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Abstract: Clay covers a substantial portion of the Earth. Such soil covers Iraq’s central and southern
regions, where the depth of the clay may reach 150 m. All enhancement techniques and methods for
transporting large loads cease to function or become prohibitively expensive in such soils. In this
case, thermal treatment is the most effective method. In this study, a novel heating system was
created and produced utilizing gas as the heat source via boreholes that simulate reality. The
borehole heating cases were planted inside soft clay soil to enhance the soil. Different parameters
were investigated, including the spacing between boreholes (3, 4, and 5 times the outer diameter of
the borehole), the heating depth (1, 1.5, 2, and 2.5 times the width of the model footing), the duration
of heating (2, 4, 6, 8, and 10 hrs), and the pattern (square, circular, triangular). The results showed
the strength and behavior of the soil treated with heated boreholes at varying spacings, depths,
patterns, and heating periods. The best results were found for a spacing, depth, and heating time of
three times the outer diameter of the borehole, two times the width of the footing model, and eight
hours, respectively. The effect of the heated borehole casing pattern was small when the heated
borehole casing was used. The experiments conducted on heated soil showed that the undrained
shear strength (Cu) increased from 14 to 360 kPa and then dropped to 140 kPa (as an average with
depth). In contrast, the average angle of internal friction (&) rose from 0 to 52 degrees and decreased
to 16 degrees (as an average with depth) from the center of the heating model to the furthest point
affected by heating. In addition, the EDS pattern showed that components like silicon, aluminum,
and iron dropped at 300 °C and rose at 400 °C in the treated soils. At 200 °C, the calcium content
rose, and then dropped dramatically at 400 °C. The carbon percentage increased at 300 °C and
decreased at 400 °C. The elements’ proportions showed little change or remained stable at
temperatures between 400 °C and 600 °C.

Keywords: bearing ratio; settlement ratio; heating; spacing; depth; CPT; EDS

1. Introduction

A low bearing capacity and extensive expected subsidence are the primary issues associated
with weak soil, as well as the stability of constructions built on such soils [1]. Soft clayey soil, which
is frequently encountered in civil engineering projects, is one of the problematic soil types that
occupies a significant portion of the globe, such as many lowlands and coastal regions, where
industrial and urban centers are located [2]. High plasticity, dispersivity, high compressibility,
swelling, excessive settlement, low strength, and susceptibility to environmental variables are some
of the most significant strength and behavioral difficulties related to certain types of soil [3].
Generally, all problematic soils should be modified to enhance their behavior and strength [4]. Based
on the treatment approach, engineering methods for ground modification can be roughly divided
into three categories: chemical, biological, and mechanical stability. Thermal treatment is a technique
utilized for improving the behavior and strength of weak soils. Several studies on the impact of high
temperatures on soil quality have been published in recent years. Ref. [5] examined the influence of
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heating on different types of fine soils in the east of Turkey and discovered that the degree of heating
(20 to 1000 °C) significantly affected the clay’s characteristics, such as specific gravity, maximum dry
density, and optimal water content. Ref. [6] examined the effect of the degree of heating (20 to 400
°C) on three types of fine loose soil in the north of Jordan in laboratory circumstances and discovered
that heat enhancement decreased the plasticity index, optimal moisture content, pressure of swelling,
and undrained shear strength of the soil. Ref. [7] researched clay heated at 200-800 °C in a heating
furnace to study the development of the clay’s physical characteristics under high-temperature
heating. At high temperatures, the clay was shown to be influenced by three primary processes,
including chemical alterations in the mineral composition, heat-induced microcracking, and fractures
in the mineral particles. Through laboratory measurements, the researchers in [8] studied the effect
of the degree of heating (20 °C (room temperature) to 900 °C) on the thermophysical characteristics
of clay and determined that, after heating, clay’s thermal conductivity exhibits a strong linearity with
density. Ref. [9] utilized microwave heating to strengthen a weak clayey insertion in specimens and
found that when the temperature rose higher than 500 °C, the soil’s water stability significantly
improved, and the treatment using microwaves also increased the cracks and porosity of the fine soil
inside, making it suitable for grout reinforcement. Ref. [10] examined the potential of microwave
sintering to improve radioactively polluted soil and found that it may be an effective remediation
method for radioactive soil pollutants. Ref. [11] developed a custom high-temperature device to heat
soft clay soil at 105 °C, 150 °C, and 200 °C and found that the duration of heating affected the dry
density, saturation, and volume change in the sample in a nonlinear pattern. Ref. [12] examined the
thermo-consolidation properties of soft clay soil in the Ningbo region, China, by conducting thermo-
consolidation experiments at varying temperatures and confining pressures and found that a higher
temperature increased the degree of consolidation. Ref. [13] determined a mathematical equation for
the variation in the angle of internal friction and cohesion with temperature by examining the effects
of the confining pressure, dry density, and water content on the effectiveness of the swelling soil. Ref.
[14] explored how temperature affected the dielectric properties of kaolin specimens exposed to
microwave radiation and found that the existence of surface transporters that absorb microwave
electromagnetic fields is correlated with a high efficiency of the heating action. The application of
heated microwaves has the apparent ability to alter the swelling properties of expansive soil, with
the vertical free swelling strain and the free swelling ratio of the soil samples decreasing substantially
following microwave heating; their relationship with microwave heating duration is close to linear
after approximately fifteen minutes of heating in microwaves, after which the soil sample may
become hardened and cease to qualify as expansive soil [15]. According to the above-mentioned
research, the temperature and exposure duration are crucial parameters influencing soils” qualities.
However, in terms of heat treatment, soil samples are typically subjected to inefficient high-
temperature furnaces. Regarding the heat treatment of clay soils, particularly soft clay soils in
locations where long-term engineering projects are expected to be created, a heating system and
bearing load device have been invented that accurately represent field conditions. Due to Iraq’s
abundant oil and gas reserves, the heating system was designed to run on cooking gas. Therefore,
this research aimed to study the effect of the heat treatment approach using a heated borehole
surrounded by soft clay soil. This research also revealed the strength and behavior of the soil treated
using heated boreholes with varying spacings, depths, patterns, and heating periods that simulated
reality. In addition, the bearing capacity parameter values for the thermally treated soils were
determined using an electrical cone penetration probe (CPT) with a cross-sectional area of 1000 mm?,
under ASTM D 5778. Finally, energy-dispersive spectroscopy (EDS) diffraction testing was
conducted to compare the chemical change in the treated and untreated soils.

2. Methodology and Experimental Work

2.1. Materials Used

This study used three materials: soil, gas, and water. The soil sample used in this study was
brought from the Al-Amer site in Baghdad city. The physicochemical properties of the soil are listed
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in Table 1, and the soil particle size distribution is illustrated in Figure 1. The LPG used in the study
was domestic compressed gas inside a cylinder, consisting mainly of methane and including propane,
ethane, and heavier hydrocarbons. The gas also provides trace amounts of nitrogen, hydrogen
sulfide, carbon dioxide, and water, which burn in a mixture of around 4% to 12% air by volume [16].
Lastly, tap water was used in the experiment.

Table 1. Physicochemical properties of soil.

Index Property Index Value
Liquid Limit (%) 45
Plastic Limit (%) 23
Plasticity Index (%) 22
Specific Gravity 2.69
Gravel % 0
Sand % 2
Silt % 20
Clay % 78
Classification (USCS) CL
Organic Matter (%) <0.01
Total Dissolved Salt (%) 2.21
pH Value 7.2
100
90
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o 80
3
g 70
o 60
£
E 50
40
1 0.1 0.01 0.001
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Figure 1. Grain size of soil.

2.2. Devices and Tests Used in This Study

In order to explore the response of heated soft clay soil, it is crucial to simulate circumstances
similar to those that may be encountered in the field. A specific piece of testing apparatus and its
attachments were created and constructed to accomplish this objective. The devices provide heating,
and then a monotonic load is applied to a 200 x 200 mm? area for the model foundation. The
evaluation system includes the following components: metal load framework, metal box, casing
(barrier tube), and heating system.

2.2.1. Metal Load Framework

A metal structure was created to sustain the verticality of the piston mechanism used to deliver
the center-focused load onto the treated soil inside a metal box with interior dimensions (92.5 x 92.5

x 92.5) cm?, and it bore the penetration motor of the borehole casing throughout the heating process,
as shown in Figure 2.
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Figure 2. Metal load framework.

2.2.2. Casing (Barrier Tube)

The casing for the borehole was manufactured using four sizes of carbon steel according to A53
ASTM grade B, with a 43 mm outer diameter and 4 mm thickness. Table 2 presents the physical
properties of these cases. Various lengths (1, 1.5, 2, and 2.5 times the width of the model footing) were
employed. The four varieties are shown in Figure 3. A previous experimental determination
established that a minimum diameter of 35 mm is required to generate fire within the soil [17].

Figure 3. Tube casing of the borehole.

Table 2. Physical properties of pipe casing.

Property Value
Density at 20 °C (kg/dm?) 785
Thermal conductivity at 20 °C (W/m K) 50
Specific thermal capacity at 20 °C (J/kg K) 460

2.2.3. Heating System

The heating system was fabricated and installed to create heat inside the soil model. The system
is composed of five major components: combustion pipes; rubber pipelines (W/BP 20/30 BAR) that
transmit gas and air from the source to the priming pipes; a controller for the heating source; an air
compressor that provides the heating system with air, along with a gas bottle and gas regulator; and
the measuring devices for the heating system (Figure 4). Two devices are used to measure the
temperature. The first is a heat control board with a plastic box holding two temperature controllers
that monitor the soil’s internal temperature through a thermal connection. These temperature sensors
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are 15 and 30 cm in length, have two electric switches to activate the temperature controller, and two
electric lamps. The second device uses five thermal sensors linked by a thermal wire spread out
within the soil to measure the soil temperature during heating. These sensors’ lengths are equal to 30
cm. In addition, the sensors are linked to a data-logger-type Ordel 100 device that records the
temperature in the computer. To ensure the accuracy of the results, two models were created for each
variable, with the first model containing seven thermal sensors and the second containing two
Sensors.

270 41 MARTAT

Figure 4. Heating system: (A) combustion pipes, (B) heating source controller, (C) heating system
measuring devices, and (D) air compressor, gas bottle, and gas regulator.

2.2.4. CPT Probe Device

This investigation determined the bearing capacity parameter values for the thermally modified
soils using an electrical cone penetration probe (CPT) with a 1000 mm? cross-sectional area, as per
ASTM D 5778. The influence of overburden pressure resulting from the shallow penetration depth
was disregarded. Figure 5 illustrates that the penetrating motor was linked to this probe via a
standard adapter. The penetration probe’s 10 mm/s velocity remained consistent due to the shallow
penetration level.
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Figure 5. Preparing the CPT probe to model the test.

2.3. Establishing the Soil Modeling and Test Procedure

Anundrained shear strength of 14 kPa was used with 29% water per 25 kg of dry clay soil, where
the vane shear, a portable device, was used to achieve an undrained shear strength of the soil equal
to 14 kPa. A 120 L laboratory mixer was used for blending. The soil was sealed in polythene bags for
one day after mixing to obtain uniform moisture content. Afterwards, the soil was deposited 10 cm
deep for each layer in a (92.5 x 92.5 x 92.5) cm? metal container and gently crushed with a 60 mm x 60
mm wooden tamper to remove air. After the final layer, the top surface was cleaned and leveled, and
a hardwood platform with the same surface area as the bed’s soil was placed on the bed with 5 kPa
of sitting pressure for one day. After removing the seat pressure, the guide plate was placed
according to a different pattern, spacing, and length of the nine borehole cases to complete the
installation of those cases; a motor that penetrated using a controlled velocity was used, and then an
Auger with a 34.5 cm diameter was used to empty the soils from inside the cases. After this step, the
guide plate and motor were removed from the soil model and prepared for heating. The heating
pipes (combustion hands) started the heating stage. After inserting the casing into the soil and
arranging the gas and air ratio (10% gas, 90% air), the heating system was activated and the heat
began to pass from the casing to the soil. Pipe primers ignited the casing fire.

After the operation, the heating equipment was switched off, and the soil model was allowed to
reach ambient temperature after 24 h. After preparing the test model, the 20 cm x 20 cm footing was
placed in the middle of the soil surface. The metal box was moved to align the foundation, and the
motor pressurized the centers with a loading rate of (1 mm/min). Then, the loading transducer and
LVDT were installed. Failure was defined as the load being sufficient to induce a settlement equal to
10% of the footing width; although the influence of water vapor that escapes from the top layer causes
massive cracks to occur in this layer, a 2 cm (10% of the footing width) depth settlement is a very
weak criterion in this state. So, in this research, all models addressed a settlement equal to 15% of the
footing width caused by the failure load. Figure 6 shows the stages of preparation of the soil model
for the heat treatment and the load test.
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Figure 6. Stages of the test procedure for heat treatment and load test.

2.4. Testing Program

The research approach used in this study was constrained to a series of five sequential processes

including the analysis of physical models, as shown in Figure 7.

The prepared physical model
with Cu = 14 kPa to testing

|
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o ) e

D is the outer diameter of the borehole casing (43 mm)
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Figure 7. Flowchart of the testing program.
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3. Presentation and Discussion of Test Results

3.1. Impact of Distance between Borehole Casing (Spacing)

Three models were executed with nine square patterns of heating boreholes of 40 cm depth (2b),
with 3D (13 cm), 4D (17 cm), and 5D (22 cm) as the distance between each borehole. Each model was
subjected to six hours of heating. The connection was dimensionless between the bearing ratio (qu/Cu)
and the settlement ratio (Settl./bsooting) for all models, as shown in Figure 8. The values of the bearing
ratio (qu/Cu) rise when the heating system works and decrease if the distance between the heating
boreholes grows up to a space of 5D, where the values of the bearing ratio at the 15% settlement ratio
are 5.03, 5.35, 27.26, 24.84, and 21.78 for the models UW (untreated soil without casing), U.C
(untreated soil with casing), 3D, 4D, and 5D, respectively. For spacing increases greater than 3D, such
as 4D and 5D, the interlocking between the unit cells is significant and leads to lower temperatures
in the center of the treated zone, followed by low values for the bearing ratio, as shown in Figure 9.
When the spacing is narrow, as in the 3D model, the unit cells become increasingly interlocked, and
the temperature is higher than between the 4D and 5D models, as seen in Figures 10 and 11 (the
mechanical properties and chemical changes caused by heating are discussed in the last section).

Bearing ratio (q,/Cu)

0 5 10 15 20 25 30 35 40

0.05

o
N

Settlement ratio (Settl./b)
©
N
(0]

0.2

0.25

—l— Untreated soil and without casing ~ —#— Untreated soil with casing

—O— Treated soil (3D) - Treated soil (4D)

—i—Treated soil (5D)

Figure 8. Dimensionless connection between the bearing ratio and the settlement ratio for various
spacing models.
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(A) (B)
Figure 9. Enhancement area of heating technique: (A) the 3D model and (B) the 5D model.
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Figure 10. Temperature and duration for the 15 cm thermocable at various spacings.
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Figure 11. Temperature and duration for the 30 cm thermocable at various spacings.
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3.2. Impact of Borehole Casing Depth

Four models with 3D (13 cm) spacing were designed to examine the impact of the borehole
casing depth on the bearing capacity. Casing boreholes of varying depths and a square pattern made
with nine borehole casings were used to create all the models (b, 1.5b, 2b, and 2.5b), where b is the
width of the model footing. There was a standard six-hour heating period for all models. Figure 12
illustrates the dimensionless relationship between the bearing and settlement ratios for all models
with various depths, including UW and U.C. The magnitude of the bearing ratios rises as the
borehole casing depth increases. The bearing ratios are 5.03, 5.35, 14.23, 23.57, 27.26, and 28.2 for
models U.W, U.C, 1b, 1.5b, 2b, and 2.5b, respectively. The results of all the models are attributed to
two factors, depth and area on which the load acted, as illustrated in Figure 13. According to the
stress bulb, the stress pressures dissipate with depth, with roughly 40% vanishing at less than 2b
depth and 80% at more than 2b depth.

Bearing ratio (q,/Cu)
0 5 10 15 20 25 30 35 40 45

0.05

0.1

0.15

Settlement ratio (Settl./b)

0.2

0.25
== Untreated soil and without casing —4— Untreated soil and casing
«=fr==Depth =20 cm (b) === Depth =30 cm (1.5b)
=== Depth = 40 cm (2b) Depth =50 cm (2.5b)

Figure 12. Dimensionless connection between the bearing ratio and the settlement ratio for various
depth models.
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(©) (D)

Figure 13. Enhancement area at various depths: (A) 20 cm (b), (B) 30 cm (1.5b), (C) 40 cm (2b), and
(D) 50 cm (2.5b).

3.3. Impact of Borehole Casing Pattern

To evaluate the pattern effect of the borehole heating casing on the bearing capacity, nine
borehole casings with an inner diameter of 3.5 cm, a depth of 40 cm, and a spacing distance of 3D
were produced to generate four models with varied patterns (square; circle; triangle (1), with the
existence of one borehole heating casing under the footing; and triangle (2), with the existence of two
borehole heating casings under the foundation). Figure 14 illustrates the dimensionless relationship
between the bearing and settlement ratios for all models with various patterns, including U.W and
U.C. At the beginning of the study, the researchers anticipated that the pattern would have a
substantial influence; however, as shown in Figure 14, the bearing ratio values are 27.26, 26.19, 23.6,
and 23.25 for the model's 3D square, 3D circle, 3D triangle (2), and 3D triangle (1), respectively. In the
triangular pattern models, the treated area is not consistent around the footing where the unit cell
interlocking is dispersed, and the bearing ratio is low compared to the square pattern models, as seen
in Figure 15. As a result of the close proximity between the tiny treated zone and the interlocking unit
cells, resulting in the borehole heating casing, the bearing ratio of the circular pattern is lower than
that of the square design, as seen in Figure 16. Figures 17 and 18 indicate the temperature fluctuations
over time at the midpoint of the treatment zones for the 15 cm and 30 cm thermocables for all models,
respectively. Figures 17 and 18 show that the values are varied, most notably in the circular pattern,
where the temperature increases to 232 and 160 degrees Celsius. In comparison, it reaches 104 degrees
Celsius in the square and rectangular designs at 15 cm and 30 cm thermocable lengths, respectively.
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Figure 14. Dimensionless connection between the bearing ratio and the settlement ratio for various
pattern models.

(B)

Figure 15. Triangular pattern model: (A) triangle (2) (two borehole heating casings under footing),
and (B) triangle (1) (one borehole heating casing under footing).
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Figure 16. Circular pattern model.
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Figure 17. Relationship between temperature and duration for the 15 cm thermocable in various
patterns.
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Figure 18. Relationship between temperature and duration for the 30 cm thermocable in various
patterns.

3.4. Impact of Heating Time

Five models using the square pattern were created to investigate the impact of heating time on
the bearing capacity. The models were heated for varying lengths of time (2, 4, 6, 8, and 10 hrs). The
spacing and the extended depth of the borehole casings were 3D and 40 cm (2b), respectively. Figure
19 depicts the dimensionless relationship between the bearing and settlement ratios for all models
with varying heating duration ratios. Figure 19 demonstrates that the bearing capacity values rise as
the heating duration increases, because the bearing capacity parameters increase when the values of
the bearing ratio are 5.03, 5.35, 13.76, 20.9, 27.26, 31.19, and 34.57 for models UW, U.C, 2 hrs, 4 hrs, 6
hrs, 8 hrs, and 10 hrs, respectively. Significantly, the angle of internal friction where the heating
method works on dry soils transforms the clay mineral, which then behaves like sandy soil. Figures
20 and 21 depict the temperature variations with time at the midpoint of the treatment regions at 15
cm and 30 cm of thermocable length for all models, respectively. During the first 120 min of heating,
the temperature rose rapidly from 21 °C to 98 °C.

The temperature inside the soil model increased until equilibrium was reached at 104 °C,
remaining at this temperature for the next four hours. Then, the temperature rose rapidly from 101
°C to 250 °C at 600 min, indicating the occurrence of three distinct phases. In the first stage, the soil
and water act as heat conduction bridges. The mixture of soil and water is a uniform heat conductor
since the soil particles are entirely covered by water, rapidly increasing the soil’s internal
temperature. The second stage lasts between 120 and 360 min. The temperature increase is relatively
slow until it reaches the equilibrium point of 101 °C. When the temperature rises, the amount of water
vapor progressively increases and eventually exits from the soil, causing the soil pores to expand.
Heat is transmitted via water, steam, and soil particles as the temperature increases. When all the soil
moisture has evaporated, the soil’s heat is transported via the soil particles and steam. The stage in
which the soil temperature remains at around 101 °C and does not rise due to water vapor is known
as the constant stage. After 360 min of heat treatment, the third stage occurs: the water vapor in the
soil evaporates entirely, the soil becomes dry, the clay minerals transmit heat fully, and the
temperature rises until it exceeds the temperature of the heating source. Thus, it may be concluded
that the first and second phases are complete after 360 min, meaning that the soil’s water vapor has
been released and the soil has become dry. The soil in the study in Ref. [19] exhibits the same conduct.
Figure 22 depicts the relationship between the temperature (degrees Celsius) and the horizontal
distance of the treatment zone for the 2 hrs, 4 hrs, 6 hrs, 8 hrs, and 10 hrs models, with the peaks on
these curves representing the source of heat. Also, due to the action of the heating system, where the
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air is pushed into the wells to provide continuous air to run the heating system and remove the
trapped gases created by combustion, there is a minor fluctuation in the temperature.
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Figure 19. Dimensionless connection between the bearing ratio and settlement ratio for various
heating times.

The CPT test was used to determine the increase in undrained shear strength and the angle of
internal friction. Four models (CP 1, CP 2, CP 3, and CP 4) were created using the square pattern with
3D distance spacing (13 cm) and a depth of 40 cm for the borehole casing. Figure 23 shows the
locations of the CPT test points. The models were heated for 8 hrs. Figures 24-33 show the increase
in the undrained shear strength (Cu) and the angle of internal friction (&) with regards to the
reference model (Cu = 14 kPa and & =0). The increased values of undrained shear strength and angle
of internal friction at the center of the heating model (CP 1) occurred from 14 to 360 kPa and 0 to 52
degrees, respectively. However, from the center of the heating model to the furthest point affected
by heating (CP 1 to CP 4), the bearing capacity parameter values (Cu and &) dropped from 360 to 140
kPa and from 52 to 16 degrees on average with the depth of the heat-treated soil.
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Figure 20. Relationship between temperature and duration for the 15 cm thermocable for various
heating times.
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heating times.
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h models.

The thermal consolidation effect of the soil was responsible for an increase or decrease in the
bearing ratio in the treated soils, where the parameters of bearing capacity, the angle of internal
friction, and the undrained shear strength increased or decreased depending on how close or far apart
the borehole heating casings were. A rise in the temperature accelerates the movement of suspended
particles in the porous medium [18] as well as chemical changes within the treated soil. Figures 34—
39 illustrate the EDS (energy-dispersive spectroscopy) pattern for untreated soil and treated soil with
different temperature degrees. The specimens used in the EDS test were taken from the physical
model’s center. Figure 40 illustrates the change in the elemental composition (mg/kg) at different
temperatures. The figure shows that as the temperature rises from 100 to 300 °C, the proportions of
silicon, aluminum, and iron decrease from 18.04, 5.73, and 6.3 to 10.24, 3.3, and 2.81 (mg/kg),
respectively. As the temperature rises to 400 °C, the proportions of these elements increase to 18.28,
6.1, and 5.53, respectively. The increase becomes very small when the temperature reaches 600 °C.
However, when the temperature reaches 200 °C, the percentage of calcium increases from 9.18 to
18.36 (mg/kg). If the temperature reaches 400 °C, the percentage of calcium decreases significantly to
13.66 (mg/kg), and when the temperature reaches 600 °C, it decreases even more to 12.21 (mg/kg).
When the temperature reaches 300 °C, the percentage of carbon increases from 8.27 to 12.62 (mg/kg),
and when the temperature reaches 400 °C, the percentage of this element falls to 7.5 (mg/kg). At this
point, the percentage almost stabilizes until the temperature reaches 600 °C. Table 3 includes the
elemental composition of the untreated and heat-treated soils.
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Figure 24. Variation in the undrained shear strength with depth for the CP 1 model.
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Figure 25. Variation in the undrained shear strength with depth for the CP 2 model.
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Figure 26. Variation in the undrained shear strength with depth for the CP 3 model.
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Figure 27. Variation in the undrained shear strength with depth for the CP 4 model (right point).
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Figure 28. Variation in the undrained shear strength with depth for the CP 4 model (left point).
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Figure 29. Variation in angle of internal friction (&) with depth for the CP 1 model.
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Figure 30. Variation in angle of internal friction (&) with depth for the CP 2 model.
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Figure 31. Variation in angle of internal friction (&) with depth for the CP 3 model.
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Figure 32. Variation in angle of internal friction (&) with depth for the CP 4 model (right point).
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Figure 33. Variation in angle of internal friction (&) with depth for the CP 4 model (left point).
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Figure 34. EDS pattern for untreated soil.
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Figure 37. EDS of soil treated at 400 °C.
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Figure 38. EDS of soil treated at 500 °C.
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Figure 39. EDS of soil treated at 600 °C.

Table 3. Elemental composition (from EDS analysis) of the untreated soil and treated soil.

Untreated Treated Soil Treated Soil Treated Soil Treated Soil at Treated Soil at

Element Soil at 200 °C at 300 °C at 400 °C 500 °C 600 °C

Weight Weight Weight Weight Weight Weight

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Si 18.04 12.68 10.24 18.28 18.84 18.89
O 47.39 47.26 46.37 42.29 4291 43.69
Al 5.73 4.88 3.3 6.1 5.96 5.94
C 8.27 8.16 12.62 7.5 6.91 7.08
Ca 9.16 18.36 17.08 13.66 12.96 12.21
Na 0.53 0.15 0.56 0.62 0.39 0.41
K 1.48 1.19 0.96 1.66 1.67 1.69
Fe 6.13 3.44 2.81 5.53 5.61 5.95
Mg 3.27 2.7 3.63 3.77 4.17 3.3
S 0 0.11 0.27 0 0 0.44

Cl 0 0.12 1.67 0.52 0.28 0.36
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4. Conclusions

Based on the findings of the current research, the following inferences can be obtained:

1.  The bearing ratio reduces from 27.26 to 21.78 at a 15% settlement ratio if the spacing increases
from 3D to 5D. The interlocking between unit cells is significant and reduces the temperature in
the center of the treated zone.

2. Ata15% settlement ratio, the magnitude of the bearing ratio rises from 14.23 to 28.2 for models
1b to 2.5b as the borehole casing depth increases. Also, this substantial increase gradually
reduces from 27.26 to 28.2 for models 2b to 2.5b.

3. The effect of the pattern is small when the borehole heating casing is used. The bearing ratio is
26.19 for the circle pattern model, while the bearing ratio for the square pattern model is higher
at 27.26. The amount of heat gained determines the strength of the treated area. The greater the
amount of heat in the footing center, the greater the strength of the heat-treated zone. Also,
increasing the strength is the correct distribution of the borehole heating casing, which provides
an appropriate treatment area according to the order of the stresses applied mainly to the
treatment area consisting of interlocking unit cells.

4.  The bearing ratio value increases from 13.76 to 34.57 for 2-10 h heating duration models at a 15%
settlement ratio. A small increase in the bearing ratio, from 31.19 to 34.57, is observed for 8-10 h
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heating duration models. Also, the rate of improvement rises rapidly for the first six hours, but
diminishes after that.

5. The best spacing between boreholes is three times the outer diameter of the borehole, and the
best borehole depth is two times the width of the foundation footing with 8 h of heating duration.

6. The values of the undrained shear strength and angle of internal friction at the center of the
heating model (CP 1) increase from 14 to 360 kPa and 0 to 52 degrees, respectively.

7. The EDS pattern for the treated soils demonstrates that the percentage of elements such as
silicon, aluminum, and iron decreases at 300 °C and increases at 400 °C. Moreover, the
percentage of calcium increases as the temperature reaches 200 °C and sharply decreases when
it reaches 400 °C. The amount of carbon increases as the temperature rises to 300 °C and
decreases at 400 °C.

8. The amounts of the measured elements exhibit either low or negligible fluctuations when the
temperature falls within the range of 400 °C to 600 °C.
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