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Abstract 

Compacted liners made from iron ore tailings (IOT) and bentonite must satisfy strength, hydraulic and 

shrinkage criteria concurrently, yet these properties respond in opposing directions to the compaction 

water content. This study evaluates how the compaction moisture state (2% dry of optimum, DOPT; 

optimum, OPT; 2% wet of optimum, WOPT) governs the performance of IOT–bentonite mixtures (20–

40% bentonite) stabilised with 0–10% slag cement (CEM III), compacted at British Standard Heavy 

(BSH) energy and cured for 28 days. Unconfined compressive strength (UCS), saturated hydraulic 

conductivity (Ksat) and volumetric shrinkage (Vs) were measured for 25 mixtures, and Gaussian process 

regression (GPR) was used to map the combined compliance region against UCS ≥ 200 kPa, Ksat ≤ 1 × 

10−9 m/s and Vs ≤ 4%. For the 30% bentonite/10% CEM III mixture, UCS decreased from 1775 to 1800 

to 1542 kPa from DOPT to WOPT, Ksat from 1.37 × 10−9 to 1.93 × 10−10 to 9.73 × 10−11 m/s, and Vs from 

3.8 to 3.19 to 2.19%. DOPT was therefore the only condition that violated the hydraulic criterion, despite 

giving the highest strength, whereas OPT and WOPT met all three criteria. Soil–water characteristic 

curves (SWCCs) measured by pressure plate up to 1500 kPa were fitted with the Brooks–Corey, 

Fredlund–Xing and van Genuchten models; all reproduced the data closely (root-mean-square error, 

RMSE ≤ 0.0035) and the van Genuchten model was marginally best. Water retention increased with 

moulding water content. 2%WOPT placement of a 31% bentonite/10% CEM III liner is recommended. 

Keywords Landfill liner; Iron ore tailings; Bentonite; Slag cement; Moulding water content; Soil–

water characteristic curve 

1  Introduction 

Mining operations worldwide generate very large volumes of iron ore tailings (IOT). Their storage in 

dams and stockpiles carries risks of dam failure, dust emission, land degradation and heavy-metal 

leachate migration into soils and water bodies (Abubakar et al. 2022; Vitor et al. 2023; Wu et al. 2026); 

beneficial reuse in earthworks and containment systems is therefore preferable to passive storage 

(Carmignano et al. 2021; Owolabi and Daramola 2024). IOT consists of fine particles rich in silica, 

alumina and iron oxides and is structurally stable, but it lacks the plasticity and low permeability needed 

for a stand-alone liner (Chao et al. 2024). 

Compacted clay liners (CCLs) and geosynthetic clay liners (GCLs) are the conventional barrier options. 

However, uniform clay deposits are scarce in many geological settings and imported geosynthetics are 

often prohibitively expensive in developing regions (Mukiza et al. 2021; Kamaruddin et al. 2022; 

Aswathy and Sunil 2024). Sand–bentonite mixtures are a common alternative, but they depend on river 

sand, whose over-exploitation has serious ecological consequences. Blending a swelling clay such as 

sodium bentonite with a granular waste improves cohesion, workability and impermeability (Gupt et al. 

2021; Eyo et al. 2021; Jain 2024; Raviteja et al. 2024), but bentonite-amended soils shrink strongly on 
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drying and are prone to desiccation cracking, which compromises barrier integrity and calls for 

stabilisation (Demdoum et al. 2020; Nath et al. 2023). 

Slag cement is an attractive stabiliser produced by replacing part of the Portland clinker with ground 

granulated blast-furnace slag, which lowers the embodied carbon of the binder (Nie et al. 2022) and 

improves durability (Huynh and Van Ho 2025). Samani et al. (2020) showed that adding cement and 

bentonite to iron ore tailings raises the optimum moisture content and lowers the maximum dry density, 

yet still produces materials suitable for earthworks, depending on the binder and the moisture condition 

at compaction. 

A soil liner must simultaneously provide adequate unconfined compressive strength (UCS) to resist 

construction and operational loads, a sufficiently low saturated hydraulic conductivity (Ksat) to restrict 

leachate migration, and limited volumetric shrinkage (Vs) to avoid desiccation cracking. Because these 

properties respond differently to the moulding water content, they must be assessed together. This idea 

underlies the “acceptable zone” concept, in which strength, hydraulic conductivity and shrinkage are 

evaluated across the compaction plane and a mix is acceptable only where all three criteria overlap 

(Daniel and Benson 1990; Osinubi and Nwaiwu 2006). The approach has been applied to lateritic soil–

bentonite mixtures, where the compliant zone proved highly sensitive to both bentonite content and 

compaction water content (Amadi and Eberemu 2012). 

Despite this body of work on lateritic soils, bentonite-amended clays and cement-treated tailings, little 

attention has been given to IOT–bentonite mixtures stabilised with slag cement. In particular, no study 

known to the authors has examined such a material across dry-of-optimum, optimum and wet-of-

optimum moulding states while linking the saturated hydraulic response to the unsaturated water-

retention behaviour. This study therefore (i) quantifies UCS, Ksat and Vs of 25 IOT–bentonite–slag-

cement mixtures compacted at 2% dry of optimum, optimum and 2% wet of optimum; (ii) uses Gaussian 

process regression (GPR), a Bayesian non-parametric method valued for its uncertainty quantification 

in geotechnical applications (Zhang et al. 2022; Wu et al. 2024), to construct a “validity envelope” that 

delineates the feasible design space; (iii) identifies the moulding condition that best balances the three 

criteria; and (iv) compares the Brooks–Corey (BC), Fredlund–Xing (FX) and van Genuchten (vG) 

models for describing the soil–water characteristic curve (SWCC) of the selected mixture, to explain the 

observed moisture-state effects through pore-structure and suction behaviour. 

2  Materials and methods 

2.1  Materials 

The IOT was collected from the National Iron Ore Mining Company, Itakpe, Kogi State, north-central 

Nigeria. A bulk sample was bagged for testing and a smaller portion was sealed in polythene to preserve 

the as-collected moisture content. At the Civil Engineering Soil Laboratory of the Federal University of 

Technology, Minna, the bulk sample was air-dried, pulverised and passed through a BS No. 4 sieve 
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(4.76 mm). Powdered sodium bentonite was obtained from a supplier in Kaduna, Nigeria. The slag 

cement (designated CEM III in this study) was produced by inter-grinding approximately 64% Portland 

clinker, 31% ground granulated blast-furnace slag and 5% gypsum in a laboratory ball mill, with most 

particles passing the 75 µm sieve (BSI 2011). The materials are shown in Fig. 1. 

 

 
Fig. 1 Materials used: (top) raw and powdered blast-furnace slag; (bottom) Portland clinker, bentonite and iron 

ore tailings (IOT) 

2.2  Mixture design and compaction 

Twenty-five mixtures were prepared by adding bentonite at 20, 25, 30, 35 and 40% and CEM III at 0, 

2.5, 5, 7.5 and 10% (percentages by dry mass of soil). Constituents were blended dry before hydration. 

Compaction followed BS 1377 (BSI 1990a) at British Standard Heavy (BSH) energy to represent 

high-energy field placement; the maximum dry density (MDD) and optimum moisture content (OMC) 

of each mixture were taken from its dry density–moisture content curve. The wet bulk density (ρb) and 

dry density (ρd) were computed from 

 𝜌௕ = ெ௏  (1) 

 𝜌ௗ = ఘ್1+௪ (2) 

where M is the mass of compacted soil (g), V the mould volume (cm3) and w the moisture content 

(expressed as a fraction). The three moisture states used throughout the study were defined relative to 

each mixture's OMC: 2% dry of optimum (DOPT, OMC − 2%), optimum (OPT) and 2% wet of optimum 

(WOPT, OMC + 2%). Specimens for all tests were compacted at the corresponding moulding water 

content at BSH energy. 

2.3  Consistency limits 

Liquid limit (cone penetration method), plastic limit and plasticity index were determined in accordance 

with BS 1377 (BSI 1990a). The plasticity index was calculated as 

 PI = LL − PL (3) 
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where LL and PL are the liquid and plastic limits (%). 

2.4  Unconfined compressive strength 

Specimens were extruded, sealed and cured for 28 days before testing in a triaxial loading frame with 

zero confining pressure (Fig. 2a), following BS 1377 and BS 1924-2 (BSI 1990a, 1990b). A minimum 

UCS of 200 kPa was adopted as the liner criterion (Daniel and Wu 1993). The compressive stress was 

computed as 

ߪ  = ோ஼ೝ(100−ఌ)100஺0  (4) 

(%)ߝ  = ( ௩௅0) × 100 (5) 

where σ is the compressive stress (kN/m2), R the load-ring reading, Cr the mean calibration factor of the 

ring, ε the axial strain (%), v the axial compression, L0 the initial specimen length and A0 the initial cross-

sectional area. 

2.5  Volumetric shrinkage 

Specimens compacted at the three moisture states were extruded and air-dried on a laboratory bench at 

25 ± 3 °C (Fig. 2b), and their dimensions were measured with a vernier caliper over 28 days. The 

volumetric shrinkage strain was calculated as 

 ௦ܸ = [௏೔−௏೑௏೔ ] × 100 (6) 

where Vi is the initial volume and Vf the final (dry) volume. A limit of Vs ≤ 4% was adopted (Daniel and 

Wu 1993). 

2.6  Saturated hydraulic conductivity 

Specimens compacted in rigid moulds as described above were cured for 28 days in a constant-humidity 

room (100% relative humidity, 18 °C), then saturated under a 1.0 m head of tap water for 4 days in a 

falling-head permeameter (Fig. 2c). Readings were continued until successive head measurements 

showed no significant difference at the equilibrium criteria of ASTM D5084 (ASTM International 

2024). Hydraulic conductivity was computed from 

ܭ  = [2.303௔௅஺௱௧ ] log10 (ℎ1ℎ2) (7) 

where a is the standpipe cross-sectional area (m2), L the specimen height (m), A the specimen cross-

sectional area (m2), Δt the elapsed time (s) and h1, h2 the initial and final standpipe heads (m). The 

criterion was Ksat ≤ 1 × 10−9 m/s. 
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Fig. 2 Laboratory set-ups: (a) unconfined compression in the triaxial frame; (b) compacted specimens for 

shrinkage monitoring; (c) falling-head permeameter board; (d) schematic of the pressure plate set-up 

2.7  Soil–water characteristic curves 

SWCCs were determined by the pressure plate method (ASTM D6836) on four mixtures (25% 

bentonite/7.5% CEM III, 30%/7.5%, 30%/10% and 35%/10%) compacted at BSH energy at DOPT, 

OPT and WOPT, at matric suctions of 1, 10, 100, 500, 1000 and 1500 kPa. SWCC specimens were 

cured for 28 days. Detailed results are given for the 30% bentonite/10% CEM III mixture, which is the 

one examined for strength, shrinkage and hydraulic conductivity in Sections 3.4–3.8. 

2.8  Statistical modelling and model evaluation 

The responses Y (UCS, log10Ksat and Vs) were related to the bentonite content B and CEM III content C 

by the second-order polynomial surface 

 ܻ = 0ߚ + ∑ ௜ߚ ௜ܺ + ∑ ௜௜ߚ ௜ܺ2 + ∑ ௜௝ߚ ௜ܺ ௝ܺ௜<௝  (8) 

with X1 = B and X2 = C. A GPR surrogate with a radial basis function (RBF) kernel was used to map the 

non-linear response landscape, and its predictive accuracy was assessed by 5-fold cross-validation. The 

feasible region was defined as the intersection of the three constraints (UCS ≥ 200 kPa, Ksat ≤ 1 × 10−9 

m/s, Vs ≤ 4%), producing the “validity envelope”. Goodness of fit was expressed by the coefficient of 

determination (R2) and the root-mean-square error (RMSE): 

 ܴ2 = 1 − ∑(௬೔−௬̂೔)2∑(௬೔−௬)2  (9) 

 RMSE = √1௡ ௜ݕ)∑ −  ௜)2 (10)ݕ̂

The SWCC data were fitted with three models. The Brooks and Corey (1964) model is 

ߠ  =
{ ௥ߠ + ௦ߠ) − (௥ߠ ( టట್)−ఒ ,    for  ߰ > ߰௕ߠ௦,    for  ߰ ≤ ߰௕
 (11) 
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the Fredlund and Xing (1994) model (without the correction factor) is 

ߠ  = ఏೞ{ln [௘+(ഗೌ)೙]}೘ (12) 

and the van Genuchten (1980) model is 

ߠ  = ௥ߠ + (ఏೞ−ఏೝ)[1+(ఈట)೙]೘ ,   ݉ = 1 − 1௡ (13) 

where θ is the volumetric water content, ψ the matric suction (kPa), θs and θr the saturated and residual 

water contents, ψb the air-entry (bubbling) pressure and λ, a, n, m and α fitting parameters. Parameters 

were obtained by non-linear least squares with θr ≥ 0 and θs taken as the measured water content at 1 

kPa. Fit quality was compared using RMSE, R2 and the Akaike information criterion, AIC = N 

ln(SSE/N) + 2k, where N is the number of data points, SSE the sum of squared errors and k the number 

of parameters (Burnham and Anderson 2002). 

3  Results and discussion 

3.1  Material characterization 

The physical properties of the three constituents are given in Table 1 and the grading curve of the IOT 

is shown in Fig. 3. The IOT is a poorly graded fine-to-medium sand (SP in the Unified Soil Classification 

System, USCS) of which only 3.72% passes the 0.075 mm sieve; its high specific gravity (3.32) reflects 

its iron-oxide-rich mineralogy. The smooth, narrow grading offers little interlocking and no cohesion, 

so the tailings alone cannot meet liner requirements. The bentonite is a highly plastic, expansive clay 

(CH) with a liquid limit of 301%, plasticity index of 259%, linear shrinkage of 38.4% and free swell of 

102%, which explains both its sealing capacity and its tendency to shrink on drying. The slag cement is 

a fine powder (84.6% passing 0.075 mm) with a specific gravity of 2.99. 

Table 1 Physical characteristics of the materials used 

Property IOT Bentonite CEM III 

Retained on No. 200 sieve (> 0.075 mm) (%) 96.28 – – 

Passing No. 200 sieve (< 0.075 mm) (%) 3.72 – 84.6 

Liquid limit (%) 24.2 301 – 

Plastic limit (%) NP 42 – 

Plasticity index (%) NP 259 – 

Linear shrinkage (%) 3.6 38.4 – 

Specific gravity 3.32 2.59 2.99 

Free swell (%) – 102 – 

USCS class SP CH – 

NP = non-plastic; – = not determined; USCS = Unified Soil Classification System; SP = poorly graded sand; CH = high-

plasticity clay 
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Fig. 3 Particle-size distribution of the iron ore tailings (IOT) 

Oxide compositions are listed in Table 2. SiO2 + Al2O3 + Fe2O3 amount to 96.49% of the IOT, above 

the 70% minimum used in ASTM C618 (ASTM International 2025) to identify pozzolanic materials, 

although actual reactivity depends on the amorphous fraction, which was not determined here. The 

bentonite is dominated by silica and alumina (63.34% and 23.68%), consistent with a smectitic clay. 

The slag cement contains 53.25% CaO, the source of the calcium hydroxide and calcium silicate hydrate 

that drive cementation and pozzolanic reaction with the silica- and alumina-bearing IOT and bentonite. 

Table 2 Oxide composition of the materials used (% by mass) 

Material SiO2 Al2O3 MgO Na2O Fe2O3 CaO P2O5 K2O TiO2 MnO 

IOT 26.93 2.75 0.45 – 66.81 0.63 – – 0.16 0.02 

Bentonite 63.34 23.68 2.51 1.98 2.03 1.11 0.12 0.63 1.76 0.05 

CEM III 1.40 25.51 0.31 0.03 10.55 53.25 0.13 0.05 0.03 0.01 

 

3.2  Consistency limits 

The liquid limit (Fig. 4) increased with bentonite content at every CEM III dosage, from 27.9% at 20% 

bentonite to 29.5% at 40% bentonite without cement. Adding CEM III raised the liquid limit further, 

reaching 38.5% at 40% bentonite and 10% CEM III. All mixtures therefore exceeded the minimum 

liquid limit of 20% commonly specified for liner materials. The plasticity index also rose with cement 

content, from 11.5% to 18.5% at 40% bentonite as CEM III increased from 0 to 10%, so the plastic 

range widened rather than narrowed. This is contrary to the usual effect of cement or lime on clays. It 

may reflect flocculation and agglomeration of bentonite by calcium released during slag-cement 

hydration, which increases the water-holding capacity of the fabric (Kumar and Kumari 2024), but this 

explanation was not tested by microstructural analysis in the present work. Because some of the cement-

treated mixtures exceeded the upper plasticity index bound of 12% sometimes quoted for liners while 

still meeting the Ksat and Vs criteria, the plasticity index was not treated as a governing criterion. 
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Fig. 4 Variation of liquid limit (bars) and plasticity index (lines) with bentonite and CEM III content 

3.3  Compaction characteristics 

Compaction results are summarized in Table 3. The MDD decreased with bentonite content, from 2.19 

g/cm3 at 20% bentonite to 2.07 g/cm3 at 40% bentonite without cement, owing to the lower specific 

gravity and higher water affinity of bentonite. The MDD increased with CEM III, from 2.19 to 2.31 

g/cm3 at 20% bentonite as cement rose from 0 to 10%, consistent with the higher specific gravity of the 

cement and the formation of calcium silicate hydrate, which improves particle packing (Ghazi 2015; 

Amadi et al. 2025). The OMC showed the opposite trend, rising with both bentonite and cement content: 

from 17.2% at 20% bentonite to 18.2% at 40% bentonite without cement, and from 18.2% to 19.5% at 

40% bentonite as cement increased from 0 to 10%. The higher water demand is attributable to cement 

hydration and to the greater surface area of flocculated and agglomerated particles (Ghadr and Assadi-

Langroudi 2018; Amadi et al. 2025). 

Table 3 Maximum dry density (MDD, g/cm3) and optimum moisture content (OMC, %) of the mixtures at BSH 

energy 

Bentonite (%) 
0% CEM III 2.5% CEM III 5% CEM III 7.5% CEM III 10% CEM III 

MDD OMC MDD OMC MDD OMC MDD OMC MDD OMC 

20 2.19 17.2 2.21 17.4 2.25 17.5 2.28 17.9 2.31 18.2 

25 2.15 17.3 2.18 17.5 2.21 17.8 2.25 18.1 2.28 18.5 

30 2.12 17.5 2.15 17.9 2.18 18.2 2.23 18.5 2.25 18.7 

35 2.09 17.7 2.13 18.1 2.16 18.5 2.19 18.8 2.21 19.1 

40 2.07 18.2 2.09 18.5 2.12 18.9 2.16 19.1 2.19 19.5 

 

3.4  Unconfined compressive strength 

Unconfined compressive strength, UCS at the three moisture states is presented in Fig. 5. Strength 

increased with CEM III content at every bentonite level and peaked at 30% bentonite for all cement 

contents; beyond 30% bentonite it declined. For example, UCS increased from 752, 680 and 520 kPa 

(DOPT, OPT, WOPT) at 20% bentonite/0% CEM III to peak values of 1775, 1800 and 1542 kPa at 30% 

bentonite/10% CEM III, and decreased to 1400, 1295 and 1225 kPa at 40% bentonite/10% CEM III. 

The gain with cement is attributed to the pozzolanic reaction between the lime liberated by cement 
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hydration and the silica and alumina-bearing IOT and bentonite, which forms secondary cementitious 

products. The decline at higher bentonite contents is consistent with a dilution of the cementing action 

by the increasing volume of expansive clay and with its higher water demand. 

UCS decreased as the moulding water content increased, reflecting a shift from a flocculated, cement- 

and clay-bridged fabric on the dry side to a more dispersed and weaker fabric on the wet side (Lambe 

1958; Seed and Chan 1959). All mixtures at 10% CEM III exceeded the 200 kPa criterion (Daniel and 

Wu 1993; Ghazi 2015; Kuranchie et al. 2015) by a wide margin: the 30% bentonite/10% CEM III 

mixture exceeded it 8.9, 8.6 and 7.7 times at DOPT, OPT and WOPT, respectively. 

 
Fig. 5 UCS of cemented IOT–bentonite mixtures at (a) 2% dry of optimum, (b) optimum and (c) 2% wet of 

optimum. Mixtures with UCS ≥ 200 kPa satisfy the liner requirement 

3.5  Volumetric shrinkage 

Volumetric shrinkage is shown in Fig. 6. Adding CEM III reduced Vs at all bentonite contents, whereas 

increasing the bentonite content generally increased it. At 10% CEM III, Vs stayed at or below about 4% 

for all bentonite contents, while several mixtures with 0–5% CEM III and 35–40% bentonite exceeded 

the 4% limit. For the 30% bentonite/10% CEM III mixture, Vs was 3.8%, 3.19% and 2.19% at DOPT, 

OPT and WOPT, respectively, equivalent to about 80%, 80% and 55% of the allowable limit. 

Volumetric shrinkage at this composition was therefore governed mainly by the bentonite and cement 

contents, with a clear reduction only on the wet side. These values were obtained by unconfined air-

drying of single specimens for 28 days with caliper measurements (Albrecht and Benson 2001). 
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Fig. 6 Vs of IOT–bentonite mixtures treated with slag cement at (a) 2% dry of optimum, (b) optimum and (c) 2% 

wet of optimum. The dashed line is the 4% limit 

3.6  Saturated hydraulic conductivity 

Saturated hydraulic conductivity, Ksat results are shown in Fig. 7. Without cement, all mixtures had Ksat 

of the order of 10−8 m/s at every moisture state and failed the 1 × 10−9 m/s criterion, even at 40% 

bentonite. For cement-treated mixtures, Ksat decreased with bentonite content up to about 30–35% and 

then rose again at 40%, mirroring the UCS peak and possibly reflecting the greater shrinkage of the 

high-bentonite mixtures. Cement addition lowered Ksat by roughly 1.3 to 2.3 orders of magnitude at 30% 

bentonite: from about 3 × 10−8, 3 × 10−8 and 1.6 × 10−8 m/s without cement to 1.37 × 10−9, 1.93 × 10−10 

and 9.73 × 10−11 m/s at 10% CEM III for DOPT, OPT and WOPT, respectively. Only the DOPT 

specimen therefore exceeded the limit (by a factor of 1.4), whereas the OPT and WOPT specimens were 

5 and 10 times below it. The beneficial effect of additional moulding water is consistent with improved 

bentonite hydration and swelling, which clogs the larger pores and reduces hydraulic conductivity. 

Similar behaviour has been reported for compacted tailings–bentonite and slag- or pozzolan-stabilised 

barrier materials (Osinubi and Amadi 2010; Osinubi et al. 2015; Osinubi et al. 2019; Amadi and 

Eberemu 2012; Okoro et al. 2023). 

 
Fig. 7 Ksat of IOT–bentonite mixtures treated with slag cement at (a) 2% dry of optimum, (b) optimum and (c) 

2% wet of optimum. Mixtures with Ksat ≤ 1 × 10−9 m/s satisfy the liner requirement 
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3.7  Effect of moulding water content on the design criteria 

The effect of moulding water content on the three criteria for the 30% bentonite/10% CEM III mixture 

is summarised in Fig. 8 and Table 4. Linear trend lines were fitted to the three experimental points of 

each property against relative moulding water content. Because only three moisture states were tested, 

these fits have a single degree of freedom and describe the direction and approximate magnitude of the 

trends rather than statistically established relationships; the GPR predictions in Fig. 8 merely interpolate 

between them. 

UCS decreased by about 58 kPa per 1% increase in moulding water content (R2 = 0.915), in line with 

the classical fabric argument that clay compacted dry of optimum is flocculated and that compacted wet 

of optimum is dispersed (Lambe 1958; Seed and Chan 1959). Ksat fell steadily with water content (R2 = 

0.928): each 1% increase reduced Ksat by a factor of about 1.9, so the value fell roughly 14-fold across 

the 4% span from DOPT to WOPT. The fitted line crosses the 1 × 10−9 m/s limit at about 1.8% dry of 

optimum, i.e. the DOPT specimen failed by a narrow margin. This is the usual behaviour of compacted 

clay: wet-side compaction produces a more dispersed fabric with smaller, better-connected pores, and 

the low-permeability zone is conventionally located on the water-content–dry-density plane (Daniel and 

Benson 1990). Amadi and Eberemu (2012) applied the same limit to lateritic soil–bentonite mixtures 

compacted dry, at and wet of optimum, and Okoro et al. (2023) selected 2% wet of optimum for their 

iron-ore-tailings–bentonite durability tests, both consistent with the present Ksat results. 

Vs decreased by 0.255 percentage points per 1% increase in water content, but the fit is weaker (R2 = 

0.765) and the change is concentrated between OPT and WOPT (3.19% to 2.19%), with noticeable 

difference between DOPT and OPT (3.8% and 3.19%) (Albrecht and Benson 2001; Daniel and Wu 

1993). A possible explanation is that the greater hydration of bentonite and cement at the higher water 

content develops a more coherent matrix that resists shrinkage. 

Table 4 Design-criterion values and linear trends with moulding water content for the 30% bentonite/10% CEM 

III mixture 

Property DOPT OPT WOPT Limit 
Trend per +1% water 

content 
R2 (n = 3) 

UCS (kPa) 1775 1720 1542 ≥ 200 −58.25 kPa 0.915 

Ksat (m/s) 1.37 × 10−9 1.93 × 10−10 9.73 × 10−11 ≤ 1 × 10−9 
log10 Ksat = −0.287 w − 9.530 

(÷ 1.94)a 
0.928 

Vs (%) 3.21 3.19 2.19 ≤ 4 −0.255 percentage points 0.765 

Compliance Fails Ksat Passes all Passes all    

w is the moulding water content relative to optimum (%) 
a Log-linear fit; “÷ 1.94” indicates that Ksat falls by a factor of 1.94 per +1% water content 
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Fig. 8 Trends of UCS, Ksat and Vs with relative moulding water content for the 30% bentonite/10% CEM III 

mixture (red: experimental; blue: GPR predictions; dashed: linear trend) 

3.8  Validity envelope 

The validity envelope (Fig. 9) combines the three constraints, UCS ≥ 200 kPa, Ksat ≤ 1 × 10−9 m/s and 

Vs ≤ 4%, into the region of bentonite and cement contents that satisfy all of them. The UCS response 

surface at OPT is 

 UCS = −2910.13 + ܤ262.69 + ܥ60.19 − 2ܤ4.34 + ܥܤ0.76 −  (14) 2ܥ1.72

with B and C in per cent and UCS in kPa. The lower bound of the compliant region corresponded to 

bentonite contents of 34.2%, 22.8% and 27.7% at DOPT, OPT and WOPT, respectively, with a 

minimum CEM III content of 7.8%. Numerical optimisation identified 31.1% bentonite and 10% CEM 

III as the optimum mix; this is the point at which the UCS surface is maximised for 10% CEM III, and 

because 10% is the upper limit of the tested cement range it is a boundary solution whose 

extrapolation beyond 10% was not examined. The nearest tested mixture, 30% bentonite/10% CEM 

III, gave the lowest Ksat (9.73 × 10−11 m/s) and Vs (2.19%) at WOPT, both well inside the limits, while 

retaining UCS of 1542 kPa. 

 
Fig. 9 Validity envelope and comparison of UCS, Ksat and Vs at the three moisture states for IOT–bentonite 

mixtures treated with slag cement 

3.9  Soil–water characteristic behaviour 

While Ksat describes the response under saturated conditions, the pore structure that controls it also 

governs water retention under suction. SWCCs were therefore measured at the three moisture states 
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and fitted with the BC, FX and vG models (Eqs. (11)–(13)); detailed results are presented for the 30% 

bentonite/10% CEM III mixtures. 

3.9.1  Model performance 

All three models reproduced the measured data very closely (Table 5): the average RMSE was 0.0032 

for BC and vG and 0.0035 for FX, and the average R2 was 0.9987–0.9988. The vG model gave the 

lowest average AIC (−62.09), but the differences from BC (−61.77) and FX (−60.62) are below 2 units, 

so the models are statistically indistinguishable on this criterion. This must be interpreted with caution, 

because each curve comprises only six measurements fitted with three parameters (θs being taken from 

the measurement at 1 kPa), leaving only three degrees of freedom, and the fits therefore approach 

interpolation. Table 6 compares measured and predicted water contents: the differences were mostly 

smaller than 0.002, and BC was closest at five of the nine points at 500–1500 kPa, vG at three, with the 

remaining point shared between them. All models predicted a flat plateau at 1–10 kPa (e.g. 0.3813 at 

DOPT), slightly overestimating the measured value at 10 kPa (0.3747), which indicates the onset of 

desaturation at lower suction than the models represent. The OPT entries at 1000 and 1500 kPa are 

identical for the measurements and for all three models. 

Table 5 Overall fit performance of the SWCC models across all fitted curves 

Model Avg. RMSE Min. RMSE Max. RMSE Avg. R2 Avg. AIC Rank (AIC) 

Brooks–Corey 0.0032 0.0020 0.0082 0.9988 −61.77 2 

Fredlund–Xing 0.0035 0.0020 0.0083 0.9987 −60.62 3 

van Genuchten 0.0032 0.0020 0.0082 0.9988 −62.09 1 

 

Table 6 Measured and predicted volumetric water content at each matric suction 

Condition Suction (kPa) Lab FX vG BC Closest to lab 

DOPT 

1 0.3813 0.3813 0.3813 0.3813 Equal 

10 0.3747 0.3813 0.3813 0.3813 Equal 

100 0.3493 0.3493 0.3493 0.3493 Equal 

500 0.1783 0.1794 0.1785 0.1782 BC 

1000 0.1617 0.1623 0.1609 0.1618 BC 

1500 0.1569 0.1552 0.1574 0.1568 BC 

OPT 

1 0.3980 0.3980 0.3980 0.3980 Equal 

10 0.3910 0.3980 0.3979 0.3980 Equal 

100 0.3633 0.3633 0.3633 0.3633 Equal 

500 0.1877 0.1890 0.1878 0.1875 vG 

1000 0.1703 0.1712 0.1699 0.1708 vG 

1500 0.1703 0.1712 0.1699 0.1708 vG 

WOPT 

1 0.4143 0.4143 0.4143 0.4143 Equal 

10 0.4050 0.4143 0.4142 0.4143 Equal 

100 0.3750 0.3749 0.3749 0.3750 BC 

500 0.2003 0.2016 0.2005 0.2001 vG / BC 

1000 0.1807 0.1814 0.1801 0.1811 BC 

1500 0.1750 0.1730 0.1754 0.1748 BC 

“Equal” indicates that the three models gave the same predicted value to within 0.0001. DOPT, OPT and WOPT: 2% dry of 
optimum, optimum and 2% wet of optimum 
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Fig. 10 Measured SWCC data and fitted BC, FX and vG curves for the 30% bentonite/10% CEM III mixture 

compacted at (a) 2% dry of optimum, (b) optimum and (c) 2% wet of optimum. Curves are drawn from the 

parameters in Table 7 

3.9.2  Water retention and pore structure 

In all three mixtures, the water content was nearly constant from saturation to a suction of about 100 

kPa, consistent with an air-entry value of the order of 100 kPa (the fitted BC bubbling pressures are 86–

89 kPa and 1/α of the vG fits is 151–158 kPa; Table 7). Between 100 and 500 kPa the water content 

dropped sharply, by about 0.17 in each mixture, and about 90% of the water released between 1 and 

1500 kPa had drained by 500 kPa, after which the curves flattened towards the residual value. At higher 

suction, water retention is controlled increasingly by adsorption and mineralogy rather than pore-size 

distribution, which is why the curves converge in shape. 

Moulding water content shifted the curves upward without changing their form. The near-saturated 

water content increased from 0.3813 at DOPT to 0.398 at OPT and 0.4143 at WOPT, and the water 

content at 1500 kPa increased from 0.157 to 0.170 and 0.175. Higher retention at every suction on the 

wet side indicates greater hydration of the bentonite and a larger fraction of adsorbed and micro-pore 

water. The WOPT specimen has the highest saturated water content and is therefore not the densest, yet 

it has the lowest Ksat. This suggests that hydraulic conductivity is controlled by the continuity of the 

larger pores rather than by total porosity: compaction on the dry side leaves inter-aggregate macropores 

that form preferential flow paths, whereas wet-side compaction remoulds the clods and allows swollen 

bentonite to seal those paths (Daniel and Benson 1990; Vanapalli et al. 1999). 
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The SWCC results also help to explain the shrinkage behaviour. Drying produces suction, and the 

volume change it causes depends on how much clay-bound water is available and how stiff the cemented 

matrix is. The wet-side specimens hold more water at a given suction and, with fully hydrated bentonite 

and cement, can resist the capillary stresses that develop on drying, which is consistent with the lowest 

Vs (2.19%) at WOPT. Conversely, the dry-side specimens, with less hydrated bentonite and more open 

macropores, showed higher Ksat and marginally higher Vs (3.21% against 3.19% at OPT). Detailed 

SWCC results are given for a single mixture, so the effect of bentonite content on retention is not 

discussed here. 

3.9.3  Choice of SWCC model 

Because the three models fit equally well, the choice should rest on engineering usefulness. The vG 

model is recommended for this material. It had the lowest average AIC and RMSE (tied with BC), it is 

smooth and continuous through the air-entry region whereas BC has a discontinuity at ψb, and its closed-

form coupling with the Mualem (1976) model gives the unsaturated hydraulic conductivity function 

directly, which is needed to assess the unsaturated performance of a liner or cover. The FX exponent n 

was poorly constrained (8.9, 15.0 and 6.7 at DOPT, OPT and WOPT, respectively; Table 7): the OPT 

value lies at the upper bound of 15, and the DOPT and WOPT values change markedly with the starting 

values. BC remains a useful alternative for the high-suction region, where it was closest to the 

measurements most often, and it provides a physically direct estimate of the air-entry value. 

Table 7 Fitted SWCC model parameters for the 30% bentonite/10% CEM III mixture 

Model Parameter DOPT OPT WOPT 

All models θs (measured at 1 kPa) 0.3813 0.3980 0.4143 

Brooks–Corey θr 0.1490 0.1640 0.1641 

 ψb (kPa) 88.3 88.8 85.6 

 λ 1.196 1.345 1.098 

Fredlund–Xing a (kPa) 98.0 96.6 96.0 

 n 8.94 15.0a 6.68 

 m 0.2815 0.2321 0.3002 

van Genuchten θr 0.1545 0.1662 0.1710 

 α (kPa−1) 0.00631 0.00651 0.00661 

 n 2.934 3.011 2.747 

 m = 1 − 1/n 0.659 0.668 0.636 

 

3.10  Practical implications and limitations 

Taken together, the results indicate that a 30–31% bentonite/10% CEM III mixture satisfies all three 

liner criteria when compacted at OPT or WOPT, and fails only the hydraulic criterion at DOPT. WOPT 

is recommended as the target placement condition because it gave the lowest Ksat, the lowest Vs and the 

highest water retention, and because strength remained 7.7 times the minimum. The choice carries a 

trade-off: UCS was 13% lower than at DOPT, and wet-side placement is more demanding in the field 
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(trafficability, control of moisture), so a placement window from OPT to 2% wet of optimum is 

advisable. The following limitations should be noted: (i) detailed SWCC results are for one mixture; (ii) 

all tests were conducted at a single curing age of 28 days; (iii) shrinkage was measured by unconfined 

air-drying without wet–dry cycling; (iv) hydraulic conductivity was measured with tap water rather than 

leachate, in rigid-wall permeameters; (v) the trend fits across moulding states rest on three points; and 

(vi) the 10% CEM III content lies at the boundary of the tested range. 

4  Conclusions 

1. For the 30% bentonite/10% CEM III mixtures, UCS decreased with moulding water content (1775, 

1800 and 1542 kPa at DOPT, OPT and WOPT), but remained 7.7–8.9 times the 200 kPa minimum. 

The roughly 13% strength loss across the 4% water content range is modest relative to this reserve. 

2. Saturated hydraulic conductivity decreased by a factor of about 1.9 per 1% increase in moulding 

water content, from 1.37 × 10−9 (DOPT) to 1.93 × 10−10 (OPT) and 9.73 × 10−11 m/s (WOPT). Only 

DOPT exceeded the 1 × 10−9 m/s limit; OPT and WOPT were about 5 and 10 times below it. 

3. Volumetric shrinkage was 3.8%, 3.19% and 2.19% at DOPT, OPT and WOPT, all below the 4% 

limit. CEM III reduced shrinkage at all bentonite contents. 

4. The validity envelope, built from GPR surfaces, identified 31.1% bentonite and 10% CEM III as 

the optimum mix, with 30% bentonite/10% CEM III as the nearest tested and validated 

composition. The optimum lies at the upper boundary of the tested cement range. 

5. SWCCs showed negligible desaturation up to about 100 kPa, rapid water loss between 100 and 500 

kPa, and higher water retention with increasing moulding water content. The BC, FX and vG 

models all fitted closely; vG is recommended for its smoothness and its direct link to the 

unsaturated hydraulic conductivity function. 

6. Placement at 2% wet of optimum is recommended for a 30–31% bentonite/10% CEM III liner, 

with a practical window from optimum to 2% wet of optimum. Further work should address wet–

dry cycling, permeation with leachate, additional curing ages and SWCCs for other mixtures. 
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