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In this work, an alternative alkali-activated cement (AAC) made of ladle slag precursor mixed with so-
dium hydroxide and sodium silicate has been developed to enhance the bearing capacity of estuarine
soils in coastal conditions via deep soil mixing (DSM). The AAC was optimized to use a low reactivity
precursor (ladle slag) and to deal with a contaminated high-water content natural sediment cured under
water. The material performance was analysed by comparison to a mixture made with Portland cement
and cured in the same conditions. Flexural and unconfined compressive strength tests as well as seismic
waves measurements after 3-, 7-, 14- and 28-d curing were performed to obtain a relationship between
elastic stiffness and strength with curing time for both mixtures. Remarkably, the AAC mix demonstrated
superior strength results, exhibiting almost double flexural and compressive strengths after 28 d
compared to the Portland cement mix. The AAC mix also showed a higher rate of stiffness increase than
the Portland cement mix, which has a higher initial stiffness at young ages but lower stiffness evolution.
Leachate analysis confirmed that the proposed AAC could effectively immobilise any contaminants from
soil or precursors. The effect of curing under stress was analysed in triaxial compression tests and found
to be insignificant, indicating that laboratory data obtained without stress curing can represent the
material’s behaviour in a DSM column, which will cure under the weight of the column.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Deep soil mixing (DSM) is a very versatile ground improvement
solution, applied with different objectives, such as the reduction of
embankment settlements (Venda Oliveira et al., 2011; Gupta and
Kumar, 2023), slope stabilisation (Jamsawang et al., 2015; Zuo
et al., 2023), liquefaction mitigation (Nguyen et al., 2013;
Hasheminezhad and Bahadori, 2019), retaining structures (Shao
et al., 2005; Cortes-Garcia and Chartier, 2022), solidification of
estuarine sediments (Maher et al., 2007; Bouassida et al., 2022), or
remediation of contaminated sites with low permeability
containment walls (Wang et al., 2015; Freitag et al., 2021).

The DSM technique is typically applied using Portland cement as
the binder. To help mitigate the environmental concerns related
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with the production of Portland cement, i.e. the release of carbon
dioxide to the atmosphere and the extraction of natural raw ma-
terials (Turner and Collins, 2013; Mohammed et al., 2021), a new
type of binder, based on industrial by-products, was studied in the
present work. The alkaline activation of fly ash or slags creates an
alkali-activated cement (AAC) capable of replacing Portland cement
in many situations (Provis and van Deventer, 2014; Grant Norton
and Provis, 2020). For instance, it has proved to be very effective
in immobilising heavy metals present in some industrial wastes
and residues used as precursors. Some of those residues are fly ash
from coal-fired power plants (Phair et al., 2004) or from municipal
solid waste incineration (Gao et al., 2017). AAC has also been used
for the stabilisation of hazardous and radioactive wastes
(Rakhimova, 2022; Tyagi and Annachhatre, 2023). In some cases,
AAC are cured under high temperatures (>30 �C) which signifi-
cantly increases the reaction rate and resulting strength values
(Talha Junaid et al., 2017). However, its application in soil stabili-
sation (including DSM), even at low curing temperatures, has been
demonstrated by several researchers (Sargent et al., 2016; Arulrajah
et al., 2018; Mohammadinia et al., 2019).
nts with an alkali-activated cement for deep soil mixing applications,
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Fig. 1. CPTU profile for the second point including the cone resistance (qc), the sleeve friction (fs) and the pore pressure (u) measured in the test as well as the normalized soil
behaviour type classification (SBTn).
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Sargent et al. (2016) simulated the dry DSM using sodium hy-
droxide pellets to activate a ground granulated blast furnace slag
(GGFS) for the stabilisation of an alluvium obtaining 2 MPa of un-
confined compression strength (UCS) at 28 d for the optimised
mixture, which is 20 times the untreated soil strength. Their sus-
tainability assessment also concluded that the mixture can effec-
tively replace Portland cement with smaller carbon footprint and
lower financial costs. Arulrajah et al. (2018) used an AAC made by
slag, fly ash, sodium hydroxide and sodium silicate to stabilise a soft
clay. For binder contents of 20% and 30%, the clay treated with AAC
showed higher strength than the clay treated with cement and/or
lime irrespectively of the clay moisture content. Mohammadinia
et al. (2019) has used a similar binder to stabilise a fine sand
concluding that high precursor contents exhibited optimum
strength close to the optimum water content of the sand, whereas
lower precursor contents were found to show better mechanical
strength on the dry side of the optimumwater content of the sand.

Conversely to previous works, the aim of the present work was
to use an AAC to stabilise an acid submerged soil in a DSM column
to be performed in a contaminated estuarine/coastal area in the
north of Portugal. This work pretends to analyse the effect of the
additional challenges that this situation brings, i.e. submerged
curing and curing under stress. As observed in other estuarine soils
(e.g. Kitazume et al., 2015) the pH of this soil is acid. The acid nature
of the soil, the submerged curing, and the mild temperature of the
curing environment were all major constraints, neither of which
favouring the development of the alkaline activation reactions
which are essential to produce the AAC. To better simulate field
conditions, the specimens were fabricated using the high-water
content of the natural sediment deposit, which is far from the
value that would have been ideal in terms of binder efficiency. After
the optimisation of the binder composition, the stabilised soil was
tested after 3-, 7-, 14- and 28-d curing, for flexural and unconfined
compression strength, while seismic wave velocity measurements
were also performed, allowing the assessment of the elastic stiff-
ness evolution with time. Leaching tests were also carried out and
the resulting data were compared with the European
Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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environmental legislation, the Council Decision (LER 1701, 2004). In
addition, triaxial compression tests were performed to evaluate the
influence of curing under stress, which is an important issue in
DSM as the material that remains at the bottomwill cure under the
effect of the pressures caused by the weight of the column.

Considering the important need tomitigate the Portland cement
consumption, and to increase the recycling rate of available in-
dustrial by-products, this work pretended to push forward the
application of the alkaline activation technique to less favourable
conditions. The aim is to demonstrate that even with less reactive
precursors and harsh curing conditions, alkali-activated industrial
wastes can still have technically acceptable performances.

2. Site characterisation

The soil was collected near the coastal city of Vila do Conde, in
northern Portugal, on the right bank of the Ave River and, specif-
ically, near the mouth, meaning it is very exposed to the influence
of tides (very wide in this region of the Atlantic coast). The soil
profile was assessed by several cone penetration tests (CPTU), as
reported in Rios et al. (2018). Fig. 1 presents the three measured
parameters (qc, fs and u) obtained in the CPTU test performed at the
point where the soil was collected for this study. This point is the
closest to the water in the bay and for that reason the water table is
at the surface. Fig. 1 also shows the normalized soil behaviour type
(SBTn) classification interpretation, according to the unified
approach proposed by Robertson (2009), which identified sands
with fines, silts and a deeper layer of clay.

The in situ void ratio (e) was estimated at 0.8, based on the unit
weight value of 18.6 kN/m3 estimated from the CPTu data (Pinheiro
et al., 2021). Then, the water content was estimated to be 30.55%,
assuming a saturation degree of 100% (since the soil is below the
water table).

A sample from the superficial silty sand layers, collected by an
auger, was used throughout the present work. The soil was classi-
fied, according to the Unified Classification System (ASTM D2487-
11, 2011), as sandy silt (ML), validating the CPTu classification,
nts with an alkali-activated cement for deep soil mixing applications,
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Table 2
X-ray fluorescence soil composition.

Soil composition Value (wt%)

Y2O3 0.0015
Ga2O3 0.002
Nb2O5 0.002
PbO 0.005
SrO 0.0127
Rb2O 0.0241
MnO 0.0282
ZnO 0.0312
BaO 0.038
Cr2O3 0.0486
ZrO2 0.0649
P2O5 0.166
ClO 0.248
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and its main geotechnical properties are presented in Table 1. The
soil was considered non-plastic (NP) as the Atterberg limits could
not be determined, which seems reasonable as the fine fraction is
mainly silt.

The chemical composition of the soil was also analysed by X-ray
fluorescence, and the results are presented in Table 2. The analysis
showed very similar results to those obtained by Santos-Ferreira
et al. (2015) on that site, who reported sediments with a high de-
gree of contamination, i.e. with chromium and zinc. This area was a
relevant harbour facility since the middle age, used as a shipyard,
where several sail boats for the XVth century Portuguese fleet were
constructed, which explains the observed contamination.

The soil’s mineralogical compositionwas characterized by X-ray
diffraction (Fig. 2) which identified quartz and muscovite.
CaO 0.623
MgO 0.833
TiO2 0.852
Na2O 1.12
SO3 2.73
Fe2O3 3.355
K2O 3.98
CO2 6.22
Al2O3 12.4
SiO2 67.22

Fig. 2. X-ray diffraction pattern for the soil (mc - Muscovite, q - Quartz).
3. Materials and methods

3.1. Materials

The precursor for alkaline activation was a ladle steel slag
collected at the MEGASA Steel Industry of Maia, Portugal, with no
market value until the present moment. This slag is not commonly
used as a precursor in alkaline activation due to its low amorph-
ization degree (Pinheiro et al., 2020), especially when compared
with that of blast furnace slag, or even coal fly ash (Adesanya et al.,
2017). To overcome this deficiency, the slag was milled to increase
its reactivity (Provis, 2018; Pinheiro et al., 2020). The particle size
distribution (PSD) for the slag before and after milling is presented
in Fig. 3, together with that of the soil. The original PSD of the slag
shows a granular material slightly finer than the soil (a sandy silt),
indicating that this slag is a fine material. Nevertheless, the reac-
tivity of the slag was highly increased after the milling, as observed
in preliminary tests. The chemical properties of the slag obtained by
X-ray fluorescence are described in Table 3, while Fig. 4 presents its
X-ray diffraction diffractogram. From Table 3, a high calcium con-
tent is observed (24%).

Sukmak et al. (2015) has shown that a high calcium fly ash can
effectively stabilise a saline silty clay in an aggressive environment,
while Sargent et al. (2016) successfully used GGFS to stabilise an
alluvium with high-water content. This indicates that a high cal-
cium precursor is suitable to high-water content soils in aggressive
environments. For this reason, the mixtures were performed only
with the ladle slag as precursor, which is an advantage in terms of
cost and mixing procedures, compared with mixtures with more
than one precursor, as only one material needs to be transported,
stored, and mixed.

The alkaline activator was a combination of sodium hydroxide
(SH) and sodium silicate (SS), both in solution form. The sodium
hydroxide was purchased in flakes, with a specific gravity of 2.13 at
20 �C and 95%e99% purity. The sodium silicate was purchased
already in solution form, with a specific gravity of 1.5 and a SiO2/
Na2O ratio of 2 by mass.
Table 1
Geotechnical properties of the soil.

Property Value

Plastic limit (ISO 17892-12, 2018) NP
Liquid limit (ISO 17892-12, 2018) NP
D50 (ISO 17892-4, 2016) 0.07 mm
Specific gravity (ISO 17892-3, 2015) 2.61
Fines fraction (ISO 17892-4, 2016) 50.52%
Uniformity coefficient (ISO 14688-2, 2017) 10.02
Curvature coefficient (ISO 14688-2, 2017) 2.72

Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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3.2. Definition of the mixture and specimen preparation

Considering the high-water content of the original soil, the
mixing process followed the methodology recommended by Bruce
et al. (2013) and Kitazume and Terashi (2013), where the volume of
water required in the mixture was only provided by the original
wet soil, to which all other components were added in powder
form.

A previous study, developed by the authors (Pinheiro et al.,
2019) using the response surface method to optimize the stabili-
sation of this soil and slag, has demonstrated that the stabilised soil
can achieve a UCS of 0.73 MPa after 7 d, when cured in saltwater. It
was based on that study that an activator solution was defined,
combining sodium silicate (SS) and sodium hydroxide (SH), in a 1:1
proportion. The sodium hydroxide concentration varies between
6.5 and 8.5 mol/kg depending on the mixture.
nts with an alkali-activated cement for deep soil mixing applications,
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Fig. 3. Particle size distribution of the soil and slag before and after milling.

Table 3
Chemical composition of the slag (wt%).

SiO2 Al2O3 CaO MgO MnO Fe total Cr2O3 Others

19.6 10.5 24.1 8.2 5.3 23.8 3.4 4.3

Fig. 4. X-ray diffraction pattern for the slag (SG) (cf - Calcium/magnesium/iron, cs -
Calcium silicate, ge - Gehlenite, l - Larnite, mg - Magnetite).
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As reported in the literature (Phummiphan et al., 2016; Sargent
et al., 2016; Arulrajah et al., 2018), the precursor content is very
influential on the strength development. These authors reported a
precursor/soil ratio of 1:2.33 (using fly ash - FA), 1:13.5 (GGBFS),
and 1:1.33 (slag and fly ash), respectively. For the present study, as
presented in Table 4, a precursor/soil ratio of 1:1 was considered
necessary, due to the unfavourable conditions for the alkaline
activation found on site: the natural acidity of the contaminated
soil; the underwater curing (which inevitably reduces the alkali
concentration); and the low reactivity of the main precursor (i.e.
the ladle slag), especially when compared with other types of slag
reported in the literature (e.g. GGBFS). Moreover, in the case of the
dry DSM, the fluidity of the binder is not important, as the AAC is
injected in powder form, and since the ladle slag has not yet
commercial value, its high amount will not increase the final cost.
Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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The specimen preparation procedure started by mixing the
precursor with the activator, and then the saturated soil was added
resulting in a paste transferred to metal prismatic moulds of
4 cm � 4 cm � 16 cm. Both the mixing procedures and the mould
dimensions followed European Committee for Standardization
(2005). The specimens were demoulded after 24 h followed by
48 h of additional curing in a temperature-controlled room, at
20 �C, before being submerged in water.

To establish a threshold, additional specimens were fabricated
with Portland cement type CEM I 52.5R. The binder content for
these specimens was based on BS EN 14679 (2005) and Bruce
(2000, 2001), which indicated that, for DSM in sands, 100e
400 kg of cement should be used to treat 1 m3 of soil. In this work, a
precursor/soil ratio of 1:6.5 was selected, and this mixture was
called Soil þ CEM throughout the paper.

For the unconfined compression and flexural tests, elastic stiff-
ness evaluation and leaching analysis, the curing water was sea
water (pH value ¼ 7.34) at 20 �C. For the triaxial compression tests,
the specimens were submerged in distilled water (pH value ¼ 5.4)
at 20 �C, which is more acid than the saltwater, and for that reason
the sodium hydroxide concentrationwas increased from 6.5mol/kg
to 8.5 mol/kg.

Table 4 shows the characteristics of the mixtures. Note that the
liquid/solids (L/S) was higher in the control group (Soilþ CEM) than
in the Soil þ SG mixtures, because the water in the mixture is
originated only from the saturated soil. Since the Soil þ CEM has a
higher proportion of soil than Soil þ SG, it has also a higher water
content. Additionally, it is also indicated the tests performed on
each mixture, as described in the following sections: flexural and
unconfined compressive strength tests (UCS), evaluation of
maximum shear modulus (G0) through seismic wave velocities,
leaching tests, and triaxial tests.

3.3. Flexural and compressive strengths

To evaluate the mechanical performance of the different mix-
tures, after different curing periods, flexural and compressive
strength tests were performed and analysed according to EN 196-1
(2005). Several authors (Terashi, 1997, 2003; Bruce, 2000, 2001;
Kitazume et al., 2015; Yan et al., 2019) used unconfined compres-
sion strength tests to evaluate the mechanical performance of DSM
improved soils. However, Larsson et al. (2012) showed that bending
should be considered as an important failure mode in the design of
DSM columns, thus justifying the flexural strength tests in the
present study.

The flexural strength was evaluated with 3-points load tests,
with the flexural strength Fs calculated by (EN 196-1, 2005):

Fs ¼ 1:5Ff l
.
b3 (1)

where Fs is the flexural strength (MPa), b is the side of the square
section of the prism (mm), Ff is the load applied to the centre of the
prism at failure (N), and l is the distance between the supports
(mm).

The compression test was performed on both halves of the failed
prism. The result of the flexural strength test was calculated as the
arithmetic mean of three individual results, while the result of the
compressive strength was calculated as the arithmetic mean of the
resulting six individual halves.

3.4. Seismic wave measurements

Seismic P- and S-wave propagation time through the specimens
was also measured, using ultrasonic transducers. From the
nts with an alkali-activated cement for deep soil mixing applications,
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Table 4
Composition of the studied mixtures.

Mixture name Tests performed Soil/precursor L/S Precursor/activator SS/SH SH molal concentration Curing water

Soil þ SG_mix1 UCS, G0 and leaching 1 0.28 2.5 1 6.5 Sea water
Soil þ CEM UCS, and G0 6.5 0.26 e e e Sea water
Soil þ SG_mix2 Triaxial tests 1 0.14 2.5 1 8.5 Distilled water
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elasticity theory, it is known that the shear wave velocities are
related to the maximum shear modulus (G0), according to Eq. (2),
and the Poisson’s ratio can be derived by the combination of the
two velocities according to Eq. (3) The readings were taken in
curing periods of 3 d, 7 d, 14 d and 28 d, considering the first direct
arrival of the output wave method (Viana da Fonseca et al., 2009),
where the direct measurement of the time interval between the
input and output waves assumes the plane wavefronts and the
absence of any reflected or refracted waves. The description of the
experimental setup, calibration and measuring procedure is fully
described in Rios et al. (2017).

G0 ¼ rV2
S (2)

n ¼

�
VP
VS

�2

�2

2
�
VP
VS

�2

�2

(3)

where VP is the velocity of the P wave (m/s), VS is the velocity of the
S wave (m/s), and r is the bulk density of the material (g/cm3).
3.5. Leachate testing

The chemical analysis of the leachate recovered from purposely
fabricated specimens aims to assess the possible release of heavy
metals from the contaminated soil or the steel slag. The leachate
tests on the stabilised soil were carried out according to the pro-
cedure described in the BS EN 12457 (2002) standard. The tests
were performed after 3-, 7-, 14- and 28-d curing. The 3-d curing
was chosen to assess the environmental behaviour at younger ages,
when there is a greater risk of the heavy metals in the soil-binder
combination to be released into the surrounding water (since the
binder is still at an early development age). The 28-d coincides with
the longer curing period also used for the mechanical testing, a
time when it is expected that lower heavy metals molecules are
released. The concentrations obtained from the eluate were
compared with the limits defined in the LER 1701 (2004).
Fig. 5. Triaxial test phases for Soil þ SG_mix2 as described in Table 4: (a) General view
of the installation of the specimen in the triaxial cell, (b) Application of the membrane,
(c) Mounting of the Perspex cell, and (d) Specimen after shearing.
3.6. Triaxial compression tests

Two sets of specimens were submitted to triaxial tests: one set
was cured without any confining stress, while the other was cured
in a triaxial cell, with a pre-determined confining stress. Both
groups were sheared in monotonic triaxial compression, under
three distinct confining pressures, after three curing periods of 7 d,
14 d and 28 d, which resulted in a total of 2 � 3 � 3 ¼ 18 tests.

Three days after moulding, to ensure enough strength to avoid
disintegration inwater, the group cured under stress was placed on
the triaxial cell with the corresponding confining pressure, and
then the specimens were sheared at 7 d, 14 d or 28 d. Cemented
soils are difficult to saturate and the saturation degree is not easily
or reliably evaluated (Rios et al., 2014). For this reason, there was no
attempt to saturate the specimens using high back-pressures.
Instead, these were soaked in water (with relatively low back-
Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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pressures of 10 kPa) aiming only to minimize the suction effect
on final strength.

To provide similar conditions to both groups except on the
curing stress, the group cured without stress was submerged in
distilled water, 3 d after moulding. The specimens were kept sub-
merged until being installed in the triaxial cell, after 7 d, 14 d or
28 d. The shearing occurred in the same day, after application of the
corresponding confining stress.

Effective isotropic confining stresses of 35 kPa, 50 kPa and
150 kPawere selected to reproduce the effective horizontal stresses
acting on a DSM column at depths of 9 m, 12 m and 37 m,
considering a unit weight of 18 kN/m3 for the stabilised soil and a
coefficient of earth pressure at rest of 0.5. For research purposes, to
quantify the stress-curing effect on an upper boundary, to under-
stand if and how a higher curing stress could influence its behav-
iour. Fig. 5 illustrates some of the steps used on the triaxial tests.
4. Results and discussion

4.1. Flexural and compressive strengths

The results regarding the evolution of the flexural and
compressive strength tests after 3-, 7-, 14- and 28-d curing, are
nts with an alkali-activated cement for deep soil mixing applications,
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Table 5
Values of the constants a and b for each case.

Material Test Coefficients

a b

Soil þ SG_mix1 Compressive strength 3.14 0.91
Flexural strength 12.34 0.57

Soil þ CEM Compressive strength 2.3 0.92
Flexural strength 2.3 0.92
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shown in Fig. 6. Both flexural and compressive strength rates are
significantly higher in Soil þ SG_mix1 in comparison with the
Soil þ CEMmixture. Although the SG-based mixture showed initial
(3 d) lower flexural strength values than the CEM-based mixture,
after 28 d the flexural strength of the SG-based mixture is already
65% higher than the CEM-based mixture. Conversely to other
studies (Arulrajah et al., 2018) where the Soil þ CEM presented
higher flexural strength than the soil stabilised with the AAC for all
curing periods (up to 28 d), in this work the flexural strength of the
Soil þ SG_mix1 was higher than that of the Portland cement-based
mixture already at 14 d. Regarding the UCS, the relative perfor-
mance was even more favourable to the Soil þ SG_mix1 mixtures,
which showed more than twice the UCS of the Soil þ CEMmixture,
regardless of the curing period considered. This indicates that the
ratio between flexural strength and UCS is much higher for the
Soilþ CEMmixture, in agreement with the results of Arulrajah et al.
(2018) which attributed this difference to the flocculated structure
of the AAC for high binder contents. This structure was also
observed in Fig. 5a and the impact of this type of cementation on
other properties such as elastic stiffness is presented further below.

The experimental points showed in Fig. 6 were adjusted by a
mathematical expression developed for Portland cement-based
binders (Cristelo et al., 2015). The ACI (1997) recommends Eq. (4)
to estimate the compressive strength at a given curing day, ðf 0cÞt,
based on the reference value at 28-d, ðf 0cÞ28, where a and b are the
experimental coefficients that should be between 0.05 and 9.25,
and between 0.67 and 0.98. For specimens of Portland cement CEM
class 52.5 N with moist curing the ACI (1997) suggests that a ¼ 2.3
and b¼ 0.92, which adjust quite well to the Soil þ CEM flexural and
compressive strength results. However, for the Soilþ SG_mix1, new
values were needed and different parameters were obtained for
compressive and flexural strengths. These values summarised in
Table 5 are outside the prescribed ranges as a different behaviour
was observed in the Soil þ SG_mix1 as mentioned above.

�
f 0c
�
t ¼

t
aþbt

�
f 0c
�
28 (4)

Despite the acidity of the soil, the submerged curing, and the
low reactivity of the precursor, these strength values are higher
than those obtained in other similar studies, most likely due to the
significant slag content. Other authors, like Sargent et al. (2016),
obtained UCS values, after 28 d, of approximately 2.1 MPa, while
Arulrajah et al. (2018) reported UCS values between 6 MPa and
7.5 MPa, in a stabilised clay, after 28 d. The UCS values for
Fig. 6. Exponential models for flexural and compressive strengths,
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Soil þ CEM are in the range of 0.5e5 MPa proposed by Terashi
(2003) for stabilised granular soils at 28-d.
4.2. Elastic stiffness evolution with time

Compression (P) and shear (S) wave’s propagation velocities
were used to estimate the evolution, over the curing time, of the
maximum shear modulus and Poisson’s ratio of the tested mix-
tures. Fig. 7 shows the output signals obtained for the P and S
waves, indicating the obtained propagation time recorded for each
case, using a classic time domain approach (Viana da Fonseca et al.,
2009). Each result shown in the figure corresponds to an average of
several consecutive pulse measurements.

From Fig. 7, it is possible to observe the evolution of the prop-
agation time throughout the curing period. The reduction of the S
wave propagation time implies an increase of the propagation ve-
locity, which consequently translates an increase in stiffness, ac-
cording to Eq. (5). In addition, this increase in the S wave velocity is
also followed by an increase in the P wave velocity as observed for
other mixtures (Rios et al., 2017).

According to G0 development presented in Fig. 8a, the
Soil þ SG_mix1 mixture showed a faster stiffness evolution than
the Soilþ CEMmixture, which started with a higher initial stiffness
at young ages. This high rate of stiffness increase was also obtained
by Rios et al. (2017) in a silty sand stabilised with an alkali-activated
fly ash. The combination of P and S waves led to the evaluation of
the Poisson’s ratio (by Eq. (3)) for both mixtures as presented in
Fig. 8b. The values measured for Soilþ SG_mix1 start with 0.28 and
reaching 0.2 at 28 d when the cementing structure is already
developed. This is expected as the increase in cementation due to
curing period prevents the soil structure to deform laterally when
loaded in the vertical direction. For this reason, the ratio between
horizontal and vertical strains (corresponding to the definition of
Poisson’s ratio) decreases. Rios et al. (2017) obtained similar values
for both Soil þ SG_mix1 and Soil þ CEM mixtures, up to 28 d.

nts with an alkali-activated cement for deep soil mixing applications,
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Fig. 7. Seismic wave propagation time for (a) Soil þ SG_mix1 and (b) Soil þ CEM.

Fig. 8. Evolution of (a) the initial shear moduli (G0) and (b) Poisson’s ratio (y) with curing time for the two materials.
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between 28 d and 1 year of curing. The Soil þ CEM has an almost
constant Poisson’s ratio value as a result of a smaller stiffness in-
crease, with values around 0.2 for all ages, which agrees with the
results obtained by (Narayan Swamy, 1971).

4.3. Correlation between strength and stiffness or flexural strength

In this work, the ratio G0=UCSwas analyzed throughout time, as
presented in Fig. 9a, and non-linear equations (Eqs. (5) and (6))
were adjusted obtaining a correlation coefficient of R2 ¼ 0.99 for
Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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both materials. It is interesting to notice that after an initial
decrease due to hardening of cementitious bonds, the G0=UCS ratio
has a slight increase, indicating that time has more effect on stiff-
ness rather than strength. On the other hand, these results clearly
express that the difference between Soilþ SG_mix1 and Soilþ CEM
is much higher in strength than that in stiffness.

The flexural/compressive strength ratio, FS=UCS, (Fig. 9b) in-
creases with time for the Soil þ SG_mix1 and decreases with time
for the Soil þ CEM, both mixtures achieving closer values at 28 d.
This indicates that in the short term, the Soil þ SG_mix1 mixtures
nts with an alkali-activated cement for deep soil mixing applications,
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Fig. 9. Relationship between G0=UCS (a) and FS=UCS (b) and its evolution in time.
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have a much higher increase in compressive strength than that in
flexural strength conversely to what occurs in the Soil þ CEM
mixtures.

Despite the higher scatter of flexural strength results, this agrees
well with the evolution of the G0=UCS ratio presented in Fig. 9a.
Based on these results, it seems that the flocculated structure of the
Soil þ SG_mix1 discussed before has an impact on the elastic
stiffness and flexural strength of the material. These properties do
not show the same enhanced performance (of the Soil þ SG_mix1
in comparison to Soil þ CEM) as it was observed for UCS.

�
G0

UCS

�
SG

¼ 788:07þ �6366:11
t

þ34476:9
t2

þ�55692:4
t3

(5)

�
G0

UCS

�
CEM

¼ 1345:4þ �7552:16
t

þ51687:7
t2

þ�82913:5
t3

(6)

where G0 is the shear modulus (MPa), UCS is the compressive
strength (MPa), and t is the time (d).
4.4. Leachate analysis

Fig.10 shows the environmental performance of the original (for
comparison purposes) and stabilised soil, after four different curing
periods. Based on the information collected from Alam et al. (2019)
and on the composition of the original soil (Table 2), the chemical
analysis of the recovered leachate solutions focused on Arsenic (As),
Chromium (Cr), Copper (Cu), Lead (Pb), Zinc (Zn), Chlorides (Cl�)
and Sulphates (SO4

2�), as these elements have already been iden-
tified, also, in the work conducted by Santos-Ferreira et al. (2015).
For these elements, the obtained concentrations are presented
together with the limit values indicated in European Union (LER
1701, 2004) for inert wastes limits.

All concentrations measured on the treated specimens were
below the limits defined by the European Union (LER 1701, 2004)
for waste acceptable as ‘inert’. Even elements that are usually
difficult to immobilize, like Arsenic (Keimowitz et al., 2002; Zhang
and Itoh, 2005) and Copper (Ahmari and Zhang, 2013) are below
the threshold values. It should be noted that, even if the original soil
leaching values are below the limits, these elements frequently
leach from the slag (included in the 4.3% found in Table 3 and
named as “Others”) in the presence of an alkaline medium (Ahmari
and Zhang, 2013; Fernandez-Jimenez et al., 2005) and could thus
represent a threat. However, the application of the AAC proved to
be an effective stabiliser of those contaminants.
Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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The analysis of Fig. 10 also showed high concentrations of
chloride, from the seawater, and sulphate, from the seawater and
the soil. Usually, that contaminants attack the concrete made with
common Portland cement (Al-Amoudi et al., 1992; Ke et al., 2017). It
is common the use of special types of cement to improve the
chemical resistance against adverse environments (for example,
saline conditions). However, in this case, the stabilised soilþ binder
combination was able to maintain its structural and environmental
integrity.

Based on this leaching analysis, the proposed stabilisation was
able to effectively immobilize the contaminants making the ma-
terial adequate for the DSM treatment.
4.5. Effect of curing under stress

Fig. 11 shows the stress-strain curves obtained in the triaxial
tests performed in Soil þ SG_mix2 (Table 4), representing the
variation of the deviatoric stress (q) and volumetric strain (εV) with
the axial strain (εa). Unfortunately, these tests could not be per-
formed with local instrumentation due to constraints related with
the use of AAC. For this reason, the volumetric strains presented in
Fig. 11 are a gross external measurement made by the water that
flows in and out the cell.

Brittle stress-strain curves, typical of strong bonded soils (Rios
et al., 2014), were observed, showing a well-defined peak stress
followed by strain softening. The mentioned peak stress increased
with curing time. It is also clear that specimens submitted to higher
confining pressures showed a higher peak stress, indicating that
the confining pressures were not able to destroy the cementation
bonds.

In terms of volumetric behaviour at younger ages (Fig. 11b), the
specimens showed an initial contraction, followed by a significant
dilation. The development of cementation during curing increased
the dilatant behaviour. As expressed by other authors (Viana da
Fonseca, 1996, 1998; Schnaid et al., 2001), in strong bonded soils,
the maximum rate of dilation does not generally coincides with the
peak stress as observed in uncemented soils, occurring slightly after
the peak stress, indicating that the peak is influenced by the
cementation level.

The behaviour of the specimenswas similar, irrespectively of the
curing stress, for stress-strain curves at the same confining stress
and curing age. This is an important finding, indicating that, for the
studied curing periods, the material can be evaluated in the labo-
ratory without curing stress, and the results can be representative
of the material behaviour in a DSM column, where it will cure
nts with an alkali-activated cement for deep soil mixing applications,
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Fig. 10. Element concentrations in the leaching solution obtained from soil, sea water and the mixtures in 4 different ages and comparison with the acceptance limits defined in
2003/33/EC for inert wastes limits. The dashed-dot black line represents a concentration of 1. Because the scale of the graph is logarithmic, this helps in the interpretation.
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under the weight of the column. This behaviour is a consequence of
the early age strength of this material, which, after 7 d curing,
already possesses enough strength to support moderate confining
stresses without bond breakage. Since these materials tend to
develop for a long time (Cristelo et al., 2011; Phetchuay et al., 2016),
this study needs to be enlarged for higher curing periods. However,
from the obtained results, which have already addressed the most
important part of the cementing structure development, it is not
expected that curing stress may have a significant impact.

The ultimate strength failure’s envelopes for both curing con-
ditions are shown in Fig. 12, for each applied confining stress. Since
a shear plane failure was obtained, as observed in Fig. 5d, a pro-
cedure based on the analysis of Mohr’s circles used by Gasparre
(2005) was applied to calculate the stresses acting on the rupture
plane. For this purpose, the angle of the shear plane failure was
necessary, where a 55� wasmeasured as observed in Fig. 5d. In each
case, the results were adjusted by linear regression and the
parameter 40

cv obtained. In all the cases, the points present a very
good alignment enabling high coefficients of correlation
(R2 ¼ 0.99). Although the tests did not have enough instrumenta-
tion to distinguish between the cement contribution and the
dilatant contribution, a reasonable estimate of 40

cv was possible
since this is an intrinsic property of the soil, independent of the
initial compactness state of the specimen and related to friction.
The friction angle at constant volume (40

cv) varied between 45� and
49� in the improved soil specimens, which is within the values
obtained for cemented soils by other authors (Schnaid et al., 2001;
Rios et al., 2014).

Since the curing stress effect is minor, Table 6 summarises the
strength parameters obtained for the three curing periods, by doing
the average of the results obtained with or without stress. In
Table 6, there is also the ratio between the deviatoric stress at peak
and in ultimate conditions (qpeak/qcv), an indicator of the material
brittleness which, as expected, increases with curing time. The
secant stiffness modulus at 50% of peak strength (E50) obtained in
the stress-strain curves was added to the table which also dem-
onstrates the increase in stiffness due to curing. From these E50
values, the stiffness evolution with effective stress was derived
using the well-established Janbu (1963) relationship:

E50 ¼ k50Pa

�
s03
Pa

�n50

(7)
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where Pa is the atmospheric pressure considered to be 100 kPa; and
k50 and n50 are the parameters obtained from the triaxial tests for
each curing time, as indicated in Table 6.

It is interesting to notice that n50 values remain approximately
constant, as a sign that the stiffness evolution with depth has a
similar trend for all the curing periods. However, the k50 values
increase with curing time as a result of the enhanced stiffness due
to cementation.

5. Conclusions

The present work describes the treatment of a costal/estuarine
contaminated sediment with a binder made by the alkaline acti-
vation of a ladle slag. Although less reactive this ladle slag with no
commercial value was previously milled to increase its reactivity
and subsequently activated with sodium hydroxide and sodium
silicate. To achieve an optimummixture capable of complying with
the harsh conditions existing at the site, a high amount of alkali-
activated ladle slag was used to stabilise the soil.

The mechanical behaviour of this mixture was analysed and
compared with a reference soil-cement mixture. When tested in
unconfined compression, the specimens treated with the alkali-
activated slag showed better mechanical resistance than the
mixture with Portland cement for all curing periods. However,
when analysing the flexural strength or the maximum shear
modulus obtained from the seismic wave’s measurements, the
specimens with Portland cement show higher initial strength and
stiffness but, during time it is overpassed by the specimen treated
with alkali-activated slag. The stiffness/strength ratio indicates that
the difference between both mixtures is higher in strength than in
stiffness which can be attributed to the flocculated nature of AAC
structure.

The evolution of the Poisson’s ratio with time showed that
Soil þ CEM mixture presented an approximately constant value
with time as a result of a smaller stiffness increase, while the values
measured for Soil þ SG_mix1 start with 0.28 reaching 0.2 at 28 d
when the cementing structure is already developed. This is ex-
pected as the increase in cementation due to curing period, pre-
vents the soil structure to deform laterally reducing the obtained
Poisson ratio.

In terms of environmental performance, the specimen treated
with alkali-activated slag presented a very satisfactory
nts with an alkali-activated cement for deep soil mixing applications,
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Fig. 11. Stress-axial strain-volumetric strain curves for specimens improved with AAC: (a, b) 7 d; (c, d) 14 d; and (e, f) 28 d.
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performance, not exceeding the values included in European
environmental legislation for waste inert materials (the Council
Decision 2003/33/EC (LER 1701, 2004)) in any of the evaluated ages.
Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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Triaxial compression tests performed with and without curing
stress indicated that this effect does not seem to be very significant
in this material because of its early age strength. After 7 d of curing,
nts with an alkali-activated cement for deep soil mixing applications,
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Fig. 12. Ultimate strength envelopes for (a) 7 d, (b) 14 d, and (c) 28 d with and without stress during curing.

Table 6
Strength and stiffness parameters derived from triaxial compression tests.

Curing time (d) p00 (kPa) k50 n50 E50 (MPa) qpeak=qcv 40
cv (�)

7 35 1208.04 0.5 70.32 2.58 45.96
50 107.26 2.26
150 141.02 2.01

14 35 1790.52 0.5 106.93 3.61 45.99
50 124.94 2.93
150 222.46 2.9

28 35 2491.74 0.4 137.5 2.89 49.05
50 243.81 3.7
150 277.97 3.27
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the material already possesses enough strength to support mod-
erate confining stresses without bond breakage. These tests also
enabled the evaluation of high values of friction angles (between
45� and 50�) and secant modulus at 50% of peak strength (between
70 kPa and 300 kPa) both increasing with curing time.

This analysis suggests that an alkali-activated binder derived
from a ladle slag without market value may be an effective alter-
native to Portland cement for stabilising contaminated sediments
below the water table. However, the environmental and economic
implications associated with the more extensive use of slag and the
resulting demand for different processes, such as grinding and
activation, need to be considered in future studies.
Please cite this article as: Pinheiro C et al., Stabilisation of estuarine sedime
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