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Abstract. This study examines cement and ceramic waste (CW) for the sub-base
layer of roads. This innovative method can do away with the risks associated
with improper disposal of industrial waste. To achieve this objective, several
proportions of cement and CW were used, ranging from 1.5 to 2% and 5% to
15%, respectively. The aim of the work was to examine the influences of CW and
ordinary Portland cement (OPC) on the unconfined compressive strength (UCS),
permeability, consolidation, and microstructures of untreated and treated soil
of road sub-base layer. The Guelph permeameter, UCS, permeability, and one-
dimensional consolidation were among the laboratory and in-situ tests that
were examined; the microstructures were characterised using SEM, infrared
(IR), and mercury intrusion porosimetry (MIP). The findings indicated that
the high permeability of the natural soil caused harm to our road soon after
construction. Applying 5 to 15% CW reduced permeability by approximately
100% and settlement by around 43%. Furthermore, under wet and immersed
conditions, mixing CW and OPC with soil raised UCS by approximately 182%
and 20 times, respectively. This study demonstrated that by enhancing the
geotechnical properties of soil, CW and OPC combined with it could be used as a
road sub-base layer material.

Keywords: amelioration, ceramic waste, mechanical-hydraulic properties,
microstructure, OPC, road layers.

Introduction

Algeria produces thousands of tons of ceramic waste (CW) annually
from the construction of thousands of new homes. According to
Deboucha et al. (2020), using recycled materials is crucial to protecting
natural resources. Road aggregate base and sub-base layers have been
effectively constructed from recycled construction materials (Alurajah
etal, 2012; Fransisco et al., 2012; Gautam et al., 2018). The key to getting
rid of this waste is to use industrial waste materials to make substitute
materials (Ahmed & Abouzeid, 2009). Most roads have a limited lifespan
due to changing moisture conditions in road layers, particularly in our
research area where heavy winter rains occur frequently. These changes
cause a significant volume change in a short amount of time. Semi-rigid
materials have been utilised for pavement for decades in many countries
because they are very resistant to the impacts of climate change and
have beneficial effects on strength, loading distribution, workability, and
layer thickness reduction (Gnanendran & Dalim, 2016; Xuan et al., 2016).

Reusing CW to enhance soil properties has been the subject of
numerous studies. According to Daniyal & Shakeel (2015), 54% of all
building waste was made up of CW. Due to its high silica, aluminium,
iron oxide, and calcium oxide content, ceramics are a good choice for
improving layers of road concrete (Valdés et al.,, 2010). By reducing
permeability, compressibility, and boosting strength, fine additions to
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the soil improve the engineering qualities of various soil types for use in
road layers (Ojuri & Opeyemi, 2014). When lateritic soil was stabilised
with CW ranging from 0% to 30%, Olumuyiwa et al. (2019) saw a notable
improvement in the geotechnical parameters. Addition of up to 40% CW
in the construction sector resulted in reducing the pressure of swelling
and potential swelling by about 86% and 57%, respectively (Koyuncu et
al.,, 2004). Rajamannan et al. (2013) investigated the addition of CW to
the clay materials and ceramic bricks as filler, thus promoting the safe
and sustainable method of its reuse. Using coarse CW as an alternative
material in highway construction can extend its life and limit the
consumption of industrial spaces (Electricwala et al., 2013). Jafari &
Esna-asari (2012) reported that the UCS increased by about 286% when
they reinforced the clayey soil with waste. Reusing industrial waste to
improve sub-base materials for road is the main focus of the current
research. Algerian road sub-base materials have a high permeability
and compressibility, which reduced their longevity and gave most roads
a poor bearing capacity. The objective of this investigation is to assess
the soil-beneficial effects of CW and ordinary Portland cement (OPC) and
enhance the properties of the road sub-base layer. In order to recycle CW
and lessen its negative effects on the environment, we looked into the
possibility of combining CW and OPC with soil in the road sub-base layer.
The specific goal of this effort was to make stabilised materials stronger
while decreasing their permeability and compressibility.

1. Experimental program
11.  Materials
111, Soil

The actual road project at Tixtar, Bordj Bou Arreridj, Algeria, as
presented in Figure 1(a), which was undergoing repair, provided the
natural soil. On natural soils, a mechanical and physical test was
performed to measure permeability and unconfined compressive
strength. Table 1 lists the fundamental properties of natural soil. The
results show that the soaked CBR was 5% and the unsoaked CBR was
51%, respectively. This confirms that natural soil becomes troublesome
when it is exposed to water because the bearing capacity of the soil
drops significantly. Resilient modulus (Mr) values, however, varied
from 54 to 65 MPa, which is significantly less than what the sub-base
layer required. Furthermore, the Mr of stabilised soils varied from 77 to
596 MPa according to earlier research by Deboucha et al., (2020).
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Table 1. Basic properties of natural soils Influence of Ceramic
Waste and Cement
Properties Values on the Mechanical
e and Hydraulic
Liquid limit, W, % 30.37 Properties,
Plastic limit, W, % and Microstructure
asticimi P72 24.05 of the Road
Plasticity index, I, % 6.32 Sub-Base Layer
Dry density, v4, kN/m? 19.4
The uniformity coefficient C, % 13.07
The coefficient of curvature C., % 1.44
Void ration, eg 0.095
Compacted soil cohesion C', bar 1.58
Friction angle ¢', ° 8.73
1.1.2. Ceramic waste
CW is classified as a non-recycled material in Algeria, the ceramic
waste of flooring tile used in our work was collected from a recent
building under construction, as presented in Figure 1(b), which uses
this waste as coarse materials. The size ranged from 0 to 5 mm. The
need to repurpose this waste in order to improve the properties of road
layers as sub-base layers stems from the environmental impact and the
Figure 1. (a) Natural soil; (b) Ceramic waste
Table 2. Chemical composition of materials in %
Element SiO, AlO; FeOs CaO MgO SO; K,O Na,O Li
Soil 25.35 15.53 4.54 35.64 4.38 3.54 3.63 2.62 4.77
Ccw 65.35 1913 3.49 4.69 3.67 0.15 3.38 0.15 -
OoPC 19.51 3.95 293 6282 153 1.22 0.69 11 7.3
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costs associated with road construction. In this study, the proportions
of coarse material in the soil were 5%, 10%, and 15%. The chemical
makeup of soil, CW, and OPC is shown in Table 2.

1.1.3. Ordinary Portland cement

In this project, Lafarge OPC (Matine Type 1I, 42.5 MPa) was utilised.
In our research, OPC, which is often utilised to bind soil particles, was
also found to be able to bind soil-CW particles. The chemical and physical

characteristics of OPC are shown in Table 3.

Table 3. Physical properties and chemical composition of OPC

Designation CEM-I1I/B 42.5 N NA 442 MATINE

Physical Normal consistency of the cement paste 25-28.5
properties Blaine fineness £4160-5270 pm/m
Initial setting 135-190 min
End setting 190-285 min
Shrink at 28 days <1000 um/m
Expansion 0.25-2.55 mm
Compressive strength at 28 days > 42.5 MPa
Chemical Loss on ignition 7-12.5%
composition  Soluble residues 0.7-2%
Sulfates 2-2.7%
Magnesium oxide 1-2.2%
Chlorides 0.01-0.05%
Tricalcic silicates 55-62%
Alkalis 0.5-0.75%

1.2. Methods

After the soil fundamental analysis was determined as presented in
Table 1, it was air-dried at 105 °C and then run through a 5 mm sieve.
Then, CW-OPC and CW alone were combined with the soil. As shown in
Table 4, rations of OPC were selected at 1.5% and 2% by total soil weight,
whereas 5% to 15% of CW was selected based on weight. Based on the
maximum dry density (MDD) and optimum moisture content (OMC),
which are found via the modified proctor compaction test as presented
in Table 5, each sample was combined for the various tests. In order to
achieve the aim of the research, the Guelph permeameter in-situ test was
used to determine the natural soil hydraulic conductivity in accordance
with ASTM D 5126 (2016). The findings were analysed using the two-
head approach, and constant pressure was applied inside a borehole to



measure the natural soil hydraulic conductivity. The sub-base layer that
was built on the site to regulate the permeability of the soil served as the
fixed GP. Figure 2 presents the Guelph permeameter.

Samples of natural soil, soil-CW, and soil-CW-OPC were subjected
to the permeability test as presented in Figure 4 in this investigation.

Table 4. Mix design composition

Mix Design Mixture composition Mix Design Mixture composition
SO Natural soil Sé6 Soil +15% CW +1.5% C
S1 Soil +5% CW S7 Soil +5% CW + 2%
S2 Soil + 10% CW S8 Soil +10% CW +2% C
S3 Soil + 15% CW S9 Soil +15% CW + 2% C
S4 Soil + 5% CW + 1.5% C S10 Soil + 1.5% C
S5 Soil + 10% CW +1.5% C S Soil + 2% C

Note. C: Cement

Table 5. MDD and OMC of different mix design

Mix Design ;’I/Z:; OI‘::OC' Mix Design ;4/2:; OI:ZC'
SO 1.93 13.10 Sé6 1.93 12.50
S 1.94 11.20 s7 1.97 11.32
S2 1.98 09.96 S8 1.95 11.42
S3 1.94 11.37 S9 1.95 11.80
S4 1.93 11.78 S10 1.95 12.25
S5 1.96 12.44 S11 1.95 12.20

.~

Figure 3. UCS hydraulic press
and extruder of samples

Figure 2. Apparatus of Guelph
permeameter
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Following a 24-hour storage period in plastic bags and a 28-day curing
period in water at a fixed temperature of 20+2 °C, the OPC specimens
were compressed into three layers in a permeability mould using 25
blows for each layer. In addition, the specimens without cement were
compressed in a permeability mould, kept for 24 h in plastic bags, and
subsequently put through a falling-head permeability test in accordance
with ASTM 5084-10 (2010).

The execution of CW and OPC in ameliorating the soil strength at
optimum moisture contents (OMC) and density was carried out by the
modified proctor compaction test, which prepared specimens for UCS by
using static compaction of all mixtures.

For each mixture, we used the identical approaches to manage the
energy and water of compaction. Following mixing, the raw ingredients
listed in Table 6 were put into a 70 mm by 140 mm mould using the
static compaction device shown in Figure 3. The specimens were then
extruded from the mould and stored for a day in a plastic bag. The
OPC specimens were immersed in water for 7, 14, and 28 days after
being moved to the water tank. Furthermore, after being moved to a
temperature-controlled chamber, the specimens with OPC for unsoaked
circumstances healed for 7, 14, and 28 days. Additionally, the specimens
without cement were kept in the plastic bags for a day before taking
the reading. The UCS test was conducted using ASTM 2166-06 (2006)
guidelines.

In order to evaluate the effect of CW on soil settlement behaviour, a
number of consolidations were conducted in this work. In this set of
experiments, natural soil was combined with 5%, 10%, and 15% of CW
under dry conditions. OMC was then compacted in a mould at MDD.

Figure 4. Apparatus of permeability Figure 5. Apparatus of consolidation



Compressibility properties are often measured under the assumption of
incremental loading (100, 200, 400, and 800 KPa). The test was carried
out in compliance with ASTM D2435 (2011) as presented in Figure 5.

To forecast the microstructure of the samples, SEM and point
elemental energy-dispersive X-ray (EDX) studies are also performed.
Using an infrared spectrum and a Perkin Elmer Spectrum 2000
instrument, 200 mg of KBr and roughly 2 mg of dry mixes were
blended-subjected to an infrared spectrum, and then scanned in order
to determine changes in the microstructure of stabilised soil samples.
To understand the themes of the treated and untreated soil at the
microscopic level, MIP tests were investigated. We cut out a little cub
that had sides that measured around 7 mm. We submerged it in nitrogen
liquid and performed freeze-drying in the Alpha 1-4 LD for a day. We
employed a Quantachrome porosimeter (AutoPore IV 9500 V1.09) to
examine the pore size distribution of mixtures.

Table 6. Mix design of the treated soil for various laboratory tests
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o fs:etst Type of test Purpose dﬁ:t:lt:ri‘gn cocnudril:i?)n Mix design

01 Guelph To determine the hydraulic - - In-situ

Permeameter conductivity of natural soil

(field test)

02 Permeability To evaluate the rate 28 Cure SO, 51,52, S3

test (Falling of permeability of the test in water S7

head method) samples S8
03 Unconfined To investigate the effect 7,14, 28 Wet SO, 51,52, S3

compression of CW and OPC on the and dry S4, S5, 56, S7,

UCS of the test specimens S8, S9, S10, S11
To investigate the effect
of CW and OPC on the UCS
of the test specimens
04 Consolidation To investigate the effect - - SO, $1,52,S3
of CW and OPC on void ration
and compressibility index
05 Infrared Analysis microscopic - - SO, 51,52, 53, S4
06 Mercury Analysis microscopic - - SO, 51,52, 53,54
intrusion
prosimetry

o7 SEM-EDS Analysis microscopic 0,28 - SO, S7, S8, 59
08 FRX Analysis microscopic - - Soil, CW, OPC
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2. Results and discussion

2.1. Guelph permeameter test (GP)

Reynolds & Elrick (1986) measured the field saturated hydraulic
conductivity (Ki) using GP by determining the steady-state liquid
recharge rate (Q), which maintains a constant depth of water in the
cylindrical auger hole in the unsaturated area. In this study, the
calculation of K used (Zhang et al., 1998) formulas. Based on the field
GP testing, we summarised the results in Table 7. From Table 7, the
hydraulic conductivity of natural soil is Kg=2.13 x 10° cm/sec. These
findings allow us to categorise our soil according to Darcy’s classification
system: silty sands or fine sands.

Table 7. Hydraulic conductivity (Kss)

Factor

Formula

Rate of flow for H,

Rate of flow for H,

Shape factor for H,
Shape factor for
H,

Factors
corresponding Hy/a

Factors
corresponding H,/a

Hydraulic
conductivity

Q=Y xR1=3.24
(R1=1.5: Steady state rate of water level change cm/min)

Q=Y xRy=4.32
(Rq = 2: Steady state rate of water level change cm/min)

G = i 5 =0.005
m(2HH, (Hy —Hy ) +a* (HC, — HoGy)
Gy =0.004

G, =
2 RQHH, (Hy —Hy)+a? (HC, —HyC, )

0.754
H
C = % =0.809
2074+ 0.093[—‘]
a
0.754
Hy,
G=|—9 m =1.287
2.074 + 0.093(—2j
a

Kts = G2 Qy, G1 Q= 1.28x10% cm/min = 2.13x10°cm/s
Soil classification: Silty sands or fine sands
Classification of Darcy permeability 1072 to 1

(high permeability)




2.2. Falling head permeability test

The coefficient of permeability k for both treated and untreated
soil was investigated in a laboratory setting as presented in Figure 6,
following the theory of Darcy (1856). The permeability was related to
the dynamic water viscosity, which changes with temperature, but it
was not persistent for the given soil parameters. Investigations were
conducted on compacted samples of natural soil (S0), 5-15% CW-soil (51,
S2, and S3), and 5-10% CW-s0il-OPC (S7, S8).

Figure 6 makes it evident that the permeability coefficient of the
stabilised soil mixes is reduced by approximately 88% to 93% due to
the action of CW and OPC. The percentage of CW added varied from 5%
to 15%. Furthermore, the permeability is reduced by approximately
97% upon the addition of CW and a tiny quantity of OPC. These findings
support the beneficial effects of CW and OPC on the soil; these novel
compounds may find application as road layer stabilizers. By connecting
between soil particles, CW fine particles-a mineral component of CW and
OPC reduced the spaces.

7.5x107 =
7.0x107 |-
6.5x107 |-
6.0x107 |-
5.5x107 |-
5.0x107 |-
4.5x107° |-
4.0x107 |-
3.5x107 |-
3.0x107 |-
2.5x107 |-
2.0x107 |-
1.5x107° [~
1.0x107 |-
5.0x10™ |-

0.0

Permeability coefficient k, m/s

SO S1 S2 S3 S7 S8
Mixtures

Figure 6. Effect of CW, OPC on permeability of stabilised soils
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2.3. UCS test

UCS is an important test for soil improvement as reported by
Sariosseiri & Balasingam (2013). UCS tests were performed in this
inquiry to look at the effects of CW ration, CW with OPC dosage, and
curing conditions on stabilised soil. The investigation and discussion of
every specimen are provided in Sections 2.1.1.-2.1.4.

2.3.1. Influence of CW on UCS of stabilised soil

Soil troubles are seen in Figure 7, where it is noticed that the UCS
decreases from 748 KPa in an unsullied state to 0 KPa in an immersed
state. Soil particle separation and cohesiveness degradation occur when
the specimens are submerged in water, a condition that might cause
issues for the sub-base layer of newly constructed roads.

The UCS rises when the amount of CW in the soil is increased from
5% to 10% when it is not saturated. In addition to adding 15% CW to the
soil, the UCS decrease a bit compared to dosage of 5 and 10%. Positive
CW effect filled the spaces between soil particles in the soil. However,
the CW reach of silica (Si0;) and the soil reach of CaO may have triggered
interactions between these two important minerals. Combinations of
Si0; with CaO result in calcium silicate, which many researchers employ
to stabilise soil by making it more compressively strong.

800

—a— S0 (Unsoaked 1 day)
—o— 50 (Soaked 1 day)

700

600

0.0 0.2 04 0.6 0.8 1.0 12
Axial strain, %
Figure 7. UCS Values of natural soil



As the CW grew from 5% to 15%, as seen in Figure 8, the UCS
increased by almost 23%. The dosages of CW at 5%, 10%, and 15% on
UCS are shown in Figure 9, with 922 KPa being the ideal UCS. The UCS of
stabilised soils is significantly impacted by waste ceramic dust, as noted
by Chen & Indusuyi (2015). According to Cabalar et al. (2016), UCS was
impacted when CW tile was used for subgrade materials.

1000
900| |—® SO (Unsoaked) Ay
—e— S1 (Unsoaked)
800 | |—a—S2 (Unsoaked) ‘o
200| =7 S3 (Unsoaked) .

600
§ 500
g 400
)]
300
200
100

0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Axial strain, %

Figure 8. Effect of CW on UCS results of soil with 5,10 and 15% CW

2200

—m— S0 (Unsoaked) <
2000 | |—e— S1(Unsoaked) / — <
—v—S54 (Soaked)

1600 | |-« S7(Unsoaked)
1400 | [=>— 54 (Unsoaked), /

1200
=~ 1000

UCS, KPa

800 : .2,

600 .
400 -
200 4

0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Axial strain, %

Figure 9. Influence of 5 % CW and 1.5 to 2% OPC on UCS of stabilised soils
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2.3.2. Influence of CW and OPC on UCS of stabilised soil

Figure 10 shows that adding 1.5-2% OPC and 5% CW raises the
stabilised soil UCS from around 72.3% to 176% when it is unsoaked
and to 2 MPa when it is soaked. Furthermore, because OPC and CW
have large percentages of alumina, silica, and silica in their mineral
compositions, respectively, CW and cement also develop novel stiff
materials.

Additionally, we can see from Figure 11 that when 10% CW was
added, the OPC ranged between 1.5 and 2% and the UCS increased
approximately from 92% to 152% and 118% to 137% in both conditions
(soaked and unsoaked), respectively. The results of UCS as observed in
mixtures with 5% CW are maintained when CW is increased from 5% to
15%.

On the other hand, UCS increased by 106% to 137% in combinations
with 15% CW and 1.5% to 2% OPC, as seen in Figure 12. The good UCS
outcome was affected by the inclusion of CW and a tiny quantity of
OPC. However, CW and OPC have different compositions, natural soil
properties set them apart and create a distinct matrix.

200
180

—=—S0 (Unsoaked)

—o— 53 (Unsoaked) e ) ;/ T

160
—4—56(Unsoaked)| ¥

14 2
00 | v s6 (Soaked) g Ay v
1200 | <« S9(Unsoaked)/”
é’ 1000 | =>—S9(Soaked)
N S
8 80 -
=}

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Axial strain, %

Figure 10. Influence of 10 % CW and 1.5 to 2% OPC on UCS of stabilised
soils



2200 —&— S0 (Unsoaked)
2000 I S2 (Unsoaked) .
RS
1600 | |—<— S8 (Unsoaked) —~_
1400 | [=>—S8 (Soaked) /7 v >
é‘ 1200 // M
&7 1000 ’ / .,
= 800 /./
600
400 V4
200| /.
W
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 11. Influence of 15 % CW and 1.5 to 2% OPC on UCS of stabilised

soils

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

UCS, KPa

Figure 12. Influence of 1.5 to 2% OPC on UCS of stabilised soils

Axial strain, %

—#— S0 (Unsoaked)
—e— 510 (Unsoake)
—4&—S10 (Soaked)
—w— S11 (Unsoaked)
—<4—S11 (Soaked)

0
0.0 0.2 04

0.6 0.8 1.0 1.2
Axial strain, %
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2.3.3. Influence of CW and OPC on UCS of stabilised soil

Figure 13 shows the outcomes of the UCS test conducted on treated
soil containing various amounts of CW. It was found that until the UCS
reached 2 MPa, the UCS rose as the OPC ratio increased. It is verified that
the combination of CW and OPC composition provides hard materials
appropriate for usage as sub-base layers in road building. However,
samples with 5, 10, and 15% CW with 2% OPC as a partial stabiliser
replacement and a higher UCS of 2.1 MPa are shown in Figure 14.

B8 Unsoaked curing (7 Days)
I Unsoaked curing (14 Days)
I Unsoaked curing (28 Days
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Figure 13. Influence of unsoaked curing on UCS of stabilised soils
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Figure 14. Influence of soaked curing on UCS of stabilised soils



2.3.4. Influence of curing time and conditions on UCS of stabilised soil

The UCS of stabilised soils rose with increasing curing time, as
demonstrated by Figures 15 and 16. This indicates that the OPC and CW
act when combined with soil that has stabilisers and water. Hard mass
was created by the pazzolanic reaction, which decreased the voids in
the newly formed matrix. Longer curing times equilibrate the ultimate
strength (Chand & Subbarao, 2007).

Yeo (2008) states that for medium- to high-volume roads, the
minimum UCS needed for the sub-base layer is 2 MPa, and for low-
volume roads, it is 12 MPa. However, Syed & Scullion (2001) stated
that 1.38 MPa is the minimum UCS needed for medium-to high-volume
highways. IRC:37 (2012) states that 750 KPa is the minimum UCS of
stabilised samples for the sub-base layer of low-volume roads after 28
days of curing. The majority of our combinations achieved the minimum
UCS values needed, which leads us to the conclusion that stabilizing soil
containing CW and a small quantity of cement are appropriate materials
for the road sub-base layer.

The links between permeability and CBR, as shown in Figure 17,
support the idea that adding CW and OPC to the soil improves it. It is
evident that raising CBR decreases permeability. OPC binds between CW
and soil, creating a stiff substance, while CW fills the spaces between soil

15

S
*

Partial replacenment of CW, %
(=) vl
2
2

5
740 760 780 800 820 840 860 880 900 920 940
UCS, KPa

Figure 15. Effect of the CW replacement on the UCS of stabilised soil
specimen
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particles. From Figure 17, we can conclude that the optimum ration of
CW to the soil should be less than 15% because adding 15% CW without
cement to the soil decreased the results of CBR and increased the
permeability.
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Partial replacement of CW with 2% OPC
o
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Figure 16. Effect of the CW and OPC of partial replacement on the UCS
of stabilised soil specimens
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Figure 17. Relationship between permeability and CBR
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2.4. Influence of CW on the consolidation of soil

Figures 18 and 19 illustrate the consolidation results on unstabilised
and stabilised soil with varying amounts of CW and OPC. Figure 18
illustrates how raising CW from 5% to 15% results in a decrease in the
void ratio. On the other hand, Figure 19 shows how the compression
index drops by approximately 61.7% and 31.7%, respectively, when CW
5%, 10%, and 15% are added. Reduction C, suggests that there may
have been improvements in the CW-treated soil. According to Pastor et
al. (2019), adding 25% limestone powder to soil reduces its compression
index by 27%.
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Figure 18. e-log P curve for different mixtures
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Figure 19. Variation of compression index (C.) with CW
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2.5. Influence of CW and OPC on microstructure
of CW-OPC stabilised soil

The SEM images of the untreated soil (S0), treated soil (S7), treated
soil (S8), and stabilised soil (S9) with 5% CW and 2% OPC are shown
in Figure 20. This last photo shows the treated soil with 10% CW and
2% OPC. The large pores seen in Figure 20(a) attest to the inferior
mechanical properties of CBR and UCS. When 5% and 10% CW and 2%
OPC are added to the soil, the microstructure of the soil significantly
changes, as seen in Figures 20(b) and 20(c). This shows that a new stiff

Figure 20. (a) SEM of SO (Magnitude 2500x); (b) SEM of S7 (Magnitude
2500x); (c) SEM of S8 (Magnitude 2500x); (d) SEM of S9 (Magnitude
2500x)
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matrix is formed when the CW and OPC bind between the soil particles.
When 5% and 10% CW are added with 2% OPC, an advanced pozzolanic
reaction occurs. On the other hand, Figure 20(d) shows that adding
15% CW and 2% OPC results in larger pores, suggesting that 10% of
the mixture total weight is the ideal amount of CW. Comparable results
were observed by Arrigoni et al. (2017) when fly ash (FA) and cement
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were applied to the soil. Furthermore, James & Pandian (2018) research
shows that adding micro-ceramic dust to the soil in addition to lime has a
similar impact on microstructural features.

(a) EDS spectra for natural soil

20K 30K 40K S0K

(b) EDS spectra for stabilised soil

Ca
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Figure 21. EDS spectra for natural soil and stabilised soil
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Transmission, %

The EDS analysis of the chemical components of untreated and
treated soil with CW and OPC is displayed in Figures 21(a) and 21(b).
The treated samples show the presence of the new elements Si, Ca, and
Al, which are in charge of the calcium-aluminume-silicate hydrates (S-A-
S-H) production. As a result, according to Al-Bared et al. (2018), CW
and OPC can cooperate chemically with the soil particles in 2.6 Infrared
spectroscopy.

Figure 22 shows IR spectroscopy of untreated and treated soil with
5%, 10%, and 15% of CW and 5% CW+2% OPC. Figure 22, which displays
independently observed absorption bands, shows the mutual features
found in the infrared spectra of soil that has been stabilised and that has
not. The IR spectra of soil and CW are dominated by Si-0-Al and Si-O-Si
bands in the representative absorption band observed in the range
of 1035 cm™ to 874 cm™. This indicates that the incorporation of these
materials with CW and OPC will convert cementitious when water is
added to the new matrix due to the consistency of (C-S-H) and (C-A-H)
(Moraes etal., 2019).

The band forming for the vertical and in-plane Si-O stretching is
ascribed to the Ca-OH band, which occurs due to stabilised soil with CW
and CW+OPC, respectively. Additionally, when CW to the soil increased,
Figure 22 demonstrates that the intensity of particular wavelengths

100

-20
4000
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Wave length, cm™

Figure 22. FTIR spectrums for untreated and treated soil with CW and CW
with OPC



decreased, as seen by the reduction of relative points presented in the
533 cm™ to 471 cm™' range. Lemougna et al. (2014) and Wi et al. (2018)
found that OH stretching vibrations matching inner-surface hydroxyls
could be attributed to additional peaks at 3620 cm™ and 3698 cm™.
These results yielded similar outcomes with different researchers. The
stretching vibration at 3425 cm™ is the source of the remaining bands.

2.7. Mercury intrusion porosimetry tests

An extensive screening of the MIP results for different ranges
of pores was done in order to determine the impact of CW and OPC
on porosity distribution. The treated soil pore size distribution as
determined by the MIP test is displayed in Figure 23. The pore size
distribution of several stabilised soil combinations is shown in Figure 23.
Furthermore, according to Figure 23, the essential pore size of natural
soil was between 0.1 and 1 um; however, the stabilised mixtures shifted
to the right side, which resulted in a decrease in pore size. The addition
of CW from 5 to 15% and CW with 2% OPC lowered the pore size. The
outcomes of the UCS, permeability, and consolidation tests are supported
by these findings. Aldaood et al. (2014) revealed similar observations
about the effects of lime-stabilised gypseous soils.

Sol2 —@—Sol3 =—@—Sol4

Sol 1

—@—Sol 0
0.14

0.12

0.1
0.08
0.06
0.04

Differential intrusion, ml/g

0.02

0.001 0.01 0.1 1 10 100

Pore size diameter, pm

Figure 23. Changes in pore size distribution of untreated and treated soil
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Conclusion

The goal of the experimental study is to determine how permeability,
UCS, and consolidation behaviour may be impacted by CW and CW-OPC.
A series of experiments determined the mechanical and hydraulic
properties, and microstructures of treated and untreated soils, as well as
a Guelph permeameter to validate the problematic nature of our project.
The results and specifics of the present study are as follows:

- Due to its high in-situ permeability, natural soil is highly

susceptible to water.

- The permeability of the soil treated with CW and cement was
reduced by approximately 97%, indicating that CW had a
beneficial effect by filling in the spaces between soil particles. On
the other hand, the OPC mixes support the pozzolanic reaction by
generating hard materials.

- The soil-CW cement showed greater UCS values in both conditions,
which went above 2 MPa; nevertheless, the UCS of soil-CW
increased with increasing CW in wet conditions and losses in
immersed conditions.

- When the percentage of CW rose from 5% to 10%, the
compression index dropped by around 67%. This work
demonstrates the beneficial interactions between CW and OPC,
which may lead to the development of novel substitute materials
for road sub-base layers.

- Microscopic examination supported the mechanical and hydraulic
results by showing that the CW and OPC improve soil properties
by lowering waves and pore size in stabilised materials.

- Using CW and OPC together offers a practical way to enhance the
qualities of road sub-base layers.
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