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Abstract: Alkaline cements have been extensively tested for soil stabilisation in the last decade.
However, only a few studies have focused on the assessment of such performance by establishing
the constitutive behaviour of the cement. In this paper, we focus on the mechanical behaviour,
using triaxial testing of a clay with high water content stabilised with an alkali-activated binder and
the subsequent prediction of the experimental stress–strain response using a kinematic hardening
constitutive model initially developed for natural clays. Monotonic consolidated undrained triaxial
tests were conducted on reconstituted and stabilised clay specimens cured for 28 days to evaluate the
effects of cementation on the overall shear behaviour. Alkali-activated binder was synthetised from
blast furnace slag and sodium hydroxide. Scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), and X-ray diffraction (XRD) were performed to study the microstructure, whereas
leachate analyses were performed after 28 and 90 days of curing to investigate the contamination
potential. The main product formed was calcium aluminosilicate hydrate (C-A-S-H) with a low
CaO/SiO2 ratio, and no risk of soil contamination was found. The compressibility and undrained
shear strength in the pre-yield state was found to be independent of the initial mean effective stress
(p’0), unlike what was observed in the post-yield state, where the shear strength seemed to be affected
by p’0. The model provided reliable predictions of the experimental results and captured the main
features of the artificially cemented clay for the tested p’0 range. Such studies are fundamental to
establish adequate confidence in such alternative binders—an essential aspect if their use is to become
widespread in the near future.

Keywords: alkali-activated cements; soil stabilisation; constitutive modelling; triaxial tests

1. Introduction

Soft, clay-rich soils are frequently used in geotechnical engineering practice. These
soils, known to be potentially problematic due to their undesirable geotechnical properties,
such as high water content, low strength, and susceptibility to large settlements, are
significantly challenging. Many stabilisation methods based on the addition of cementing
agents (e.g., ordinary Portland cement (OPC), lime, slag, fly ash, etc.), such as deep mixing,
shallow soil mixing, and jet grouting, are now routinely applied to increase the bearing
capacity, reduce deformability, and control the swelling of these soils. Although many
cementing binders have been developed, OPC is still the most extensively used binder due
to its availability and effectiveness.

Cement production is one of the main factors affecting environmental pollution, with
considerable amounts of CO2 and air pollutants, including SO2, NOX, CO, and particulate
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matter (PM), released into the atmosphere [1]. Approximately 90% of CO2 emissions of
industrial origin are related to the cement industry [2], accounting for approximately 8%
of global CO2 emissions [3]. To address this issue, efforts have been made to develop
low-carbon-footprint binders with similar performance to that OPC in recent years.

Alkali-activated binders have attracted considerable research attention due to their
potential. These binders are synthesised from amorphous Si-Al-based waste in an alkaline
environment. When OPC, blast furnace slag, or cement kiln dust are used as calcium-based
precursors to blend with aluminosilicate precursors, the hydration products consist of a
mixture of C-S-H (calcium silicate hydrate) and C-(N)-A-S-H (calcium-sodium aluminosil-
icate hydrate)-type gels [4,5]. Calcined clays (e.g., metakaolin), fly ash, or mine waste
with high silica and alumina and low calcium contents lead to the formation of a three-
dimensional, essentially amorphous aluminosilicate gel [6]. Development has progressed
to the level of ultra-high-performance concretes suitable for structural applications [7,8]
and, with adequate behaviour in terms of durability [9] and sustainability.

Researchers have extensively reported the effectiveness of adding alkali-activated
binders with distinct precursors for soil stabilisation, including fly ash [10–12], blast fur-
nace slag [13,14], a blend of fly ash and blast furnace slag [15,16], and metakaolin [17,18].
Alternative activators have been proposed; for example, calcium carbide residue was used
to activate coal gangue [19]. Another recent innovation is the use of calcined lateritic soils
as a precursor, with very effective results [20]. Even expansive soils were successfully
stabilised with a fly ash-based alkaline cement [21], which proved very effective, especially
in comparison with Portland cement. The focus of such studies has not been solely on
mechanical performance, as the potential for durability enhancement has also been targeted.
Results reported by Luo et al. [22] show that after 90 days of immersion in a 2.5% sodium
sulphate solution, geopolymer-stabilised soil showed higher strength and lower erosion
than Portland-cement-based control specimens.

Regarding the shear behaviour of stabilised materials, studies are still scarce, which
was a main motivation for the present study. Nevertheless, authors have reported general
increases in stiffness and of the peak and residual shear strength after stabilisation, regard-
less of the curing period. Furthermore, Abdullah et al. [23] reported that confining stress
has a considerable influence on the stress–strain behaviour and pore pressure development
of clay stabilised with a fly ash/granulated slag geopolymer. Corrêa-Silva et al. [24] and
Rios et al. [25] observed a stress–strain behaviour typical of cement-treated soils when
studying the behaviour of sandy clay and silty sand stabilised with alkali-activated blast
furnace slags and fly ash, respectively. The same authors [24] also reported that confinement
stress has a significant impact on the shear strength of treated soils, with an increase in both
peak and residual deviatoric stresses with increased initial mean effective stress. Increased
normalised shear strength/stiffness and a tendency for dilation were also observed during
the shear phase with increasing overconsolidation ratio (OCR). Sargent et al. [26] reported
higher values of maximum dilatation for an alluvial soil stabilised with alkali-activated
blast furnace slag than those observed in reconstituted and undisturbed soil under the same
confining stress. The authors associated this trend with the onset of softening behaviour
caused by the breakdown of the cementitious bonding structure.

Understanding the shear behaviour of stabilised clays is of considerable importance
for strength and deformation analysis in engineering practice. Numerous constitutive
models for cement-treated clays have been developed by extending the constitutive models
representing the ‘natural bond’ for natural clays to the ‘artificial cementation bond’ struc-
tured for stabilised clays [27,28]. However, these models refer to Portland-cement-based
stabilisation. For the calibration of such models, triaxial response data are essential, and
the data published on this subject are limited when alkali-activated binders are used to
stabilise soft soils.

The aim of the present study is to investigate the mechanical behaviour (based on
triaxial tests) of a reconstituted and stabilised clay with high initial water content us-
ing alkali-activated blast furnace slag after curing for 28 days. Monotonic consolidated
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undrained (CU) triaxial tests based on a wide range of initial mean effective stress (p’0)
and isotropic compression tests were undertaken for both materials, using hall-effect trans-
ducers for a more accurate measurement of the deformations of the specimens. Scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray diffraction
(XRD) tests were carried out to characterise the microstructure of the soil–binder matrices,
whereas environmental performance was assessed through analysis of the leachate col-
lected after 28- and 90-day curing periods. The triaxial test data were then used to explore
the capacity of a kinematic hardening constitutive model, as proposed by Rouainia and
Muir Wood [29], to predict the experimentally observed stress–strain behaviour for both
reconstituted and stabilised clay specimens. This model was previously implemented in
a finite element code and has been extensively applied to a wide range of geotechnical
problems under monotonic and cyclic behaviour on natural, remoulded, and overconsoli-
dated clays [30]. However, all these studies were developed using Portland cement as the
stabilizing agent.

2. Kinematic Hardening Constitutive Model

Rouainia and Muir Wood [29] proposed a kinematic hardening model for natural clays
with loss of structure. The input model parameters required for the numerical simulations
are summarized in Table 1. The model, formulated within the framework of kinematic
hardening with elements of bounding surface plasticity, is an extension of the modified Cam
clay that can describe the behaviour of reconstituted clays, in which an extra yield surface
or bubble was introduced inside an external bounding surface and moves around with the
current stress state according to a kinematic hardening rule. This model was formulated
in order to include the effects of damage to the structure caused by irrecoverable plastic
strains due to sampling, laboratory testing, or geotechnical loading.

Table 1. Model parameters [29].

Symbol

m Ratio of Extension and Compression Strengths

pc0 Initial Centre of Reference Surface

Elastic/elastic–plastic parameters
introduced by the modified Cam

clay type of model

k* Slope of swelling line in ln p’(kPa)–ln (1 + e) space
λ* Slope of normal compression line in ln p’(kPa)–ln (1 + e) space
M Critical-state stress ratio
ν Poisson ratio

Parameters introduced by the
bubble model

R Ratio of bubble size and reference surface
B Stiffness interpolation parameter
Ψ Stiffness interpolation exponent

Parameters introduced by the
structure surface

A Destructuration strain parameter
k Destructuration parameter

η0 Anisotropy of initial structure
r0 Initial degree of structure

The model considers three elliptical surfaces, i.e., the bubble surface, the structure
surface, and the reference surface (Figure 1). The elastic strain region is bounded by the
bubble surface, within which the initial stress state must lie. When the stress path moves
beyond the bubble boundary, there is a translation motion of the bubble until the bubble
and structure surface come into contact. The structure surface contains information about
the magnitude and anisotropy of the structure. It assumes the role of the bounding surface
and controls the development of destructuration when the structure surface approaches
the reference surface during plastic loading. When the structure and reference surfaces
coincide, the soil completely loses the initial structure and is referred to as reconstituted
or fully remoulded soil. The model describes the essential phenomena of pre-failure



Sustainability 2022, 14, 13736 4 of 21

behaviour of natural clays, including the stiffness variation with strain, volumetric change
accompanying distortion, and peak strength at small strains.
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3. Materials and Laboratory Testing
3.1. Materials

The clay was collected in the north of Portugal and is mainly composed of kaolinite.
According to the unified soil classification [31] and the AASHTO system used for highway
construction purposes [32], the soil is classified as CH clay with high plasticity and fits
into the A-7-6 group classification, with a group index of 47. It is a poor-quality soil in
terms of its geotechnical properties. with a high plasticity index and is therefore suited
to stabilisation. The grading curve and the physical properties of the clay are shown in
Figure 2 and Table 2, respectively. Chemical analysis of the clay showed high aluminium
oxide (Al2O3) and silicon dioxide (SiO2) contents in a total mass of 96.73% (Table 3).
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Table 2. Physical properties of the clay.

Atterberg limits [33]
Liquid limit 58%
Plastic limit 15%

Plasticity index 43%
Specific gravity [34] G 2.57

Compaction [35] Optimum water content 20.4%
Maximum dry density 1.44 Mg/m3

Oedometer test (a) [36]
Compression index 0.274

Recompression index 0.048
(a) Reconstituted soil specimen built based on the slurry consolidation method described by Liu et al. [37], with
water content (ω) and dry density (ρd) of 44% and 1.16 Mg/m3, respectively.

Table 3. Clay and GGBS compositions obtained from EDS analysis of two specimens for each material,
each comprising 10 points.

Element (wt.%) Al2O3 CaO CuO Fe2O3 K2O MgO MnO Na2O SO3 SiO2 TiO2

Clay 38.13 0.09 0.04 0.6 0.96 0.77 - 0.3 0.23 58.6

GGBS 12.34 37.29 0.17 0.35 1.16 8.92 0.61 - 2.55 35.92 0.69

The binder used to stabilise the clay is composed of two parts of ground granulated
blast furnace slag (GGBS) and one part of sodium hydroxide (NaOH) in dosages of 5%,
10%, 12.5%, and 15% (by soil dry weight) and was developed by Sargent et al. [26]. The
blast furnace slags were supplied by Hanson Cements Ltd. in granulated form and are
characterised by a density of 2.4–3 Mg/cm3 at 20 ◦C and pH of 10–12 (DEV-S4—eluate
according to EN 12457-4) (Figure 2). It is an amorphous precursor with a light-grey colour,
mainly formed by oxides of calcium (CaO), aluminium (Al2O3), and silicon (SiO2), in a
total of ∼=85.55 wt.% (Table 3). The granulated NaOH is a commercial alkali activator with
a white colour. The grains were dissolved in distilled water before being added to the clay
and GGBS.

3.2. Specimen Preparation and Binder Selection

Reconstituted soil specimens were built based on the slurry consolidation method
described by Liu et al. [37]. Dried clay was mixed with an initial water content (ω) of 65%
(5% higher than the liquid limit, Table 2.) using a kitchen appliance. The clay slurry was
placed inside the consolidation equipment and consolidated under incremental loading
until a dry density (ρd) of 1.16 Mg/m3 and a water content of 44% were reached. The
maximum applied stress was approximately 55 kPa. The specimen was then extruded,
placed on a rotating pedestal, and trimmed with a height and diameter of approximately
140 mm × 70 mm. Finally, the specimen was wrapped and cured in a climatic chamber at a
temperature and humidity of 20 ◦C ± 1 ◦C and 95%, respectively.

The stabilised clay specimens were prepared by initially mixing the dried clay with
GGBS in the amounts referred to in Table 4. The NaOH was separately dissolved in 44%
distilled water. The liquid phase was then added to the solid materials, and an additional
manual mix was performed in order to obtain a final homogeneous mixture. Next, the
mixture was statically compacted based on ASTM D 1632 [38] into PVC moulds with
140 mm height × 70 mm diameter, with ρd and ω of 1.16 Mg/m3 and 44%, respectively,
equal to the reconstituted clay specimens. The specimens were kept inside the moulds,
wrapped with cling film, and cured under controlled conditions; they were only extruded
before starting the tests.
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Table 4. Binder dosages.

Binder
Two Parts of GGBS–One Part of NaOH

Soil (%) Water (%) GGBS (%) NaOH (%)

5% GGBS-NaOH 95 44 3.33 1.67
10% GGBS-NaOH 90 44 6.67 3.33

12.5% GGBS-NaOH 87.5 44 8.33 4.17
15% GGBS-NaOH 85 44 10 5

A short campaign of unconfined compressive strength (UCS) tests was conducted after
curing for 28 days (Table 5) to define a suitable binder dosage to enhance the clay strength
up to engineering application requirements, which are typically in the range of 300 kPa ≤
UCS ≤ 3000 kPa for most deep/shallow soil-mixing scenarios [39]. The specimens were
not saturated before testing and were tested under monotonic displacement control at a
rate of 0.18 mm/min.

Table 5. UCS test results after 28 days of curing.

Binder UCSmax (kPa)

Reconstituted clay 54
5% GGBS-NaOH 130

10% GGBS-NaOH 2780
12.5% GGBS-NaOH 4170
15% GGBS-NaOH 5570

The stabilised specimen strengths observed after 28 days of curing were higher than
those observed in the reconstituted clay specimens, even for the lowest binder dosage.
However, the degree of strength development changed significantly with the binder dosage.
The minimum dosage of GGBS-NaOH required to satisfy the EuroSoilStab criterium was
10%; therefore, the binder used to stabilise the clay was composed of 10%GGBS-NaOH. For
10%GGBS-NaOH, the NaOH was dissolved in water at a concentration of 1.89 molal.

3.3. Laboratory Testing

Monotonic CU triaxial and isotropic compression tests were performed on reconsti-
tuted and stabilised clay specimens after 28 days of curing according to BS 1377 8 [40]
for 10 kPa ≤ p’0 ≤ 1200 kPa to investigate the mechanical behaviour of both materials in
terms of peak deviatoric strength, pore pressure response, stress path, failure envelopes,
compressibility, and yield stresses. The results were used to calibrate the model parameters.
Table 6 summarises the triaxial tests. Under triaxial compression, all specimens were
sheared at a loading rate of 5 µm/min. An external LVDT was installed on the top of the
triaxial chamber to measure the external axial strains. The local strains were measured with
hall-effect transducers (two axial and one radial) installed at the mid-height of the speci-
mens to characterise the behaviour of the materials at low strain (εa) levels (εa ≥ 0.001%).
The OCR was applied on the reconstituted clay specimens during the consolidation phase,
increasing the effective stress to the maximum desired value (p’max) and then reducing it to
the final value (p’final), which is equal to the p’0 applied during the shear phase. The OCR
corresponds to the ratio of p’max to p’final.

SEM-EDS and XRD analyses were carried out on unpolished reconstituted and sta-
bilised clay specimens after 28 and 90 days of curing. Small pieces of stabilised clay
specimens were soaked in acetone and dried according to the method described by Zhang
and Scherer [41] to guarantee that the chemical reactions were stopped at the desired
curing time.
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Table 6. Triaxial tests.

Material Specimen ID OCR p’max (kPa) p’final (kPa) = p’0 (kPa)

Reconstituted
clay

OCR 1 (150) 1 150 150
OCR 1 (350) 1 350 350
OCR 1 (700) 1 700 700
OCR 2 (350) 2 700 350

OCR 4.7 (150) 4.7 700 150

Stabilised clay

10 1 10 10
40 1 40 40

150 1 150 150
270 1 270 270
350 1 350 350
700 1 700 700
1200 1 1200 1200

XRD analysis is a well-established method for mineralogical characterisation. Most soil
minerals are crystalline structures, and upon interaction with X-rays, a specific diffraction
pattern is produced. The XRD spectra of the materials were recorded with a PANalytical
X’Pert MPD diffractometer using the λ = 0.154 nm Kα line of a Cu anode (Bragg—Brentano
geometry) equipped with an X’Celerator detector. The spectra were obtained at room
temperature, between 8◦ and 60◦ (2θ), using a step of 0.017◦ with 100 s/step.

SEM-EDS analysis was conducted to visualise the microstructure and morphology of
the particles and to determine the elemental composition of specific areas. SEM analyses
were performed on a FEI Quanta 400 scanning electron microscope, with 30 kV, in low-
vacuum mode (1.3 mbar), avoiding the deposition of a conductive layer. The device was
coupled with an EDAX EDS analyser.

Leachate tests were performed according to EN 12457-4 [42] on reconstituted and
stabilised clay specimens after 28 and 90 days of curing to assess the risk of soil contami-
nation. This standard specifies information on leaching of granular waste or sludges at a
liquid/solid ratio of 10 L/kg for particle sizes below 10 mm. A specimen of approximately
90 g was collected and placed into a bottle with 0.9 L of leachant (in this case, distilled
water) for 24 h and shaken at a rotation speed of 20 rpm. The eluates were then collected
according to the procedure described by the standard and analysed. The leachate results
were compared with the limit values of inert waste defined by Annex IV of the Portuguese
Law Decree n. 183 [43]. This law establishes in which kinds of landfills waste can be
deposed, classified in one of three categories, namely: landfills for inert waste, which have
strict limit values; landfills for non-hazardous waste; and landfills for hazardous waste.

4. Results and Discussion
4.1. Microscopy Analyses

The XRD spectrum obtained for each material is shown in Figure 3. The major
crystalline minerals found within the clay were kaolinite (K), quartz (Q), and muscovite
(M). Nacrite (N) was also detected, which is a clay mineral and a form of kaolinite. Kaolinite
is a very stable clay mineral composed of strongly connected silica and alumina plates. No
peak was detected in the GGBS spectrum, indicating that the precursor is practically an
amorphous material.

The clay spectrum composition after adding 10% GGBS-NaOH is very similar to the
original clay spectrum, with no new mineral phase detected after 28 and 90 days. The
main differences observed are with respect to the peak intensities, which were lower on
the stabilised clay after 28 days. After 90 days, these intensities were even lower than after
28 days, suggesting the dissolution of some mineral phases and the possible formation
of cementitious gel [25]. More precisely, these reduced peaks are essentially muscovite,
kaolinite, and quartz and are located at approximately 12.5 2θ, 20 2θ, 25 2θ, between 35 2θ
and 40 2θ, and between 45 2θ and 50 2θ.
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The SEM images were taken at magnifications of 300×, 100×, and 300×, and are
presented in Figure 4a–c, respectively. Examples of EDS spectra recorded for each material
are shown in Figure 4d.

As shown in Figure 4a, the reconstituted clay has a discontinuous structure due to
the absence of gel, making voids more visible. Unlike the gel, the clay particles shown
in Figure 4a have a well-defined shape and boundaries and a smooth surface texture.
After adding 10% GGBS-NaOH (Figure 4c), the soil matrix seems to be denser and homo-
geneously covered by a layer of amorphous gel, with the soil particles surrounded and
bonded by the cementitious gel. Physically, the pores or air spaces decreased, and the gel
seems to act as a binding substance, creating more connections and increased cohesion
between the clay particles. There is also no specific orientation of the clay particles before
(Figure 4a) and after stabilisation (Figure 4b,c) indicating that the two clays have identical
properties in all directions (isotropic materials). Figure 4b shows a larger area of stabilised
clay, which is characterised by a compacted matrix without loose or unbound particles.
The cracks in darker areas are the result of the process of specimen preparation.

The EDS spectrum of the reconstituted clay shows the presence of high aluminium
oxide (Al2O3) and silicon dioxide (SiO2) contents (wt.% ∼= 96.73%) and trace amounts of
Fe2O3, K2O, and Na2O (Figure 4d and Table 3).

A more detailed quantitative analysis was conducted on the stabilised clay after
28 days of curing, comprising 10 points on one SEM image, to estimate the gel composition.
According to the EDS data, Si and Al were the elements with the highest concentrations.
Na and Ca were also detected, with average contents of 4.63% and 3.22%, respectively, sug-
gesting the formation of an N, C-A-S-H-type gel with a composition of 0.002 ≤ CaO/SiO2
≤ 0.234 and 0.446 ≤ Al2O3/SiO2 ≤ 0.725. The average weight ratios were CaO/SiO2 = 0.05
and Al2O3/SiO2 = 0.67; the CaO/SiO2 ratio is significantly lower than usually observed.
For instance, Garcia-Lodeiro et al. [44] reported ratios of 0.72 ≤ CaO/SiO2 ≤ 1.94 in a C-A-
S-H system. Such a difference is explained by the incorporation of only a small amount of
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blast furnace slag into the system (90% clay, 6.67% GGBS, and 3.33% NaOH), as well as by
the use of a precursor with high SiO2 content (∼=35.92%; Table 3).
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4.2. Shear Behaviour
4.2.1. Isotropic Compression

Figure 5 shows the isotropic compression curves in a “1 + initial void ratio (1 + e0)
− logarithmic mean stress (log p’)” space. The slopes of the normal compression (λ) and
swelling (k) lines and the yield stress (p’y) determined according to the Casagrande method
are summarised in Table 7.
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Figure 5. Isotropic compression response of the reconstituted and stabilised clay after 28 days
of curing.

Table 7. Isotropic compression results for the reconstituted and stabilised clay after 28 days.

Material
log p’−(1 + e) Space ln p’−ln (1 + e) Space

λ λ* κ*

Reconstituted clay 0.2421 0.0083 0.1093 0.0037

Stabilised clay after 28 days 0.0381 0.0074 0.0172 0.0034

Yield stress (p’y) (kPa) 55 745

A stiffer behaviour was observed on the stabilised clay, with slopes of λ and κ reduced
by 6.4 and 1.1 times, respectively, compared with the reconstituted clay. For the reconsti-
tuted clay, the onset of irrecoverable or plastic strain is a well-defined p’y point at 55 kPa.
This yield stress is the result of the stress history applied during specimen preparation.
After adding 10% GGBS-NaOH, the p’y increased significantly to 745 kPa. However, the
p’y point observed on the stabilised clay compression curve is not as well-defined as that
observed in its reconstituted state. The use of higher axial stresses could result in a more
well-defined linear virgin compression zone. We believe that the variation in p’y was caused
by the development of strong cementation bonds within the matrix of the stabilised clay.
The pre-yield state (p’0 < p’y) is characterised by low compressibility, with the soil structure
restraining the essentially recoverable deformation. In the post-yield state (p’0 < p’y), a
gradual breakdown of the cement bonds occurred as the mean effective stress (p’) increased.

The formulation of the kinematic hardening model requires the parameter values
of λ and κ in the ln p’(kPa)-ln (1 + e) space. These values were determined according to
Equation (1) and are summarised in Table 7.

λ∗ =
λ

1 + e0
and k∗ =

k
1 + e0

(1)

4.2.2. Consolidated Undrained Shear Behaviour

The experimental q (kPa)-εa (%), ∆u (kPa)-εa (%), and q (kPa)-p’ (kPa) curves obtained
in triaxial tests for the reconstituted clay are shown as solid lines in Figure 6.
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(kPa)-p’ (kPa).

A behaviour typical of normally consolidated clays was observed for specimens
consolidated with p’0 values higher than the isotropic yield stress (p’0 > p’y) (OCR 1 (150),
OCR 1 (350), OCR 1 (700)), with the absence of peak deviatoric strengths (Figure 6a) and
increase in pore pressures up to the end of the tests (Figure 6b). The increase in pore pressure
resulted in a shift of stress path to the left after yielding and before failure (Figure 6d). In
the OCR 4.7 (150), the impact of the OCR is clear. Although it is not noticeable in the pore
pressure development (Figure 6b) Figure 6d shows a typical stress path of overconsolidated
clays, with a slight decrease in the pore pressure before specimen failure, shifting the stress
path to the right. The impact of p’0 and OCR is clear in the stress–strain curves. There was
an increase in the deviatoric strength for εa ≈ 2.5% (Figure 6a) with increased OCR and p’0.

The experimental q (kPa)-εa (%), ∆u (kPa)-εa (%), and q (kPa)-p’ (kPa) curves obtained
in triaxial tests for the stabilised clay after 28 days are represented in Figure 7 by solid
lines. The stress–strain behaviour of the clay changed significantly after the addition of
10%GGBS-NaOH (Figure 7a). This behaviour is characterised by increased values of the
peak/post peak deviatoric strength compared to the reconstituted state and by almost linear
stress–strain behaviour before a peak, followed by a softening until the end of the tests. The
reconstituted clay exhibited nonlinear stress–strain curves before the maximum stress and
strain-hardening behaviour for higher p’0 values (OCR 1 (350) and OCR 1 (700); Figure 6a).
Deviatoric shear strengths (Figure 7a) for εa ≈ 2.5% up to 10, 3.5 and 3.3 times higher
than those recorded for the reconstituted clay (Figure 6a) were observed after stabilisation
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for p’0 = 150 kPa, 350 kPa, and 700 kPa, respectively. The peak deviatoric strengths were
observed for εa > 0.15% and εa < 1%.
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In the pre-yield state (for p’0 < p’y), strain-softening behaviour was observed
(Figure 7a) with increased deviatoric stress up to the peak value, followed by a reduc-
tion to a lower value of q. The stress–strain curves overlap, with similar values of peak
deviatoric strength, even with increasing p’0. We believe that this behaviour was caused
by the artificial cementation effect within the soil matrix when the state of stress was
within the state boundary surface. We believe that, similar cement-treated clays, for
p’0 < p’y, the development of artificial cementation within the clay matrix led to an almost
insignificant change of the fabric during the consolidation phase (i.e., reorientation of the
clay particles); therefore, the increase in p’0 did not affect the peak deviatoric strength. In
the post-yield state (for p’0 > p’y), strain-softening behaviour post peak strength was also
observed for p’0 = 1200 kPa (Figure 7a). However, in this case, there was a more evident
increase in the peak deviatoric strength, indicating that under this condition, both the
progressive breakdown of the cementation and the change in the fabric contributed to the
enhancement of the peak strength.

An increase in the pore pressure up to the peak strength at low strain levels followed
by a decrease until the end of the test was observed for p’0 < p’y (Figure 7b). In contrasts to
observations in the q (kPa)-εa (%) plot (Figure 7a), the trend of u shown in Figure 7b shows
that p’0 had a significant impact on pore pressure generation, with an increase in the peak
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of pore pressure with increased p’0 in pre-yield and post-yield states. For specimens with
p’0 ≤ 350 kPa, once u had peaked and started decreasing, it decreased to negative values.
For p’0 = 1200 kPa (p’0 > p’y) (Figure 7b), there was also an increase in the pore pressure
up to the peak and then a slight decrease until the end of the tests. More stable values of u
were measured for εa > 2.5%.

For p’0 < p’y, the stress paths are situated on the dry side of the critical state in Figure 7c;
first, there was an approach to the peak strength, and then the stress paths shifted to the
right before the end of the tests. For p’0 > p’y (i.e., p’0 = 1200 kPa), the stress path is similar
to that observed for normally consolidated or lightly overconsolidated clays, located on the
wet side and shifting to the left after the peak strength before the end of the test.

Behaviour similar to that presented in Figure 7, i.e., two distinct shear responses at
p’0 values lower (pre-yield state) and higher (post-yield state) than p’y due to artificial
cementation, was also described by other authors in clays stabilised with distinct binders,
such as cement, a super-absorbent polymer mixed with ordinary Portland cement and
hydrated lime, or fly ash [45–48].

Regarding the linear region of the stress–strain curves shown Figure 7a, they are
almost overlapped, suggesting that the p’0 applied on the stabilised clay specimens did
not influence the initial stiffness. In other words, no significant increase in stiffness was
observed with increased p’0.

The shear strength parameters and failure envelopes determined in triaxial tests using
the Mohr–Coulomb criterion are shown in Table 8. The shear strength parameters were
calculated at εa = 2.5% and εa = 3% for the reconstituted and stabilised clay, respectively.

Table 8. Shear strength parameters.

Effective Stress Total Stress

Peak Post Peak Peak Post Peak

c’ (kPa) φ’ (◦) c’ (kPa) φ’ (◦) c (kPa) φ (◦) c (kPa) φ (◦)

Reconstituted clay - - 0 26 - - 0 13

Stabilised clay 429 28 0 34 606 10 375 12

The reconstituted clay was characterised by a null cohesion (c) at εa = 2.5% under total
and effective stresses due to the break of interparticle bonding within the matrix soil during
specimen preparation. At εa = 2.5%, a friction angle (φ) of 26◦ was obtained for the clay
under effective stress, whereas that obtained under total stress was 13◦. In terms of effective
peak strength, the stabilised clay failure was characterised by c’ = 429 kPa (induced by the
artificial cementation) and φ’ of 28◦. Under total stress, the peak strength parameters were
c = 606 kPa and φ = 10◦. At εa = 3%, the φ’ was 34◦, whereas the φ was 12◦. These results
suggest that the cementation not only added cohesion between clay particles but also made
them coarser, increasing their effective friction angle. At εa = 3%, the c’ was null due to
the total breakdown of the cementation welding and distortion of the clay fabric during
shear. Under total stress, the stabilised clay presented a post-peak c of 375 kPa and φ of 12◦,
which is nearly equal to the φ observed before adding 10% GGBS-NaOH.

The failure modes observed on the reconstituted and stabilised clay specimens were
quite distinct. Reconstituted specimens exhibited a slight enlargement of the middle section,
whereas the stabilised specimens showed the formation of localised shear bands with
slopes near to 45◦, corresponding to positive dilatancy associated with shear deformation
(Figure 8). This is consistent with the decrease in pore pressure recorded from peak
deviatoric stress in the ∆u (kPa)-εa (%) curves (Figure 7b).
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4.3. Leachate Analysis

Table 9 presents the results of the leachate analyses and the limit values for a material
to be considered as ‘inert waste’ according to Annex IV of the Portuguese Law-Decree
no. 183/2009. Table 9 shows that the concentrations of all elements are below the limit
values, so the analysed materials can be classified as ‘inert waste’ in both curing ages.
Therefore, the addition of 10% GGBS-NaOH to clay, in addition to considerably improving
its mechanical behaviour, resulted in a material classified as inert waste that is unlikely
to represent a risk in terms of soil contamination according to thresholds provided by
Portuguese Law Decree no. 183/2009.

Table 9. Leachate results and the limit values established by Law Decree no. 183/2009 for inert waste.

Element
Limit Values for ‘Inert

Waste’ (mg/kg) (Annex V
Law No. 183/2009)

Leachate Results

Clay Stabilised Clay
after 28 Days

Stabilised Clay
after 90 Days

As 0.5 0.0 0.3 0.3
Cr 0.5 0.01 0.0 0.0
Cu 2.0 0.0 0.0 0.0
Ni 0.4 0.0 0.0 0.1
Pb 0.5 0.0 0.0 0.0
Zn 4.0 0.0 0.0 0.0

Clorets 800 13.1 13.0 12.7
Sulphate 1000 9.3 104.8 49.8

5. Model Calibration and Predicted Stress–Strain Curves

The kinematic hardening model has 12 input parameters (see Table 1). The fitted
set of parameters for the reconstituted and stabilised clay cured for 28 days is shown
in Tables 10 and 11, respectively. The majority of the parameters was manually fitted
by means of a trial-and-error procedure (best fitting between the experimental curves
with the calibrated curves). The triaxial test results were crucial during this task, as they
helped with the estimation of these parameters. Details about the calibration process are
presented below.
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Table 10. Fitted set of kinematic hardening model parameters for reconstituted clay proposed in [29].

Model
Parameter

Reconstituted Clay

OCR 1 (150) OCR 1 (350) OCR 1 (700) OCR 2 (350) OCR 4.7 (150)

pc0 84 186 362 350 352
k* 0.000148 0.00013 0.000192 0.000081 0.000108
λ* 0.04 0.063 0.1 0.8 0.1
M 1.1 1.1 1.1 1.1 1.1
ν 0.45 0.45 0.45 0.45 0.45
R 0.3 0.23 0.19 0.1 0.14
B 8 8 8 8 8
Ψ 2.8 2.8 3.2 3.5 3.8
A 1 1 1 1 1
k 4.6 0.8 0.8 4.6 4.6

η0 0 0 0 0 0
r0 1.2 1.2 1.2 1.2 1.2

Table 11. Fitted set of kinematic hardening model parameters for stabilised clay after 28 days of curing.

Model
Parameter

Stabilised Clay after 28 Days

p’0 = 10 kPa p’0 = 40 kPa p’0 = 150 kPa p’0 = 270 kPa p’0 = 350 kPa p’0 = 700 kPa p’0 = 1200 kPa

pc0 610 610 475 475 475 475 580

k* 0.00002 0.000035 0.000032 0.000023 0.00002 0.00001 0.00013

λ* 0.02 0.035 0.03 0.025 0.05 0.03 0.025

M 1.3 1.3 1.3 1.3 1.3 1.3 1.3

ν 0.45 0.45 0.45 0.45 0.45 0.45 0.45

R 0.03 0.03 0.03 0.03 0.03 0.03 0.03

B 2 4 4 1.6 2.5 1.9 0.9

Ψ 1.8 1.8 1.8 5.5 5.5 5.5 5.1

A 0.1 0.1 0.1 0.1 0.5 0.3 0.3

k 3.1 1 2.8 1.3 3.5 1.15 1.15

η0 0 0 0 0 0 0 0

r0 2.05 2.05 2.05 5 5 5 5

The first step in the calibration process was the establishment of the initial conditions
of the tests, that is, the size of the surfaces (pc0), centre of the bubble yield surface (α), and
the centre of the structure surface (α̂) or r0 and η0, in addition to the drainage conditions
(drained or undrained).

Within the elastic domain, the response of the model is isotropic, and the elastic
properties are expressed by the bulk and shear moduli (K and G) which depend on the
pressure (p’). Two parameters are required to describe the elastic behaviour, namely κ* and
ν. The ν was fixed at to 0.45 for both the reconstituted and stabilised clays, which is a value
close to 0.5 because the triaxial tests were conducted under undrained conditions.

The elastic parameter (κ*) and the plastic/elastic–plastic parameter (λ*) determined in
log p’-(1 + e) scale (Table 7) were first converted to the ln p’-ln (1 + e) scale using Equation (1).
Both κ* and λ*, which control the stiffness in the elastic region and the peak position on
the stress–strain curves, respectively, were introduced into the model and then manually
calibrated for each material and p’0 applied in the tests. Lower values of κ* were fitted for
the stabilised clay cured for 28 days compared to its reconstituted state, which is in line
with the isotropic compression results presented in Figure 5.

The parameter M, which controls the geometry of the surfaces, was determined based
on the triaxial test results presented Figures 6 and 7 according to the shearing resistance
in effective stresses of the reconstituted (φ’= 26◦ at εa = 2.5%) and stabilised (φ’= 34◦

εa = 3%) clay. Although the tests were stopped shortly after failure, the trend of the results
suggests that no drop in strength would have occurred under continued strain. Moreover,
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the initial rapid pore-pressure build-up observed in both materials, which was reduced to
a negligible rate when the tests were stopped, together with M adjusted (i.e., R2 value) to
close to 1, validate the presented results (see Figure 6b,c and Figure 7b,c). The M parameter
was characterised by a straight line with a slope of 1.1 (R2 ≈ 0.99) and 1.34 (R2 ≈ 0.98) for
the reconstituted and stabilised clay, respectively.

For the reconstituted clay, the parameter pc0 was also defined based on the triaxial
tests, considering the correspondent OCR, according to Equation (2).

pc0 =
p′max

2
and OCR =

p′max
p′ f inal

(2)

where:

• p′max is the maximum pressure applied during the consolidation phase; and
• p′ f inal is the final pressure applied during the consolidation phase, which was equal

to p’0 at the beginning of the shear phase.

The applied p’max was 700 kPa for OCR 4.7 (150) and OCR 2 (350) specimens, in
agreement with the values of the parameter pc0 introduced in the model (Table 10).

For the stabilised clay, the parameter pc0 was not directly determined based on the
triaxial tests. The development of artificial cementation within the clay matrix led to
the enlargement of the structure surface, which implies that both the size of the surfaces
(represented by pc0) and parameter r0, which describes the relative sizes of the structure
and references surfaces, increased to unknown values. The values of these two parameters
were then manually fitted using a trial-and-error procedure (best fitting between the
experimental and calibrated curves). The parameter pc0 was varied from 84 kPa–362 kPa
(reconstituted clay) to 475 kPa–610 kPa (stabilised clay), whereas the parameter r0 was
varied from 1.2 (reconstituted clay) to 2–5 (stabilised clay) (Tables 10 and 11). The parameter
r0 was fixed close to 1 for the clay, as it is a reconstituted soil, meaning that the structure
and reference surfaces have the same shapes. The increase in r0 led to a higher and sharper
peak in the stress–strain relationship predicted by the model. On the reconstituted clay
specimens, the increase in p’0 led to an increase in pc0. However, no trend was observed
on the stabilised clay. These parameter values are in line with the observed experimental
behaviour, whereby the peak and post-peak strengths increased with increased p’0 for the
clay (Figure 6a), unlike the stabilised clay specimens (Figure 7a).

According to the SEM images presented in Figure 4, both reconstituted and stabilised
clays were idealized as isotropic materials, i.e., η0 = 0.

Destructuration is controlled by two parameters, A and k. Parameter A controls the
relative contribution of distortional and volumetric plastic strains during destructuration,
in the range of 0 < A < 1. For the reconstituted clay, A was fixed to 1, so the destructuration
process was entirely caused by the distortional component of the damaged strain, which
predominantly occurs under undrained conditions (Table 10). For the stabilised clay, the
best fit between the experimental and the calibrated curves was achieved for A values close
to 0 (Table 11). The parameter k expresses the rate of damage to the structure with plastic
strain, and it was manually calibrated for both materials for the p’0 applied during the
shear phase. A reduction in k increases the peak strength and stiffness because the rate of
destructuration is reduced.

The remaining three parameters introduced by the bubble surface, i.e., the ratio of sizes
of the bubble and the reference surface (R), the stiffness interpolation parameter (B), and
the stiffness interpolation exponent (Ψ), were fitted using a trial-and-error procedure until
a good match between the experimental and calibrated curves was achieved. The increase
in B led to a higher peak in the stress–strain plot and an increase in the plastic-hardening
modulus. An increased value of Ψ led to softer behaviour from small to large strain levels
or, in other words, to lower values of the overall deviatoric strength response. Lower values
of R led to a stiffer response in the low-strain region, with increased values of peak and
residual strengths.
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Figures 9a–c and 10a,b present the experimental stress–strain curves and the predicted
curves using the kinematic hardening model. Solid lines represent the experimental
behaviour determined through triaxial tests, whereas the dotted lines represent the model
predictions using the fitted set of parameters presented in Tables 10 and 11.
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The good fit between the experimental stress–strain curves and the predicted curves
using the kinematic hardening model revealed the potential of the model for application
in different materials than for which it was initially formulated. The model accurately
predicted the trend of the strain-hardening behaviour observed for the reconstituted clay
before peak strength (Figure 9a). The experimental strain-softening behaviour for almost
all stabilised clay specimens was also well-predicted by the model for the wide range
of applied p’0 values (Figure 10a). The peak and post-peak shear strengths predicted by
the model also generally coincide with those observed in the tests. The smooth response
suggests that plastic deformations and hardening occurred as the bubble began to move
inside the structure surface. The dependence of the shear modulus on the mean effective
stress, together with the variation in plastic stiffness as the bubble approached the structure
surface, allow to model more accurately predict the non-linearity of these curves. All the
predicted effective stress paths for the reconstituted clay (Figure 9b) are similar to the
experimental data and converge toward the critical state line.
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6. Conclusions

The mechanical behaviour of reconstituted and stabilised clay with high water content
was investigated after 28 days of curing by means of consolidated undrained triaxial tests.
The clay was stabilised using an alkali-activated binder composed of 10% GGBS-NaOH.
The stress–strain curves for both materials were predicted using a kinematic hardening
constitutive model formulated for natural clays. This was the first attempt to use this
constitutive model in artificially cemented clays. SEM-EDS and XRD analyses, as well
as leachate tests, were carried out after 28 and 90 days to complement the experimental
campaign. The main conclusions of this research are summarized below.

• The main gel phase formed was N, C-A-S-H, with a low CaO/SiO2 ratio. No risk of
soil contamination was detected after adding 10% GGBS-NaOH to the clay in both
curing periods.

• The mechanical behaviour of the clay drastically changed after adding the binder,
with increased peak/post-peak shear strengths and yield stress, which indicates the
potential of the alkali-activated binder, even when applied to soils with high water
content. We believe that for p’0 < p’y, the consolidation phase did not have a significant
impact on the rearrangement of the clay particles; therefore, the increase in p’0 did
not lead to an increase in peak/post-peak shear strength, and the stress path was
located on the dry side of the critical state. For p’0 > p’y, we believe that both the
fabric and cemented structure contributed to the strength. The stress path is located
on the wet side of the critical state. Concerning the shear strength parameters, the
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binder added cohesion to the clay matrix and made the particles coarser, increasing
the friction angle.

• The stress–strain curves for both reconstituted and stabilised clay were accurately
predicted using the kinematic hardening model for the wide range of applied p’0
values, demonstrating the potential of the model to be applied in artificially cemented
clays, in addition to natural and reconstituted clays.

Additional studies, in particular triaxial tests, are necessary. These additional studies
should be conducted using different confining pressures, including different test types
(e.g., isotropic compression tests, overconsolidated tests, etc). A more complex approach
is required to establish increased confidence levels, which will enable the widespread
application of such alternative cements.
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List of Symbols

ν Poisson ratio
Ψ Stiffness interpolation exponent
ω Water content
λ Slope of the normal compression line
φ Friction angle
λ* Slope of normal compression line in ln p’-ln (1 + e) space
η0 Anisotropy of initial structure
εa Axial strain
ρd Dry density
εq Shear strain
∆u Pore pressure variation
A Destructuration strain parameter
B Stiffness interpolation parameter
c Cohesion
cc Compression index
cr Recompression index
C-S-H Calcium silicate hydrate
CSL Critical state line
e0 Initial void ratio
Esec Secant stiffness modulus
G Specific gravity
G Shear modulus
GGBS Granulated blast furnace slags
Gmax Maximum shear modulus
k Destructuration parameter
k Slope of the swelling line
k* Slope of swelling line in ln p’-ln (1 + e) space
LL Liquid limit

https://www.icevirtuallibrary.com/doi/10.1680/geot.2000.50.2.153
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M Critical state stress ratio
OCR Overconsolidation ratio
OPC Ordinary Portland cement
p’final Final effective stress applied during consolidation phase
p’max Maximum effective stress applied during consolidation phase
p’ Effective mean stress
p’0 Initial mean effective stress
p’y Yield stress
pc0 Initial centre of reference surface
PI Plasticity index
PL Plastic limit
q Deviatoric stress
qpeak Peak deviatoric strength
R Ratio of size of bubble and reference surface
r0 Initial degree of structure
ts Travel time of the S-wave
ρd,max Maximum dry density
ωopt Optimum water content
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