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ABSTRACT: Stabilizing weak and poorly graded soils in engineering projects is commonly achieved
using lime and cement. However, the cement production process requires significant energy and
generates a substantial volume of carbon dioxide, which presents considerable environmental risks.  Revised: Nov. 30, 2022

As an alternative to cement and lime, alkali-activated aluminosilicates have gained recognition due to  Accepted: Jun. 15, 2023

their cost-effectiveness and environmental compatibility. This study aims to investigate the feasibility of ~ Available Online: Aug. 07, 2023
utilizing metakaolin as a stabilizing agent for sandy soil, with Calcium carbide residue (CCR) serving
as an alkaline activator. To this end, factors such as the concentration of alkaline activator, metakaolin  Keywords:
content, curing time, and temperature of treated soil samples were examined through unconfined
compressive strength (UCS) and California Bearing Ratio (CBR) tests. The results were then compared
to those of sand stabilized with Portland cement. Furthermore, scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) were used to analyze the microstructures formed during
the soil stabilization process. Moreover, the analysis of the developed microstructures in the stabilized ~Alkali activation
soil samples demonstrates a noticeable bond between the binding gel and sand particles and the filling of  acolian sand
intergranular space with alkali-activated binding gel. Overall, the findings of the present study suggest

that the introduced binding gel has the potential to be an environmentally compatible stabilizing agent

Metakaolin
calcium carbide residue

soil stabilization

for stabilizing sandy soils.

1- Introduction

With the continuous development of engineering
infrastructure, the need for ground improvement processes
has become increasingly apparent, especially when dealing
with weak soils [1]. Geotechnical processes related to soil
stabilization and foundation modification have traditionally
relied on Portland cement as the most widely used additive
[2, 3]. Unfortunately, Portland cement production involves
significant thermal energy consumption and releases
substantial greenhouse gases into the atmosphere. The
cement production industry is responsible for more than 5%
of the total carbon dioxide released, significantly contributing
to global warming [4, 5]. As a result, economic constraints
and environmental risks have pushed researchers to identify
alternative materials for Portland cement in cementation
processes.

Among the introduced alternatives for Portland cement,
alkali-activated products have gained attention in recent years.
Alkaline-activated materials refer to binding gels resulting
from alkaline metal solutions reacting with aluminosilicate
powders [6, 7]. The presence of silica and aluminum
compounds in soils provides the potential for utilizing alkali
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activation methods in soils. Therefore, alkali activation
methods have been investigated and explored in numerous
studies aiming to improve soil engineering parameters.

Zhang et al.’s (2013) research examined the feasibility
of using sodium hydroxide as an alkaline activator and
metakaolin as a base material for stabilizing highly active clay
soils [8]. The results obtained from this research demonstrated
that alkali activation significantly improved soil mechanical
properties compared to samples stabilized with 5% Portland
cement. Previous studies, such as Marsh et al.’s (2019) or
Pourabbas et al.’s (2018) research, have similarly focused on
stabilizing clay soils using sodium hydroxide as an alkaline
activator [9, 10].

The potential utilization of CCR as an affordable and
effective alkaline activator compared to sodium hydroxide,
along with the growing demand for stabilizing sandy soils in
Iran, has led to the exploration of using this alkaline activator
for stabilizing sandy soils. Considering the abovementioned
factors, the current study aims to investigate the viability
of using alkali activated mixture as a stabilizing agent to
enhance the engineering performance of soil and compare
the stabilization performance resulting from alkali-activation
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with samples stabilized with Portland cement.

Previous studies have primarily focused on improving
the mechanical behavior of aeolian soil using stabilization
agents such as cement, lime, and bitumen. However,
using alkaline activators presents an economical and
environmentally friendly option with considerable potential
as a stabilizing agent for this soil type. In the current study,
the geotechnical properties of acolian sand, including particle
size distribution, specific gravity, and standard density, were
initially determined. X-ray fluorescence (XRF) analysis was
used to identify the chemical components of soil particles,
metakaolin, and CCR. Subsequently, unconfined compressive
strength tests and California Bearing Ratio (CBR) tests
were conducted to investigate the impact of factors such as
metakaolin content, alkaline activator concentration, curing
temperature, and curing time. Furthermore, the unconfined
compressive strength of samples stabilized with Portland
cement was examined to compare different stabilization
methods. In addition, scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectroscopy (EDX)
analysis were employed to analyze the formed microstructures
and investigate the structures of various gel types.

2- Experimental Procedure

The primary objective of this study is to explore the
feasibility of using activated metakaolin as a stabilizing
agent for sandy soils. Consequently, sandy soil was heated
at 60° for 72 h and mixed with varying percentages of soil-
metakaolin and soil-CCR. Subsequently, by gradually adding
water to the mixture, a consistent mixture was produced. The
mixture was then poured into a cylindrical mold (diameter of
37 mm and height of 74 mm) and compacted to the specified
ydmax value to ensure uniform compaction.

After the processing time of the samples had elapsed,
unconfined compressive strength (UCS) tests were conducted
to determine the compressive strength of the samples, as well
as the failure strain at 7, 14, 28, and 54 days, per ASTM
D2166-87 [11].

3- Results and Discussion
3- 1- Metakaolin Content

Acolian sand was alkali-activated using metakaolin as a
base material. The results show that the samples’ compressive
strength rapidly increases when metakaolin is increased from
3% to 9%. The compressive strength and failure strain growth
rates decreased marginally as the increase was made from
9% to 12%. The overall findings demonstrate that stabilizing
the sandy soil with metakaolin positively affects both the
compressive strength and the strain at failure.

3- 2- Alkaline Activator Concentration Effect

In geopolymer materials, potassium hydroxide, and
sodium hydroxide are commonly used as alkaline activators.
However, due to its high alkalinity, CCR presents a cost-
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effective alternative to these chemicals, significantly reducing
costs. The results revealed that the sample containing
8% CCR and 6% metakaolin demonstrated the highest
compressive strength across all ages. Additionally, the
findings indicated a positive effect of increasing CCR content
on the samples’ compressive strength and failure strain when
CCR percentages up to 8% were applied. However, a notable
decrease in compressive strength was observed at all ages,
with an increase in CCR percentage to 11%. Hence, it can be
inferred that while increasing CCR content results in higher
compressive strength, beyond a certain level, it leads to a
decrease in compressive strength.

3- 3- Microstructural Analysis

The unconfined compressive strength test resulted in
fractured surfaces that were used for microstructural analysis.
Figure 1 depicts the sand particles bound together by the gel
in a 28-day-old sample.

The figure shows that the sand particles and the binding
gel parts are distinguishable from each other. It is clear
from the microstructure that the external surfaces of the
sand particles are entirely embedded in the adhesive gel,
which suggests a proper connection between the gel and
the particles. Moreover, the penetration of the binding gels,
C-S-H and C-A-S-H, into the intergranular structure of the
sand particles is evident.

4- Conclusions

A significant increase in the alkali-activated soil samples’
compressive strength and failure strain values is observed.
In addition, a comparison with the results obtained from the
metakaolin-CCR gel with 3% Portland cement-stabilized
samples demonstrates the effectiveness of the alkali-activated
gel in the soil stabilization process.

The metakaolin content directly affects the compressive
strength of the stabilized soil sample. However, the strength
development rate is reduced at higher metakaolin contents.

Higher amounts of alkaline activators lead to the
deterioration of the alkali-activated matrix and adversely
affect the engineering behavior of the samples.
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Fig. 1. SEM image of alkali-activated gel and soil particles
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Fig. 1. Particle size distribution of sand, metakaolin and CCR
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Table 1. Chemical components of sand, metakaolin and CCR

Chemical composition .
P Aeolian sand

MK CCR

(%)
SiO» AR YeIfY Y/a%
ALO;3 VYIVY VEIOA VY
BaO AN RN oY
CaO YIVO VoY FYITY
Fe,03 VAR </AY <IYY
K>O Y/-4 AR ofeY
MgO V/OA </aY <IYY
MnO </ [+ o/-Y
NaxO Y/AN \IFY AN
P20s [+A [Y N.D
SO3 </ <I\F A4
TiO, QAN AR N.D
Cr,03 A Y oy
Cu <o/ <o/ <ofe)
Pb <o/ <o/ <o/
/n <ofe\ <ofe\ <ofe)
LOI AR AR ARIIN4

NOTE: N.D. = Not Detected.
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Table 2. Mix proportions of samples

. 0 o CCR Initial synthesis temperature Curing time
Mix code  OPC (%) MK (%) %) C) (day)
OPC 3 0 0 25 7,14, 28, 54
SOIL 0 0 0 25 7,14, 28 , 54
C2M6 0 6 2 25 7,14,28,54
C5M6 0 6 5 25 7,14, 28 , 54
C8M6 0 6 8 25 7,14,28, 54
Cl11M6 0 6 11 25 7,14, 28 , 54
C5M3 0 3 5 25 7,14, 28 , 54
C5M6 0 6 5 25 7,14, 28 , 54
C5M9 0 9 5 25 7,14, 28 , 54
C5M12 0 12 5 25 7,14, 28 , 54
C2M6-60 0 6 2 60 7
C5M6-60 0 6 5 60 7
C8M6-60 0 6 8 60 7
C11M6-60 0 6 11 60 7
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Fig. 2. UCS of samples at various metakaolin contents
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Fig. 3. Failure strain of samples at various metakaolin contents
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Fig. 4. UCS of stabilized soil at various CCR contents and fixed metakaolin = 6%
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Fig. 5. Failure strain of stabilized soil at various CCR contents and fixed metakaolin = 6%
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Fig. 6. Effect of curing temperature on compressive strength of stabilized samples
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Fig. 7. Effect of alkali activator concentration on CBR values
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Fig. 8. SEM image of alkali activated gel and soil particles
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Fig. 9. Voids and microcracks on the surface of binding gel
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Fig. 10. SEM micrograph of dissolved contents of alkali activator
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Fig. 11. EDX analysis of soil particles
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