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Danutė Vaičiukynienė 1,* , Gediminas Stelmokaitis 1 and Petros Christou 2

1 Faculty of Architecture and Civil Engineering, Kaunas University of Technology,
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Abstract

The purpose of this study was to evaluate how an alkali activator, specifically soluble
glass, influences the geotechnical performance of sandy-pebble soil when combined with
biomass bottom ash (BMA) as a sustainable stabilizing material. This work focused on
understanding whether alkali activation could increase the strength, compactness, and
overall engineering suitability of these mixtures while also examining how the activator
affects permeability. To accomplish this, mixtures containing different proportions of
BMA were prepared and treated with soluble glass at controlled water-to-activator ratios,
followed by standard geotechnical procedures including Proctor compaction and California
Bearing Ratio testing to assess density and load-bearing capacity. The results showed that
soluble glass substantially improved the mechanical behavior of the mixtures, with both
Proctor density values varying from 1.48 to 2.04 Mg/m3, depending on BMA content and
activator dosage, while CBR values more than doubled for mixtures containing 20% BMA
at a water-to-soluble-glass ratio of 1:3. Water permeability decreased with increasing BMA
and activator content, from 8.11 × 10−5 to 5.91 × 10−5 m/s, although the permeability
threshold of ≤2 × 10−5 m/s was not reached. These enhancements were linked to better
packing of soil particles due to the void-filling effect of BMA and the formation of new
binding compounds produced through alkali-activation reactions, including N-A-S-H and
C-S-H gels. However, this study also found that higher amounts of soluble glass reduced
water permeability, an effect associated with the denser microstructure created during
geopolymerization. Overall, the findings demonstrate that stabilizing sandy-pebble soil
with alkali-activated BMA is an effective approach to improving essential geotechnical
properties while simultaneously offering environmental benefits by repurposing biomass
waste in ground-improvement applications.

Keywords: soil stabilization; alkali activated ash; N-A-S-H and C-S-H gels; geopolymerization
reactions

1. Introduction
Biomass is considered to be one of the most significant sources of renewable energy

globally, especially in the field of heat generation, where it accounts for 70–75% of the
total biomass energy consumption [1]. The use of biomass in district and domestic heating
systems has increased significantly in recent decades across the European Union, especially
in Sweden, Finland, Lithuania and Estonia [2]. According to the Lithuanian Energy Agency,
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in 2023, Lithuania will generate around 5.5 TWh of energy from biofuels, which corresponds
to 5–6 million tons of wood fuel [3]. Wood has an average ash content of 2%, which indicates
that 100,000 tons of biomass ash waste are generated per year and subsequently sent to
landfill [4,5]. The International Energy Agency forecasts that biomass will continue to be
one of the world’s primary renewable heat sources by the year 2030 [1]. The recycling of
some types of biomass ash is problematic due to the large amount of non-reactive parts
such as quartz and calcium carbonate. For this reason, these ashes are not often used as
supplementary cementitious materials (SCM) due to their low pozzolanic activity [6]. A
similar situation exists with alkaline-activated binders, low pozzolanic activity ash, which
are not suitable for use separately as precursors. In such cases, it is recommended to create
mixed aluminosilicate precursors by including more reactive aluminosilicate materials [7].

There are several studies where biomass ash has been used to stabilize soils during
road construction. Barišić et al. [8] used three types of biomass ash: barley, sunflower seed
husks and wheat to replace lime in hydraulically stabilized soil. It was determined that
the strength properties of soil–lime–fly ash mixtures were closely related to the chemical
composition of ash. Iyaruk et al. [9] used biomass bottom ash and cement to stabilize
lateritic soil. The best results were achieved with a mixture of 80% biomass bottom ash
(maximum ash content) and 5% cement. This formulation had the best geotechnical engi-
neering properties, such as the modified Proctor test, the California Bearing Ratio (CBR)
test and the unconfined compression test, and it did not leach heavy metals. A study [10]
investigated the potential of biomass bottom ash to stabilize expansive clay from highway
construction. The addition of biomass bottom ash as a filler material to the expansive
clay soil of transport roads improved the mechanical properties and reduced the level of
expansivity. The free swelling capacity of the expansive clay was 11.64%, whereas the
addition of biomass bottom ash reduced the free swelling capacity and was in the range
of 6.5% and 4.9%. Jamnongwong et al. [11] demonstrates that dam sediments stabilized
with a 10% eucalyptus ash–cement blend achieve substantial mechanical gains (UCS up
to 2.25 MPa), exhibit denser microstructures with C–S–H formation, meet environmental
safety standards through low metal leachability and compliant groundwater quality, and
offer a cost-effective, sustainable alternative to conventional road construction materials. Al-
kaline activation of rocks can also be applied to the stabilization of mudstone-cemented soft
rock during tunnel construction [12]. Recent findings by Xue and Wu [13] show that cyclic
thermal treatment fundamentally transforms the mechanical behavior and brittleness evolu-
tion of geomaterials, underscoring the broader importance of understanding how external
chemical or thermal actions modify fracture development and structural performance—an
aspect also central to evaluating stabilization mechanisms in alkali-activated granular soils.

Recently, a lot of research has focused on the stabilization of soils using alkali-activated
materials. Morales et al. [14] validated a chemical method for stabilizing lateritic gravelly
soils. In this case, sugarcane bagasse ash was used as an aluminosilicates precursor to
produce an alkali-activated binder. As an alkaline activator, a sodium hydroxide solution
was prepared at different concentrations ranging from 3 to 10 moles. The inclusion of alkali-
activated ash binder in the system led to improvement in mechanical strength (unconfined
compressive strength) and durability, and compaction properties were modified. Geomate-
rial for use in pavement subbase was suggested. Anburuvel et al. [15] used the alkaline
activation of biomass ash to stabilize lateritic soils in road structures. Alkali-activated
eggshell ash and rice husk ash with a sodium hydroxide solution improved the mechanical
strength of the soil and could be a potential substitute for cement stabilization of this
soil. Geopolymer consisting of eggshell ash and rice husk ash improved the mechanical
properties of stabilized lateritic soil. The best results were obtained with the following
geopolymer compositions: 3% or 2% eggshell ash, 1% or 2% rice husk ash and 1% NaOH.
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Previous studies [16] have shown that fly ash and blast furnace slag geopolymer can be
used to stabilize problematic dusty clay. The ratio of the aluminosilicate precursors (fly ash
and blast furnace slag), the concentration of the alkali activator (sodium hydroxide solution)
and the curing temperature were significant factors. The results show that unconfined
compressive strength is closely related to the geopolymerization process and interparticle
forces. Higher curing temperatures increased the rate of geopolymerization. The best
ash-to-blast-furnace-slag ratio was 20:10. Santhikala et al. [17] prepared a geopolymer from
a blended precursor made from fly ash, metallurgical slag, biomass ash and an alkaline
activator to stabilize expansive soils. It was found that the unconfined compressive strength
of the expansive soils to be stabilized increases with increasing geopolymer content. The
optimum activator concentrations were 8 M and 10 M. It was recommended to use at least
20% geopolymer for soil stabilization. For the stabilization of soft soils, Wu et al. [18] pro-
posed the use of a geopolymer made from ash and slag. After 28 days, the unconsolidated
compressive strength was 2 MPa. The ratio of slag to fly ash was 1:1, and the concentration
of alkali activator was 6% and its content 0.6. In this stabilized soil, calcium silicate hydrate
and sodium aluminosilicate hydrate were formed as binding compounds which increase
the density due to the filling effect and chemical reactions. Another study [19] investi-
gated the sustainable stabilization of sandy soil using alkali-activated binders produced
from construction and demolition waste, demonstrating their mechanical effectiveness,
durability, and environmental advantages compared with conventional cement-based sta-
bilization. Microstructural analysis confirmed the development of N–A–S–H and mixed
aluminosilicate–calcium silicate hydrate gels. Pourakbar et al. [20] shows that treating
clayey soil with 2.5% alkali-activated sewage sludge increases its strength from 176 kPa
to 1.46 MPa, improves shear parameters, densifies the microstructure, and reduces metal
leachability, demonstrating its potential as a low-carbon alternative to cement and lime.
SEM analysis reveals that alkali-activated sewage sludge produces a denser and more
cohesive soil matrix by significantly reducing pore spaces and enhancing particle bonding.

However, despite extensive research on biomass ash and alkali-activated binders for
soil stabilization, no studies have examined the use of soluble glass as an activator for
mixtures of sandy pebbles and biomass bottom ash, nor its influence on key geotechnical en-
gineering properties. The interaction mechanisms between soluble glass and low-reactivity
biomass ash in granular soils also remain insufficiently understood.

The novelty of this study lies in evaluating soluble glass as a chemical stabilizer for
sand–biomass bottom ash mixtures and determining its optimal dosage. This approach
introduces a new application pathway for low-reactivity biomass ash and provides new
insights into the stabilization mechanisms of alkali-activated granular soils.

The aim of this study was to investigate the effect of soluble glass on the main geotech-
nical engineering properties of sand–pebble and biomass bottom ash soil mixtures and to
determine the optimal amount required for effective stabilization.

2. Materials and Methods
2.1. Experimental Techniques

X-ray fluorescence (XRF) was conducted for elemental analysis of ordinary Portland
cement (OPC) and biomass bottom ash (BMA). It was performed using an X-ray fluores-
cence spectrometer (Bruker X-ray S8 Tiger WD, Karlsruhe, Germany) using a Rh tube, an
anode voltage Ua of up to 60 kV, and current I of up to 130 mA.

X-ray diffraction analysis (XRD) of BMA was performed using a D8 Advance diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) operating at a tube voltage of 40 kV and tube
current of 40 mA. The X-ray beam was filtered with a Ni 0.02 mm filter to select the
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CuKα wavelength. The powder X-ray diffraction patterns were identified with references
available in the PDF-2 database.

The specific surface area of OPC was measured with the Blaine instrument according
to the EN 196-6 standard [21].

The microstructure of BMA and stability of sandy-pebble soil and biomass bottom ash
soil blends by using alkali activation was studied by scanning electronic microscopy (SEM)
using a high-resolution scanning electron microscope FEI Quanta 200 FEG with a Schottky
field emission gun (FEG).

The analysis of the prepared solutions was carried out by flame atomic absorption
spectrophotometry with a SHIMADZU AA-7000 atomic absorption spectrophotometer
(Shimadzu Corporation, Kyoto, Japan), using a cathode-free discharge lamp (10 mA,
λ = 357.9 nm). The following conditions were used for the analysis: atomization gas:
air–acetylene mixture (flow rate 2.8 L/min); flame height, 9 mm; slit width, 7 mm; cal-
ibration curve: 0; 0.2; 0.5; 1.0; 2.0 µg/L (ppm); typical sensitivity of the method at 1%
absorbance, 0.07 ppm. The concentration of the specific compound A eluted from the
sample is calculated according to Equation (1):

A =
C × L

M
(1)

where:

• A—amount of chemical compound leached from the solid sample (mg/L).
• C—concentration of the compound in the eluate (mg/L).
• L—volume of solvent used for leaching (kg).
• M—mass of the dry solid sample (kg).

In order to assess the suitability of BMA for the production of an alkali-activated
binder, it is necessary to assess the pozzolanic activity of the ash in terms of the strength
activity index (SAI), which is evaluated according to EN 450-1 [22]. Thus, the SAI was
determined after 7 and 28 days by averaging the compressive strength of three samples
using Equation (2):

SAI =
P
C
× 100 (2)

where:

• P—average compressive strength of mortar containing BMA (MPa).
• C—average compressive strength of reference mortar without BMA (MPa).

The compressive strength of hardened samples was evaluated after seven and twenty-
eight days. The load frame of a Toni Technik 2020 (Toni Technik Baustoffprüfsysteme
GmbH, Berlin, Germany) was used to compress the sample cubes. The compressive
strength test was carried out in accordance with EN 13286-41 [23].

The granulometric composition is the size distribution of aggregate particles, which
is an essential parameter for assessing the suitability of a material for a specific construc-
tion purpose. To accurately assess the composition of sand, gravel, and ash fractions, a
standardized sieving method is applied, which is regulated by the European standard
EN 933-1 [24].

Standard Proctor compaction tests of sandy-pebble and ash mixtures were performed
according to EN 13286-2 [25]. The dry sandy soils were initially mixed with different
proportions of ash (10%; 20%; 40%; 60%; 80%), and the Proctor density and optimal
moisture content were determined. The mixtures were prepared by homogenizing dry
sandy pebbles and biomass ash, followed by the addition of the required amount of water.
Prior to compaction according to EN 13286-2, the moist mixture was conditioned in a sealed
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container for 1 h to ensure uniform moisture distribution. Initial mixing was carried out
with hands.

The strength of the soil was evaluated by the California Bearing Ratio (CBR) index
calculated at an embossing depth of 2.5 mm or 5.0 mm. The scheme of CBR testing is shown
in Figure 1a.

Figure 1. The process of CBR testing (a); prepared mixtures of sandy pebbles and biomass bottom
ash for CBR testing (b).

The results of the CBR index were given as a percentage, which indicates the per-
centage conformity of the soil being tested with the value of the standard soil, which
is equivalent to 100%. The test was carried out in accordance with the requirements of
EN 13286-47 [26].

For each soil type, 3 samples were produced with a density of 100% of the Proctor
density, and the result is given as the arithmetic mean of these values (Figure 1b). Individual
values of the CBR for each sample were determined and computed, as well as the mean
value for each mixture tested with the required additive content. The soil was mixed with
biomass ash in an appropriate proportion, and then a sodium silicate solution was added to
the water at an appropriate percentage at the optimum water content as determined by the
Proctor test. The mixture was then placed in a cylindrical (Proctor) mold 150.0 ± 1.0 mm in
diameter and 120.0 ± 1.0 mm high and compacted by means of a plough in accordance
with the requirements of EN 13286-2 [25]. After curing for 7 and 28 days at 20 ± 2 ◦C at
95% humidity, the CBR test was carried out using a compression device with a piston force
of 40 N on the samples.

The water permeability of coarse-grained and multi-grained soils and minerals was
determined using the constant compression water permeability method according to EN
ISO 17892-11 and is defined by the value of the water permeability coefficient [27]. The
density of samples was determined according to EN 12390–7 [28].

FT-IR spectra were recorded with a Perkin Elmer FT-IR System spectrometer. A total
of 1 mg of the substance was mixed with 200 mg of KBr and compressed in a forming press
under vacuum for the IR analysis.

2.2. Initial Materials
2.2.1. Main Properties of Initial Materials

In this study, biomass ash was used as a substitute for natural sandy-pebble soil
mixtures in the soil stabilization blends, which is one of the main components of the
modified soil mix. This ash is produced by burning biomass such as wood chips or other
plant residues. The chemical and mineral composition of biomass ash is one of the main
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factors determining its properties and its potential impact on the performance of the
modified soil system mix. Therefore, knowledge of the chemical and mineral composition
of biomass ash is essential to properly understand and predict how it will perform in the
cementitious system mix.

Additionally, an ordinary Portland cement of grade CEM I 42.5 R, satisfying the
EN 197-1:2011 standard [29], was used for the evaluation of the biomass ash strength
activity index.

The chemical compositions of the initial materials, such as OPC and BMA, are pre-
sented in Table 1.

Table 1. Chemical composition according to X-ray dispersive fluorescence analysis (XRF), %.
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OPC 63.02 19.51 4.26 3.20 3.3 1.0 0.11 3.30 0.03 0.17 - - - - 2.1

BMA 13.6 72.3 3.79 0.85 2.12 4.08 0.53 0.31 0.04 0.09 0.02 1.90 0.23 0.09 0.07 -

OPC was found to be dominated by calcium oxide and silicon dioxide. The same
oxides (CaO and SiO2) also make up the majority of BMA’s oxide composition, and the
sum of these oxides is 85.9%. Portland cement had a specific surface area of 350 m2/kg
(Blaine), a normal paste consistency of 28.5%, and compressive strength after 2/28 days of
32.3/63.1 MPa.

Atomic absorption spectrophotometry was used for the determination of the leaching
of heavy metals from the biomass ash (Table 2).

Table 2. Leaching of heavy metals from the biomass ash determined according to flame atomic
absorption spectrophotometry (mg/L).

Elements Cd Ni Pb V Cr Zn

mg/L 0.00058 0.0028 0.0882 0.142 0.0047 0.0107

In order to use biomass ash to replace part of the natural sand, for producing alkali-
activated mixtures for soil stabilization, leaching tests are necessary to determine which
heavy metals may be released into the environment during ash disposal. The test results
show that the heavy metals vanadium (V) and lead (Pb) have the highest amount of
leaching, and the amount for other metals leaching from ash is significantly lower (Table 2).
The results of the leaching test on the BMA show that the content of all elements in the test
solution is less than 1 mg/L, which is within the limits allowed by LST EN 12457-4:2003 [30].

The mineral composition of the biomass ash by XRD analysis shows that one of the
main components of biomass ash is quartz (Figure 1a). Calcium oxide, calcium carbonate
and calcium silicate hydrate were also found in the ash. Similar mineral composition of
Lithuanian biomass ash was detected by Kaminskas et al. [31]. The microstructure of BMA
is shown in Figure 1b.

Sodium silicate solution (Na2SiO3) with a silicate modulus of 3.0 and a density of
1290 kg/m3 was used as the alkali activator to improve the strength properties of the
sandy-pebble soil (0/32 mm) and biomass ash mixture. This solution is often used in
construction, geology and other applications. In construction, the treatment of concrete
with sodium silicate solution helps to reduce porosity in most masonry products. The
increased porosity reduces water penetration. A chemical reaction takes place with the
excess calcium hydroxide (Ca(OH)2) present in the concrete, which permanently bonds the
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silicates to the surface, making them much more durable and waterproof. In this study, a
similar chemical reaction with calcium hydroxide from ash was expected.

The standard sandy-pebble soil mix fr. 0/32, which is available in Lithuanian quarries
(Figure 2), was used for this study; however, the physical/mechanical properties of the mix
may differ from one quarry to another. The sandy-pebble soil mix 0/32 is often stored in
open storage, where it can be exposed to natural atmospheric conditions, and its initial
physical/mechanical properties were therefore investigated.

Figure 2. Mineral composition according to XRD (a) and microstructure according to SEM (b) of a
biomass ash.

For the analysis of the granulometric composition of the materials, the samples were
dried at (105 ± 5) ◦C to a constant weight, and the content of each fraction was determined
by sieving. The results of the analyses are shown in Figure 3.

Figure 3. BMA and sandy-pebble soil mixture particle size distribution.

The analysis of the granulometric composition of the 0/32 sandy-pebbles fraction and
the BMA revealed a fines content of 4.5% in the sandy-pebble soil mixture with a particle
size of less than 0.063 mm and 3.1% in the BMA, and these materials are therefore classified
as having a fines content below the 5% limit.

The properties of natural density, particle density, Proctor density, optimal moisture
content and water permeability are given in Table 3.
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Table 3. Biomass ash and sandy-pebbles mixture density, water permeability and optimal moisture.

Samples Natural Density,
Mg/cm3

Particles
Density, Mg/cm3

Proctor Density,
Mg/cm3

Optimal
Moisture, %

Water
Permeability, m/s

Biomass ash 1.10 2.12 1.48 20.0 5.81 × 10−5

Sandy pebbles 1.58 2.67 1.96 10.5 9.72 × 10−5

These properties were determined for both initial soil materials, BMA and sandy
pebbles. The natural density, particle density and Proctor densities of the BMA were found
to be significantly lower than those of the sandy-pebble soil (see Table 3). However, the
optimum moisture content of the BMA is higher and was 20% compared with the optimal
moisture of sandy-pebble soil (10.5%). The water permeability coefficient of the BMA of
5.81 × 10−5 m/s is also lower than the water permeability coefficient of the sandy pebbles
of 9.72 × 10−5 m/s, which indicates that soil compaction densifies the soil by forming
different particle structures that affect the physical/mechanical properties of the mixtures.

2.2.2. Strength Activity Index of BMA

For the ash pozzolanic activity study (based on compressive strength according to
ASTM C311) [32], it was decided to form six sample variants of nine samples each with
different percentages of ash and cement. The test consisted of the typical frequently used
cement CEM-I 42.5R, fine sand aggregate fr. 0/4 and biomass ash, which were relatively
varied by decreasing the cement content from 0 to 100 percent, respectively (Table 4,
Figure 4a).

Figure 4. Samples were produced to assess the strength activity index (SAI) of biomass ash. Samples
substituting OPC with BMA at 0, 20, 60 and 80% (a) and samples made of BMA only (b).

The samples were prepared in exact proportions to ensure a comparison of the results
depending on the composition of the mix. The samples formed by substituting the full
100% OPC with biomass ash (No. 7) did not set and were therefore not evaluated in the
calculations (Figure 4b).

The samples with the lowest level of OPC substitution had the highest pozzolanic
activity (Table 5).
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Table 4. Composition of initial materials for the mortars, with BMA and evaluation of pozzolanic activity.

No. OPC, % BMA, % Sand fr. 0/4, g Water, mL
Compressive Strength, MPa Pozzolanic Activity Index

After 7 Days After 28 Days After 7 Days After 28 Days

1 100 0 1350 225 34.47 41.3 1 1

2 80 20 1350 225 23.26 36.93 0.67 0.89

3 75 25 1350 225 20.16 33.12 0.59 0.80

4 60 40 1350 225 12.97 20.96 0.37 0.51

5 40 60 1350 260 6.25 10.45 0.18 0.25

6 20 80 1350 275 0.88 1.22 0.03 0.03

7 0 100 1350 290 0 0 0 0

Table 5. Results of Proctor density and optimum moisture content studies for sandy-pebble soil and
BMA mixtures.

Samples Sandy
Pebbles, %

Biomass Ash,
%

Natural Density,
Mg/m3

Proctor Density,
Mg/m3

Optimum
Moisture, %

Permeability,
m/s

S 100 0 1.58 1.95 10.5 9.72 × 10−5

SB/1 80 20 1.61 2.04 11.2 8.11 × 10−5

SB/2 60 40 1.43 1.94 12.6 8.01 × 10−5

SB/3 40 60 1.32 1.91 13.4 6.89 × 10−5

SB/4 20 80 1.28 1.68 16.7 5.91 × 10−5

B 0 100 1.12 1.48 20.0 5.81 × 10−5

The longer the hydration time, the higher the maximum strength values and the SAI
as well. The lower strength values and lower SAI could be explained by the dilution effect
of OPC and low-range pozzolanic reaction [33].

In accordance with EN 450-1:2012, the SAI (the ratio of the compressive strength of the
mortar containing 25% BMA as OPC supplementary material to the compressive strength
of the reference mortar) shall be at least 75% at 28 days. The results showed that the
pozzolanic activity index of BMA was higher (0.80) than 0.75, which indicated that this ash
could be used as cement supplementary materials and has pozzolanic character. Similar
findings were published in other studies by Kramar et al. and Patil et al. [34,35].

3. Results and Discussion
3.1. A Complex Investigation of Sandy-Pebble and Biomass Ash Mixtures

Based on the results of the previous SAI study, the proportions of sand and BMA were
determined, and six mixtures were prepared to determine the optimal Proctor density and
moisture content. The studies were carried out in order to identify mixtures composed
of these materials that would meet the positive performance requirements for road con-
struction. In road construction, it is important to assess the Proctor density and water
permeability of mixtures, as in many cases increasing density decreases water permeability,
making waterproof materials unsuitable for use.

Proctor density and water permeability tests showed that in a mixture of sandy-pebble
soil and BMA, an increasing proportion of ash decreases the density of the whole mixture
from 1.96 kg/m3 to 1.48 Mg/m3, with the exception of the 80% sandy pebbles and 20% BMA.
The Proctor density then increases to 2.04 Mg/m3, but the water permeability decreases
from time to time but does not reach the threshold (≤2 × 10−5 m/s) where the mixture is
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no longer desirable for road construction (Table 5) [36]. Similar findings were reported in
another study [37], which found that the application of bottom ash gradually reduces the
water permeability of stabilized soils.

3.2. Effect of Sodium Silicate Additive on the CBR Strength of Sandy-Pebble–Biomass Ash Blends

The 20% BMA mixture exhibited the most favorable mechanical and compaction
properties, including the highest Proctor density and pozzolanic activity among BMA-
containing composites, and therefore served as a reference mixture with optimal baseline
performance. In contrast, the 60% BMA mixture represented a high-ash, mechanically
challenging composition in which the cement dilution effect was pronounced, making it
suitable for assessing whether alkaline activation could enhance strength and enable the
use of substantially higher BMA contents. Intermediate mixtures (40% and 80% BMA)
showed monotonic transitional behavior between these two endpoints and were therefore
excluded to avoid experimental redundancy while retaining engineering relevance. Soluble
glass was used as an alkaline activator and was incorporated into the sandy-pebble soil
and ash mixture in varying proportions, as illustrated in Table 6.

Table 6. The mixed proportions of sandy pebbles and alkali-activated biomass ash.

Samples Sandy
Pebbles, %

Biomass
Ash, %

Natural Density,
Mg/m3

Weight Ratio of Water
to Soluble Glass

Proctor Density,
Mg/m3

Optimum
Moisture, %

SB/1 80 20 1.61 1:0 2.04 11.2

SB/1 (1:1) 80 20 1.61 1:1 2.06 11.2

SB/1 (1:2) 80 20 1.61 1:2 2.08 11.2

SB/1 (1:3) 80 20 1.61 1:3 2.10 11.2

SB/3 40 60 1.32 1:0 1.91 13.4

SB/3 (1:1) 40 60 1.32 1:1 1.93 13.4

SB/3 (1:2) 40 60 1.32 1:2 1.95 13.4

SB/3 (1:3) 40 60 1.32 1:3 1.96 13.4

The utilization of this activator has been demonstrated to enhance the mechanical
properties of the compacted mix, whilst concomitantly reducing the dustiness of the
hardened mix employed in road construction [38].

Studies have shown that the Proctor density increased with increasing sodium silicate
content, although the optimum moisture content of the mix was constant (see Table 6).
The Proctor density of the SB/1 mixture increased from 2.04 Mg/m3 when only water
was used in the mixture to 2.10 Mg/m3 when the ratio of water to sodium silicate in the
mixture was 1:3. A similar trend was observed in the blend with 60% biomass ash, with
an increase in Proctor density from 1.91 Mg/m3 to 1.96 Mg/m3, despite the lower initial
natural density (1.32 Mg/m3). The Proctor density of the mixture shows a positive effect of
alkali activation.

The strength of the soil was evaluated by the CBR index, which showed that the CBR
values of mixtures of sandy-pebble soil (80%) and BMA (20%) increased with the soluble
glass and water solution used to stabilize the mixtures (Figure 5a).

Considering the value of the CBR for the sandy pebbles (80%) and BMA (20%) with
the appropriate additive content, the CBR index increased from 41% when no soluble glass
solution was used in the mixture to 90% when the ratio of water to soluble glass was 1:3, but
the water permeability of these mixtures decreased with increasing soluble glass amount
from 8.01 × 10−5 m/s to 1.08 × 10−5 m/s when the ratio of water to soluble glass was 1:3,
which does not meet the condition of ≥2 × 10−5 m/s.
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Figure 5. Test results for water permeability (a) and CBR value of sandy-pebble soil and alkali-
activated biomass ash mixtures with varying amounts of soluble glass solution (b).

When more BMA was included in the system, the CBR values of the mixtures for
sandy-pebble soil (40%) and BMA (60%) increased, as the soluble glass stabilized the soil
by forming binding chemical compounds. In this case, the CBR increased by about 31%
when no soluble glass was used in the mixture and by up to 77% when the ratio of water to
soluble glass was 1:3. However, the water permeability of these mixtures decreased with
increasing soluble glass content in the mixture: from 6.09 × 10−5 m/s for a water/soluble
glass ratio of 1:1 to 2.30 × 10−6 m/s for a water/soluble glass ratio of 1:3, which does not
meet the condition of ≥2 × 10−5 m/s (Figure 5b).

CBR values thus depend on the BMA content of the mixtures. Higher CBR values
were achieved with 20% BMA compared to CBR values achieved in mixtures with 60%
BMA. Water permeability is also closely related to the amount of BMA. At the optimum
BMA amount, these particles densify the sandy-pebble soil by filling voids. Along with the
densifying effect, the pozzolanic properties are important. Other authors [39] confirmed
these findings. Teerawattanasuk et al. [40] confirmed a positive change in CBR when
stabilizing soil with an ash geopolymer. In this case, the soil was densified, which had a
positive effect on the change in CBR.

It should be noted that pure biomass ash alone does not exhibit condensation or
strength development due to the lack of sufficient reactive alkalinity and binding mecha-
nisms. In contrast, when biomass ash is combined with sandy-pebble soil and activated
with sodium silicate, a mechanically stable granular skeleton is formed, and soluble alkalis
initiate pozzolanic and geopolymeric reactions. This alkaline activation leads to gel for-
mation, particle bonding, and structural condensation of the mixture. A comparison with
non-activated (water-only) biomass ash–gravel mixtures indicates that physical compaction
alone is insufficient to achieve comparable consolidation, highlighting the crucial role of
alkali excitation in strength development.

3.3. Mineral Composition Based on XRD and Infrared Spectroscopy Analyses of Alkali-Activated
Sandy–Pebble Soil and Biomass Bottom Ash

The mineral composition of the alkali-activated sandy–pebble soil and biomass bottom
ash (BMA) blends was investigated by X-ray diffraction (XRD), and the obtained diffraction
patterns are presented in Figure 6. The XRD results indicate that the crystalline phases
present in the alkali-activated systems are mainly inherited from the raw materials, while
no new well-crystalline reaction products were clearly detected after activation.
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Figure 6. XRD curves of alkali-activated sandy-pebble soil and biomass bottom ash blends. Notes:
A is anorthoclase (Na0.667 K0.333) (AlSi3O8), PDF No. 75-1630; Cc is calcite (CaCO3), PDF No. 83-578;
Q is quartz (SiO2), PDF No. 77-1060; and D is dolomite (CaMgCO3), PDF No. 74-1687.

The dominant crystalline phase identified in all mixtures is quartz (Q, SiO2; PDF No.
77-1060), originating primarily from the sandy-pebble soil and BMA. Calcite (C, CaCO3;
PDF No. 83-578) was detected mainly in the mixtures containing higher amounts of BMA,
whereas dolomite (D, CaMg(CO3)2; PDF No. 74-1687) was predominantly observed in
mixtures with higher sandy-pebble soil contents.

Anorthoclase (A, (Na0.667 K0.333) (AlSi3O8); PDF No. 75-1630) was identified as a minor
aluminosilicate phase in the sandy-pebble soil. This phase may act as a potential source
of alumina and silica for the alkali-activation process. Under alkaline conditions, partial
dissolution of anorthoclase cannot be excluded and could contribute to the formation of
amorphous aluminosilicate hydration products.

Overall, the XRD analysis indicates that alkali activation is primarily associated with
the development of an amorphous phase, while crystalline minerals such as quartz, anortho-
clase, calcite, and dolomite are largely retained in the system; therefore, FT-IR spectroscopy
was further employed to evaluate the hydration products formed after alkaline activation
(Figure 7).

OH and HOH vibrations. The weak bands at 3454 and 1638 cm−1 are attributed to
the stretching vibration of OH and bending vibration of HOH in C-S/A-H gels [41,42].
The highest intensity of both these bands was found in the SB/3 (1:1) sample due to the
more reactive mixture of initial materials when a higher amount of BMA is substituted for
natural sand. In this case, the higher number of C-S/A-H gels may have been formed by
the alkali activation with soluble glass.

Quartz peaks. Quartz is detected according to the bands at 777 cm−1, 796 cm−1 (double
peak) and 694 cm−1 [35]. The intensity of these bands gradually decreased with increasing
BMA content in the initial material mixtures and with the use of an alkaline activator.

Carbonate vibrations. The strong bands at 1412 cm−1 and the sharp bands at 837 and
712 cm−1 are attributed to CO3 (CaCO3 and Na2CO3) vibrations [43,44]. Similar to quartz,
increasing the amount of BMA in the system (SB/3 (1:1) sample) and adding soluble glass
resulted in a decrease in carbonate-related bands. It is possible that calcium and sodium
compounds were incorporated into the newly formed hydration products.

Main geopolymerization band. The main and strongest peaks are in the range of
973–1000 cm−1 and were assigned to asymmetric stretching vibrations of Si-O-Si(Al). Math-
ivet et al. [45] found that this broad band is attributed to the formation of an N-A-S-H gel in
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the geopolymer matrix. When BMA was included in the mixtures, this peak shifted to the
side with lower wavenumbers. A similar main peak shift was detected by Valcke et al. [46],
who explained that it could be related to the formation of geopolymerization products with
higher amounts of aluminum. The highest peak was detected for the SB/1 sample, and
it could be related to the amount of quartz from the sand in the system. Similar findings
were published by Liu et al. [47], and they found that the bands at about 973–1000 cm−1

could overlap with the bands that are attributed to vibrations of Si-O (quartz). Another
reason could be the higher amount of calcium in the system, which led to the formation
of more crystalline hydration products and for that reason decreasing the amount of gel
and decreasing the main broad bands at 973 and 985 cm−1 [48]. These newly formed
amorphous and crystalline hydrates positively affected the higher mechanical properties
such as the SB/3 (1:1) sample.

Figure 7. FT-IR spectra of alkali-activated sandy-pebble soil and biomass bottom ash blends.

3.4. Microstructural Investigation of Alkali-Activated Sandy Pebbles and Biomass Bottom Ash

Three samples were chosen for the evaluation of microstructure, SB/1, SB/1 (1:1) and
SB/3 (1:1), according to Table 6. Samples made of 80% sandy pebbles and 20% BMA had a
more open structure, and the stabilized soil was slightly porous (Figure 8a,b) compared
to samples with a higher amount of BMA (Figure 8c). Because BMA is finer by nature,
increasing the BMA in the mixtures led to more compact microstructures with less porosity.

The effect of soluble glass resulted in a decrease in the heterogeneity of the SB/1 (1:1)
and f SB/3 (1:1) samples (Figure 8e,f) compared to the SB/1 sample (Figure 8d). In this case,
a calcium silicate hydrate (C-S-H gel) morphology with a fibrous form can be detected,
especially in the sample with a higher BMA content (Figure 8f). A similar microstructure of
the C-S-H gel was found by Velardo et al. [49]. Thus, the microstructure of the BMA/soluble
glass-stabilized sandy-pebble soil had a significant influence on the main geotechnical
properties. The EDS spectrum (Figure 8g) confirms the presence of this fibrous C–S–H
reaction product, supporting the microstructural observations and aligning with findings
reported in similar alkali-activated systems [50]. Overall, the microstructural evidence
confirms that the synergistic effect of fine BMA particles and soluble glass activation
promotes the formation of dense C–S–H gel networks, which in turn govern the improved
strength, stiffness, and durability of the stabilized sandy-pebble soils.
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Figure 8. SEM pictures of sandy-pebble and biomass bottom ash blends at different magnifications:
(a,d) are SB/1, (b,e) are SB/1 (1:1), and (c,f) are SB/3 (1:1). Chemical characterization by EDS of the
fibrous reaction product is marked as x in the graphic (g).

As demonstrated, mixtures exhibiting the most compact gel-rich microstructures—
particularly SB/1 (1:1) and SB/3 (1:1)—also achieved the highest increases in Proctor
density (up to +0.06–0.09 Mg/m3) and CBR strength (up to +49 percentage points for
20% BMA and +46 percentage points for 60% BMA). These improvements coincide with
the formation of continuous C–S–H networks observed in SEM and confirmed by FT-IR
and EDS analyses. The strong alignment between microstructural indicators (reduced
pore connectivity, fibrous gel morphology) and engineering performance metrics (strength,
stiffness, permeability) provides a mechanistic basis for predicting mixture behavior. Such
quantifiable structure–property relationships are essential for the practical implementation
of alkali-activated BMA–sand systems in road construction, enabling more accurate mixture
design and performance optimization under field conditions.

This study also highlights the broader practical relevance of using biomass bottom ash
as a sustainable stabilizing component. The incorporation of BMA not only enhances the
engineering performance of sandy-pebble soils but also contributes to resource efficiency
by utilizing a significant industrial by-product. The alkali-activated mixtures demonstrated
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improved structural integrity and load-bearing capacity, indicating their suitability for road
foundation layers and similar geotechnical applications. By integrating waste valorization
with performance-driven material design, the approach offers a viable alternative to con-
ventional stabilizers and supports the development of more environmentally responsible
construction practices.

It should be noted that curing at ambient temperature may restrict the full progression
of alkali-activated reactions, implying that the mechanical improvements observed in this
study likely represent a conservative estimate of the material’s performance. Consequently,
future research should incorporate comparative elevated-temperature curing experiments
to more thoroughly evaluate the activation efficiency of soluble glass and its interaction
with low-reactivity biomass ash.

4. Conclusions
The findings of this study indicate that BMA has the potential to act as a substitute for

sandy-pebble soil in geotechnical applications. According to the strength activity index,
BMA has a pozzolanic nature, and it is higher than 0.75. The leaching analysis of hazardous
compounds in BMA showed that the hazardous chemical elements do not exceed the limits
for heavy metals. The soluble glass, which was used as an alkali activator, promotes the
chemical reaction between active compounds of ash by forming a binding matrix. These
newly formed binding compounds, such as amorphous and crystalline hydrates, create a
stabilizing effect on sandy-pebble soil. The microstructure improved after soil stabilization
with BMA and soluble glass, which formed binding compounds such as N-A-S-H and
C-S-H gels. These results were confirmed by FT-IR and SEM analysis. The study of the
dynamics of the variation in the Proctor density and water permeability shows that an
increase in BMA in sandy-pebble soil decreases the density of the mixture from 1.96 Mg/m3

to 1.48 Mg/m3. When 20% of BMA was included in the sandy-pebble soil, the Proctor
density increased to 2.04 Mg/m3, but the water permeability decreased with increasing
BMA content from 8.11 × 10−5 m/s to 5.91 × 10−5 m/s but does not reach the threshold
(≤2 × 10−5 m/s). Higher CBR values were found for the SB/1 samples (with and without
alkali activation) compared to the SB/3 samples with a higher amount of BMA. This
phenomenon can be explained through the findings of BMA pozzolanic properties. The
mechanical properties of the soil are improved by a combination of geopolymerization
reactions and the granulometric composition. In all investigated cases, geopolymerization
reactions increased CBR values.
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8. Barišić, I.; Netinger Grubeša, I.; Dokšanović, T.; Marković, B. Feasibility of agricultural biomass fly ash usage for soil stabilisation
of road works. Materials 2019, 12, 1375. [CrossRef]

9. Iyaruk, A.; Promputthangkoon, P.; Lukjan, A. Evaluating the performance of lateritic soil stabilized with cement and biomass
bottom ash for use as pavement materials. Infrastructures 2022, 7, 66. [CrossRef]

10. Galvín, A.P.; López-Uceda, A.; Cabrera, M.; Rosales, J.; Ayuso, J. Stabilization of expansive soils with biomass bottom ashes for an
eco-efficient construction. Environ. Sci. Pollut. Res. 2021, 28, 24441–24454. [CrossRef]

11. Jamnongwong, M.; Wongvatana, N.; Noorak, A.; Jongpradist, P.; Chaiprakaikeow, S.; Jamsawang, P. Mechanical and Environ-
mental Performance of Cement-Eucalyptus Ash Stabilized Dam Sediments for Sustainable Road Construction. Int. J. Geosynth.
Ground Eng. 2025, 11, 31. [CrossRef]

12. Zhang, H.; Li, G.; Xu, Y.; Zhang, K.; Li, M. Mechanism and application of reaming anchorage of inverted wedge-shaped hole
bottom in argillaceous cemented roadway. Sci. Rep. 2026, 16, 5094. [CrossRef] [PubMed]

13. Xue, Y.; Wu, W. Characterization of brittleness evolution of hot dry rock during cyclic thermal treatment. Acta Geotech. 2026, 1–11.
[CrossRef]

14. Morales, D.P.; Saldanha, R.B.; Aguada, J.M.; Consoli, N.C. Alkali-activation of agro-industrial waste for stabilization of lateritic
soils. Transp. Geotech. 2024, 45, 101187. [CrossRef]

15. Anburuvel, A.; Sathiparan, N.; Dhananjaya, G.M.A.; Anuruththan, A. Characteristic evaluation of geopolymer based lateritic soil
stabilization enriched with eggshell ash and rice husk ash for road construction: An experimental investigation. Constr. Build.
Mater. 2023, 387, 131659. [CrossRef]

16. Sukprasert, S.; Hoy, M.; Horpibulsuk, S.; Arulrajah, A.; Rashid, A.S.A.; Nazir, R. Fly ash based geopolymer stabilisation of silty
clay/blast furnace slag for subgrade applications. Road Mater. Pavement Des. 2021, 22, 357–371. [CrossRef]

17. Santhikala, R.; Chandramouli, K.; Pannirselvam, N. Stabilization of expansive soil using flyash based geopolymer. Mater. Today
Proc. 2022, 68, 110–114. [CrossRef]

18. Wu, D.; Zhang, Z.; Chen, K.; Xia, L. Experimental investigation and mechanism of fly ash/slag-based geopolymer-stabilized soft
soil. Appl. Sci. 2022, 12, 7438. [CrossRef]

19. Fattahi, S.M.; Zamani, S.; Imani, M.; Heydari, A. Sustainable stabilization of sandy soil using alkali-activated construction waste
binders. Sci. Rep. 2026, 16, 12012. [CrossRef] [PubMed]

20. Pourakbar, S.; Maneshmoaveni, A.; Moazami, D.; Moretti, L.; Yousefi, A.; Cristelo, N. Stabilization of clay soil using alkali-
activated sewage sludge. J. Rock Mech. Geotech. Eng. 2025, 17, 3213–3224. [CrossRef]

21. EN 196-6:2018; Methods of Testing Cement—Part 6: Determination of Fineness. CEN-CENELEC Management Centre: Brussels,
Belgium, 2018.

22. EN 450-1:2012; Fly Ash for Concrete—Part 1: Definition, Specifications and Conformity Criteria. CEN-CENELEC Management
Centre: Brussels, Belgium, 2012.

23. EN 13286-41:2021; Unbound and Hydraulically Bound Mixtures—Part 41: Test Method for the Determination of the Compressive
Strength of Hydraulically Bound Mixtures. CEN-CENELEC Management Centre: Brussels, Belgium, 2021.

24. EN 933-1:2012; Methods for Determining the Geometric Properties of Aggregates. Part 1. Determination of Particle Size Distribution.
Sieving Method. Management Centre: Brussels, Belgium, 2012.

25. EN 13286-2:2010; Unbound and Hydraulically Bound Mixtures—Part 2: Test Methods for Laboratory Reference Density and
Water Content—Proctor Compaction. Management Centre: Brussels, Belgium, 2010.

26. EN 13286-47:2021; Unbound and Hydraulically Bound Mixtures—Part 47: Test Method for the Determination of California
Bearing Ratio, Immediate Bearing Index and Linear Swelling. Management Centre: Brussels, Belgium, 2021.

27. EN ISO 17892-11:2019; Geotechnical Investigation and Testing—Laboratory Testing of Soil—Part 11: Permeability Tests. Manage-
ment Centre: Brussels, Belgium, 2019.

28. EN 12390-7:2019; Testing Hardened Concrete—Part 7: Density of Hardened Concrete. Management Centre: Brussels, Belgium, 2019.

https://doi.org/10.3390/ma19102169

https://www-ena-lt.translate.goog/?_x_tr_sl=auto&_x_tr_tl=en&_x_tr_hl=lt&_x_tr_pto=wapp
https://www-ena-lt.translate.goog/?_x_tr_sl=auto&_x_tr_tl=en&_x_tr_hl=lt&_x_tr_pto=wapp
https://doi.org/10.1016/j.energy.2020.119064
https://doi.org/10.1016/j.fuel.2020.119469
https://doi.org/10.1016/j.conbuildmat.2014.06.071
https://doi.org/10.1016/j.conbuildmat.2024.136408
https://doi.org/10.3390/ma12091375
https://doi.org/10.3390/infrastructures7050066
https://doi.org/10.1007/s11356-020-08768-3
https://doi.org/10.1007/s40891-025-00637-8
https://doi.org/10.1038/s41598-026-35906-7
https://www.ncbi.nlm.nih.gov/pubmed/41530282
https://doi.org/10.1007/s11440-026-02947-1
https://doi.org/10.1016/j.trgeo.2024.101187
https://doi.org/10.1016/j.conbuildmat.2023.131659
https://doi.org/10.1080/14680629.2019.1621190
https://doi.org/10.1016/j.matpr.2022.07.006
https://doi.org/10.3390/app12157438
https://doi.org/10.1038/s41598-026-41753-3
https://www.ncbi.nlm.nih.gov/pubmed/41781485
https://doi.org/10.1016/j.jrmge.2024.09.029
https://doi.org/10.3390/ma19102169


Materials 2026, 19, 2169 17 of 17

29. EN 197-1:2011; Cement—Part 1: Composition, Specifications and Conformity Criteria for Common Cements. Management
Centre: Brussels, Belgium, 2011.

30. EN 12457-4:2003; Characterisation of Waste—Leaching—Compliance Test for Leaching of Granular Waste Materials and Sludges—
Part 4. Management Centre: Brussels, Belgium, 2003.

31. Kaminskas, R.; Eisinas, A.; Barauskas, I.; Gaivenis, M. Hydrothermally Treated Biomass Fly Ash as an Additive for Portland
Cement. Sustainability 2024, 16, 2754. [CrossRef]

32. ASTM C311/C311M-18; Standard Test Methods for Sampling and Testing Fly Ash or Natural Pozzolans for Use in Portland-Cement
Concrete. ASTM International: West Conshohocken, PA, USA, 2018.

33. Chandara, C.H.E.A. Study of Pozzolanic Reaction and Fluidity of Blended Cement Containing Treated Palm Oil Fuel Ash as
Mineral Admixture. Ph.D. Thesis, School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia, Penang,
Malaysia, 2011. 208.

34. Kramar, S.; Ducman, V. Evaluation of ash pozzolanic activity by means of the strength activity index test, frattini test and DTA/TG
analysis. Teh. Vjesn. 2018, 25, 1746–1752.

35. Patil, C.; Manjunath, M.; Hosamane, S.; Bandekar, S.; Athani, R. Pozzolonic activity and strength activity index of bagasse ash
and fly ash blended cement mortar. Mater. Today Proc. 2021, 42, 1456–1461. [CrossRef]

36. TRA SBR 19; Technical Requirements for Unbound Mixtures and Soils Used for Layers Without Binders for Automobile Roads.
Approved by Order No. V-191 of the Director of the Lithuanian Road Administration under the Ministry of Transport and
Communications, 20 December 2019; Lithuanian Road Administration under the Ministry of Transport and Communications:
Vilnius, Lithuania, 2019; 30p.

37. Blayi, R.A.; Omer, B.; Sherwani, A.F.H.; Hamadamin, R.M.; Muhammed, H.K. Geotechnical characteristics of fine-grained soil
with wood ash. Clean. Eng. Technol. 2024, 18, 100726. [CrossRef]

38. Amran, M.; Fediuk, R.; Murali, G.; Avudaiappan, S.; Ozbakkaloglu, T.; Vatin, N.; Karelina, M.; Klyuev, S.; Gholampour, A. Fly
ash-based eco-efficient concretes: A comprehensive review of the short-term properties. Materials 2021, 14, 4264. [CrossRef]
[PubMed]

39. Navagire, O.P.; Sharma, S.K.; Rambabu, D. Stabilization of black cotton soil with coal bottom ash. Mater. Today Proc. 2022, 52,
979–985. [CrossRef]

40. Teerawattanasuk, C.; Voottipruex, P. Comparison between cement and fly ash geopolymer for stabilized marginal lateritic soil as
road material. Int. J. Pavement Eng. 2019, 20, 1264–1274. [CrossRef]

41. Hoyos-Montilla, A.A.; Puertas, F.; Mosquera, J.M.; Tobón, J.I. Infrared spectra experimental analyses on alkali-activated fly
ash-based binders. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 269, 120698. [CrossRef]

42. Abdel-Gawwad, H.A.; Abo-El-Enein, S.A. A novel method to produce dry geopolymer cement powder. HBRC J. 2016, 12, 13–24.
[CrossRef]

43. Saikia, B.J.; Parthasarathy, G.; Sarmah, N.C. Fourier transform infrared spectroscopic estimation of crystallinity in SiO2 based
rocks. Bull. Mater. Sci. 2008, 31, 775–779. [CrossRef]

44. Kaminskas, R.; Cesnauskas, V. Influence of activated biomass fly ash on portland cement hydration. Ceram. Silik 2014, 58, 260–268.
45. Mathivet, V.; Jouin, J.; Gharzouni, A.; Sobrados, I.; Celerier, H.; Rossignol, S.; Parlier, M. Acid-based geopolymers: Understanding

of the structural evolutions during consolidation and after thermal treatments. J. Non Cryst. Solids 2019, 512, 90–97. [CrossRef]
46. Valcke, S.L.; Pipilikaki, P.; Fischer, H.R.; Verkuijlen, M.H.; van Eck, E.R. FT-IR and 29 Si-NMR for evaluating aluminium–silicate

precursors for geopolymers. Mater. Struct. 2015, 48, 557–569. [CrossRef]
47. Liu, W.; Liu, W.; Wang, X.; Wei, D.; Wang, B. Utilization of novel surfactant N-dodecyl-isopropanolamine as collector for efficient

separation of quartz from hematite. Sep. Purif. Technol. 2016, 162, 188–194. [CrossRef]
48. Yusuf, M.O. Bond characterization in cementitious material binders using Fourier-transform infrared spectroscopy. Appl. Sci.

2023, 13, 3353. [CrossRef]
49. Velardo, P.; del Bosque, I.S.; de Rojas, M.S.; De Belie, N.; Medina, C. Design and evaluation of physical, mechanical and micro-

structural properties of eco-friendly binary-blended mortars using biomass bottom ash or construction and demolition waste
powder. Cem. Concr. Compos. 2023, 143, 105252. [CrossRef]

50. Mabroum, S.; Garcia-Lodeiro, I.; Blanco-Varela, M.T.; Taha, Y.; Chhaiba, S.; Indris, S.; Benzaazoua, M.; Mansori, M.; Hakkou, R.
Formation of CSH and MSH gels in alkali-activated materials based on marl by-products from phosphate mines. Constr. Build.
Mater. 2023, 365, 130029. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19102169

https://doi.org/10.3390/su16072754
https://doi.org/10.1016/j.matpr.2021.01.251
https://doi.org/10.1016/j.clet.2024.100726
https://doi.org/10.3390/ma14154264
https://www.ncbi.nlm.nih.gov/pubmed/34361457
https://doi.org/10.1016/j.matpr.2021.10.447
https://doi.org/10.1080/10298436.2017.1402593
https://doi.org/10.1016/j.saa.2021.120698
https://doi.org/10.1016/j.hbrcj.2014.06.008
https://doi.org/10.1007/s12034-008-0123-0
https://doi.org/10.1016/j.jnoncrysol.2019.02.025
https://doi.org/10.1617/s11527-014-0432-2
https://doi.org/10.1016/j.seppur.2016.02.033
https://doi.org/10.3390/app13053353
https://doi.org/10.1016/j.cemconcomp.2023.105252
https://doi.org/10.1016/j.conbuildmat.2022.130029
https://doi.org/10.3390/ma19102169

	Introduction 
	Materials and Methods 
	Experimental Techniques 
	Initial Materials 
	Main Properties of Initial Materials 
	Strength Activity Index of BMA 


	Results and Discussion 
	A Complex Investigation of Sandy-Pebble and Biomass Ash Mixtures 
	Effect of Sodium Silicate Additive on the CBR Strength of Sandy-Pebble–Biomass Ash Blends 
	Mineral Composition Based on XRD and Infrared Spectroscopy Analyses of Alkali-Activated Sandy–Pebble Soil and Biomass Bottom Ash 
	Microstructural Investigation of Alkali-Activated Sandy Pebbles and Biomass Bottom Ash 

	Conclusions 
	References

