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ABSTRACT: Alkaline activators are a key factor in alkali-activated systems, as they influence both chemical reactivity (by promoting
the dissolution of the precursor) and physical performance (through their effect on compaction properties due to increased viscosity).
This study investigates the effects of alkali activation using sodium hydroxide (NaOH) on the compaction behavior, pore size
distribution and unconfined compressive strength (UCS) of a clayey silt stabilized with 5% alkali-activated ground granulated blast
furnace slag (GGBS). Proctor compaction tests, mercury intrusion porosimetry tests (MIP) and UCS measurements were conducted on
mixtures prepared with NaOH solutions of varying concentrations (2M, 4M, and 12M), in addition to non-activated GGBS for
comparison. The results showed that the 2M NaOH mixture exhibited a slight increase in the maximum dry density (MDD) and a shift
of the optimum moisture content (OMC) toward lower values, while higher concentrations (4M and 12M) led to reduced compactability
and increased water demand. However, variations in activator concentration did not significantly affect the initial pore size distribution
of the compacted soil (day 0), as all samples exhibited a similar bimodal distribution with consistent pore sizes. To isolate the effect of
chemical reactivity from compaction, all mixtures were compacted to the same dry density and moisture content for UCS testing. The
results revealed that the 2M mixture achieved the highest strength at all curing times (0, 7, 28 and 60 days), with strength decreasing
at higher concentrations. The trends observed could be explained by the variations in the availability of free water influenced by ion
hydration. The findings highlight the importance of balancing chemical activation with moisture availability to optimize the mechanical
performance of alkali-activated soil systems.
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1 INTRODUCTION which the material is subjected (Myers et. al 2013). Among
these, the activator is a key component in the production of
AAM, but its use remains controversial. It can potentially
contradict the main objective of this alternative binder, which
is sustainability and a lower carbon footprint because producing

converting industrial aluminosilicate-rich waste into valuable 1 ton of NaOH generates nearly 999 kg of CO» (Ghadir and
binders. AAM emerged in the 1970s as a binding material to Ranjbar 2018). Therefore, it is crucial to use the activator

substitute ordinary Portland cement (OPC) (Davidovits 2002). fhiciently to achi timal streneth without .
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co coglpare dto ;])ro g cing%}}:e same vol meyof OPC concrete which enhances the dissolution of reactive aluminosilicate

2 u volu . . .
. . phases present in the precursor (GGBS, a calcium rich
X.I/gll\/[chresar;yentizrglz);zsS;l\llreostgrl?ntgl?el (cj?lles:lillir:;n aectt.i\?ellti%)(;z 13% precursor). This facilitates greater precipitation of binding gels,
h C-A-S-H tributi to i d strength

precursors such as fly ash (FA) or ground granulated blast Zuc | as t H i iﬁn ributing 1o t}m}t)rove streri.g
furnace slag (GGBS), typically rich in silica (SiO:) and alumina le ve Op??n : tli) Wevir, de {erease 1.r;hgc 1:/}:1 or C(t)ncenAra lt;)ln
(AL2O5). An alkaline activator, commonly sodium hydroxide a'so modt 1e}sl Lo watet y;lamlcs Wi fehsys . As 1
(NaOH) or potassium hydroxide (KOH), is used to initiate the 1onic strength rises, a signiticant portion of the mixing water
dissolution g £ the recu}r,sor Due to the’hi h pH environment becomes bounded in hydration shells around the dissolved ions
created by the alkapl)ine acti\;ator the Si—O—gi F/)\l—O—Al and Si- (Na® and OHi)’. reducing the availability of free water (Om.lki
O-Al covalent bonds within the’ recursor m;terial are broken et. al 2011). This results in a more viscous and apparently drier
p mixture, adversely affecting compaction efficiency (i.e. lower

dovzln. tThltS rIt)r?cess releeiset:s Si dand A_l_tlotns la n((lilhydtratltﬁn dry density for a same energy of compaction). Furthermore,
products start 1o accumuate and precipiiate, ‘eading 1o the limited free water can inhibit the dissolution process by

fs'or}IIna(tjlon og.an alumilnosﬂlcatefhydrate gel (N(;A_i/iH or K_Ai restricting the transport of the dissolved ions, thereby reducing
-H, depending on the type of activator used) (Myers et. a the extent of gel formation. Consequently, while higher

2013). Additionally, if calcium is present in the precursor, a . . . ..

nanocrystalline product, known as calcium aluminosilicate activator concentrations may enhance chemical reactivity, they
. ’ . can also lead to reduced densification and lower mechanical

hydrate C-A-S-H, is formed (Myers et. al 2013). While AAMs performance due to poor workability and restricted ion
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shown that alkali-activated binders can significantly enhance e . .
. . . d workability, and compaction, thereby maximizing the
the mechanical and durability properties of weak soils (Sahoo . . .
d Prasad Sineh 2022. Al-Rkaby 2019. Ghadir and Ranib mechanical performance of the stabilized soil.
ana trasad Sing » AT-RKaby » hadirand Ranjbar Previous studies offer mixed conclusions regarding the

2018, Coudert et al. 2021, Chami et al. 2024). optimal NaOH concentration. Ghadir and Ranjbar (2018)

d Tge performailcfe tOf an aﬁkah-‘acglvatedt‘ St?blhtzed sog reported that increasing the concentration of the NaOH solution
epends on several factors such as i) the activator type an from 4 to 12 M while keeping the same activator content

tconcentéatlol_l; 11.) thgp rtf%urtgor typg gndtrﬁllnerglogy; llé)tth ¢ Sotll resulted in approximately a 50% increase in the unconfined
ype and grain size distribution and iv) the curing conditions to compressive strength (UCS) of the clayey soil stabilized with

Soil stabilization using alkali-activated materials (AAM) is
gaining prominence as a more sustainable alternative to
traditional methods such as lime or cement stabilization, by
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alkali-activated volcanic ash. In contrast, Cristelo et al. (2012)
showed that for a silty sand stabilized with an alkali-activated
low calcium FA, an optimal concentration of the activator exists
and is a function of the mass ratio of the precursor to the
activator. The differences in conclusions found in the literature
can be attributed to variations in the precursor properties, curing
conditions, and soil types. Hence, further research on these
control parameters is necessary. Moreover, while some work
has focused on strength development, fewer studies have
examined how alkali activation influences the compaction
behavior of the soil and, in turn, how compaction conditions
affect the resulting strength, particularly with respect to the
critical role played by the availability of free water .

So ultimately, this study aims to find that optimal balance,
where we can achieve both sufficient chemical reactivity and
efficient compaction in order to reach an optimal strength. For
this reason, standard proctor compaction tests, mercury
intrusion porosimetry tests (MIP) and UCS tests were
performed on alkali-activated stabilized soil mixtures
composed of a clayey silty soil with 5% GGBS and 2M, 4M
and 12M NaOH solutions. In this context, MIP tests are useful
for gaining a better understanding of how activator
concentration influences the as-compacted soil microstructure,
and of its subsequent effects on the strength of the stabilized
soil.

2  MATERIALS AND METHODS
2.1 Materials

A clayey silt soil (referred to as MLD), classified as CL-ML
under the Unified Soil Classification System (ASTM D2487-
00), issued from the Marche-les-Dames region in Belgium, was
used for this study. The soil was oven-dried for 24 hours prior
to usage to eliminate moisture and ensure uniform conditions.
As shown in Figure 1, the grain size distribution of MLD
indicates a well-graded profile, with 79% of particles passing
through the 75 pm sieve. The soil composition consists of
approximately 13% clay, 62% silt, and 25% sand (Gerard et. al
2015). Based on ASTM D4318 standards, the liquid limit (LL),
plastic limit (PL), and plasticity index (PI) were determined to
be 28.4%, 19.6%, and 8.8%, respectively. Furthermore, the
Standard Proctor test, carried out in accordance with ASTM
D698, yielded an optimum moisture content (OMC) of 15.5%
and a maximum dry density (MDD) of 1.82 g/cm?, as shown in
Figure 2. The UCS of the MLD soil, compacted at the
corresponding OMC and MDD and loaded at a displacement
rate of 0.0667 mm/min, was approximately 145 kPa.
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Figure 1: Grain size distribution of MLD soil and GGBS
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Ground granulated blast furnace slag (GGBS), obtained from
VVM Cement Company in Belgium, was used as the precursor
material. As illustrated in Figure 1, its grain size distribution
shows that 100% of the particles pass through the 75 pum sieve.
GGBS was stored in tightly closed containers to avoid any
moisture exposure. The X-ray fluorescence (XRF) analysis,
shown in Table 1, shows that the main elements of GGBS are
Ca, Si and Al, which together make up to 90% of its total mass.

Table 1. Chemical composition of GGBS and MLD.

Chemical composition Percentage by mass (%)

GGBS MLD
Calcium oxide (CaO) 43.15 0.69
Silicon oxide (SiO,) 36.27 71.43
Aluminium oxide (ALOs) 10.47 13.89
Magnesium oxide (MgO) 5.98 1.17
Sulphur oxide (SOs) 1.51 0.02
Potassium oxide (K,0) 0.67 2.52
Ferric oxide (Fe,05) 0.58 4.27
Titanium oxide (TiO,) 0.54 0.87
Manganese oxide (Mn,0O;) 0.29 0.05
Sodium oxide (Na,0O) 0.26 0.77

As for the activator, a sodium hydroxide (NaOH) solution was
used. The NaOH solution was prepared in the laboratory by
dissolving NaOH pellets with 99% purity in distilled water to
achieve the required concentration. It was prepared 24 hours
prior to use to allow the heat generated during dissolution to
dissipate.

2.2 Mix proportions and samples preparation

For the preparation of the alkali-activated GGBS-stabilized
soil, a constant GGBS content of 5% by dry mass of MLD was
chosen for all samples, based on preliminary results. The
activator (NaOH) was applied at three different molar
concentrations: 2M, 4M and 12M. For reference, a set of
GGBS-stabilized samples without any activator was also
prepared and tested.

MLD and GGBS were first mixed in dry conditions for 1.5
minutes at low speed using a MATEST mortar mixer to ensure
uniformity. Subsequently, either a NaOH solution of the desired
concentration (for alkali-activated GGBS-stabilized soil) or
distilled water (for GGBS-stabilized soil) was added, and
mixing was continued at high speed for an additional 2 minutes.
The sample IDs and proportions are presented in Table 2.

Table 2. Sample IDs and composition.

Sample ID GGBS percentage NaOH

(%) concentration (M)
MLD-H20 - -
MLD-5-H20 5 -
MLD-5-2M 5 2
MLD-5-4M 5 4
MLD-5-12M 5 12

To isolate the effect of the compaction on the resistance of the
stabilized soil, all the stabilized samples for the UCS and MIP
tests were compacted at the OMC and MDD of the reference
mix (MLD blended with 5% GGBS and water, named “MLD-
5-H20” in this study), as determined from the compaction
curve shown in Figure 2, based on the standard Proctor test. The
amount of NaOH solution (for alkali-activated GGBS stabilized
soil) or distilled water (for GGBS stabilized soil), was set at
16.5% by mass of the solids mixture (MLD + GGBS),
corresponding to its OMC, as determined from the standard
proctor test conducted with distilled water. Moreover,
cylindrical samples (72 mm in height and 36 mm in diameter)
were dynamically compacted in three equal layers to achieve
the MDD of the solids mixture, which was 1.79 g/cm3. To
ensure interlayer bonding, the surface between each layer was



scrubbed before adding the next layer. After manual extrusion
from the molds, the compacted samples were wrapped in plastic
and aluminum foil to minimize moisture loss. The samples
corresponding to a curing time of 0 days were directly tested
after compaction and extrusion. The other samples were cured
sealed for 7, 28 and 60 days in a controlled room temperature
of = 18 °C and a relative humidity of 50% until the day of
testing.
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Figure 2: Grain size distribution of MLD soil and GGBS
2.3 Testing procedure
2.3.1 Compaction test

Standard proctor tests, in accordance with the ASTM D698
guidelines, were conducted on the MLD and GGBS mixture
with NaOH solutions of different concentrations: 2, 4 and 12M.
The samples were compacted in three layers in a 948 cm® mold,
and 25 blows were applied for each layer using a 2.5 kg rammer,
resulting in a compaction effort of 600 kJ/m?. Scrubbing of the
surface between each layer was performed to enhance interlayer
bonding. The samples were compacted immediately after
mixing to prevent particle aggregation and ensure uniformity,
avoiding any premature reactions initiated by the alkali
activation of GGBS.

2.3.2 Pore size distribution

To investigate the pore structure of the MLD and GGBS
mixtures with various concentrations of NaOH, MIP tests were
conducted using a Micromeritics Autopore IV apparatus with a
maximum intrusion pressure of 414 MPa. The soil samples
were compacted into cylindrical specimens measuring 72 mm
in height and 36 mm in diameter, then broken into small pieces
of approximately 1 cm?. These fragments were freeze-dried to
remove any moisture without altering the pore structure (Koliji
et. al, 2010). For this purpose, the samples were first introduced
in liquid nitrogen at — 196°C, then left in a freeze-dryer for 24
hours to allow vacuum drying of the frozen samples via
sublimation (Delage et. al 1996). The dry samples were placed
in a penetrometer, which was then positioned in the low-
pressure chamber. The system was initially evacuated under
vacuum, and the samples were subsequently filled with mercury
(a non-wetting fluid) as the pressure gradually increased to
atmospheric levels. The intrusion pressure was then raised to
approximately 206 kPa wusing compressed air. After
depressurization to ambient conditions, the samples were
transferred to high-pressure chamber, where mercury intrusion
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continued by increasing the pressure up to 414 MPa. The
detected entrance pore diameters range between 364 um and
0.003 um.

2.3.3 Unconfined compressive strength test

UCS tests were conducted, according to the ASTM D2166
standards, on stabilized cylindrical samples with 72 mm height
and 36 mm diameter after 0, 7, 28 and 60 days of curing. The
UCS tests were conducted at an axial displacement rate of
0.0667 mm/min. Each test continued until either failure
surfaces were clearly visible or an axial strain of 20% was
reached. To ensure consistency and reproducibility, three
identical samples with the same mix proportion and curing time
were tested each time, and the average results, along with their
standard deviation, were reported.

3 RESULTS AND DISCUSSION
3.1 Proctor compaction properties

The compaction curves of the MLD and the MLD blended with
5% GGBS and distilled water (reference mix), shown in Figure
2, show that the MDD decreases, and the OMC increases with
the addition of 5% GGBS to the soil. The addition of GGBS
modifies the soil matrix by filling voids with finer particles,
which can hinder the rearrangement of larger grains during
compaction and limit the achievement of a denser structure. In
addition, the increased surface areca from the fine GGBS
particles, combined with their pozzolanic nature, demands more
water for particle coating and hydration reactions, leading to an
increase in the OMC. This decrease in the MDD and increase
in the OMC is also observed for other soils when mixed with
fine materials such as lime or fly ash (Okeke et. al 2019,
Giineyli 2010, Turan et. al 2022, De Bel et. al 2013).
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Figure 3: Proctor compaction curves

The compaction curves of the mixtures stabilized with 5%
GGBS and NaOH with different concentrations, presented in
Figure 3, show different effects of NaOH activation on the
soil’s compaction behavior. Compared to MLD-5-H20, which
reaches a MDD of 1.79 g/cm?® at an OMC of about 16.5%, the
inclusion of NaOH leads to a variation in the MDD and a shift
of the OMC. The direction of this shift varies with the
concentration of NaOH. The MLD-5-2M mixture shows a
slight increase in MDD and a shift of the OMC toward lower
water content. In contrast, the MLD-5-4M and MLD-5-12M



mixtures exhibit a progressive reduction in MDD and a shift of
the OMC toward higher water contents, with MLD-5-12M
reaching the lowest dry density (1.70 g/cm®) and the highest
OMC (21%).

This observed reduction in MDD and increase in OMC
with increasing NaOH concentration can be explained by the
changes in the physicochemical environment of the soil-water
system introduced by alkali activation. In particular, the
interaction of water molecules with the Na” and OH™ ions in the
alkaline solution plays a crucial role. In NaOH solutions, a
significant portion of the water becomes bound in the form of
hydration shells surrounding the dissolved ions (Na* and OH")
(Ma et. al 2024). Each Na* ion typically attracts several water
molecules, forming a stable hydration sphere due to
electrostatic interactions. Similarly, OH™ ions also engage water
molecules through hydrogen bonding. This results in a
reduction of free water, which is the fraction available to
lubricate soil particles and facilitate particle rearrangement
during compaction. As the NaOH concentration increases, the
number of hydrated ions also increases, thereby increasing the
fraction of bound water and reducing the effective free water
content needed for optimal compaction. Consequently, higher
water content is required to compensate for the bound water and
achieve sufficient workability during compaction, leading to
the observed shift of the OMC toward higher values. At the
same time, higher NaOH concentrations significantly increase
the viscosity of the fluid, which has direct impact on the
compaction behavior of the mixture. High viscosity impairs the
ability of soil particles to rearrange and densify under
compaction, as the thickened fluid phase resists particle
movement and hinders the expulsion of entrapped air. This
results in a less efficient packing of the solid matrix, leading to
lower MDD and greater heterogeneity within the compacted
soil.

Inversely, the 2M NaOH mixture exhibited a slight shift in
OMC toward lower values compared to the non-activated
GGBS mixture. This suggests that at low concentrations, the
amount of Na* and OH™ ions is low enough that the extent of
hydration shell formation remains limited, preserving a larger
fraction of free water for lubrication and particle rearrangement
during compaction. Moreover, the mild flocculation of particles
induced by low ionic strength may improve particle gradation

and packing efficiency, resulting in a denser compacted
structure (Abdullah et. al 2020).

3.2 Pore size distribution

The MIP test results presented in Figure 4 reveal the influence
of the activator concentration on the pore size distribution of the
stabilized soil at day 0 (after compaction). The reference mix
(MLD-5-H20) shows a single family of pores with a peak
centered around 1 pm, indicating a predominance of larger
capillary pores. Smaller micropores (< 10 nm) are also
observed, but only to a limited extent. On the other hand, in the
presence of alkali solutions, all the samples show the
emergence of a new family of larger pores around 9 um,
regardless of the concentration. The addition of NaOH has
limited influence on the micropores. The emergence of this new
family of large pores upon the addition of NaOH, even prior to
any curing or formation of reaction products, indicates that the
alkaline environment itself alters the initial microstructure of
the soil-GGBS matrix. This behavior can be attributed to
structural dispersion caused by changes in the surface charge at
the edges of clay particles (Chavali et al., 2017). The resulting
acid-base attack occurs rapidly, increasing repulsive forces and
leading to macropore generation (Barakat et al., 2024; Shao et
al. 2024). This confirms that the presence of NaOH induces
structural rearrangement at the particle level, even before the
development of alkali-activated gels such as C-A-S-H.
Notably, the 12M NaOH mixture shows a reduction in the peak
intensity associated with smaller pores (around 1 um) and a
pronounced increase in the peak at larger pore sizes (around
9 um), indicating a coarser and more open initial pore network.

3.3 Unconfined compressive strength

UCS tests were conducted on stabilized samples with
varying concentrations of the NaOH solution (2M, 4M, and
12M) after 0, 7, 28 and 60 days of curing. The results of the
UCS tests are presented in Figure 5, with error bars indicating
the standard deviation of the three tests performed. The results
demonstrate good reproducibility of the experimental data.
Overall, independent of the activator's concentration, the UCS
of the alkali-activated GGBS-stabilized soil consistently
increased over time due to the ongoing chemical reactions and

0.3

S o
— e )
W 3] W

,

e

Log differential intrusion (mL/g)

—a— MLD-5-H20
—{—MLD-5-2M
—&— MLD-5-4M
—&— MLD-5-12M

1000

Pore size diameter (um)

Figure 4: Pore size distribution of samples with different concentrations of NaOH at 0 days of curing.
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the gradual formation of stronger bonds within the soil matrix.
Moreover, regardless of the activator concentration, the soil
stabilized with alkali-activated GGBS showed a significant
increase in the UCS compared to the GGBS stabilized soil, even
after just 7 days of curing. This strength increase can be
attributed to the high pH of the NaOH solution, which enhances
the dissolution of silica (SiO2), alumina (Al.Os), and calcium
(CaO) present in the GGBS (Sahoo & Prasad Singh 2022). This
dissolution releases silicate, aluminate, and calcium ions into
the solution, promoting the formation of cementitious
compounds such as (N,C)-A-S-H gels, which are primarily
responsible for strength development in the stabilized soil. In
contrast, in water (as in the case of GGBS-stabilized soil), the
near-neutral pH is insufficient to significantly dissolve the
GGBS components, resulting in limited reaction and strength
gain.
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Figure 5: UCS results at 0, 7, 28 and 60 days.

On the other hand, samples with a NaOH concentration of 2M
reached the highest UCS compared to samples with other
concentrations, across all curing times, reaching a peak of
approximately 3.7 MPa at 60 days. Higher concentrations of
4M and 12M result in reduced strength gains, particularly at
longer curing times, with UCS values of around 2.3 MPa and
1.5 MPa at 60 days, respectively.

All samples were compacted at the same MDD and OMC,
determined from the MLD-5-H20 reference mixture. However,
applying a uniform compaction point across all formulations
does not account for the distinct water demands introduced by
varying alkali concentrations. At higher NaOH concentrations,
a significant portion of the mixing water becomes chemically
bound in hydration shells around Na* and OH™ ions or is
consumed in the early formation of reaction products. This
reduces the proportion of free water available for workability,
reaction transport, and continued hydration. As a result,
although the total moisture content remained constant across all
mixtures, the effective moisture content (the water available to
sustain reaction kinetics and internal curing) was significantly
lower in the 12M mixture. This limited the extent of GGBS
activation, which in turn hindered the development of a dense
and cohesive binder phase and ultimately reduced strength.
Furthermore, the low availability of free water negatively
affects compaction by increasing the mixture stiffness, reducing
workability and limiting the uniformity of the compacted
matrix affecting negatively strength.

In contrast, the 2M mixture maintained a better balance
between activation potential and available water, supporting
continuous gel formation and strength development over time,
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which led to superior UCS performance. These findings
highlight that, in alkali-activated systems, strength
development is not only governed by chemical composition but
is also highly sensitive to the internal water dynamics. Using
the same compaction parameters for all mixtures can
disadvantage high-molarity systems due to their increased
chemical water demand and reduced free water availability.

3.3 Correlation between compaction and strength

The test results indicated a clear relationship between the
compaction characteristics and the UCS of the alkali-activated
mixtures examined in this study. The Proctor test results
showed that increasing NaOH molarity led to a reduction in
MDD and a shift in OMC to higher values, particularly in the
4M and 12M mixtures. This trend reflects the increasing
proportion of bound water due to ion hydration and early gel
formation, which reduces the availability of free water during
compaction and limits particle rearrangement. These same
mechanisms influence strength development. Although higher
NaOH concentrations increase chemical activation potential,
the reduced effective moisture content impairs the formation of
a well-connected and dense microstructure, which is essential
for strength gain. In contrast, the 2M mixture achieves a better
balance, maintaining relatively high compactability and
sufficient activation, leading to the highest UCS over time.
These results highlight that optimal strength in alkali-activated
soils is not achieved through maximum chemical activation
alone, but through a balance between compaction efficiency,
water availability, and reaction kinetics.

4 CONCLUSIONS

This study investigated the influence of NaOH concentration on
the compaction behavior and UCS development of a clayey silt
stabilized with 5% alkali-activated GGBS.

At low concentrations, the alkali activation is sufficient to
initiate beneficial interactions between the soil and GGBS
without significantly binding the mixing water or forming
obstructive early-stage reaction products, leading to better
compaction and increased strength. However, at higher
molarities (4M and 12M), the dominance of bound water and
early-stage reaction products becomes detrimental to
compaction efficiency as well as the progression of the
chemical reactions responsible for strength development.
Moreover, the alkaline environment created by the addition of
the activator, regardless of its concentration, creates dispersion
of particles within the mixture, as evidenced by the appearance
of a larger class of pores observed even at 0 days of curing,
before the formation of any reaction products.

For future research, it would be interesting to consider
optimizing the compaction parameters (i.e. moisture content)
for each NaOH concentration individually in order to get
optimal strength without the excessive use of the activator. In
addition, thermogravimetric analysis (TGA) could be used to
quantify the free and bound water available in the mixture,
providing experimental validation of the proposed hypothesis.
Furthermore, developing a predictive model based on these
parameters could offer valuable insights into strength
development and support more efficient mix design.
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