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Figure 1. Guarded Hot Plate (GHP) methodology employed for the quantification of soil λ. The diagram elucidates the sensitivity to various soil characteristics, the benefits, constraints, and apparatus involved in the process.
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Figure 2. Thermal Cell (TC) methodology utilized for the assessment of soil λ. The illustration delineates the procedural aspects of measurement, the sensitivity to various soil characteristics, the advantages, constraints, and apparatus involved in the process.
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Figure 3. Steady-State Needle Probe for measuring soil λ, the figure illustrates the sensitivity to soil properties, advantages, equipment, and limitations.
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Figure 4. Box Probe (BP) methodology utilized for the assessment of soil λ. The illustration explicates the measurement methodology, the sensitivity to different soil characteristics, the methodological constraints, and the apparatus employed.
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Figure 5. Transient Line Heat Source (THIS) method for measuring soil λ. The figure describes the measurement process, sensitivity to soil properties, advantages, and equipment.
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Figure 6. Heat Pulse (HP) technique utilized for the assessment of soil λ. The illustration elucidates the measurement procedure, the sensitivity to various soil characteristics, the benefits associated with the method, and the requisite apparatus.
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Figure 7. Transient Plane Source (TPS) method for measuring soil λ. The figure outlines the measurement process, sensitivity to soil properties, advantages, and equipment.
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Figure 8. Transient Hot Wire (THW) method for measuring soil λ, the figure details the measurement process, sensitivity to soil properties, advantages, equipment, and research gaps.
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Figure 9. Laser Flash (LF) methodology employed for the quantification of soil λ, this illustration delineates the procedural aspects of measurement, the sensitivity to various soil characteristics, the benefits inherent to the method, and the requisite apparatus.
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Figure 10. Time-Domain Reflectometry (TDR) methodology employed for the quantification of soil λ. The illustration elucidates the measurement protocol, responsiveness to soil characteristics, benefits, and instrumentation utilized.
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Figure 11. Fiber Optic Sensors (FOS) methodology for assessing soil thermal conductivity λ. The diagram elucidates the measurement protocol, sensitivity to soil attributes, advantages, and necessary equipment. The illustration delineates the measurement procedure, sensitivity to soil characteristics, benefits, and requisite apparatus.


[image: ]
Figure 12. Wireless Sensor Networks (WSNs) of soil λ, measurement technique, the sensitivity to soil attributes, the advantages, and the instruments involved. The illustration elucidates the measurement procedure, the responsiveness to soil characteristics, the benefits, and t
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Transient Line Heat Source (THIS) method for measuring A)

+ Insert a thin heating wire into the
soil

- Pass electrical current to generate
heat.

« Use sensors to record temperature
changes at various distances.

+ Analyze temperature data to
calculate A using Fourier's law.

+ Higher p increases A.

+ Different textures (sand, clay)
affect heat conduction.

Denser soils may conduct heat
differently.

+ Quick results in minutes.

+ Preserves soil structure.

+ Suitable for various soil
types and conditions.

« Thin wire or heating cable.
« Thermocouples.

« Collects temperature data.
« Controls heating.

CmCaCEe

Table 2a. Research gaps and future
work of THIS method for measuring

soil A .
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Heat Pulse (HP) method to assess soil A

Place a thermocouple or heating wire into the
soil at the desired depth.

Apply a brief heat pulse through the heating
element.

Use sensors at various distances from the
heat source to track temperature changes
over time.

Use the recorded temperature data and apply
Fourier's law to calculate A using heat

: + Higher u increases A of soil
conduction equations.

|
|
: + Different textures (sand, silt, clay)
1 affect heat transfer rates
1 + Variations in density influence A,
| denser soils may conduct heat
|
I
|
|
|

differently.

« Yields rapid A measurements, often
within minutes.

+ Less invasive, preserving soil
structure.

+ Versatile for various soils and
environments.

« Heating wire for generating heat pulses.

« Thermocouples or RTDs for monitoring
temperature changes.

« Records temperature data over time.

+ Controlled source providing energy to

@ the heating element.

Table 2b. Research gaps and future work
of HP method for measuring soil A .
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Transient Plane Source (TPS) method for measuring soil A

+ Place a flat heating element in or
on the soil.

+ Apply a controlled electrical
current to generate a heat pulse.

« Measure temperature changes at
the heating element and at
specified distances.

« Use heat conduction equations to
calculate A + Higher p increases A.

« Different textures (sand, clay)
affect heat transfer rates.

+ Changes in density and porosity

|

I

|

| .

I influence A measurements.
|

I

|

|

|

« Quick A assessments in a
short time.

+ Minimal disturbance to soil
structure.

+ Suitable for various soil
types and conditions.

« Flat, circular plane source.

« Thermocouples or infrared
sensors.

+ Records temperature data.

+ Controlled electrical source.

Table 2c. Research gaps and future work@
of TPS method for measuring soil A .
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Transient hot wire (THW) Method for measuring soil A

+ A thin hot wire is inserted into the soil at
a specific depth.

+ A brief electrical pulse is applied to the
wire, generating heat.

+ The temperature rise along the wire is
monitored over time.

+ The rate of temperature change is used
to calculate A based on heat transfer
equations. « Increased p generally enhances A .

+ Different textures affect heat
conduction rates.

+ Variations in density can influence A, as

|
I
|
|
1 denser soils conduct heat differently.
|
I
|
|
|

+ Provides A results rapidly,
often within minutes.

+ The method is relatively non-
invasive, preserving soil
structure.

+ Applicable to a wide range of
soil types and conditions.

+ A thin wire that acts as both a heating
element and a temperature sensor.

+ Data Logger records temperature data
over time.

+ Power supply provides controlled

electric current to the hot wire.
Table 2d. Research gaps and future work

of THW method for measuring soil A .
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Laser Flash (LF) method for measuring soil A

+ A soil sample is prepared and placed
ina testing chamber.

+ A short laser pulse is directed onto |
one surface of the sample, causing |
rapid heating. |

« The temperature rise on the opposite
surface is measured using infrared
deeetrs ovr me. —— (SRSt 0 SOl properties)
« The thermal diffusivity is caleulated
from the temperature data, and A is

derived using the specific heat
capacity and density of the soil.

« Variations in  significantly affect A,
wetter soils usually conduct heat better.

« Different textures impact on heat
transfer rates due to differences in
particle size and arrangement.

« Variations in pb can alter A as denser
soils typically conduct heat more

- —_— effectively.

+ Offers accurate measurements of

thermal diffusivity and A .
+ Results often within minutes. |
+ Minimal disturbance to soil structure. |

« A pulsed laser to generate heat

quickly.
| . Sensors to measure temperature
| changes on the sample's surface.
| + Collects and analyzes temperature

data  to  calculate  thermal

(Researchgaps and fufire work) — o

Table 2e. Research gaps and future work
of LF method for measuring soil A
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Time-Domain Reflectometry (TDR) method for measuring soil A

TDR probes are inserted into the soil.
An electromagnetic pulse is sent through
the probes into the soil.

The time it takes for the pulse to reflect
back is measured.

The reflection time is related to the
dielectric constant of the soil, which is
influenced by moisture content. This data
can be correlated to A.

« TDR is highly sensitive to u , as higher
wincreases diclectric constant and A.

« Different soil textures affect the
relationship between dielectric
propertics and A.

+ Soil temperature can also influence the
dielectric response and, indirectly with
A

+ TDR provides quick data collection,
often in real-time.

« Minimal disturbance to soil structure
allows for repeated A measurements.

« It can be used directly in the field,
providing practical insights into soil
conditions.

+ Metal rods or cables that are
inserted into the soil.

. Generates and  analyzes  the
clectromagnetic pulses by TDR
Unit.

. Records and interprets  the
measurement data by data data
logger.

Table 21. Research gaps and future work
of TDR method for measuring soil A.
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Fiber Optic Sensors (FOS) method for measuring soil A

« Fiber optic cables are installed in the soil.

+ The fiber optic sensors measure

temperature changes along the cable using

the principle of light attenuation.
« The A is derived from the temperature

gradient and heat flow, often using finite

clement analysis or other modeling
techniques.

- Provides  detailed  temperature
profiles over small distances.

« Capable of continuous, real-time
data collection.

« Minimal disturbance to the soil
structure, allowing for repeated A
measurements.

« Fiber optics are resistant  to
clectromagnetic interference and can
operate in harsh environments.

Table 3a. Rescarch gaps and future work of

FOS method for measuring soil A.

+ Highly sensitive, as u affects both A

and temperature distribution.

« Variations in soil texture influence heat

transfer  rates, impacting  sensor
readings.

+ pb changes can affect the A, which is

reflected in the sensor data.

+ Fiber optic cables used as sensing
clements are often coated for
protection.

- Optical interrogator that measures the
light signals and temperature changes.

+ A data acquisition system collects and
analyzes data for thermal conductivity
calculations.
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Wireless Sensor Networks (WSNs) for measuring soil A

+ Place multiple sensor nodes in the soil
layers for monitoring A.
+ Nodes collect and wirelessly transmit |
temperature data to a central hub. I
« Analyze temperature gradients to I
caleulate the A.
+ Enables immediate assessment of
thermal changes due to environmental —-  Sensitivity to soil properties
factors.
+ WSNs accuracy varies with soil
type (sandy, clayey).
1 + u presence significantly affects A.
1 + Soil pb and structure variations
1 impact A measurement accuracy
|
|
|
|
|
|

using WSNs .

+ Continuous monitoring allows for
immediate analysis.

+ Easily expandable to cover larger
areas.

+ Facilitates long-term studies
without frequent inspections.

+ Can combine with other sensors
for comprehensive data.

« Included temperature and possibly
moisture sensors.

« Collects and stores data by the data
logger.

« Enable wireless data transmission by

communication modules.
. Aggregates and analyzes data by
Table 3b. Research gaps and future work

of WSNs method for measuring soil A.
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Research gaps and future work
Table 1a. Rescarch gaps and future work of

Guarded Hot Plate (GHP) method for measuring soil A

Measurement process

+ Preparing the soil sample.

+ Placing it between the hot and cold plates of
the GHP apparatus.

+ Establishing temperature.

- Measuring heat flow.

+ Caleulating A

Sensitivity to soil properties
+ Soil .

+ Soil texture.

+ Composition.

. Temperature control.

Advantages

+ Reliability.

. Accuracy.

- Uniform temperature distribution.

- Recent improvements in design that
enhance measurement precision.

Limitations

Heat loss.

Influence of sample size.

Complexity of setup.

Calibration needs.

Potential for prolonged testing
durations.

Equipment
+ Guarded hot plate.
+ Heat flux meters.

+ Heating clements.
+ Insulation materials.

GHP method for measuring soil A
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Thermal Cell (TC) Method for Measuring A

Measurement proce

+ Prepare soil sample
« placein TC
+ establishing steady-state

conditions.
- measuring temperatures.
+ calculating A

Ser
Factors that influenced on A such
as
+ Moisture content.
+ Soil texture.
+ Soil bulk density.

« Temperature. ‘ ‘
. Advantages
+ Accuracy.
+ Direct measurement
+ Versatility
+ Controlled environmental condition:

sitivity to soil properties

Limitations

+ Time consumption.

+ Potential soil disturbance.
+ Calibration requirements
+ Limitations of sample size.

Equipment
Thermal cell.
Heating source.
Temperature sensors
Insulation materials.

Research gaps and future work
Table Ib. Research gaps and future
work of TC method for measuring soil A
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Steady-State Needle Probe for measuring Soil A

Sensitivity to soil properties
- Moisture Content

- Soil Texture

- Bulk Density

- Temperature Var
- Composition

Equipment and methodological limitations

+ Equipment: Needle probe. Heat source, and
temperature Sensors.

Measurement process

Insert the probe vertically nto the soil

Activate the heating element .record temperature riscs.
‘Wait until temperature stabilizes, indicating heat

input equals heat loss

Use thermocouple data to caleulate Ay via Fourier's la

Advantages

+ Accurate In Situ Measurements
+ Minimal Equipment Required

+ Direct Heat Transfer Assessment
+ Adaptable to Various Soil Types

+ Limitations: Calibration sensitivity, Depth of
measurement constraints, ~Soil  heterogeneity
effects, and Soil disturbance time-consuming,

Research gaps and future work

Table Ic. Research Gaps and Future
Work of Steady-state needle probe
(SSNP) method for measuring soil A

Interpretation and analysis challenges

+ Data Calibration Needs

« Influence of External Factors

+ Complexity of Heat Flow
Dynamics.

+ Requirement for Soil Property
Correlations,
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Box Probe Method (BP) method for measuring Soil A

Measurement process

+ Insert the soil into box probe .

+ Activate the heating clement.

. Monitor temperature changes at set
intervals.

+ Wait for steady-state conditions to
stabilize.

+ Caleulate A using data.

Sesitiviy to soil properties
+ Thep increases A.

+ Soil composition (minerals, texture)
affects A

+ Soil structure (compaction,
aggregation) impacts A.

+ Temperature variations influence
measurements

Advantages
High precision and accuracy.
Controlled measurements reduce
external variability.

Applicable to diverse soil types
Provides consistent and repeatable
results .

Methodological limitations

+ Time-consuming measurement
process .

+ Requires careful calibration for
accuracy.

- Limited to laboratory or
controlled conditions .

. Sensitive to external
environmental factors.

Equipment

+ Box probe (with heating clement and
sensors)

- Insulated housing

+ Data acquisition system

Power supply

+ Thermocouples or thermistors

Research gaps and future work
Table 1d. Research gaps and future work
of BP method for measuring soil A





