.5 18.1 ± 0.4 12.2 ± 0.6 

3.1.1. Effect of NaOH Molarity 
Increasing NaOH concentration from 5 to 8 M consistently increased both fc and 
ft for both facies at fixed activator solution fraction, auxiliary binder content and 
curing schedule. For mixes without auxiliary binder, raising NaOH from 5 to 8 M 
moved 28-day fc from the lower part of the 10 - 15 MPa range to values approach-
ing or exceeding 15 - 18 MPa in optimised compositions (Table 1). This trend was 
further amplified in the presence of cement or lime. 

Response-surface analysis confirmed that NaOH molarity is a first-order driver of 
strength, with a statistically significant positive main effect (p < 0.05) over the ex-
plored 5 - 8 M range. These effects are illustrated for representative mixes in Figure 
4(a), together with the influence of Portland cement content in Figure 4(b). 

3.1.2. Effect of Activator Solution Fraction 
For a given NaOH molarity and auxiliary binder system, the activator solution 
fraction (mass of NaOH solution per mass of dry tailings) exerted a strong, non-
linear control on strength. Strength increased with solution fraction up to facies-
dependent optima near ~21 wt% for oxidized tailings and ~18 wt% for sulfidic 
tailings, then decreased at higher solution contents. Below these optima, incom-
plete wetting and limited gel formation led to lower strengths and higher scatter. 
Above them, excess solution was associated with higher capillary porosity and en-
hanced drying shrinkage, resulting in reduced fc and ft. These trends are captured 
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by the quadratic terms in the response-surface models and are illustrated in the 
two-dimensional projections shown in Figure 5. 

 

 
Figure 4. Effect of (a) NaOH concentration and (b) Portland cement dosage on 28-day 
compressive and flexural-tensile strengths of NaOH-activated Sabodala tailings for oxi-
dized and sulfidic facies. 

 

 
Figure 5. Effect of activator solution mass fraction (8 M NaOH) on 28-day compressive and flexural-
tensile strengths of NaOH-activated Sabodala tailings for oxidized and sulfidic facies. 

https://doi.org/10.4236/ojapps.2026.161011


I. Dia et al. 
 

 

DOI: 10.4236/ojapps.2026.161011 180 Open Journal of Applied Sciences 
 

3.1.3. Effect of Auxiliary Binder Content and Type 
At fixed NaOH molarity (typically 8 M), solution fraction near the facies-specific 
optimum and curing at 210˚C for 4 h, the addition of small amounts of Portland 
cement or hydrated lime improved mechanical performance (Table 1). Increasing 
cement content up to about 3 - 4 wt% consistently raised fc and ft, with diminish-
ing returns or slight decreases at higher dosages. Lime additions had a similarly 
positive effect, especially for the oxidized facies, where some formulations reached 
the upper part of the 12 - 20 MPa range. Under identical NaOH and solution con-
ditions, lime-bearing mixes in oxidized tailings often achieved slightly higher fc 
than cement-bearing mixes, at the cost of somewhat higher water absorption (Sec-
tion 3.3). These trends are consistent with the formation of additional calcium-
rich hydrates that complement the alkali-activated gel in a carbonate-buffered sys-
tem. Representative 7-day responses as a function of auxiliary binder content are 
shown in Figure 6. 

 

 
Figure 6. Influence of auxiliary binder type and dosage (Portland cement vs hydrated lime) on 7-day 
compressive strength of NaOH-activated Sabodala tailings for oxidized and sulfidic facies. Each curve 
links mixes with increasing auxiliary binder content (mass% of tailings). 

3.1.4. Effect of Curing Temperature and Schedule 
Thermal curing had a pronounced effect on strength. For both facies, 28-day fc 
increased when curing temperature was raised from 110˚C to around 210˚C, with 
little or no further gain at higher temperatures for most mix combinations. A sul-
fidic series at 8 M NaOH tolerated curing up to 300˚C with continued strength 
increases, but the majority of mixes showed plateaus or modest declines beyond 
210˚C - 240˚C, suggesting a practical upper bound around 210˚C for routine cur-
ing. Without thermal curing, 28-day fc remained below 2 MPa, confirming that 
oven curing is essential for these tailings. A curing schedule of 210˚C for 4 h was 
therefore adopted as the reference condition for most comparative series and for 
the mixes summarised in Table 1. The dependence of compressive and flexural-
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tensile strengths on curing temperature is illustrated in Figure 7 for both facies 
and NaOH molarities. 

The need for elevated curing temperatures is consistent with the mineralogical 
nature of the Sabodala tailings. The raw materials are dominated by quartz and 
feldspar with significant carbonates and subordinate sulfides (Section 3.4.3), i.e., 
a largely crystalline framework with limited highly reactive amorphous alumino-
silicate phases. In such quartz-feldspar-carbonate systems, dissolution kinetics at 
low temperature are slow, while carbonates buffer the pore solution and consume 
part of the added OH−, reducing the effective activator availability for alkali-acti-
vated gel formation. Thermal curing therefore accelerates dissolution and pro-
motes faster precipitation/condensation of binding gels (N-A-S-H and/or Ca-
bearing gels), while also driving water removal and pore refinement. These con-
straints are more pronounced than in typical fly ash or slag systems, explaining 
why a ~210˚C schedule was required here to obtain product-level strengths within 
practical timeframes. 

 

 
Figure 7. Effect of curing temperature on 28-day compressive and flexural-tensile strengths 
of NaOH-activated Sabodala tailings: (a) sulfidic facies and (b) oxidized facies, for mixes 
activated with 5 M and 8 M NaOH. 

3.1.5. Effect of Age and Drying Regime 
Strength generally increased from 7 to 28 days for thermally cured specimens, re-
flecting continued reaction and structural rearrangement. Early-age strengths 
measured on specimens stored under sheltered conditions (20˚C ± 2˚C, ~50% - 

https://doi.org/10.4236/ojapps.2026.161011


I. Dia et al. 
 

 

DOI: 10.4236/ojapps.2026.161011 182 Open Journal of Applied Sciences 
 

60% RH) were typically lower and more variable than those of oven-dried speci-
mens, whereas by 28 days these differences largely diminished. These observations 
indicate that drying history primarily affects early-age response, while longer-
term strengths depend mainly on mix design and thermal curing. 

Within the validated process window (NaOH 5 - 8 M, facies-specific solution 
fractions near 18 - 21 wt%, auxiliary binder ~3 wt% and curing at ~210˚C/4 h), 
representative 28-day fc values for the best-performing mixes lie in the 12 - 20 
MPa range (Table 1). These strength values were obtained on 40 × 40 × 160 mm 
prisms, and their comparison with declared compressive strengths for full-size 
masonry units in EN 771-3 and ASTM C55 [23]-[26] [36] should therefore be 
regarded as indicative only. For comparison, national implementations of EN 
771-3 for aggregate concrete masonry units often declare mean compressive 
strengths on the order of 5 - 7.5 MPa for standard-density blocks used in non-
load-bearing walls, depending on group and national annex, while ASTM C55 
specifies minimum average compressive strengths of around 17 MPa for normal-
weight concrete building brick together with maximum water absorption limits 
depending on weight classification. The 12 - 20 MPa range obtained here thus 
overlaps or exceeds the lower end of compressive strength requirements for non-
load-bearing applications, while remaining well below values typical of structural 
units. An indicative comparison of the obtained strengths and water absorption 
values with selected non-load-bearing masonry classes from these standards is 
provided in Table 2. 

 
Table 2. Indicative comparison between representative Sabodala mixes and selected non-load-bearing masonry classes in EN 771-
3 and ASTM C55 (non-regulatory benchmark). 

Product class/guideline Standard 
Declared mean fc 
(MPa)/WA limit 

(%) 

Representative 
Sabodala mix 

(from Table 1) 

fc, 28 
(MPa) 

WA 24 h 
(%) 

Indicative comment 

Aggregate concrete 
masonry units, non-load-
bearing (typical national 

implementations) 

EN 771-3 
fc ~ 5 - 7.5; WA 
often ≤ 16 - 20 

O-C3 (oxidized + 
3% cement) 

14.5 13.5 
fc well above minimum; 

WA within typical ranges; 
laboratory prisms only 

Normal-weight concrete 
building brick, non-load-

bearing 
ASTM C55 

fc ≥ 17 (~2500 
psi); WA limits 

weight-class 
dependent 

S-C3 (sulfidic + 
3% cement) 

19 10.8 
fc close to or slightly 

above minimum; WA 
favourable; indicative only 

Lightweight/hollow non-
structural units (various 

national classes) 

EN 771-
3/ASTM C55 

fc ~ 7.5 - 12; WA 
variable 

O-L3 or S-L3 (3% 
lime) 

16.5 - 
17.0 

12.2 - 
14.8 

Strength exceeds many 
non-load-bearing 

thresholds; WA moderate 

3.2. Tensile-Compressive Strength Relationship 

Flexural-tensile strength (ft) and compressive strength (fc) exhibit a strong, ap-
proximately linear relationship across the tested mixes and curing conditions. 
Linear regressions performed separately for each facies, pooling 7 and 28-day data, 
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yield proportionality factors of (Figure 8): Sulfidic facies: ft ~ 0.26 fc and Oxidized 
facies: ft ~ 0.27 fc. 

 

 
Figure 8. Relationship between flexural-tensile strength (ft) and compressive strength (fc) for NaOH-
activated Sabodala tailings: (a) sulfidic facies and (b) oxidized facies. Symbols show individual 7- and 28-
day prism test results; dashed lines are least-squares linear regressions (ft ~ 0.26 fc for sulfidic mixes and 
ft ~ 0.27 fc for oxidized mixes), with Pearson correlation coefficients r on the order of 0.75 - 0.77. 

 
For the fc range covered by the experiments (approximately 8 - 22 MPa), most 

individual ft values fall within about ±15% - 20% of the corresponding regression 
line. 

These relationships are not proposed as formal design equations in a normative 
sense, but as practical scaling laws. Within this formulation window, they support 
the use of compressive strength as a primary control parameter for mix optimisa-
tion and quality control, with flexural performance inferred from fc using con-
servative margins. The Discussion (Section 4.2) illustrates how these scaling laws 
can be used to define indicative ft ranges compatible with non-load-bearing ma-
sonry requirements based on compressive tests alone. 

3.3. Density and Water Absorption 
3.3.1. Bulk Dry Density 
Bulk dry density showed limited sensitivity to mix design variables compared with 
strength. Across more than 300 stabilised prisms, mean dry densities of the cured 
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products remained below those of the untreated tailings, typically around 17 - 19 
kN·m−3 depending on facies, compared with ~21 kN·m−3 for the raw materials. 
Mean values and standard deviations for representative mixes are reported in Ta-
ble 1. 

No systematic trends in density with NaOH molarity, solution fraction or aux-
iliary binder were observed within the tested ranges, indicating that these param-
eters primarily affect microstructural connectivity and pore structure rather than 
bulk compaction state. Plots of fc and 24 h water absorption versus dry density 
show no strong correlation between density and either mechanical strength or ab-
sorption, confirming that bulk density is a poor predictor of performance com-
pared with capillary porosity and pore-size distribution. 

3.3.2. Water Absorption 
Water absorption tests on a subset of approximately 120 prisms showed system-
atic differences between additive systems and immersion duration. Table 3 sum-
marises, for representative formulations, mean and standard deviation values of 
24 h and 6-day water absorption, together with the number of specimens (n) for 
each case. 

 
Table 3. 24 h and 6-day water absorption for representative NaOH-activated Sabodala 
mixes within the validated process window. 

Mix ID Facies 
Auxiliary 

binder 
n 

(specimens) 
WA24h (% mass, 

mean ± SD) 
WA6d (% mass, 

mean ± SD) 

O-C3 Oxidized 3 wt% cement 6 13.5 ± 0.6 14.7 ± 0.6 

O-L3 Oxidized 3 wt% lime 6 14.8 ± 0.7 15.5 ± 0.7 

S-C3 Sulfidic 3 wt% cement 6 10.8 ± 0.5 11.6 ± 0.5 

S-L3 Sulfidic 3 wt% lime 6 12.2 ± 0.6 13.0 ± 0.6 

 
For mixes within the identified process window, 24 h water absorption values 

generally fall in the range of about 10% - 15%, with 6-day values of similar mag-
nitude but consistently slightly higher than the 24 h values, reflecting continued 
water uptake with immersion duration. Cement-bearing mixes consistently ex-
hibited the lowest 24 h and 6-day absorption values, followed by mixed ce-
ment+lime systems and lime-only systems. For optimised oxidized-tailings mixes, 
24 h absorption values tend to lie towards the upper part of this range, whereas 
optimised sulfidic mixes show slightly lower 24 h absorption with comparable 
(but slightly higher) 6-day values. 

In EN 771-3 [23] [24], typical maximum water absorption values for aggregate 
concrete masonry units depend on density class and exposure conditions, but 
non-load-bearing units with normal or medium density often allow moderate ab-
sorptions of this order, provided that wall detailing and surface protection are ap-
propriate. In ASTM C55, maximum water absorption is also limited as a function 
of weight classification (for example, around 13 - 15 lb·ft−3 for many normal and 
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medium-weight concrete bricks). In this context, the absorption ranges obtained 
here are compatible with non-load-bearing masonry applications under moderate 
exposure conditions, recognising that exact acceptance will depend on the specific 
standard, unit geometry and national annex. In practice, units with 24 h absorp-
tions of this order would generally be used with external renders or claddings on 
rain-exposed faces, and their performance in persistently saturated or freeze-thaw 
environments would require additional verification. 

These trends support the use of 24 h water absorption as a practical proxy for 
capillary porosity, to be monitored alongside fc during mix optimisation and qual-
ity control. 

3.4. Porosity and Microstructure 
3.4.1. Microstructure of Alkali-Activated Products 
Mercury intrusion porosimetry (MIP) on representative mixes confirmed that ac-
tivator content, auxiliary binder type and curing temperature primarily affect pore 
structure rather than total porosity. Table 4 reports total porosity, modal pore-
throat radius and the fraction of pores with equivalent radii below 0.1 µm for se-
lected mixes spanning the formulation window. 

 
Table 4. Mercury intrusion porosimetry (MIP) descriptors for selected mixes, highlighting differences between optimized and un-
der-reacted microstructures. 

Mix (representative) 
Total intruded 
porosity (%) 

Cumulative 
intrusion (mL·g−1) 

Threshold 
diameter (µm) 

Modal pore size 
(µm) 

Pores < 0.1 µm (% 
of total porosity) 

Sulfidic + cement (optimum 
L/S; 8 M; 210˚C/4 h) 

18.6 ± 0.5 0.41 ± 0.01 0.22 ± 0.02 0.09 ± 0.01 54.3 ± 2.1 

Oxidized + cement (optimum 
L/S; 8 M; 210˚C/4 h) 

21.2 ± 0.6 0.47 ± 0.02 0.28 ± 0.03 0.14 ± 0.02 42.7 ± 1.9 

Oxidized + lime (low solution 
fraction; 5 - 6 M; 150˚C/4 h) 

24.8 ± 0.7 0.55 ± 0.02 0.36 ± 0.03 0.20 ± 0.03 31.5 ± 2.4 

 
Optimised mixes displayed a clear shift of the pore-size distribution towards 

smaller pore-throat radii and higher fractions of fine pores compared with less 
reactive or under-cured mixes. Total porosity varied only moderately between 
mixes, but differences in modal pore radius and the proportion of sub-0.1 µm 
pores were consistent with strength and absorption trends: mixes with higher fc 
and lower water absorption exhibited more refined pore networks [37]. 

3.4.2. Geotechnical Behavior and Implications for Raw Tailings 
Basic geotechnical test results for the raw tailings indicate fine-grained materials 
with median particle sizes in the silt range and medium plasticity indices, con-
sistent with low to moderate plasticity behavior in Atterberg-based classifications. 
Standard Proctor tests yield maximum dry densities around 1.83 g·cm−3 (~18 
kN·m−3) at optimum water contents near 13.5%, and the associated CBR indices 
at this optimum are very low, confirming poor bearing capacity. Field measure-
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ments give apparent dry unit weights of about 19.9 kN·m−3 for the oxidized facies 
and 21.3 kN·m−3 for the sulfidic facies, broadly consistent with the laboratory 
compaction data. Methylene blue values are compatible with low to moderate clay 
activity. 

3.4.3. Mineralogy (XRD) 
Bulk powder XRD patterns for representative tailings samples confirm that both 
oxidized and sulfidic facies are dominated by quartz and feldspar, with significant 
carbonate peaks and subordinate sulfides, consistent with a carbonate-buffered, 
near-neutral geochemical behavior (Figure 9). Taken together with the geotech-
nical results in Section 3.4.2, these properties indicate low suitability of the raw 
tailings as compacted granular fill and motivate their consideration as precursors 
for stabilised or alkali-activated masonry units rather than bulk fill. 

 

 
Figure 9. Powder X-ray diffraction (XRD) patterns for representative Sabodala tailings samples, showing quartz and feldspar-dom-
inated mineralogy with abundant carbonates (e.g., siderite, dolomite, calcite) and subordinate sulfides (pyrite, pyrrhotite), consistent 
with carbonate-buffered, near-neutral geochemical behavior. 

3.4.4. Bulk Chemical Composition (XRF) 
XRF data indicate that both oxidized and sulfidic tailings are silica-rich, consistent 
with quartz-feldspar dominance (Section 3.4.3). The oxidized facies contain about 
60.8 wt% SiO2 and 11.2 wt% Al2O3, with moderate Fe2O3(t) (~5.5 wt%) and car-
bonate-related oxides CaO + MgO totaling ~9.5 wt% (CaO ~6.6 wt%, MgO ~2.9 
wt%). In contrast, the sulfidic facies show slightly lower SiO2 (~58.2 wt%) and 
Al2O3 (~10.6 wt%), but higher Fe2O3(t) (~7.9 wt%) and markedly higher sulfur 
(reported as SO3 or total S) (~1.10 wt% vs ~0.15 wt% for the oxidized facies). Loss 
on ignition (LOI) is also higher in the sulfidic tailings (~9.59 wt% vs ~7.90 wt%), 
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consistent with greater volatile-bearing phases and/or residual carbonates/sul-
fides. Minor oxides remain low and comparable between facies (Na2O ~1.7 - 1.8 
wt%, K2O ~2.1 - 2.3 wt%, TiO2 ~0.62 - 0.65 wt%, MnO ~0.11 wt%, P2O5 ~0.08 - 
0.09 wt%). Overall, the higher Fe and S contents in the sulfidic tailings, combined 
with differences in CaO + MgO, support facies-dependent reactivity and help in-
terpret the differences in alkali demand and curing sensitivity discussed in Sec-
tions 3.1 and 4.4. 

3.4.5. SEM Observations 
SEM backscattered electron images (Figure 10) show continuous gel phases 
bridging tailings grains and progressive occlusion of intergranular pores in opti-
mised mixes. In less reactive mixes, discrete reaction rims around unreacted 
grains, more open pore networks and local microcracking at grain-gel interfaces 
were observed. XRD patterns confirm quartz and feldspar dominance with acces-
sory carbonates and sulfides in the raw tailings, and the appearance of broadened 
features associated with amorphous gels and minor secondary crystalline phases 
in cured products, consistent with alkali activation of a quartz-feldspar-carbonate 
framework under carbonate-buffered conditions. 

 

 
Figure 10. Representative SEM backscattered electron image of an optimised NaOH-acti-
vated Sabodala tailings mix, showing a dense reaction gel bridging angular tailings grains 
and partially occluding intergranular pores (scale bar = 1 µm). 

 
FTIR spectra provide complementary evidence of the formation of aluminosil-

icate and carbonate-bearing reaction products, with shifts and broadening of Si-
O-T bands and modifications in carbonate bands between raw tailings and cured 
mixes. 
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3.5. Product-Level Leaching 

Product-level leaching tests on mechanically tested, crushed specimens showed 
low concentrations of potentially toxic elements in EN 12457-2 leachates across 
representative mixes spanning the selected formulation window. Table 5 presents, 
for As, Cd, Cr, Cu, Ni, Pb and Zn, the mean, minimum and maximum concentra-
tions measured for selected mixes, together with indicative limit values compiled 
from European guidance documents on leaching from construction products and 
recycled materials, including Council Decision 2003/33/EC as transposed into 
waste acceptance criteria for inert and non-hazardous wastes. 

Final leachate pH values are also reported in Table 5 to support interpretation 
of amphoteric metal behaviour in alkali-activated materials. 

 
Table 5. EN 12457-2 leachate concentrations (mg·kg−1, dry mass basis) and final leachate pH for selected mixes, compared with 
indicative inert-waste limit values from Council Decision 2003/33/EC. 

Element Unit 
Sabodala products - 

mean (mg·kg−1) 
Min-max 
(mg·kg−1) 

Indicative inert-waste 
limit (mg·kg−1) 

Comment 

As mg·kg−1 0.02 0.01 - 0.03 0.5 ~ one order of magnitude below limit 

Cd mg·kg−1 0.003 <0.002 - 0.005 0.04 Frequently below LOD; very low values 

Cr mg·kg−1 0.05 0.03 - 0.07 0.5 Well below limit 

Cu mg·kg−1 0.08 0.05 - 0.10 2 Well below limit 

Ni mg·kg−1 0.04 0.02 - 0.06 0.4 ~ one order of magnitude below limit 

Pb mg·kg−1 0.03 0.02 - 0.05 0.5 Well below limit 

Zn mg·kg−1 0.3 0.20 - 0.40 4 One order of magnitude below limit 

pH (final)  10.4 9.8 - 10.9  Measured after filtration 

 
For context, the inert-waste limit values in Council Decision 2003/33/EC (applied 

at L/S = 10 L·kg−1 in EN 12457-type tests [33]) are of the order of 0.5 mg·kg−1 for As, 
0.5 mg·kg−1 for Pb and 4 mg·kg−1 for Zn. In the present study, all mixes tested re-
mained well below these values, typically by one to two orders of magnitude for the 
most critical elements (Table 5). Differences in leachate composition between ce-
ment and lime-bearing mixes were not statistically significant at α = 0.05. 

These comparisons are used solely as non-regulatory benchmarks: tests were 
conducted on laboratory-scale prisms, and any formal regulatory assessment 
would require testing on full-size units under the regulatory framework of the 
country of use. The data nevertheless indicate that alkali activation and the use of 
auxiliary binders do not measurably increase trace metal leachability relative to 
the as-deposited tailings. Within a proportionate, risk-based perspective, the 
leaching behavior appears compatible with reuse in non-load-bearing masonry 
units under controlled exposure conditions. 

3.6. Durability Screening under Accelerated Protocols 

Accelerated wet-dry cycling and sulfate exposure tests were performed on selected 
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mixes to provide a preliminary screening of durability. These tests were designed 
as screening-level indicators rather than full durability qualification, and were de-
liberately limited to a small number of specimens per condition (n = 3 - 4) and 
short exposure durations. For wet-dry cycling, representative specimens were 
subjected to up to 25 cycles of 24 h water immersion followed by 24 h oven drying 
at (50 ± 2)˚C. Mass changes over the cycles remained limited (mean values and 
standard deviations are reported in Table 6), and no significant scaling or major 
cracking was observed for mixes within the recommended formulation window. 
Flexural and compressive strengths measured after 10 and 25 cycles remained of 
the same order of magnitude as those of unexposed reference specimens, with 
changes generally within the scatter of replicate measurements (Table 6). 

 
Table 6. Durability screening results for selected mixes under accelerated wet-dry cycling and sulfate exposure: mass change and 
strength retention. 

Exposure 
condition 

Mix ID Facies n 

Mass change 
after 25 wet-

dry cycles (%) 
(mean ± SD) 

fc retention after 
25 cycles (% of 

reference, mean) 

ft retention after 
25 cycles (% of 

reference, mean) 

Mass change 
after 28 d sulfate 

exposure (%) 

fc retention after 
sulfate exposure 
(% of reference, 

mean) 

Wet-dry cycling O-C3 Oxidized 3 +0.8 ± 0.6 88 84 - - 

Wet-dry cycling S-C3 Sulfidic 3 +0.5 ± 0.5 90 86 - - 

Wet-dry cycling O-L3 Oxidized 3 +1.2 ± 0.7 82 80 - - 

Wet-dry cycling S-L3 Sulfidic 3 +0.9 ± 0.6 85 82 - - 

Sulfate (Na2SO4, 
50 g·L−1, 28 d) 

O-C3 Oxidized 3 +1.0 ± 0.7 - - +1.0 ± 0.7 88 

Sulfate (MgSO4, 
50 g·L−1, 28 d) 

S-C3 Sulfidic 3 +1.3 ± 0.8 - - +1.3 ± 0.8 85 

 
Immersion in Na₂SO₄ and MgSO₄ solutions (50 g·L−1) for 28 days led to modest 

mass variations and shallow reaction fronts, without severe cracking or spalling 
in optimised mixes. Phenolphthalein staining revealed limited alteration depths, 
and post-exposure strengths showed moderate decreases relative to reference val-
ues, typically on the order of 10% - 15%, again within the variability observed 
between specimens. 

Given the limited number of specimens per condition (n = 3 - 4), the relatively 
short duration of the wet-dry (25 cycles) and sulfate (28 days) tests, and the fact 
that other degradation mechanisms such as carbonation, freeze-thaw cycling or 
combined mechanical and environmental loading were not investigated, these re-
sults cannot be used for any formal classification under particular masonry stand-
ards [23]-[26]. 

4. Discussion 
4.1. Key Findings in the Context of Alkali-Activated Tailings 

The results confirm that carbonate-buffered gold tailings from Sabodala can be 
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transformed into alkali-activated products with compressive strengths in the 
range typically reported for non-load-bearing masonry units, provided that mix 
design and curing are carefully controlled. Within the process window defined in 
Section 3.1, compressive strengths, water absorption and leaching behavior are 
broadly consistent with values reported for alkali-activated copper, iron or 
polymetallic tailings used in masonry-like products [1]-[3] [6] [12] [13] [15] [17]-
[22]. In contrast to many of those previous studies, which focused on acid-gener-
ating tailings or paste-like binders [27]-[30], the present work explicitly addresses 
facies-specific mix design, flexural behavior and product-level leaching in a car-
bonate-buffered, near-neutral gold tailings system. The comparisons with EN 
771-3 and ASTM C55 strength and absorption classes presented in Section 3.1 
should therefore be interpreted as indicative benchmarks rather than evidence of 
formal conformity, since they are based on tests on 40 × 40 × 160 mm prisms 
rather than full-size masonry units. 

The experimental campaign shows that NaOH molarity, activator solution frac-
tion and auxiliary binder content can be combined to define a relatively narrow 
yet robust formulation window in which mechanical performance and leaching 
indicators are compatible with non-load-bearing masonry applications. The ob-
servation that total porosity varies only moderately between mixes, whereas 
strength and water absorption strongly depend on pore-size distribution, rein-
forces the interpretation that microstructural refinement (pore refinement, gel 
continuity) rather than bulk densification is the main driver of performance in 
these materials [37]. To the authors’ knowledge, few previous studies on gold-
mine tailings have simultaneously defined facies-specific alkali-activation win-
dows and empirical ft-fc scaling laws for carbonate-buffered systems in a West 
African context, while jointly assessing mechanical, hydric and leaching perfor-
mance at the product scale. 

4.2. Facies-Specific Mix Design and Strength Scaling 

Treating oxidized and sulfidic tailings as separate precursors proved essential for 
reliable mix design. The optimal activator solution fraction differs between facies 
(Section 3.1), reflecting their distinct particle size distributions, carbonate con-
tents and reactivity. From a practical standpoint, this implies that facies should 
not be blended indiscriminately if consistent product performance is required. 
Instead, facies-specific envelopes of NaOH concentration and solution fraction 
can be defined and then adjusted for the available auxiliary binder and curing 
conditions. 

The approximate proportionality between flexural-tensile and compressive 
strengths (Section 3.2) is also of practical importance. Although the ft-fc relation-
ships obtained here are empirical and limited to the tested fc range (~8 - 22 MPa), 
they provide a rational basis for estimating flexural performance from compres-
sive tests. Outside this fc range, the ft-fc relationships should be used with caution 
and, where possible, supported by additional testing. This is attractive for small 
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laboratories or production facilities where routine flexural testing may not be fea-
sible. In a screening or quality-control context, compressive strength can thus be 
used as the primary control parameter, with simple ft-fc relations providing in-
dicative flexural ranges and safety factors [38]-[40]. 

4.3. Environmental Performance and Leaching 

At the product scale, EN 12457-2 leachates [33] from crushed, cured specimens 
remained low for all mixes tested (Section 3.5). In several cases, leachate concen-
trations for selected elements were close to or below detection limits, and when 
compared with indicative limit values compiled from European guidance docu-
ments for construction products and recycled materials, they fall well within those 
bounds (Table 5). Although this comparison is not a formal regulatory assess-
ment, it suggests that alkali activation and the use of auxiliary binders do not ag-
gravate trace metal mobility relative to the as-deposited tailings. These compari-
sons with inert waste acceptance criteria (e.g., European Council Decision 
2003/33/EC) are therefore used only as indicative, non-regulatory benchmarks; 
any formal compliance assessment would require testing full-size units under the 
relevant national regulatory framework. 

The combination of carbonate buffering in the tailings and the formation of 
dense, continuous reaction products likely contributes to this behavior by limiting 
pH excursions and reducing pore connectivity at the scale relevant for leaching. 
From a risk-based perspective, such performance is encouraging: it indicates that, 
if units are used in appropriate exposure conditions and under suitable regulatory 
oversight, environmental risks need not be a primary barrier to reuse. Nonethe-
less, longer-term leaching tests, and tests on full-size units under more realistic 
exposure scenarios, remain necessary before any final conclusions can be drawn. 

4.4. Practical Implementation, Energy and Socio-Economic 
Considerations 

From a practical standpoint, the requirement for elevated-temperature curing is 
one of the most critical aspects of the proposed process. The 210˚C, 4 h schedule 
used here should therefore be viewed as an upperbound, screening regime, chosen 
to delineate a robust activation window and to enable meaningful comparison be-
tween mix designs. Although this regime is far milder than typical clay-brick fir-
ing, it remains more energy-intensive than ambient or low-temperature curing of 
Portland cement masonry units, and future work should focus on lowering curing 
temperature and/or time while maintaining acceptable strength and absorption. 

In a West African context, where electricity and fuel costs can be high and sup-
ply reliability variable, implementing a 210˚C/4 h cure at scale would therefore 
require careful consideration. Several mitigation strategies can be envisaged: using 
waste heat from on-site power plants; integrating solar thermal assistance where 
feasible; reducing curing time once minimum strength is reached; or lowering the 
target temperature for mixes that show sufficient reactivity. Importantly, reaching 
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~210˚C is generally beyond conventional flat-plate collectors and many standard 
solar-thermal systems; it would more realistically rely on concentrating solar ther-
mal technologies (e.g., parabolic trough or linear Fresnel) or high-temperature 
evacuated-tube configurations with concentrators, which has implications for the 
techno-economic feasibility [41]. An industrial process would likely operate 
within a narrower, optimised curing window than the one explored experimen-
tally here, balancing strength, energy consumption and throughput. 

The socio-economic attractiveness of such a process must be evaluated against 
realistic alternatives. One baseline scenario is continued surface storage of tailings 
in the TSF, with associated long-term monitoring and rehabilitation costs, com-
bined with production or importation of conventional masonry units (clay bricks, 
concrete blocks). In contrast, converting a fraction of the TSF into masonry units 
would: (i) reduce the volume of tailings requiring long-term management, (ii) 
create a local source of construction materials, and (iii) potentially generate em-
ployment and business opportunities for small and medium-sized enterprises 
near the mine. 

The total volume of tailings in a large TSF is such that even a relatively small 
fraction being upgraded into masonry units could correspond to many years of 
local brick or block production. In practice, the fraction that can be realistically 
valorised will be limited by logistical constraints (distance to markets, handling 
and processing capacity), by market demand for non-load-bearing units, and by 
the willingness of mine operators, local authorities and SMEs to codevelop such 
schemes. Integrated models could emerge in which the mine provides access to 
tailings, technical support and possibly curing infrastructure, while local SMEs 
handle moulding, curing and distribution, under a regulatory framework that en-
sures environmental and safety standards. 

Ultimately, the feasibility of implementing NaOH-activated tailings-based ma-
sonry units in Senegal or elsewhere in West Africa will depend not only on tech-
nical performance but also on the relative costs of activators and energy, the avail-
ability of alternative materials, institutional support for circular economy ap-
proaches and the existence of standards or guidelines that recognise such prod-
ucts. The present work provides technical evidence that mechanically and envi-
ronmentally acceptable products are achievable; it does not by itself resolve the 
economic and institutional dimensions, which require dedicated analysis [42] 
[43]. 

4.5. Limitations and Future Research Needs 

Several limitations of the present study must be acknowledged. First, all results 
are based on laboratory-scale prisms produced under controlled conditions; full-
size blocks or units may exhibit different behavior due to scale effects, compaction 
methods, drying gradients and handling. Second, the curing regime explored here 
is relatively high in temperature and short in duration. While this was necessary 
to obtain robust trends and clearly identify a formulation window, it leaves open 
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the question of how far curing temperatures and times can be reduced while main-
taining acceptable performance. 

Third, the durability assessment was limited to short-term wet-dry cycling and 
sulfate exposure under accelerated but simplified laboratory conditions (Section 
3.6). Other degradation mechanisms such as carbonation, freeze-thaw (for colder 
climates), chloride ingress or combined mechanical and environmental loading 
were not studied. Long-term field exposure trials and extended laboratory test 
campaigns on full-size units would be required before any formal durability class 
could be assigned. 

Finally, although the methodological framework developed here—facies-based 
characterisation, structured mix-design exploration, and joint evaluation of 
strength, water absorption, leaching and preliminary durability—is intended to be 
transferable, its application to other sites will require adaptation. Tailings with 
different mineralogies (e.g., more acid-generating, less carbonate-buffered, or 
with higher clay contents) may respond differently to NaOH activation and may 
require different activators, binder blends or curing regimes. 

Future work should therefore focus on: 1) validating the proposed process win-
dow on full-size units produced with realistic forming and curing technologies, 2) 
exploring lower-energy curing schedules and alternative activators or hybrid 
binders, 3) conducting extended durability and leaching tests under more realistic 
exposure conditions, and 4) embedding the technical findings into techno-eco-
nomic and life-cycle assessments that can guide decision-makers on the relative 
merits of tailings-based masonry units versus conventional construction products. 

5. Conclusions 

This study investigated the potential of NaOH-activated tailings from the 
Sabodala gold mine (Senegal) as precursors for non-load-bearing masonry 
units, with a focus on facies-specific mix design, mechanical strength, water ab-
sorption and product-level leaching. Within the range of conditions explored, 
the results strongly suggest that both oxidized and sulfidic tailings can be con-
verted into alkali-activated products with compressive strengths and absorption 
characteristics broadly compatible with non-load-bearing masonry classes, pro-
vided that activator content, auxiliary binder dosage and curing regime are care-
fully controlled. 

The experimental programme showed that NaOH molarity and activator solu-
tion fraction are first-order drivers of strength, with facies-dependent optimum 
solution fractions around 21 wt% for oxidized tailings and 18 wt% for sulfidic 
tailings. Small additions of Portland cement or hydrated lime (~3 wt%) further 
improved strength and, in cement-bearing mixes, reduced water absorption. 
Within this facies-specific process window and using a reference curing schedule 
of 210˚C for 4 h, representative 28-day compressive strengths in the 12 - 20 MPa 
range and 24 h water absorption values around 10% - 15% were obtained. Within 
this window, dry density values for cured prisms typically ranged around 17 - 19 
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kN·m−3, consistent with medium-density non-load-bearing masonry units. Flex-
ural-tensile strength scaled approximately linearly with compressive strength (ft 
~ 0.26 - 0.27 fc for 8 - 22 MPa), providing practical scaling laws that could support 
compressive-only quality control in a screening or production context. 

Product-level EN 12457-2 leaching tests on crushed, cured specimens yielded 
low concentrations of As, Pb, Zn and other elements of concern, which remained 
within indicative limit values compiled from European guidance documents for 
construction products and recycled materials. Although these comparisons are 
non-regulatory and based on laboratory-scale prisms, they indicate that alkali ac-
tivation and auxiliary binders do not measurably increase trace metal leachability 
relative to the as-deposited tailings. Short-term durability screening under wet-
dry cycling and sulfate exposure suggested a basic level of resistance consistent 
with non-structural masonry applications under controlled exposure conditions, 
but further work is required to confirm long-term performance and compliance 
with specific durability standards. 

Several important limitations must be kept in mind. All mechanical, leaching 
and durability results were obtained on small prisms under controlled laboratory 
conditions, using a relatively high curing temperature and a limited set of expo-
sure scenarios. The conclusions therefore apply within the tested conditions and 
parameter ranges, and cannot be directly extrapolated to full-size industrial units 
or to markedly different curing regimes. Future work should address full-scale 
production trials, lower-energy curing schedules, extended durability testing and 
techno-economic assessments before any formal qualification of these materials 
under masonry standards can be attempted. The durability results reported here 
should therefore be interpreted strictly as short-term screening outcomes. 

Beyond the specific case of Sabodala, the approach used in this study provides 
a screening framework that can be adapted to other tailings storage facilities, par-
ticularly in West Africa and similar settings. In practical terms, such a framework 
involves at least three main steps: 
• Facies-based characterisation, combining geotechnical, mineralogical and ge-

ochemical data to identify candidate tailings facies and assess their environ-
mental baseline (e.g., acid-generating vs carbonate-buffered behavior); 

• Structured mix-design exploration within a realistic window of activator, aux-
iliary binder and curing conditions, supported by simple statistical tools to 
identify robust, facies-specific formulation windows; 

• Combined evaluation of performance, including compressive and flexural 
strength, water absorption, product-level leaching and preliminary durability, 
benchmarked against relevant non-load-bearing masonry requirements and 
indicative environmental limits. 

Applied in a proportionate and site-specific way, this framework can help mine 
operators, regulators and local stakeholders to identify situations where turning 
geochemically benign tailings into masonry units is technically promising, and 
where more detailed scale-up and economic studies are warranted. 
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