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Abstract

Soil collapse potential is a crucial factor in geotechnical engineering,
and heating collapsed soil under different temperature and water content
conditions can significantly affect its geotechnical properties, including
collapse potential, maximum dry density, optimum water content, liquid
limit, and plasticity limits. A research study was performed on soil
samples with different water content (0%, 10%, 15%, and 20%) tested at
temperatures of 50°C, 100°C, 150°C, and 200°C. The relationship between
soil temperature distribution and the distance from the heating source was
examined. The findings showed that heating the soil can improve its
geotechnical properties. The collapse potential of the soil decreased as the
temperature increased, indicating a decrease in moisture content due to
evaporation. Furthermore, as the temperature increased, the soil's
maximum dry density and optimum water content also increased,
indicating an improvement in the soil's compaction properties. The liquid
limit of the soil increased up to a temperature of 100-150°C and then
decreased, while the plasticity limits decreased with increasing
temperature. These findings have significant implications for geotechnical
engineering applications, such as building foundations, embankments, and
pavements.
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1. Introduction

A recently released study extensively researched unsaturated and
saturated soil stratification in subsurface soils. It was discovered that
ignoring changes in soil water content resulted in an underestimation of
heat transfer capability [1]. The findings also revealed that soil water
content improves heat transmission in all geological materials, including
sand and gravel [2]. It was also discovered that, except for certain
experiments that reached temperatures of 150°C [3], the majority of
investigations on collapsing soil were conducted at low temperatures
between 0°C and 60°C [4-5-6]. The effect of temperature on unsaturated
conductivity becomes increasingly obvious as water content increases. [7].

The upper Pleistocene loess may include the most collapsed soils in
North America, Central Europe, China, Africa, Russia, India, Argentina,
and other areas [8-9]. It was observed on the tenth of Ramadan in Egypt's
northern and western deserts, mainly in the Burj al-Arab region and near
Cairo. Collapsible soil causes serious geotechnical and engineering issues
all around the world [10-11]. The dominant components of natural
collapsible soil are silt and fine sand particles, along with clay. The
linkages between soil particles can be created by capillary forces (suction)
[12-13-14] or by using fine materials (clay or silt) [15-16-17]. Rapid failure
happens when the yield strength of those bonding materials is surpassed by
vertical stresses brought on by loading or wetness [18-19].

One especially promising form of renewable energy is geothermal
energy [20]. Ground heat exchangers employ this subsurface energy to
generate heat, air conditioning, and electricity. Soil thermal characteristics
significantly impact how well a heat exchanger performs in such situations
[21]. Current research methodologies cover numerous issues related to
enhancing and maximizing the performance of heat exchangers'
performance [22]. Understanding heat transfer methods in different soil
types, from which energy is first extracted, as well as issues with soil
thermal instability that impact geothermal system effectiveness, should
also be a top priority.
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In this study, we construct a lab-scale 3D-tank system to experimentally
study the impact of rising temperatures on the heat transfer mechanism and
the geotechnical properties of collapsed soil. It is challenging to evaluate
the relationship between the heat transfer behavior of unsaturated soils and
their geotechnical properties at elevated temperatures because air and
water exist in the pore space. The effects of various temperatures on
collapsed soil still need to be discussed and cannot be proven by data from
previous studies. Various tests are performed, including the single
oedometer test (SOT), the modified proctor test, and the Atterberg limit.
These methods can provide a thorough understanding of the non-
isothermal behavior of soil when combined with other geotechnical
properties. This study aims to look into the effect of heating on heat
transport and the geotechnical characteristics of collapsed soil at
temperatures as high as 200 °C.

2.1 Research equipment

The Research equipment described in this study is used for heat transfer
experiments involving soil samples. The setup is designed to maintain one-
dimensional heat flow through the soil sample by preventing heat leakage
from the source, lateral boundaries, or soil sample. This is achieved by
enclosing the entire tank with various thermal insulation materials, as
shown in Figure 1. Three primary elements make up the setup: the
experimental tank, which has the following measurements:
(1000%300%250 mm); the heater, which has the following surface area:
(300x250 mm?); and, lastly, the thermometers, which were positioned at
spaces of (5-10-25-40-60-80-100 cm) from the heater to cover the entire
length of the tank. The heater's surface area and the tank's dimensions are
carefully selected to ensure the heat is uniformly distributed throughout the
sample. The thermometers were placed at different distances from the
heater to monitor the temperature changes and calculate the rate of heat
flow through the soil sample. The experiments can measure the heat flow
rate at varying distances up to 1 meter by fixing the heater at one end of
the tank. The independent control unit automates the system and maintains
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the temperature constant throughout the experiments. The data
logger records the temperature changes over time, and the control unit's
accuracy range of £10°C ensures reliable results.

The experimental setup described in the study is a reliable and effective
way to measure the rate of heat flow through soil samples. It is commonly
used in geotherm energy, soil physics, and agricultural engineering
research. The setup can be modified to suit different research needs by
changing the tank's dimensions, heater's surface area, or the thermometers'
placement.

Figure 1. The schematic diagram of the experimental setup consists of one-
dimension isolated soil heating lab-scale tank with measuring and
automatic controlling systems of temperatures.

2.2 Materials

The soil from the Burj al-Arab district in Alexandria, Egypt, was collected
and analyzed for its physical properties. The sand particles in the soil were
separated using a mesh size of 40-50 and then dried by air. After preparing
the soil sample, several physical properties were determined, including
the collapse  potential, maximum  dry  density, optimum  water
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content, liquid limit, and plasticity limits. These properties can provide
insights into the behavior of the soil under different conditions, such as its
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ability to support structures, its susceptibility to erosion, and its potential
for settlement.

2.3 Research conditions

For each of the four-water content (Wc) conditions: 0%, 10%, 15%, and
20%, the temperatures chosen for the tests were 50° C, 100° C, 150° C, and
200°C. The temperature was casually recovered in each scenario by
diffusing itself across the surroundings, which took at least a few days. The
studies lasted nearly 48 hours to attain steady-state conditions,
corresponding to the time between switching on and off the heating
element. The soil's original temperature and Wc cases were accurately
obtained before each test. The soil samples were collected 5.00 to 10.00
cm away from the heating side of the tank. Because the nature of the
samples changed from fine powders to solid particles at higher
temperatures (more than 100 °C), the samples had to be broken up with a
hammer.

3. Results and discussion
3.1 Temperature measurement

Sensors were placed at different intervals along a tank filled with
collapsing soil to measure the temperature changes when the heater was
switched on over time. The sensors were placed at 5, 10, 25, 40, 60, 80,
and 100 cm from the heat source. Figures 2, 3, 4, and 5 illustrate the change
in temperature at different water content levels from 5 cm to 100 cm from
the heat source. The range from 5 cm to 100 cm was chosen because it
accurately represents the behavior of linear heat transfer. The figures show
that the distance from the heat source significantly affects the temporal
behavior of the heating distribution in the collapsing soil. This suggests
that the thermal properties of the soil, such as thermal conductivity [23],
play an important role in determining how heat is distributed through the
soil [24-25]. Initial temperatures were similar for all water content cases
studied, starting at room temperature and reaching equilibrium after 40
hours. This suggests that the thermal properties of the soil dominate the
behavior of the system over long timescales, while the water content may
have a more significant effect on shorter timescales [26-27].
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For the case of a temperature of 50 °C, as shown in Figure 2, the highest
temperature observed in each water content case was observed at a
different distance from the heat source. In the case of 0% water content,
the highest temperature was observed at a distance of 5 and 10 cm. Since
soil with a low water content has less thermal conductivity, heat is less
easily transferred through the soil. In the case of 10% water content, the
highest temperature was observed at a greater distance from the heat source
(40, 60, 80, and 100 cm). This may be because soil with a higher water
content has a higher thermal conductivity, allowing heat to be more easily
transferred through the soil [28]. In the case of a 15% water content, the
highest temperature was observed at a distance of 25 cm. The four cases
were nearly identical for 30 minutes, starting at room temperature and then
increasing. This suggests that the differences in temperature observed at
later times may be due to differences in the thermal properties of the soil
at different water contents.
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Figure 2. The heat release rate for the four cases of W.C was 0%, 10%,
15%, and 20% at a distance of (a) 5— (b) 10— (c) 25— (d) 40 — (e) 60 — (f)
80 — (i) 100 cm and a temperature of 50 °C.

At a temperature of 100°C, as shown in Figure 3, the highest
temperature was observed at distances of 25, 40, 60, 80, and 100 cm from
the heat source for the case of 0% water content. This suggests that the heat
was distributed more evenly over a larger area in soil with lower water
content, potentially due to its lower thermal conductivity. In the case of
10% water content, the highest temperature was observed at a distance of
10 cm from the heat source, indicating more rapid and localized heating
near the heat source. Regarding 15% water content, the highest temperature
was observed at a distance of 5 cm from the heat source, suggesting that
the heat was concentrated in a very small area near the heat source.
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Figure 3. The heat release rate for the four cases of W.C was 0%, 10%,
15%, and 20% at a distance of (a) 5— (b) 10— (c) 25— (d) 40 — (e) 60 — (f)
80 — (i) 100 cm and a temperature of 100 °C.
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At a temperature of 150°C, as shown in Figure 4, the highest
temperature was observed at different distances from the heat source
depending on the water content of the soil. In the case of 0% water content,
the highest temperature was observed at distances 60, 80, and 100 cm from
the heat source. This indicates that the heat was distributed over a larger
soil area with lower water content. In the case of 10% water content, the
highest temperature was observed at a distance of 10 cm from the heat
source, suggesting more rapid and localized heating near the heat source.
In the case of 20% water content, the highest temperature was observed at
distances of 5, 10, and 25 cm from the heat source, indicating that the heat
was concentrated in a very small area near the heat source.
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Figure 4. The heat release rate for the four cases of W.C was 0%, 10%,
15%, and 20% at a distance of (a) 5— (b) 10— (c) 25— (d) 40 — (e) 60 — (f)
80 — (i) 100 cm and a temperature of 150 °C.

When the temperature was increased to 200°C, as shown in Figure 5, the
highest temperature observed varied depending on the water content of the
soil and the distance from the heat source. In the case of 0% water content,
the highest temperature was observed at distances of 25, 40, 60, 80, and
100 cm from the heat source. This suggests the heat was distributed more
evenly over a larger soil area with lower water content. In the case of 20%
water content, the highest temperature was observed at distances of 5 and
10 cm from the heat source, indicating that the heat was concentrated in a
very small area near the heat source.

We explained that the initial rise in temperature is caused by the large
temperature gradient between the heat source and the soil, which rapidly
increases soil temperature. However, as the soil temperature increases, the
temperature difference between the heat source and the soil decreases,
causing the temperature to increase more gradually over time.

57



Print ISSN
2974-4385

International Journal of Advances Engineering and

Civil Research

VOLUME 2, ISSUE 1, 2022, 48 - 65.

Online ISSN
2974-4393

Temprature °C

Temprature °C

w
o
]

(b)

w
=1
5]

— e
A

Temprature °C
h oM
5 0B B
2 &8 3

=
]
5]

o 5 10 15 20 25 30 35 40 45 50 o 5 10

Time (hour)

3
5}

Temprature °C

15

20 25 30 35

Time (hour)

40 45 50

o 5 10 15 20 25 30 35 40 45 50 ] 5 10
Time (hour)

15

20 25 30 35
Time (hour)

40 45 50

45 (0
a0
@] J 35 //
(=] o -
----- LEE S 3
& o e -
= = ek et
= = o P
& & e s
£ g . T
=] = . ~B e
£ I S EEb
= a oA = 20 i‘ I
20 "0 —
Aol .
a 15 =
15
10 + 10
o 5 10 15 20 25 30 35 40 45 50 o 5 10 15 20 25 30 35 40 45 50
Time (hour) Time (hour)
40
(0]
35
o
o 30 Y
s | e
= / arr e W,
= -
£ 25 i et
2 .-
g -
ﬁ 20 E:i_‘_:__-__‘_“_,_,:ﬂ' a
15 4om @ 7
10
o 5 10 15 20 25 30 35 40 45 50

Time (hour)

Figure 5. The heat release rate for the four cases of W.C was 0%, 10%,
15%, and 20% at a distance of (a) 5- (b) 10— (c) 25— (d) 40 — (e) 60 — (f)

80 —

(i) 100 cm and a temperature of 200 °C.

3.2 Oedometer Results
At temperatures ranging from 50 to 200 °C, oedometer tests were run on
the W.C. 10% case [29]. The four samples were combined with 7% water
and compressed to a percentage of 70% of their maximum dry density. In
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Table 1, the results are displayed. These findings make it clear that raising
the collapsing soil temperature to 200 °C decreases the collapse potential
from 15% to 9.8%. There has been a roughly 34.7% reduction in the
collapse potential.

Table 1. Collapse Potential values for the case of W.C 10% at a
temperature of [50 °C, 100 °C, 150 °C, and 200 °C].

WC 10%
Collapse potential
Temperature (%)
50° C 15
100° C 14.65
150° C 9.9
200° C 0.8

3.3 Compaction Results

In constructing subgrades for roads, highways, and large structures,
significant engineering parameters include the compaction
characteristics of the collapsing soil, the optimal water content, and the
maximum dry unit weight. A material with a stable structure will have a
higher maximum dry unit weight, indicating a stronger material.
Table 2. Modified Proctor Tests Results for the case of W.C 10% at a
temperature of [50 °C, 100 °C, 150 °C, and 200 °C

W.C 0%

Ydmax O.W.C
Temperature (KN/M3) (%)
50 18.63 10.9
100 19.92 10.95
150 18.89 11.8
200 18.8 10.327
W.C 10%
50 19.81 11.2
100 20.23 13.32
150 20.3 13.172
200 19.93 14.2
W.C 15%
50 20.23 11.64
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100 20.61 14.92

150 20.16 15.23

200 19.77 15.407

W.C 20%

50 20.16 11.98

100 20.59 16.14

150 20.34 16.014

Using modified proctor tests following ASTM D1557 [30]. on the four-
water content (Wc) conditions: 0%, 10%, 15%, and 20%, at temperatures
of [50 °C, 100 °C, 150 °C, and 200 °C], it was possible to determine the
compaction characterization that is shown in table 2. As shown in Table 2,
the maximum dry unit weight for W.C. 0% is 19.92 KN/m3 at an optimum
water content of 10.95% at a temperature of 100 °C. The maximum dry
unit weight for W.C. 10% is 20.3 KN/m3 at an optimum water content of
13.17% at a temperature of 150 °C. As shown in Table 6, the maximum
dry unit weight for W.C. 15% is 20.61 KN/m3 at an optimum water content
of 14.92% at a temperature of 100 °C, the maximum dry unit weight for
W.C. 20% is 20.59 KN/m3 at an optimum water content of 16.14% at a
temperature of 100 °C. Also, this table demonstrates that the dry unit
weight rises with increasing W.C.% up to a temperature of about 100 °C
before decreasing after this point. The maximum dry density peaks at 100
°C and decreases until it reaches 200 °C; we recommend that while heating
the soil, the voids in the soil decrease by heating to 100 °C and then
increasing slightly up to 200 °C, due to water evaporation from the soil and
Is replaced by air voids so that when the voids decrease, the density
increases by compaction [31-32].

3.4 Atterberg Limit

Clay and silt soils pass through four distinct stable states - solid, semi-
solid, plastic, and liquid - as their moisture content increases. Each state
exhibits unique variations in behavior, reliability, and capacity. Atterberg
limit tests are performed to accurately identify the boundaries between
these states by measuring the water content at the points where physical
changes occur [33]. Test results and generated indexes can be used to
predict the behavior of soil infills, embankments, pavements, and the
design of structural foundations. Following ASTM D18 [34], Atterberg
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limit tests were conducted on soil samples with water contents of 0%, 10%,
15%, and 20% at temperatures of 50°C, 100°C, 150°C, and 200°C. The
Atterberg limits were determined, as shown in Figure 6. The figure also
indicates that the liquid limit increases as the water content percentage
increases to a temperature of 100-150°C and then decreases after this
temperature.

Liquid limit (L.L) (%)

Temperature (°C)

(b)

%)

Plastic Limit (P. L) (°

Temperature (°C)

Figure 6. Liquid and plasticity limits of the chosen samples of collapsed
soil with temperatures ranging from 50 to 200°C with various saturation
conditions.
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Conclusion:

The influence of heating on heat transmission and the geotechnical
characteristics of collapsed soil under conditions of variable water content
and increased temperatures were investigated using a lab-scale 3D-tank
system. Based on the results of the research, it can be concluded that:

- The amount and condition of water content in the soil greatly impact heat
transmission; soil with high water content may reach a steady heat transfer
state more rapidly.

- This study provides insight into how temperature changes in collapsing
soil in response to a heat source and how different factors, such as distance
from the heat source and water content, can influence this behavior.

- The collapse potential of the soil is greatly enhanced when heated to 200
°C, which is lowered by roughly 34.7%.

- The percentage of water content and the degree of heating affect the
maximum dry density of the soil and soil properties such as collapse
potential and Atterberg limits, and based on compaction results, a water
content of 10% at 100 and 150 °C provides the best geotechnical
properties.
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