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ABSTRACT: The integration of Ground Source Heat Pump (GSHP) systems into retaining and foundation
elements, known as Geothermal Energy Walls (GEWs), represents a sustainable approach to harnessing
shallow geothermal energy for building heating and cooling. Despite the growing application of GEWs, the
influence of thermally enhanced concrete materials on their heat exchange performance is not yet fully
understood. This study experimentally investigates the thermal behavior of Retaining Geothermal Energy
Walls (RGEWs) constructed with metakaolin-enhanced concrete using controlled 1g physical modeling. Two
wall specimens, an Ordinary Concrete Wall (OCW) and a Metakaolin Concrete Wall (MCW), were tested
under identical thermal loading conditions with a constant inlet temperature difference of 15°C. The results
revealed that the incorporation of 10% metakaolin as a supplementary cementitious material improved both
thermal conductivity and the system's overall heat transfer rate. The MCW exhibited approximately 8% higher
soil temperature rise and a correspondingly greater heat penetration depth compared with the OCW, indicating
enhanced effective thermal diffusivity and a greater capacity for near-field thermal diffusion. These findings
highlight the dual benefits of metakaolin, which improves both mechanical strength and thermal performance,
making it a promising additive for optimizing geotechnical structures integrated with GSHPs. The study
provides benchmark data for validating future numerical simulations and supporting the development of design
guidelines for next-generation thermo-active retaining systems.

1  INTRODUCTION (GEPs), base slabs, and diaphragm walls, circulating

The escalating global demand for low-carbon Heat- a heat-carrier fluid to exchange thermal' energy with
. o . o the ground mass (Akrouch et al., 2014; Park et al.,
ing, Ventilation, and Air Conditioning (HVAC) sys- 2013)

tems has intensified the focus on utilizing the ground
as a stable and sustainable heat source/sink (Unfccc,
2015). Shallow geothermal energy systems, often in-
tegrated with Ground Source Heat Pumps (GSHP),
represent a key pathway for reducing reliance on fos-

Among these geostructures, Geothermal Energy
Walls (GEWSs) are particularly relevant in large urban
civil engineering projects, such as subway stations
and multi-story underground parking, where they are
. S used for excavation support (Barla et al., 2023; Dai et
sil fuels and mitigating Greenhouse Gas (GHG) al., 2023). Notable real-world implementations in-
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structure’s geotechnical - components, known as London, UK (Amis et al., 2010). A critical challenge
thermo-active geostructures, offers a novel and cost- . . o . .
. o . in their design is the lack of standardized design
effective approach to utilize elements required for . . .
. codes; hence, current practices rely significantly on
structural support as efficient heat exchangers - o o
empirical data and scientific monitoring of executed
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ded in elements like Geothermal Energy Piles Xia et al, 2012). Unlike GEPs, Retaining



Geothermal Energy Walls (RGEWSs) are non-
axisymmetric, with one side typically exposed to air
(excavation) and the other in contact with soil, mak-
ing their thermal behavior and analysis more com-
plex.

The efficiency of the GSHP system is fundamen-
tally dependent on the rate of heat exchange at the
primary loop. Heat transfer between the circulating
fluid and the surrounding soil involves a sequence of
mechanisms: convection inside the pipe fluid, and
primarily conduction through the pipe wall, the con-
crete infill, and the surrounding soil (Faizal et al.,
2016). While soil properties, such as thermal conduc-
tivity, moisture content, and environmental factors
including groundwater flow and initial ground tem-
perature, significantly influence the overall heat flux,
the thermal conductivity of the concrete mixture in
the GEWs is a decisive parameter (Sani et al., 2019).

Efficient heat exchange in GEWs and other
thermo-active structures is governed by the coupled
effects of temperature gradients, flow dynamics, and
material conductivity. Precise control of these factors
is vital for enhancing system reliability and ensuring
accurate evaluation through Thermal Response Tests
(TRT). The maximum usable temperature and flow
rate are crucial operational parameters; field analyses
using TRT show that optimizing fluid flow rates (0.5
to 0.7 m/s) and maintaining specific temperature
ranges (25°C to 30°C for heating) significantly en-
hances TRT accuracy and system efficiency (Hu et
al., 2024; Zhong et al., 2020).

To overcome the inherent thermal resistance of
concrete, prior researches have explored the use of
various additives (Elkezza et al., 2024; Elkezza et al.,
2022). Studies show that incorporating additive ma-
terials, such as graphite and Phase Change Materials
(PCM), into the concrete matrix can significantly
improve thermal performance. For instance, graph-
ite-enhanced concrete has demonstrated up to 20%
higher thermal efficiency in laboratory models
(Elkezza et al., 2022). and PCMs can enhance
thermal efficiency by up to 43% compared with
standard concrete (Elkezza et al., 2024). However,
there is a recognized gap in the empirical data regard-
ing the application of novel, cost-effective Supple-
mentary Cementitious Materials (SCMs), like me-
takaolin, for thermal enhancement in large-scale
GEWs. Furthermore, achieving long-term thermal
stability requires balancing heating and cooling cy-
cles to prevent permanent thermal accumulation or
depletion in the surrounding soil (Makasis &
Narsilio, 2019).

This study aims to bridge the material knowledge
gap by experimentally investigating the thermal be-
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havior of RGEWs modified with Metakaolin. Me-
takaolin is a SCM widely used to enhance mechanical
properties, but its direct impact on improving thermal
performance in this context is novel. The primary ob-
jective is to evaluate the influence of replacing 10%
of cement with metakaolin on the overall thermal re-
sponse of the wall. To ensure reliable and realistic
findings, a controlled laboratory-scale physical
model was developed to simulate near-realistic
boundary conditions, overcoming the limitations of
oversimplified experimental setups and providing
high-quality benchmark data for future numerical
analyses.

The scope of this current physical modeling phase
is strictly confined to evaluating transient thermal
diffusion and localized temperature field
distributions; assessments of complex hydro-thermal
coupling and thermo-mechanical structural responses
are not in the scope of this paper.

2  METHODOLOGY

The thermal performance analysis of RGEWs neces-
sitates accurate and reliable data derived from con-
trolled 1g physical modeling, offering a cost-effec-
tive alternative to full-scale field testing.

2.1 Material

Standard Firoozkooh sand (No. 161) was employed
as the testing bed soil. Based on previous studies con-
ducted on the physical and chemical characteristics
of'this sand (Irani et al., 2024; Jafarzadeh et al., 2023;
Maleki Tabrizi et al., 2023; Rahnema & Jafarzadeh,
2024), it is composed of approximately 97% quartz,
was selected due to the high thermal conductivity of
quartz (7.7 to 8.4 W/m.K) (Fakharian et al., 2022),
which enhances the thermal transfer capacity of the
bed. The particle size distribution curve and the scan-
ning electron microscope (SEM) image of grain mor-
phology of the sand are illustrated in Figure 1. Key
physical and mechanical parameters of the sand are
presented in Table 1.
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Figure 1. Particle size distribution curve and the SEM
image of grain morphology of standard Firoozkooh sand
(No. 161).

Table 1. Physical and mechanical properties of standard
Firoozkooh sand (No. 161).

Parameters G

Value

€min €max ¢ C. Cu
265 054 094 33° 1.01 1.39

Due to laboratory-scale constraints (3 cm wall
thickness), a fine aggregate-only mortar mix was uti-
lized, while maintaining the structural design of a
concrete wall. The mix design adhered to ACI 211.1
guidelines, with a Water-to-Cement (W/C) ratio of
0.5 and a maximum aggregate size limited to 4.75
mm. While the omission of coarse aggregates, which
typically possess higher thermal conductivities than
cement paste, may slightly reduce the absolute
baseline thermal conductivity of the mix compared to
a full-scale prototype, this geometric scaling
constraint was applied equally to both the OCW and
MCW specimens. Consequently, the systematic
effect of this omission cancels out, ensuring that the
relative thermal enhancement observed in the
comparative analysis remains valid and unaffected.

A polycarboxylate-based superplasticizer (0.5%
by cement weight) was used to ensure the mixture ex-
hibited Self-Compacted Concrete (SCC) properties,
achieving a flow spread of 16 to 18 cm (ASTM
C1437) for proper mold filling. From a
constructability perspective, the high specific surface
area of metakaolin increases the cohesiveness and
plastic viscosity of the fresh mix. While this
enhanced cohesiveness is advantageous for
preventing  segregation and ensuring  full
encapsulation of pre-installed reinforcement cages,
the increased viscosity could pose workability
challenges in field applications where cages are
pushed into pre-poured wet concrete. However, this
rheological shift can be effectively managed on-site
by optimizing the dosage of High-Range Water
Reducers (HRWR) or superplasticizers, ensuring the
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material remains fully compatible with various field
installation methods.

Two mixes were prepared using Type Il Portland
cement: Ordinary Concrete Wall (OCW), and Me-
takaolin Concrete Wall (MCW). The metakaolin con-
crete mix achieved a 28-day compressive strength of
33.5 MPa, a significant increase over the control mix
(30.4 MPa), confirming the positive mechanical ef-
fect of metakaolin concrete. The specific mix propor-
tions per cubic meter are summarized in Table 2.

To directly quantify the thermal enhancement of
the mixtures and establish a material baseline, an in-
house 1D transient heat conduction test was per-
formed on radially insulated cylindrical specimens
(20 cm height, 5 cm diameter). Heat was applied from
a constant-temperature base, and temperatures were
recorded along the central axis at depths of 5 cm, 10
cm, and 15 cm. The 1D transient Fourier equation
was solved using the 5 cm and 15 cm measurements
as time-dependent Dirichlet boundary conditions. A
Particle Swarm Optimization (PSO) algorithm was
employed to minimize the error between the meas-
ured and simulated midpoint (10 cm) temperatures,
allowing for the precise extraction of the thermal dif-
fusivity (a) for both mixes.

Table 2. Detailed mix proportions and material quantities
for the ordinary and metakaolin concrete mixtures.

Component Ordinary Metakaolin

Concrete Concrete
Water (kg/m?) 250.5 250.5
Cement (kg/m?) 501.0 451.0
Metakaolin (kg/m?) 0.0 50.0
Fine aggregate (kg/m?) 1406.0 1416.0
Coarse aggregate (kg/m?) 0.0 0.0
Superplasticizer (kg/m?) 2.5 2.5

2.2 Setup and Physical Model

The RGEW examined in this study consists of a rein-
forced concrete panel with a width of 28 cm, a thick-
ness of 3 cm, a height of 70 cm, and an embedment
depth of 20 cm in the laboratory model. Considering
a geometric scaling factor of 1:20 and applying con-
ventional similitude principles at 1g conditions.
(Wood, 2004), the corresponding prototype dimen-
sions in the field are equivalent to a wall 14 m in
height.

To clearly establish the correspondence between
the laboratory model and the full-scale prototype, the
governing similitude relationships used in this study
are summarized in Table 3. The scaling factors pre-
sented include geometric parameters of the wall



(height, thickness), heating and recovery time and
temperature. These parameters form the basis for in-
terpreting the laboratory results in terms of field per-
formance. Each scaling relation listed in the table will
be further discussed in the following, where its role
in model design, thermal loading, and heat-transfer
behavior is elaborated in detail.

Table 3. Summary of relevant scaling factors
(N = prototype/model)(Wood, 2004).

Quantity Scale Factor Model Prototype
Wall Length 70 (cm 14 (m

g N2 (cm) 14 (m)
Wall Thickness 3 (cm) 0.6 (m)
Heating Time 12 (h) 200 (day)

N2 =400

Recovery Time 12 (h) 200 (day)
Temperature 1 15 (°C) 15 (°C)

As illustrated in Figure 2, the wall specimens were
reinforced with a 3 mm diameter steel cage. The heat
exchanger consisted of a W-shaped silicon tube (6
mm internal diameter, 1 mm wall thickness, 2.75 m
total length), selected as the closest analog to real-
scale HDPE pipes. The tube was centrally placed
within the wall. Both wall specimens were cured for
28 days prior to testing.
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Figure 2. Cross-sectional details of the laboratory model
of the RGEW and heat exchanger specifications.

The physical model was housed in a rigid steel
box with a transparent Plexiglas front face for visual
observation, as schematically illustrated in Figure 3.
The container had internal dimensions of 140 ¢cm in
length, 30 cm in width, and 95 c¢cm in height,
providing sufficient space for controlled soil
placement and thermal boundary development.
Firoozkooh 161 sand was placed using the sand
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pluviation method in dry, successive layers to
achieve a target relative density of 50%. While
geothermal  structures  often interact  with
groundwater, this study specifically models a dry soil
medium. This approach simulates the deep, dry
vadose zones prevalent in arid and semi-arid urban
environments where heat transfer is strictly
conduction-dominated. =~ Furthermore,  utilizing
standardized dry soil prevents complex, coupled
thermo-hydraulic phenomena such as
inhomogeneous moisture migration and latent heat
transfer, allowing for the strict isolation, evaluation,
and benchmarking of the concrete's independent
thermal properties without advective interference.
The wall panel was installed after an initial 25 cm
of sand placement and compaction to maintain an 8d
clearance from the container bottom, minimizing
boundary thermal effects. (Zhao et al., 2020).

95 cm
45 cm

140 e

Thermocouple o

Figure 3. Schematic illustration of the physical model
setup showing the container dimensions, wall panel
position, and instrumentation layout.

As schematically presented in Figure 4, insulation
boundary conditions were meticulously applied to the
entire container to ensure controlled heat transfer
pathways. All sides of the container were fully
insulated using 6 cm of Styrofoam and fiberglass
wool to minimize heat transfer to the laboratory en-
vironment. This configuration effectively imposed an
adiabatic condition on the lateral boundaries, ensur-
ing that heat flux was primarily unidirectional (in-
plane) and that zero out-of-plane heat flux was main-
tained along the container's width, which is critical
for accurate thermal analysis.

The exposed soil surface on the front (excavation
side) was insulated with polyurethane foam and cov-
ered with fiberglass wool. This condition assumes
that, after a brief initial heat exchange with the con-
fined excavated space, the wall reaches thermal equi-
librium with this space, resulting in negligible con-
vective interaction and effectively establishing a

Proceedings of the ICPMG 2026



Experimental investigation of thermal performance of metakaolin concrete in heat exchanging walls using 1g physical modelling

zero heat flux boundary for the remainder of the ex-
periment.

The surface boundary conditions for the back wall
soil were configured to represent realistic field sce-
narios while ensuring isothermal behavior within the
physical model. The back soil surface boundary was
intentionally left uninsulated and exposed to ambient
air, allowing natural and realistic simulation of
ground—atmosphere heat exchange, where shallow
soil layers remain in continuous thermal interaction
with the surrounding climate. Because the ground
surface temperature at this boundary rapidly equili-
brates with ambient air and does not sustain a persis-
tent temperature gradient, no dominant convective
regime develops for which the Biot number would
control heat transfer behavior.

Similarly, all insulated boundaries, including the
wall surfaces not in direct contact with the soil, expe-
rience no external heat exchange, rendering the effec-
tive convection coefficient approximately zero. For
these reasons, the Biot number is not considered a
governing similitude parameter in this study, as it
does not influence the thermal response of the mod-
eled system.

i Insulation
Boundary

;

Insulation Boundary

A

Figure 4. Schematic illustration of the thermal boundary
conditions applied to the physical model.

A data-logging system equipped with 32 cali-
brated temperature sensors, each with an accuracy of
0.1°C, was utilized to continuously monitor the tem-
perature at 10-second intervals. A thermally conduc-
tive silicone paste was applied to ensure proper sen-
sor-concrete contact. The heating system operated
under a constant fluid circulation rate of 0.7 L/min
throughout the experiments. Before testing, the sys-
tem was stabilized for 12 hours to establish the initial
temperature (Tinita). Then a constant thermal load of
AT = 15°C was applied for 12 hours by adjusting the
inlet water temperature with continuous circulation,
followed by 12 hours of recovery phase.

The duration of this thermal cycle was deter-
mined by maintaining the thermal similitude between
the laboratory model and the field prototype, which
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is essential for accurately simulating transient heat
flow. Since the primary heat transfer mechanism in
the dry sand is conduction and the thermal properties
of the model soil and the prototype soil are consid-
ered identical, the time scaling factor must satisfy the
Fourier number (F0) similitude (Fomoder = FOprotonpe)
(Kramer et al., 2015). The Fourier number is defined
by the ratio of conductive heat transfer rate to the rate
of thermal energy storage as Equation (1).

Fo =% (1)
where a (m?%/s) is the thermal diffusivity, # (s) is time
and L (m) is characteristic length. The resulting rela-
tionship dictates that the time scale is proportional to
the square of the geometric scale. Given the geomet-
ric scaling factor of 1:20, the time scaling factor is
calculated as 1:400.

It is important to emphasize that heat transfer
across the solid—solid interfaces of the system (i.e.,
between the pipe wall, concrete, and soil) is governed
exclusively by conduction. Because the physical
model utilizes the identical solid materials expected
in the field prototype, the ratios of thermal conduc-
tivities (k;/k,) and diffusivities (a;/a,) across
these interfaces are inherently 1:1. Therefore, the
Fourier number remains the sole dimensionless pa-
rameter required for dynamic thermal similitude.
Convective scaling via the Biot number (Bi) is not
applicable to these internal solid boundaries, and the
constant internal fluid circulation effectively imposes
a steady Dirichlet boundary condition at the heat
source.

Furthermore, because the experimental setup uti-
lizes dry sand, the groundwater seepage velocity is
zero (v = 0). Consequently, the advective Péclet
number (Pe) evaluates to zero for both the physical
model and the corresponding prototype, ensuring hy-
draulic-thermal similitude ( Pepoder =
Peyrototype = 0) 1s perfectly satisfied without dis-
tortion.

Therefore, the 12-hour heating and 12-hour cool-
ing periods conducted in the model are equivalent to
4800 hours (approximatly six months) of thermal
loading and recovery, respectively, in the full-scale
prototype. This ensures that the thermal diffusion and
heat penetration depth achieved in the laboratory ac-
curately reflect the operational behavior period in the
field. Finally, two tests were conducted, one on the
OCW and other one on the MCW, under identical
thermal loading.



3 RESULTS AND DISCUSSION

The comparative analysis of the OCW and the MCW
provides strong evidence of the effectiveness of
metakaolin as a thermal enhancement additive for
GEWs. The independent inverse thermal analysis
yielded baseline thermal diffusivities of 1.13 mm?/s
and 1.24 mm?/s for the OCW and MCW mixtures,
respectively. Coupled with the measured dry
densities (2045 kg/m?® and 2041 kg/m?) and specific
heat capacities (927 J/kg-°C and 928 J/kg-°C), the
thermal conductivity of the metakaolin concrete was
determined to be 2.35 W/m-°C, representing a 9.8%
increase over the ordinary concrete (2.14 W/m-°C).
This fundamental material enhancement directly
governed the system-level behavior observed in the
physical model. The temperature variations measured
within the soil at different horizontal distances from
the wall are presented in Figure 5. The plotted tem-
perature-distance profile clearly illustrates how ther-
mal energy propagates from the heated concrete
walls into the surrounding dry sand.

All reported results correspond to the sensors po-
sitioned along the mid-height of the soil layer. This
elevation was deliberately selected to ensure that the
sensors remained sufficiently distant from both the
upper air-soil interface and the bottom boundary,
thereby minimizing any boundary-induced thermal
disturbances. By placing the sensors at this neutral
depth, the measurements more accurately represent
the true horizontal heat transfer from the wall without
interference from vertical thermal gradients.

15.0
120 1
9.0 +

6.0 +

Temperature Change (°C)

30 T

0.0

Distance (cm)
Figure 5. Temperature change in the surrounding soil at
various horizontal distances from the OCW and MCW
after 12 hours of heating.

The shape of the temperature attenuation curve
further confirms that the system did not reach steady-
state conditions during the 12-hour heating period.
Instead, the non-linear decay of AT with increasing
distance indicates a transient thermal regime, where
the temperature field continues to evolve with time.
In a true steady state, the temperature gradient would
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asymptote to a constant value at all distances (linear
graph); however, the declining curve observed in
both wall systems demonstrates that the transient
front had not yet fully progressed through the soil do-
main.

The inclusion of metakaolin in the MCW had a
notable influence on the soil’s thermal response. As
shown in Figure 5, the temperature change in the soil
adjacent to the MCW is on average 0.5°C higher than
that of the OCW at all measured distances. At the 6
cm (2d) location, the MCW produced a temperature
rise of approximately 7.8°C, compared with 7.2°C
for the OCW, showing an increase of about §%.

Furthermore, the other measurements, 18 cm (6d),
and even at the far boundary of 36 cm (12d), the
MCW consistently exhibits higher AT values. Nota-
bly, at the 36 cm distance where the OCW’s AT
nearly approaches zero, the MCW still maintains a
measurable temperature change. This observation
confirms a deeper thermal penetration depth in the
soil and implies a higher effective thermal conductiv-
ity for the MCW system. This difference reflects the
enhanced thermal conductivity of the metakaolin
concrete, leading to more efficient heat transfer
through the soil.

It should be noted that in a series thermal
resistance circuit, the high thermal resistance of the
dry sand heavily dominates the system. In field
conditions where soil might be saturated and its
thermal conductivity increases, the relative thermal
resistance of the concrete becomes a much larger
proportional bottleneck. Consequently, minimizing
the concrete's thermal resistance via metakaolin
becomes even more critical in multiphase
environments. Therefore, the 8% improvement in the
thermal profile observed in this dry-soil model likely
represents a conservative, lower-bound estimate of
metakaolin’s enhancement potential in saturated field
conditions.

Moreover, the overall pattern of heat diffusion,
higher soil temperatures near the back face and sus-
tained higher temperatures at greater distances on the
front insulated face, was consistent across both ex-
periments. This confirms that while material proper-
ties (metakaolin) improve the magnitude of heat
transfer, the boundary conditions imposed by the test
setup remain the dominant factor controlling the dis-
tribution of heat in the far-field soil.

4 CONCLUSIONS

This experimental investigation successfully com-
pared the thermal performance of OCW and MCW

Proceedings of the ICPMG 2026
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under simulated thermal loading. The findings pro-
vide quantitative validation for the use of metakaolin
as a functional additive to enhance the efficiency of
GSHP-integrated geotechnical structures. Me-
takaolin significantly enhances the heat transfer rate,
leading to consistently higher soil temperature rises
around the MCW compared with the OCW over the
same time span and under identical heating condi-
tions. While this study directly demonstrates an
improvement in the near-field temperature
distribution rather than whole-system COP, it proves
that minimizing the concrete's thermal resistance is a
viable material optimization strategy.

1) Greater thermal penetration depth was ob-
served for the MCW, as measurable tempera-
ture changes persisted even at the 36 cm (12d)
distance where the OCW’s influence nearly
vanished.

2) Enhanced effective thermal conductivity of
the MCW allows greater utilization of the
surrounding soil’s thermal storage capacity.

The study supports the practical application of

metakaolin in geothermal energy systems. Future
work should focus on investigating the long-term
thermo-mechanical stability of the MCW, perform-
ing life-cycle economic assessments, and validating
these findings through full-scale field testing.
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