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Triaxial behavior and
microstructural insights of loose
sandy solil stabilized with alkali
activated slag

Mohammad Banaian, Seyed Mohammad Fattahi"“, Abbas Soroush & Alireza Komaei

This study investigates the mechanical and microstructural properties of loose sandy soil stabilized
with alkali-activated Ground Granulated Blast Furnace Slag (GGBFS). To examine the effects of varying
GGBFS contents, curing times, and confining pressures on mechanical behavior, undrained triaxial and
unconfined compressive strength (UCS) tests were conducted. Microstructural analyses using FE-SEM,
EDX, and FTIR were performed to elucidate the nature and development of cementation. The results of
mechanical behavior demonstrate that even with limited GGBFS content (1-6%), the treated samples
exhibited significant improvements in strength, stiffness, and energy absorption, underscoring the
efficiency of alkali-activated GGBFS as a soil stabilizer. Moreover, mechanical parameters from triaxial
tests revealed a nearly constant internal friction angle with increasing GGBFS content and curing
duration, while cohesion showed remarkable enhancement. A strong linear correlation between UCS
and cohesion was also identified, enabling cost-effective estimation of shear strength parameters.
These findings highlight the potential of alkali-activated GGBFS for improving granular soils, offering
practical implications for sustainable geotechnical applications, particularly in road construction.

Keywords Soil improvement, Alkali-activated slag (GGBFS), Mechanical behavior, Mechanical strength
parameters, Microstructural analysis

The successful construction and maintenance of road infrastructure rely significantly on the quality and stability
of the underlying soil layers, particularly the subgrade, which serves as the foundation for the road surface.
Loose sands and silts, encountered in some road construction projects as subgrade material, are characterized
by their non-cohesive nature, leading to poor load-bearing capacity and susceptibility to excessive settlement'.
Consequently, it becomes imperative to address the engineering properties of loose sands and silts through
effective soil improvement techniques to attain the desired performance and durability of road infrastructure in
such environments?.

One effective method for soil improvement involves chemical treatment, where conventional stabilizers like
ordinary Portland cement (OPC) or lime are mixed with soil. This process promotes inter-particle cementation,
thereby enhancing the mechanical characteristics of the soil and mitigating its compressibility>.

OPC has experienced notable annual production growth. In 2015, global OPC production reached 4.6 billion
tons?, and predictions indicate an ascent to approximately 4.83 billion tons by 2030*°. However, this excessive
reliance on OPC has given rise to significant environmental concerns. The production of 1 ton of OPC produces
about 1 ton of CO,, contributing to approximately 5% to 8% of global anthropogenic CO, emissions. Moreover,
this production process involves an energy consumption of 5000 MJ%’. Furthermore, OPC production depletes
natural resources as it consumes significant amounts of raw materials like limestone and clay®. Therefore, it is
imperative to discover alternative cement with less CO, footprint and dependency on natural resources.

Alkali-activated cements (AAC), with a 20% CO, emission of Portland cement, have emerged as a promising
alternative to OPC>!°. Beyond addressing CO, footprint concerns, these substitutions also provide a more
efficient solution to economic and environmental challenges associated with industrial waste disposal'’.

The production of AAC involves activating solid aluminosilicates in pozzolanic sources through the
application of an alkaline activator solution. During this process, aluminosilicates dissolve in alkaline solutions,
and initial gels, called oligomer chains, are created. Over time, the formed gels undergo a transformation,
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resulting in the development of longer and denser networks of chains. Ultimately, these chains combine to create
a three-dimensional structure of aluminosilicates'?.

The aluminosilicate sources involve industrial by-products like ground granulated blast furnace slag
(GGBES), waste glass powder, as well as natural materials such as metakaolin and volcanic ash!12, The most
available alkaline activating solutions include sodium or potassium hydroxide and sodium silicate, which can be
applied individually or in combination, depending on the chemical composition of the utilized aluminosilicate
source®.

Among aluminosilicate precursors, GGBFS, a byproduct generated during steel production, forms when
molten slag from the blast furnace is rapidly cooled, typically with water, creating a highly reactive granular
material'®. It accounts for about 13-20% of total crude steel production and 25-30% of iron ore production'%.

In recent years, numerous investigations have evaluated the utilization of AAC as a stabilizer for clayey
soils. De Aratjo et al.!” evaluated clayey soil stabilized with an alkali-activated binder composed of sugarcane
bagasse ash, hydrated eggshell lime, and sodium hydroxide as the activator. The study demonstrated unconfined
compressive strengths (UCS) of up to 5 MPa and reduced porosity in room-temperature curing conditions.
Similarly, Syed et al.!® investigated the use of steel slag and fly ash with sodium silicate and sodium hydroxide as
activators to stabilize expansive soils, reporting a 23-26% increase in subgrade strength compared to cement-
treated soils. In another study, Mypati and Saride!” utilized low-calcium fly ash activated by sodium hydroxide
and sodium silicate, achieving a tenfold improvement in UCS and significant reductions in swell-shrink behavior
with an optimal binder ratio of 1.5. Additionally, Pourakbar et al.!® demonstrated the potential of sewage sludge
activated by NaOH and Na,SiO, to stabilize clayey soil, achieving UCS improvements from 176 kPa to 1.46 MPa
and enhanced Mohr-Coulomb parameters, while reducing metal leachability. These investigations consistently
report notable improvements in strength, effective control of swelling, and reduction in the plasticity of the
AAC-treated cohesive soils. However, some areas such as long-term performance and cost-effectiveness of AAC
stabilization require further study.

In addition to cohesive soils, a growing body of research has examined AAC stabilization of sandy soils. Rios
et al.'” investigated silty sand stabilized with AAC derived from low-calcium fly ash and sodium-based alkaline
solutions. Their findings demonstrated significant stiffness and strength improvements, even under wetting
and drying cycles, with durability comparable to conventional soil-cement. Similarly, Martins Lima et al.20
examined the effects of ceramic waste and carbide lime as AAC precursors for stabilizing granular soils. Through
unconfined compressive strength (UCS) and simple shear testing, they highlighted the role of silica modulus and
porosity/binder indices in predicting strength and durability. Moreover, Han et al.?! explored the enhancement
of coral sand, a weak coastal soil, using alkali-activated slag modified with biochar. The results demonstrated
notable increases in strength, elastic modulus, and water retention, although wet-dry cycle resistance slightly
decreased at higher biochar contents. Additionally, Disfani et al.? focused on fine and medium sands treated
with alkali-activated fly ash, achieving UCS values exceeding deep-mixing soil stabilization requirements.
Kianynejad et al.?* also explored reinforced AAC systems using metakaolin, calcium carbide residue, and glass
wool microfibers, demonstrating improved compressive strength, ductility, and flexural behavior.

Despite these advances, existing research predominantly emphasizes UCS testing, leaving a critical gap in
the comprehensive understanding of the triaxial behavior of AAC-treated granular soils. This study aims to
thoroughly characterize the mechanical and microstructural properties of loose sandy soil stabilized with alkali-
activated GGBFS. To assess the mechanical behavior, samples treated with varying proportions of GGBFS and
curing durations were subjected to UCS and CU triaxial tests. The CU tests, conducted under confining pressures
of 50, 100, and 150 kPa, were used to evaluate performance under shallow to semi-deep stress conditions.
Furthermore, the nature and development of interparticle bonding were examined using FE-SEM, EDX, and
FTIR analyses.

Materials and methods

Materials

In the presented study, a silty sand (pH = 9.66, Gs = 2.65, Vmae = 18.2, and Ymin = 14.3) was utilized as
the base material. Moreover, the aluminosilicate precursor for AAC treatment was GGBFS from Isfahan Steel
Factory. To prepare the alkaline activator solution, laboratory-grade granular sodium hydroxide (NaOH) with
a purity of 99% and a density of 2.13 g/cm? at 20 °C was used. Figure 1 shows the gradation curve for both
soil and GGBFS, and Table 1 presents their chemical composition, determined by XRF analysis. The chemical
composition of GGBFS reveals that GGBES is a calcium-rich aluminosilicate source?*?>.

Methods
Specimen preparation
To prepare specimens with a relative density (Dr) of 30%, 133 g and 302 g of silty sand were mixed thoroughly
with varying proportions of GGBFS (i.e., 1%, 2%, 4%, and 6% wt.% of soil) for UCS and triaxial tests, respectively.
A 2 M NaOH activator solution containing 10% by weight of the soil was then incorporated into the mixtures.
Following this, the mixtures were layered using the method proposed by Ladd?® in cylindrical molds. The uniaxial
test samples were cast in molds with a diameter of 38 mm and a height of 76 mm, using a three-layer approach,
whereas the triaxial test samples were formed in molds with a diameter of 50 mm and a height of 100 mm,
employing a five-layer technique. After compacting the soil inside the molds, the samples were removed from
the molds, placed in plastic bags, and cured for 7 and 28 days under ambient conditions at 25+ 2 °C.

The samples treated with alkali-activated GGBFS were indicated by G, followed by a number representing
GGBEFS content. The curing days and confining pressure in triaxial tests were represented by D and CP, respectively,
with the specific value for each parameter shown by the following number. For instance, GGD7CP150 designated
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Fig. 1. Gradation curve of soil and GGBFS.

Component [wt%] | CaO | SiO, | ALO, | MgO | TiO, | MnO | SO, | Fe,0, | K,0 | Na,O | P,O, | LOI
Silty sand 1.41 | 81.89 | 6.10 0.24 | 0.79 |0.03 - 5.98 0.35 | 0.51 0.03 |2.05
GGBFS 37.90 | 35.90 | 8.40 890 |1.90 |1.50 |0.90 |0.60 0.70 | 0.70 0.01 |0.89

Table 1. XRF analysis results. LOI, loss on ignition.

the sample treated with GGBFS of 6 wt% of soil cured for 7 days and consolidated at 150 kPa confinement. Also,
it should be mentioned that samples with zero GGBFS content represent untreated soil.

Uniaxial compressive test

The unconfined strength of the treated samples was assessed according to ASTM.D1633-17% guidelines. The
specimens were loaded at a pace of 1 mm/min, and the stress-strain curve was determined by averaging the
results from three tests.

Triaxial compression test

Following the ASTM.D4767-1 128, the samples were subjected to CU triaxial tests to assess their mechanical and
pore pressure response. The tests were conducted using a computer-controlled triaxial MTM device in strain-
control mode at a 1 mm/min strain rate, with constant confining pressure applied during axial loading.

The CU testing consisted of three phases: saturation, consolidation, and shearing. Initially, the sample was
subjected to low confinement, and then CO, was passed through to accelerate subsequent saturation. Next,
de-aired water, at least twice the sample’s volume, was flowed through the specimen. Afterward, incremental
back pressure was applied consistently, maintaining a 10 kPa difference from the cell pressure. Once Skempton’s
pore pressure parameter (B) reached 0.95 or higher, saturation was confirmed. Following this, the specimen
was consolidated under effective confinement pressures of 50 kPa, 100 kPa, and 150 kPa. These pressures were
chosen to represent stress conditions typically encountered in semi-deep soil improvement projects. Finally,
after the pore pressure dissipated, the sample underwent undrained deviatoric stress until either failure or 20%
strain, whichever occurred first.

Finally, after the pore pressure dissipated, the sample underwent undrained deviatoric stress until either
failure or 20% strain, whichever occurred first.

In triaxial compression tests, the deviatoric stress (q) and mean stress (p’) were defined using the following
equations:

’ 2 /
p = % @)

where o] and o3 denotes the effective major and minor stresses respectively.
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The secant modulus at 50% of the shear strength (E,) was calculated to evaluate the stiffness of the samples.
Moreover, the brittleness index (I,), as an indicator of the brittle behavior, was calculated by the equation
suggested by Consoli et al.?:

_ 4max

I = -1 (3)

Qres

where gmaz and gres are the peak and residual deviatoric stresses, respectively.

The energy absorption capacity, which indicates the energy required to deform the samples, was assessed
by calculating the area under the stress—strain curve. To ensure consistency in comparative analyses, energy
absorption in this study was calculated at an axial strain of 10% (E, ). This approach avoids bias towards
brittle or ductile behavior, ensuring accurate reflections of practical soil performance.

The peak deviatoric stress criterion was used to calculate the undrained strength parameters for the treated
samples and both the undrained and drained parameters for the untreated soil. Determining effective strength
parameters from undrained triaxial tests presents significant challenges for highly dilative samples, which tend
to expand markedly under deviatoric stress. This study adopts the methodology of Baxter et al.’* to determine
the failure envelope for such samples. This method is particularly suited to the tested soils, as it mitigates the
impact of significant negative pore pressure generated by high dilation tendencies. Negative pore pressure in
dilative soils can increase the apparent shear strength under undrained conditions, leading to overestimated
effective strength parameters. By applying the zero excess pore pressure (Au = 0) criterion at failure, the
Baxter methodology minimizes this effect, providing a more accurate representation of the drained strength
parameters. However, it should be noted that the Au=0 criterion is particularly suitable for soils with uniform
properties, where the transition from contraction to dilation occurs consistently. However, in soils with variable
cementation or heterogeneity, this transition may be uneven, potentially limiting the applicability of the criterion.

Skempton’s equation for excess pore pressure occurring under changes in the principal stresses Aoy and
Aoz are given by the following equation:

Au = B[Acs + A(Ac1 — Acs)] 4)

where A and B are pore-pressure parameters. For the conventional compression triaxial test, the equation is
simplified as follows in applying the deviatoric stress stage:

Au = ZAO‘d (5)

where A = A.B and Ao, represents changes in deviatoric stress. Following Baxter et al.’, when the A
coefficient is set to zero, Au corresponding to sample failure equates to zero, and substantial negative pore
pressure is disregarded. Consequently, the principal stresses corresponding to Au=0 are employed to establish
drained failure envelopes and shear strength parameters.

Microstructural tests

The field emission scanning electron microscope (FE-SEM) and energy-dispersive X-ray spectroscopy (EDX) of
MIRA3, TESCAN Co., were utilized to examine the surface morphology and the formation of alkali-activated
GGBFS in the treated samples, respectively. Additionally, an FTIR Thermo Nicolet Avatar 380 series spectrometer
was used to evaluate the functional groups and bonds formed in the samples with varying GGBEFS content.

Statistical analysis

In this study, ORIGIN PRO 2022 software was used for statistical analysis. Regression analysis was utilized to
determine the correlations between GGBFS content and various properties, including brittleness index, failure
deviatoric stress, failure axial strain, secant modulus at 50% of shear strength, absorbed energy, friction angle,
and cohesion. Additionally, linear correlations were established between deviatoric stress and mean effective
stress to derive failure envelopes. Moreover, cohesion parameters were correlated with the maximum stress of
the UCS samples, and the significance of these relationships was evaluated using the F-test.

Results

Uniaxial compressive test

Figure 2 depicts the stress—strain curve obtained from uniaxial compressive tests performed on the samples
treated with varying GGBFS content after 7 and 28 days of curing. Notably, the untreated soil could not undergo
this test due to its lack of cohesion and subsequent instability. The results show a progressive increase in
compressive strength with higher GGBES content, with the maximum strength observed for samples containing
6% GGBFS. Additionally, the curing duration significantly affects the mechanical response, with samples cured
for 28 days exhibiting higher strength and stiffness compared to those cured for 7 days. The stress—strain behavior
also transitions from ductile to brittle as the GGBFS content increases, evident from the sharper post-peak stress
drops in samples with higher GGBFS percentages.
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Fig. 2. Stress—strain curve based on uniaxial compressive test of treated soil using alkali-activated GGBFS with
varying contents after 7 and 28 days of curing.
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Fig. 3. Correlation of maximum axial compressive stress with GGBFS content and curing time.

Figure 3 depicts the relationship between maximum axial compressive stress (0mae) and GGBFS content
(G¢) for samples cured for 7 and 28 days. The maximum axial stress increases consistently with higher GGBFS
content, following a linear trend as represented by the equations.

Omaz = 266.75G ¢ + 176.47 for 7 days cured samples and 0maz = 265.76G ¢ + 333.94 for 28 days cured
samples. No evidence of a saturation effect is observed, as o4 continues to rise linearly with increasing GGBFS
content across the tested range.

Figure 4 illustrates the relationship between axial strain at maximum stress (€ma) and GGBEFS content (G¢)
for samples cured for 7 and 28 days. The axial strain decreases consistently with higher GGBFS content, following
a power-law trend described by the general formula &2 = aGc®, where a and b are fitting coefficients. The
results also indicate that curing time has a noticeable impact on axial strain, with samples cured for 28 days
exhibiting slightly lower axial strain values at maximum stress compared to those cured for 7 days.
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Fig. 4. Correlation of axial strain at maximum stress with GGBFS content and curing time.

Fig. 5. Failure modes of tested samples: (a) barreling mode in GID7CP100 sample (b) shear zone failure of
G4D28CP100 sample (c) shear zone failure of G6D28CP100 sample.

Triaxial test results

Typical failure modes of the samples

Figure 5 illustrates the typical failure modes observed in the tested samples under undrained conditions. All
untreated soil samples exhibited a barreling mode with no distinct shear plane formation. Additionally, in
samples with low GGBFS content and high ductility (i.e., G1 and G2), barreling was the predominant failure
mode, as shown in Fig. 5a. However, with the rise in GGBFS content, the failure mode markedly changed, and
a well-defined shear band became apparent. When comparing Fig. 5b,c, it is evident that samples with a higher
GGBEFS content displayed distinct shear bands.

Stress—strain and pore water pressure response

Figure 6 demonstrates the q and Au versus axial strain (e,) for the samples in the triaxial tests. These experiments
were conducted under varying GGBES contents, confinements, and curing periods.
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Fig. 6. Undrained triaxial behavior; q—¢, and Au~¢, curves: (a) untreated samples (b) treated samples.

In considering q-g, curves, the majority of the samples exhibited a strain-softening response, indicative of
brittle behavior. However, the G1D7s, G1D28s, G2D28CP100, and G2D28CP150 samples demonstrated a strain-
hardening response, representing ductile behavior. Upon comparing the q-¢, curves of the treated samples with
the untreated samples, a notable enhancement in strength was observed.

As shown in Fig. 6b, the increase in GGBFS content (G ), cell pressure, and curing time corresponded to a
rise in deviatoric stress at failure (¢¢) and a stiffer behavior. Additionally, the augmentation of G, resulted in
a lower axial strain at failure (g;), and a greater difference between maximum and residual deviatoric stresses.
However, unlike the effect of GGBEFS content, an increase in cell pressure and curing time resulted in less
difference between maximum and residual deviatoric stresses and greater ductility. Moreover, higher GGBFS
content, increased cell pressure, and extended curing time resulted in a larger energy absorption.

Regarding the Au-g, curves, due to the loose condition (D, of 30%) of the untreated sample, its pore pressure
increased until reaching a constant value, and its contraction tendency increased as the cell pressure increased.
However, treated samples initially displayed a contractive tendency at low strains, followed by a rapid decrease,
signifying a notable inclination toward dilation. Additionally, positive pore pressure at low ¢, as well as the
absolute magnitude of negative pore pressure associated with dilation tendencies, increased with higher levels
of cementation. According to Fig. 6b, the Au of the G6D7CP50 sample reached —576 kPa after a significant
reduction, representing the maximum absolute value of measured negative pore pressure. Furthermore, the
negative pore pressure corresponding to G6D28 samples was not fully measured due to sensor limitations in the
triaxial test device.

As confinement increased, the tendency of the samples to dilate generally decreased, except for the cases
of G1D7 and G4D28, where the opposite trend was observed. This opposite trend indicates uncertainty in the
magnitude of negative pore pressure at high strains. Furthermore, the dilation tendency was more pronounced
in 28 days cured samples compared to 7 days cured ones.
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Relationship between brittle index (Ip) and GGBES content (G )
Figure 7 illustrates the relationship between I, and B at various confinements and curing times for the treated
samples. Given that the untreated samples displayed negligible residual strengths (see Fig. 6a), the calculation of
the I, was exclusively performed for the treated samples.

According to Fig. 7, the fitted curves exhibited a robust power relationship between I, and Go characterized

B

by the general equation of I = a X G¢". The coefficients a and b were obtained via fitting curves. I  increased
with higher GGBFS content. For instance, under a confining pressure of 100 kPa, G6D7 and G6D28 samples
exhibited I 5 values of 0.28 and 0.26, respectively, while G1 samples displayed ductile behavior, with /g = 0.

Furthermore, as the confinement increases, I B decreases. For example, I values for G6CP50, G6CP100,
and G6CP150 samples after 7 days of curing were 0.39, 0.28, and 0.23, respectively. Comparing Fig. 7a,b, it is
evident that the I, of samples cured for 28 days was lower than that of samples cured for 7 days. Additionally, a
transitional behavior was observed in the G2 samples over the curing period. While G2D7 samples exhibited a
slight post-peak strain-softening behavior, G2D28 samples demonstrated ductile behavior, with I,=0.

Relationship between deviatoric stress at failure (qr) and GGBFS content (G_)

The relationship between ¢y and G under varying confinements and curing times is presented in Fig. 8. The
failure points of all specimens were determined from their stress—strain behavior. For strain-softening specimens,
the failure point was identified at the peak deviatoric stress, while for strain-hardening specimens, it was defined
at 15% axial strain in accordance with ASTM.D4767-1128.
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As shown in Fig. 8, a strong relationship (R*~0.95) between g and G was revealed by the fitted curves,
with the general equation of ¢; = a(G'c — b)°. An increase in G, corresponded to an increase in ¢y. Notably,
a mere 1% GGBFS addition resulted in a substantial strength difference between G1 and untreated samples. For
instance, the gy of G1D7 and G1D28 at a confinement of 100 kPa increased by 12 and 16 times, respectively,
compared to untreated samples.

Additionally, it is evident that greater confinement leads to an increase in ¢y, as expected. Comparing Fig. 8a
and b reveals that the shear strength of samples cured for 28 days exceeded that of samples cured for 7 days.
Nonetheless, there was a slight disparity in shear strength between the 7 day and 28 day cured of G4 and G6

samples.

Relationship between failure axial strain (e;) and GGBFS content (G )
Figure 9 displays the relationship betwéen e, and G, under varying confinements and curing times. The
fitted curves illustrated a peak-shaped correlation between and GGBFS content with a general equation of
er =a+ bexp(—exp (—z) — z+ 1),wherez = ¢(G¢c — d{ Here, a, b, ¢, and d are fitting coeflicients obtained
from regression analysis. The term z = ¢(G¢ — d) introduces a scaling and shifting factor that determines the
peak position of the fitted curve.

Additionally, the dashed horizontal lines at 15% axial strain mark the upper limit of axial strain at failure,
following the guidelines in ASTM.D4767-11%,

As shown in Fig. 9, a notable difference in ¢, was evident between the untreated samples and G1 samples.
As shown in Fig. 6a,b, the stress—strain curves of untreated specimens exhibited a distinct peak corresponding
to failure at approximately 1.5% strain, while the G1 samples displayed a completely ductile behavior up to a
strain of 20%. In Fig. 9a,b, peaks in the fitted curves occurred at approximately 1% and 1.5% GGBFS content,
respectively. Subsequently, as the GGBFS content increased, ¢, decreased; however, there was a negligible
difference in &, between the G4 and G6 samples.

According to Fig. 9, varying confinements have little impact on ¢, especially in the 28-day cured samples
(Fig. 9b), where differences were not discernible. Moreover, when comparing Fig. 9a,b, it becomes evident
that substantial differences in ¢, existed between the G2D7 and G2D28 samples. This indicates the transitional

behavior over curing time as mentioned previously.

Stiffness of the samples
Figure 10 illustrates the change of secant modulus (E,,) with G under different confinement levels for both

7 days and 28 days treated samples. The fitted curves demonstrated that E, increased with G with a strong
relationship described by the general equation of E5o = a + bG ¢, where a and b were obtained from the fitted
curves.

A comparison between Fig. 10a,b indicates an increase in E,, with extending curing time. However, the
positive influence of confinement in increasing E,, diminished as curing time increased. In essence, the impact
of confinement on the E, of the 28 days cured samples was not remarkable.

Energy absorption
Figure 11 illustrates the correlation between the energy absorption capacity of the samples at an axial strain

of 10% (E}, ;) and G, under various confinement levels for both 7-day and 28-day treated samples. The
variables E}, , .., and G, ‘demonstrated a highly correlated relationship (R?>0.95), characterized by the equation
Ep.1o% = a(Gc + b)“, where a, b, and ¢ represent the associated parameters.

As shown in Fig. 11, an increase in GGBFS content, cell pressure, and curing time corresponded to a rise in

E Notably, a substantial difference in E}, , . was observed between untreated soil and G1 samples containing
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only 1% GGBEFS. For Instance, the E}, ,, value of the G1D28 sample under a 150 kPa confinement was 13.1

times greater than the corresponding untreated sample.

Failure envelopes and shear strength parameters

Figure 12 presents the drained failure envelopes for all tests conducted at both 7 days and 28 days curing times.
Additionally, Figs. 13 and 14 show the variation of friction angle (¢ and ¢’) and cohesion (C and C’) with GGBFS
content.

As shown in Fig. 13, the treated samples with alkali-activated GGBFS exhibited a nearly constant internal
friction angle with increasing GGBFS content under both drained and undrained conditions, with minimal
influence from curing time. Conversely, cohesion increased with GGBFS content and curing time as depicted in
Fig. 14. It is also noteworthy that ¢’ and C’ were lower than the respective undrained values.

The relationship between triaxial test results and uniaxial compressive test

To compare undrained and drained cohesion parameters resulting from soil stabilization with alkali-activated
GGBFS, a correlation between these two parameters and UCS was established. Figure 15 illustrates this
correlation, demonstrating a linear function, where C and C’ are approximately 0.3 and 0.1 of UCS, respectively.
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Microstructural analyses

FE-SEM and EDX analysis

Figure 16 illustrates the FE-SEM and EDX analyses performed on the GGBFS-treated samples after 28 days of
curing. The FE-SEM images provide a magnified view of 10,000X, revealing the formation of gels throughout
the alkali-activation process of GGBES. These images reveal the formation of calcium-silicate-hydrate (C-S-H),
sodium-aluminosilicate-hydrate (N-A-S-H), calcium-aluminosilicate-hydrate (C-A-S-H), and a combination
of N-A-S-H and C-A-S-H, collectively referred to as (N, C) A-S-H gels. Based on prior studies conducted
by researchers such as Kamath et al.’}, Li et al.*2, and Provis et al.??, the specific appearances of these gels were
identified: C-S-H gels exhibited fibrous or layered structures, C-A-S-H gels displayed plate-like or irregular
morphologies, and N-A-S-H gels presented an amorphous and loosely packed structure.

The EDX analyses further support these findings by confirming the elemental composition of the observed
gels, with silicon (Si), oxygen (O), calcium (Ca), aluminum (Al), and sodium (Na) identified as the major
elements. For instance, the EDX spectrum of the G6D28 sample reveals a composition of 38.55% Si, 33.90% O,
11.21% Ca, and 7.24% Al by weight, confirming the formation of N-A-S-H and C-A-S-H gels.

FTIR analysis
Figure 17 illustrates the outcomes of FTIR analysis performed on both untreated and treated soil with varying
GGBFS content after 28 days of curing, within the wave number range of 450-4000 cm™!.

Broadly, the bonds observed within the 450-1100 cm! range were associated with aluminosilicate bonds

in the N-A-S-H and C-A-S-H phases. In this investigation, the GGBFS-treated sample displayed multiple
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Fig. 15. The correlation between cohesion (C and C’) and UCS of the treated samples with varying GGBFS
content after 7 and 28 days of curing.

bonds within this range. As the GGBFS content increased, the peaks in these bonds became more prominent,
suggesting enhanced bond strength, accompanied by a corresponding decrease in transmittance percentage.

Bonds in the 1400-1440 cm™ range were associated with carbonates formed from the reaction between
alkali hydroxides in AAC and atmospheric CO,. Peaks in the 1500-1700 cm™ range corresponded to crystalline
water, while those in the 3000-3500 cm™! range indicated the presence of water in the voids of the cementation.
According to the FTIR findings, as GGBFS content increased, the presence of water between pores and soil
particles diminished. This decrease in physical water content has consequently led to an increase in transmittance
at this wave number. According to a study by Li et al.3, the O-H bond detected at 3000-3500 cm ™! can be linked
to the C-S-H gel.

Discussion

Microstructure of the treated soil

In this study, GGBFS and NaOH solution were employed as the aluminosilicate precursor and activating agent,
respectively, to stabilize silty sand soil and enhance its mechanical properties. The presence of C-S-H, N-A-
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S-H, C-A-S-H, and (N, C)A-S-H gels, which contribute to interparticle bonding, was confirmed through
FE-SEM imaging and EDX analysis. These findings are consistent with earlier research on the microstructure of
soils stabilized with AAC!*3>3_ The formation of these gels plays a critical role in improving soil properties, as
they fill voids and create strong interparticle bonds.

The alkali-activation process, which governs gel formation, begins with the dissolution of calcium-rich
aluminosilicates in GGBFS under the highly alkaline conditions provided by NaOH. This dissolution releases
reactive ions such as calcium (Ca?*), aluminum (AI**), and silicon (Si**), which polymerize to form C-S-H,
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Fig. 17. FTIR analysis results for untreated and treated soil with varying GGBFS content after 28 days of
curing.

N-A-S-H, and C-A-S-H gels. The amount of GGBEFS directly influences this process, as higher GGBFS content
increases the availability of these ions, enhancing gel density and connectivity. This enhancement leads to the
formation of a more continuous and robust gel network, transitioning from dispersed clusters in low-GGBFS
samples to a dense, uniform matrix in high-GGBFS samples, as shown in Fig. 16.

FTIR analysis complements these findings by revealing the chemical bonds that support gel formation. Bonds
identified within the 450-1100 cm™! range, associated with aluminosilicate structures in N-A-S-H, C-A-S-H,
and (N,C)-A-S-H gels, become more pronounced with increased GGBFS content®”. This is evident from the
deeper peaks and reduced transmittance percentage observed in FTIR spectra, reflecting a higher density of
amorphous gels (Fig. 17). Furthermore, in alignment with prior research, the OH bond occurring between 3000
and 3500 cm™! can be linked to the CSH bond***. These changes are consistent with the observed improvements
in gel network connectivity and mechanical properties.

Additionally, FTIR analysis reveals that increasing GGBEFS content reduces the water present between soil
particles, leading to higher transmittance at specific wave numbers. This reduction is primarily attributed to
hydration reactions during alkali activation, where free water is consumed in the formation of cementitious gels.
Additionally, these gels occupy the pore spaces between soil particles, densifying the soil matrix and limiting its
water retention capacity. Consequently, the diminished water content results in less infrared light absorption,
explaining the increased transmittance.

Mechanical and pore pressure behavior of treated soil

Brittleness

As shown in Fig. 7, increasing GGBFS content correlates with higher I,, indicating more brittle behavior, which
is consistent with previous studies. This aligns with the failure modes in Fig. 5, where a transition from barreling
to distinct shear banding occurs with increased GGBEFS content. This transition is linked to changes in the
soil's microstructure. At higher GGBFS content, strong bonds between soil particles create a denser and more
rigid matrix that restricts particle movement. This rigidity reduces the ability to dissipate energy effectively,
causing stress to concentrate in localized regions and ultimately leading to sudden failure along shear bands.
Consequently, the breakdown of strong interparticle bonds leads to a sharp drop in stress after peak failure,
resulting in a higher brittle index.

Deviatoric stress at failure

As depicted in Figs. 3 and 7, increasing GGBES content corresponded to higher gy. This finding aligned with the
evidence provided by FE-SEM images and FTIR analyses (Figs. 16 and 17), indicating the enhanced formation
of binding gels between particles*®*!.

Furthermore, samples cured for 28 days demonstrated superior shear strength compared to those cured
for 7 days; however, the influence of the curing period diminished as the GGBFS content increased. This
behavior can be attributed to the accelerated pozzolanic reactions at higher GGBEFS levels, which facilitate
rapid initial strength development*?. The reduced reliance on extended curing time in high GGBFS-treated
soils offers practical advantages, including expedited project timelines and cost efficiencies. Nevertheless, careful
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optimization of GGBFS content and curing duration is critical to prevent excessive brittleness, particularly
under low-confinement conditions.

Deformability and stiffness

The observed stiffness and deformability behavior of the GGBFS-treated soils demonstrates an inverse
relationship between these properties. As shown in Fig. 10, the secant modulus (E,,) increased with higher
GGBEFS content, indicating enhanced stiffness. Conversely, Fig. 4 and Fig. 9 illustrate a reduction in the strain
at failure (e,) with increasing GGBFS content, reflecting diminished deformability. This trend can be attributed
to the formation of a denser and more rigid soil matrix as GGBFS content increases, as demonstrated in FE-
SEM and FTIR analyses (Figs. 16 and 17). These findings align with the behavior of cemented soils reported in
previous studies*>44,

Additionally, Fig. 9 illustrates that E,, increased over curing time. However, with increasing confinement,
the influence of curing time on E,; enhancement diminished. This observation was attributed to the increased
confinement, enhancing forces, and particle interactions. Consequently, the impact of curing time on stiffness
decreases since the dominant factor influencing stiffness becomes the interparticle forces instead of cementation

development during curing time®’.

Excess pore pressure
In Fig. 6, for GGBFS-treated samples, the excess pore pressure response exhibited an initial tendency for
contraction at low strains, followed by a sharp decrease, indicating a significant tendency to dilation. This
behavior has been reported in prior studies involving CU triaxial tests conducted on cemented sandy soil?%46:47,
According to Fig. 6b, an increase in cementation content led to a rise in excess pore pressure at low strains and
negative suction at high strains. Additionally, with a rise in the cementation level, the transition from positive to
negative pore pressure became more pronounced. Similar findings have been reported by Baxter et al.*°.
Moreover, an increase in confinement generally resulted in a decrease in negative suction at the end of the
loading process, a finding reported similarly by Amini and Hamidi*®. However, this pattern was not evident
in the G1D7 and G4D28 samples, where an opposite trend was observed. This divergent trend aligns with
the observations made by Baxter et al.*’, indicating variability in pore pressure response at high strains was a
consequence of cavitation. When pore pressure decreases during shearing, air trapped in the pore water starts
to escape once it falls below a certain level. As a result, this influences the pore pressure response, which causes
significant uncertainty in determining effective strength parameters.

Strength envelope and parameters

In this study, Au = 0O criterion recommended by Baxter et al.’’ was used to establish drained strength envelopes
and their associated parameters, as depicted in Figs. 12, 13, and 14. As illustrated in Fig. 14, higher GGBFS
content and longer curing time result in increased cohesion, consequently enhancing shear strength (Fig. 6).
Additionally, the increase in cohesion as a result of higher GGBFS content is evident in the FE-SEM and FTIR
analyses, presented in Figs. 16 and 17, respectively. However, as depicted in Fig. 13, the internal friction angle
remains relatively constant across all conditions, aligning closely with the results presented by Amini and
Hamidi“. This nearly constant internal friction angle observed in GGBFS-treated soils may be attributed to the
preservation of the granular structure of particles, which is a key factor influencing frictional behavior. Unlike
conventional stabilization methods that alter the arrangement of soil particles through increased cementation,
the alkali-activated GGBFS treatment primarily enhances bonding at particle interfaces without significantly
modifying the overall granular structure. However, further research is reccommended to validate these hypotheses
and provide deeper insights into the observed behavior.

Also, the undrained strength parameters of the treated soil were calculated using the peak deviatoric stress
criterion. As shown in Figs. 13 and 14, the drained strength parameters, especially the cohesion intercept, were
lower than the corresponding undrained values, indicating that the Au = 0 criteria effectively eliminated the
influence of large negative pore pressure on shear strength?®.

Furthermore, the linear correlation between the cohesion parameters and UCS was established (Fig. 15).
Given the significance and accuracy of the established relationship and the cost-effectiveness and simplicity of
conducting the uniaxial test compared to the triaxial test; it can be concluded that utilizing uniaxial tests instead
of triaxial tests enables the estimation of the shear strength parameters for the silty sand stabilized with alkali-
activated GGBES.

1.30

Conclusion

This study aims to thoroughly evaluate the mechanical and microstructural characteristics of loose sandy soil
treated with alkali-activated GGBES, providing valuable implications for projects involving semi-deep soil
stabilization. The findings of this study are summarized as follows:

Microstructural analyses using FE-SEM and EDX revealed the formation of calcium-silicate-hydrate
(C-S-H), sodium-aluminosilicate-hydrate (N-A-S-H), calcium-aluminosilicate-hydrate (C-A-S-H), and
combined (N, C)-A-S-H gels during the alkali activation process of GGBFS. These gels played a pivotal role
in enhancing mechanical properties. Complementary FTIR analysis confirmed the formation and increased
density of these gels, corresponding to the higher GGBFS content.

GGBFS-treated soils demonstrated that even with limited GGBFS content (1-6%), the treated samples
exhibited significant improvements in strength, stiffness, and energy absorption, underscoring the efficiency
of alkali-activated GGBFS as a stabilizer for granular soils. Additionally, samples subjected to a 28 days curing
period exhibited greater shear strength and stiffness compared to those cured for 7 days. However, the impact of
the curing period became less pronounced with higher GGBFS content.
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The increased GGBFS content significantly improved soil cohesion, ranging from 240 to 600 kPa under
undrained conditions and 50-270 kPa under drained conditions after a 28 days curing period. However, the
internal friction angle remained nearly constant, approximately 42 + 2° for undrained conditions and 38 + 3° for
drained conditions.

A strong linear correlation between the uniaxial compressive strength (UCS) and the cohesion of stabilized
sandy soil treated with alkali-activated GGBFS was established, offering a cost-effective method for estimating
shear strength parameters without the need for triaxial testing.

Overall, the comprehensive analysis of the results highlights the effectiveness of GGBFS treatment in
improving the mechanical performance of sandy soil, thereby presenting promising applications for road
construction projects and other geotechnical applications.
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