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Abstract

This study examines the effects of cyclic moderate and high-temperature heating on the mineralogical, microstructural,
and geotechnical properties of lateritic soils. Residual soils from Akerebiata (AK) and Ipetu (IP), southwestern Nigeria,
were subjected to five heating—cooling cycles at 300 °C and 500 °C, using a heating rate of 5 °C/min. Mineralogical and
microstructural changes were evaluated using X-ray diffraction (XRD) and scanning electron microscopy (SEM), while
geotechnical properties were assessed using standard laboratory tests and supported by one-way and two-way ANOVA
with Tukey’s HSD post-hoc analysis. Cyclic heating caused significant mineralogical alteration in the feldspar-rich AK
soil, marked by a reduction in plagioclase and an increase in quartz content. In contrast the kaolinite quartz dominated
IP soil remained largely mineralogically stable. SEM observations revealed progressive particle agglomeration in both
soils and particularly more pronounced at 500 °C. Bulk density decreased significantly with increasing temperature and
number of cycles, with cumulative reductions of up to 9.8% for AK soil and 7.6% for IP soil after five cycles at 500 °C.
Atterberg limits decreased consistently with thermal cycling, accompanied by a reduction in fines and a corresponding
increase in sand-sized particles. Swell potential decreased sharply after the first heating cycle and showed little change
thereafter, while collapse potential decreased by more than 50% after initial heating, with no consistent trend in subsequent
cycles. Unconfined compressive strength decreased significantly for both soils, with strength loss more pronounced in IP
soil (up to 97% at 500 °C) than in AK soil (up to 59%). Overall, the results show that cyclic heating induces irreversible
changes in lateritic soils, with the extent and persistence of change controlled by mineral composition, temperature level,
and heating history. These findings are relevant to the engineering assessment of soils exposed to high-temperature events
such as wildfires and thermal remediation.
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Introduction

P< Lekan Olatayo Afolagboye

lekan.afolagboye@eksu.edu.ng; afotayour@hotmail.co.uk Soil properties play a critical role in a wide range of engi-

neering applications, and there is increasing recognition
that temperature variations can significantly change the
mechanical, hydraulic, and physicochemical behavior of
soils [1-6]. Consequently, thermo—hydro—mechanical inter-
actions in soils have attracted growing attention in geotech-
nical engineering, particularly in contexts such as energy
geostructures, underground power cables, nuclear waste
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repositories, round improvement techniques involving heat
transfer and even wildfire management [7-10].

At low to moderate temperatures, most research has
examined how soils respond to heating under controlled
stress conditions. In these studies, temperature changes
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affect pore water viscosity, permeability, consolidation
rates, and effective stress. For instance, recent studies on
thermal consolidation shows that moderate heating can
accelerate consolidation in soft soils by improving drainage
and accelerating pore pressure dissipation, thereby reduc-
ing treatment time [11, 12]. These studies are generally
conducted at temperatures below those that cause mineral
alteration, allowing researchers to focus on how heat affect
the hydraulic and mechanical behaviour of soils during
ground improvement. However, they mainly address revers-
ible or stress-related thermal effects and pay little attention
to permanent changes in soil mineralogy or microstructure.

Beyond ground improvement and energy-related appli-
cations, thermal treatment is also used at much higher
temperatures for remediating contaminated soil. In ther-
mal remediation, soils are intentionally heated to remove
or destroy pollutants [13—15]. Methods such as thermal
desorption, thermal conduction heating, radio-frequency
heating, and in-pile treatment typically raise soil tempera-
tures above 300 °C and, in some cases, beyond 500 °C
[16-20]. In extreme situations such as smoldering fires or
incineration, soil temperatures can increase to about 1200
°C [21-23]. At these temperature levels, soil behaviour or
response is no longer govern mainly by changes in pore
fluids but also by dehydration, mineral breakdown, phase
transformation, and particle agglomeration. These processes
can permanently alter soil structure and lead to changes in
its engineering behavior [24-26].

In addition to engineered thermal treatments, uncon-
trolled heating events such as wildfires and bush burning
also expose soils to high temperatures, often in unpredict-
able ways. The increasing frequency and intensity of wild-
fires, driven by climate change, has made understanding
their effects on soil properties a pressing concern properties
[27-29]. Depending on fire intensity, duration, and soil con-
ditions, temperatures in affected soils can range from about
200 °C to over 800 °C [9, 30-32]. In many tropical regions,
including parts of sub-Saharan Africa, bush burning is a
common practice that repeatedly heats near-surface soils.
Despite how widespread this exposure is, the long-term
effects of repeated high-temperature cycles on soil proper-
ties and engineering behavior are still poorly understood.

Most previous studies on thermal effect on soils have
focused on single heating events or steady temperature
changes, often using fine-grained soils from temperate
regions [33-38]. While these studies have improved our
understanding of thermal sensitivity of soils, they do not
adequately capture the conditions associated with repeated
heating and cooling cycles. In addition, they do not account
for the distinct mineralogical characteristics of residual soils
such as lateritic soil, which are rich in iron oxides and other
minerals such as kaolinite, and feldspars. It is expected that
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the response of lateritic soil to elevated temperature to be
different to that of sedimentary clay due their mode of for-
mation, cementation and mineral assemblages.

Although studies on thermal consolidation [11, 12] show
useful effects of moderate heating under controlled loading
conditions, their findings, however, cannot be apply cyclic
heating at higher temperatures. In these scenarios, minerals
become unstable or mineral transformation may take place
and the soil may undergo permanent structural changes that
fundamentally alter its behaviour [39, 40]. This leaves a sig-
nificant gap as there is still limited understanding of how
repeated exposure to moderate and high temperatures affect
the mineralogy, internal structure, and engineering proper-
ties of lateritic soils.

To address this gap, the objective of this study is to inves-
tigate the effects of repeated thermal exposure on the physi-
cal, mechanical, and microstructural properties of lateritic
soils from southwestern Nigeria. Cyclic heating and cooling
at 300 °C and 500 °C are applied to simulate high-temper-
ature thermal disturbance scenarios such as thermal reme-
diation and wildfire-affected soils. Through mineralogical
analysis, microstructural observations, and standard geo-
technical testing, the study examines how temperature level,
heating cycles, and mineral composition together influence
long-term changes in lateritic soil behaviour. Unlike pre-
vious research focused on low-temperature consolidation
under controlled stress conditions, single heating events,
or steady temperature changes, this work investigates high-
temperature cyclic conditions relevant to post-heating engi-
neering assessment rather than soil improvement.

Materials and methods

This study utilized bulk samples of residual lateritic soils
collected from depths of 1.5 m at two locations in south-
western Nigeria: Akerebiata (AK) and Ipetu (IP). This depth
was chosen to minimize the influence of past surface distur-
bances on soil structure. The AK soil developed over mig-
matite gneiss, while the IP soil developed over biotite schist
(Fig. 1). Both parent rocks belong to the Precambrian Base-
ment Complex of Southwestern Nigeria.

The soil samples were air-dried at room temperature for
three weeks to reach a constant weight. This method was
chosen over oven drying at high temperatures (100 °C to
110 °C) because previous research has shown it can cause
irreversible changes in properties of lateritic soils [39, 41,
42]. The mineralogy, geochemistry, and microstructure of
the air-dried soil were analyzed using X-ray diffractometry
(XRD), X-ray fluorescence (XRF), and scanning electron
microscopy (SEM), respectively. Physical and geotechni-
cal properties such as natural moisture content, particle size
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Fig. 1 Geologic map of the study area showing sampling locations

distribution, Atterberg limits, specific gravity, bulk density,
compaction parameters (Standard Proctor), unconfined
compressive strength, collapse potential, and swell poten-
tial were determined using standard methods. For the char-
acterization of the soil samples, five replicate specimens
were tested for each physical and geotechnical property,
and the reported values represent the average of the five
measurements.

The soil specimens were subjected to designated temper-
atures of 300 °C (moderate temperature) and 500 °C (high
temperature) in an electric oven using a controlled heating
rate of 5 °C/min. Heating was carried out on soil in a loose
(uncompacted) state, placed in heat-resistant ceramic cru-
cibles as shallow layers to promote heat penetration. Care
was taken to maintain a similar soil thickness for all heat-
ing runs. After reaching the target temperature, the samples
were held for one hour to allow thermal equilibration and
were then allowed to cool to room temperature inside the
oven. This heating—cooling cycle was repeated five times.

Following each cycle, the heated soils were tested for
Atterberg limits, sieve analysis, bulk density, collapse
potential, swell potential, unconfined compressive strength,

SEM, and XRD. Three specimens were tested for each geo-
technical property such as Atterberg limits, grain size distri-
bution, bulk density, collapse potential, swell potential, and
unconfined compressive strength. The results reported are
the average values for each temperature level and heating
cycle. All specimens within each test group were prepared
using the same procedures to ensure consistent comparison
across temperatures and cycles. Tests like XRD and SEM
were only repeated on the fifth cycle samples to observe
cumulative changes in microstructure and mineralogy due
to cyclic heating.

For the unconfined compression test, swell potential test,
and collapse potential test, thermal treatment was applied
to the soil in a loose (uncompacted) state. After each heat-
ing—cooling cycle and removal from the oven, the soil was
allowed to cool further in a desiccator and was then re-mixed
with distilled water to restore its optimum moisture content
(OMCQ), as determined from the Standard Proctor test on the
natural soil. The soil was then compacted to its maximum
dry density to produce the test specimens. This heat-then-
compact sequence was applied consistently at both tempera-
ture levels and across all heating cycles. The approach was
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chosen to reflect field conditions in which soils are exposed
to heat before loading or being considered for engineering
use, while maintaining consistent preparation across all tests
(conditions). The geotechnical properties of the air-dried
soil were compared to those of the heated samples after each
cycle to evaluate the impact of the treatment. The observed
changes were analyzed in relation to factors like geology,
temperature regime, soil composition, and heating cycles.

Natural moisture content, specific gravity, bulk density,
compaction, swell potential and consistency limits were
determined according to [43]. The pycnometer method was
used for specific gravity, while a graduated cylinder was
used for bulk density. Grain size distribution analysis fol-
lowed the standard test method outlined by [44]. Particles
smaller than 423 pm were used for liquid and plastic limit
determinations using the Casagrande method. Standard
Proctor compaction energy and mold were employed for
compaction parameter testing. Unconfined compression
tests, collapse potential, and swell potential were conducted
on compacted samples prepared at optimum moisture con-
tent and maximum dry density. The unconfined compres-
sion test was performed under controlled axial strain at a
constant rate 1.5% per min, following [45]. The same load-
ing rate was used for all specimens, irrespective of tempera-
ture level or number of heating cycles. For the swell test,
specimens were placed under a small seating pressure of
about 7 kPa and then flooded with water, allowing them to
expand freely. The deformation was recorded until it stabi-
lized, which typically occurred within approximately 2448
h. For the collapse test, each specimen was first loaded with
a constant vertical stress and then flooded with water while
the load was maintained. Vertical deformation was mea-
sured over time.

For X-ray diffraction analysis, a Panalytical Empyrean
diffractometer with a theta-theta goniometer configura-
tion was used, scanning samples between 3.5° and 70° 20

Table 1 Physical characteristics of the soils

Property AK 1P

Natural moisture content (%) 18.5+0.24 5.7+0.16
Specific gravity 240+0.02 2.73+0.01
Gravel (%) 2+0.71 2+1.22
Sand (%) 49+1.0 50+0.71
Fines (%) 49+1.58 48+1.73
Bulk density (kg/m?) 1882+5.7 1410+3.81
Liquid limit (%) 45+1.58 38+1.22
Plastic limit (%) 25+0.71 24+1.58
Plasticity index (%) 20+1.41 14£1.22
Maximum dry density, MDD (kg/m?) 1960+£3.54 1748+3.08
Optimum moisture content, OMC (%) 22.2+0.19  16.8+0.16
Collapse potential (%) 6.86+0.23  5.9+0.10
Swell potential (%) —2.48+0.15 —2.74+0.08
Unconfined compressive strength (kPa) 256+3.81  76.6+1.14
USCS classification CL CL
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at tube settings of 45 kV and 40 mA. Data was collected
using Collector v. 3.0c and Highscore v. 3.0e software with
the ICDD PDF-2 database for diffractogram evaluation.
Elemental analysis, excluding sodium, was conducted using
a fusion disc method. Sodium was measured using a pel-
let disc. The disc preparation involved devolatilization at
110 °C followed by ignition at 1050 °C to determine the
total loss or gain on ignition. A flux mixture was then added
to the sample before heating to 950 °C for 5 min to form
a molten liquid within a Pt crucible. This liquid was cast
into a mold and pressed into a disc, followed by additional
pressing at high pressure. Measurements were taken using
Rigaku Primus X-ray fluorescence equipment. SEM micro-
structural analysis was performed on carbon-coated samples
using a scanning electron microscope with backscatter elec-
tron imaging. Energy dispersive X-ray spectrometer (EDS
JED-2300) detectors determined the elemental composition
of the soil samples, with analysis conducted using NSS3
microanalysis software. The accelerating voltage was set at
20 kV, with an EDS detection limit of 100 ppm.

Statistical analyses were used to assess how thermal
cycling and temperature influenced the measured soil prop-
erties. One-way ANOVA evaluated differences among heat-
ing cycles at a fixed temperature, while two-way ANOVA
examined the effects of cycle number, temperature, and their
interaction. All tests were based on replicate measurements,
with significance assessed at the 5% level (0 =0.05). When
significant effects were identified, Tukey’s Honestly Signifi-
cant Difference (HSD) test was applied to identify pairwise
differences between cycle means. Results are presented
using letter groupings, where values sharing the same letter
are not statistically different.

Results and discussion
Properties of the natural soils

Prior to thermal treatment, both AK and IP soils were char-
acterized to establish their baseline geotechnical properties.
Table 1 summarizes the index and geotechnical properties,
while Fig. 2 presents the particle size distribution curves.
Both soils are classified as well-graded with a predomi-
nance of fine particles. Notably, AK soil exhibits higher
plasticity and natural moisture content compared to IP soil.
This suggests a greater presence of clay minerals in AK soil,
potentially contributing to its higher collapse potential and
greater susceptibility to sudden volume reduction upon wet-
ting. The unconfined compressive strength of AK soil was
significantly higher than that of IP soil, classifying them as
very stiff clay and soft clay, respectively, based on the und-
rained shear strength criteria [46].
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Fig. 2 Grading curves of the soil
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Table 2 Mineral composition of the natural and heated samples soil samples

Soil Relative content: %
Quartz Kaolinite Goethite Plagioclase K-feldspar Calcite Ilmenite
AK N 28 6 54 7 4 1
AK 500 39 4 29 27 1
IP N 54 43 3
IP_500 51 44 5

*AK N (Akerebiata natural soil), AK_500 (Akerebiata soil heated to the fifth cycle at 500 °C), IP_N (Ipetu natural soil), IP_500 (Ipetu soil

heated to the fifth cycle at 500 °C)

The relatively small standard deviations for most param-
eters (Table 1) show minimal test variability, indicating
that the mean values reliably represent the soils’ properties.
Moreover, the differences between AK and IP soils for key
properties such as natural moisture content, plasticity index,
bulk density, and unconfined compressive strength are sub-
stantially larger than their respective standard deviations,
implying that these differences are systematic rather than
arising from random variability.

X-ray diffraction (XRD) analysis revealed that IP soil is
primarily composed of quartz and kaolinite, while AK soil
has a more diverse mineralogical assemblage dominated by
feldspars and quartz (Table 2).

This difference is reflected in the geochemical composi-
tion (Table 3). Both soils are rich in silica (SiO,) and alu-
mina (Al,O;). Notably, the alumina content is higher in the
feldspar-rich AK soil compared to the kaolinite-rich IP soil,
as feldspars are a significant source of alumina [47]. The
combined content of iron, titanium, and aluminum oxides
(sesquioxides) is also higher in AK soil (31.1%) compared
to IP soil (20.3%). This aligns with the observed lower silica
content in AK soil compared to IP, as sesquioxides can coat
and bind silica particles.

'Oxide compositions, except for Na:O, are reported on
an ignited, loss-free basis. Loss on ignition (LOI) represents

the mass lost after heating the sample to 1050 °C. Na:O
was measured separately using pellet discs prepared from
unignited material. The total composition reflects the sum
of these components, which are reported on different mass
bases.

The X-ray diffractograms for the natural soils (Fig. 3) sup-
port these findings. Scanning electron microscopy (SEM)
images (Fig. 4) provide visual evidence of the differences
between the natural soils. AK soil exhibits a microstruc-
ture with larger particles, possibly due to the aggregation of
finer particles caused by the higher concentration of sesqui-
oxides. These inherent variations in both the geotechnical
properties and mineralogical composition will likely influ-
ence how the soils respond to thermal treatment.

Effect of cyclic heat treatment on the
mineralogy and microstructure of the soils

The comparison of mineralogy between natural soils and
those subjected to five heating cycles at 500 °C (Table 2)
reveals significant changes in the AK soil, while the IP soil
remains relatively stable. It should be noted that metakaolin
formed during heating (dehydroxylation) is largely amor-
phous and may not be easily detected by conventional XRD.

@ Springer
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Table 3 Elemental composition of the natural soils

Total

LOI
7.6
7.6

P,0s
0.0

K,0

0.8

Na,O
0.3

CaO
2.6
0.2

MnO
0.1

MgO

0.3

Fe,0,
6.9
6.9

ALO,

22.1

TiO,
2.1

SiO,
59.1

Soil
AK
1P

101.9!

101.4!

0.5 0.0

0.0

0.1

0.0

0.6 19.6

66.0

As a result, the kaolinite contents reported represent only
the remaining crystalline fraction of the material, rather than
the full aluminosilicate content or phase.

The mineral constituents of the IP soil, primarily kaolin-
ite and quartz, exhibit greater thermal stability compared to
the feldspars in AK soil. In the AK soil, the quartz content
increased, the plagioclase feldspar content decreased, and
the K-feldspar content increased distinctly (Fig. 3). Addi-
tionally, the trace amounts of calcite in AK soil disappeared.
This is expected as plagioclase and calcite, both rich in cal-
cium, are prone to breakdown at high temperatures through
processes like calcination or decarbonation [48, 49]. This
suggests that calcination or decarbonation, triggered by tem-
perature cycling, likely occurred during the heating cycle.

Microstructural analysis after five heating and cool-
ing cycles shows similar changes in both soil samples
(Fig. 4). The particles became larger and more rounded
due to agglomeration, with a higher degree of agglomera-
tion observed in samples heated to 500 °C. This indicates
that higher temperatures enhance particle coalescence and
rounding, likely affecting the soil’s mechanical properties.
The observed agglomeration can be attributed to the break-
down of some minerals and the subsequent fusion or re-
precipitation of their constituents around existing particles
during the heating process, a phenomenon driven by high
temperatures promoting increased particle interaction and
fusion, leading to the formation of larger, more rounded
structures.

Although direct porosity measurements were not per-
formed, the observed decrease in bulk density indicates an
increase in total porosity. Furthermore, the particle agglom-
eration visible in SEM micrographs and the correspond-
ing shift in grain size distribution as well as the measured
changes in compaction behaviour and collapse potential,
suggest significant thermally induced pore rearrangement
and fabric modification, including a coarsening of the pore
network, during cyclic heating. While particle agglomera-
tion is qualitatively evident from SEM images and grain-
size trends, this study did not include quantitative measures
such as fractal analysis or image-based particle character-
ization. Future work using these approaches would provide
direct metrics to better integrate microstructural changes
into constitutive models.

These observations suggest that the mineralogical and
microstructural stability of the IP soil under cyclic heat-
ing can be attributed to its quartz and kaolinite composi-
tion, which resist thermal alteration. In contrast, the AK
soil’s mineralogical transformation, especially the reduction
of plagioclase and disappearance of calcite, underlines the
vulnerability of calcium-rich minerals to high-temperature
processes. The resulting changes in AK soil’s mineral com-
position and microstructure have potential implications for
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its geotechnical performance post-heat treatment. The dis-
appearance of calcite and reduction of plagioclase in AK
soil may lead to a decrease in soil strength and stability,
as the reduction of calcium-rich minerals can weaken the
soil matrix, making it less capable of maintaining structural
integrity under load [48]. On the other hand, the increase
in quartz and K-feldspar may enhance properties like ther-
mal stability. Quartz and K-feldspar, known for their high

1

40 60

Position [°26] (Copper (Cu))

melting points and resistance to thermal stress, can improve
the soil’s performance in high-temperature environments
[49]. The rounding and enlargement of particles due to
agglomeration can affect soil compaction and permeability,
as larger, more rounded particles reduce the soil’s capac-
ity to compact densely, leading to higher permeability and
lower load-bearing capacity [50].
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Fig. 4 Scanning electron microscopy of the natural and heated samples AK N (Akerebiata natural soil), AK 500 (Akerebiata soil heated to the
fifth cycle at 500 °C), IP N (Ipetu natural soil), IP_500 (Ipetu soil heated to the fifth cycle at 500 °C)

While direct SWCC measurements were not performed,
the observed reductions in bulk density, plasticity, and
strength, together with microstructural evidence of par-
ticle aggregation, suggest that thermal cycling would alter
the hydraulic retention behaviour of the soils. Changes in
pore size distribution and soil fabric are known to influence
the soil-water characteristic curve, particularly the air-entry
value and water retention capacity [51-53]. Within estab-
lished thermo—hydro—mechanical frameworks for unsatu-
rated soils, such fabric coarsening and density reduction are
therefore expected to reduce air-entry values and suction-
related stiffness, leading to modified suction—deformation
responses under field conditions [54]. Future studies incor-
porating direct SWCC and suction measurements would
allow these inferred trends to be tested and quantified.

Effect of the heating cycle on the
geotechnical properties of the soils

Bulk density

Cyclic heating led to a decrease in bulk density for both soils
at both 300 °C and 500 °C (Fig. 5). This decrease became

more pronounced with an increasing number of heating
cycles. Notably, the most significant reduction occurred

@ Springer

after the first cycle, and the higher temperature (500 °C)
consistently resulted in a greater decrease in density com-
pared to 300 °C across all cycles. Specifically, after the fifth
cycle, the cumulative percentage decrease in bulk density
was 7.6% for IP soil and 9.8% for AK soil. The feldspar-
rich AK soil experienced a greater reduction in bulk density
compared to IP soil. The decrease in bulk density is more
influenced by the temperature cycle and intensity than by
the soil type (Fig. 5). This suggests that the cyclic heating
effects on bulk density are primarily driven by the thermal
stress and the number of heating cycles rather than the spe-
cific mineralogical composition of the soil.

The observed decrease in bulk density can be attributed
to the loss of volatiles such as water and organic materials
during heating. As these components are expelled from the
soil matrix, the overall volume of the soil increases, leading
to a reduction in bulk density. This phenomenon is consis-
tent with findings in other studies where thermal treatment
causes dehydration and decomposition of organic matter,
resulting in changes in soil structure and density [37, 48].
The lower bulk density at higher temperature treatment can
signify increased porosity, which can impact factors like
water infiltration, soil strength, and overall stability.

The one-way ANOVA results (Table 4) show that the
number of thermal cycles has a statistically significant effect
on bulk density for both soils at each temperature (Fqap
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Fig.5 Variation of Bulk Density with Heating Cycle a AK Soil b IP Soil

> Fegrpp)- For example, at 500 °C, bulk density decreases
significantly with increasing cycles for both AK (Fq,p =
405.40>F gy = 3.106) and IP soils (F,; = 320.20>F gy
= 3.106), indicating progressive degradation as thermal
cycling increases. Tukey’s HSD tests (Table S1) reveal that
the pattern of change varies with soil type and temperature.
For AK soil at 300 °C, each cycle differs significantly from
the previous one (p<0.05), except for cycles 4 and 5, which
are statistically similar. This suggests that degradation slows
and begins to stabilize at higher cycle numbers. At 500 °C,
AK soil shows significant differences between early and
later cycles, but not between cycles 1 and 2 or cycles 4 and
5, indicating initial degradation followed by stabilization.
For IP soil at 300 °C, cycles 1 to 3 are statistically similar,
while cycles 4 and 5 form a distinct lower group, confirming
progressive degradation with repeated heating. At 500 °C,
IP soil displays four statistically distinct groups across the
cycles, with a steady reduction in bulk density and no clear
evidence of stabilization at higher cycles.

The two-way ANOVA results (Table S2) further con-
firm these trends. For AK soil, both cycle number (Fq,p
= 1076.09>Fqgir = 2.621) and temperature (Foyp =
530.45>F -g;r=4.260) have strong and significant effects on
degradation. A significant interaction between cycle number
and temperature (Fopp = 28.49>Fgyr = 2.621) indicates
that degradation progresses more rapidly at 500 °C than at
300 °C. For IP soil, cycle number (F-p; = 480.7>F i =
2.621) and temperature (Fap = 107.1>F gip = 4.260) also
have significant effects, with a weaker but still significant
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interaction (Fpyp = 8.71>Fgir = 2.621). Together, these
results show that both repeated heating and higher tempera-
ture drive bulk density loss, with stronger and more persis-
tent effects at 500 °C.

Atterberg limits and grain size distribution

Figure 6 presents the Casagrande classification chart for the
two soils, illustrating the effect of cyclic heating on their
consistency limits. Cyclic heating resulted in a consistent
decrease in both the liquid limit and plastic limit of the soils
(AK and IP), regardless of the number of heating cycles or
soil type (Fig. 6). This trend is reflected in the Casagrande
classification chart, where the heated soils exhibited a shift
towards lower plasticity classifications. Notably, soils heated
to 500 °C exhibited a more significant reduction in plastic-
ity compared to those heated to 300 °C. For example, some
IP soil specimens originally classified as medium plasticity
clays transitioned to low plasticity clays at higher heating
temperatures. Similarly, two AK samples heated at 500 °C
displayed a shift from medium plasticity clays to low plas-
ticity silts during the fourth and fifth cycles. These observa-
tions suggest a transformation in soil behaviour from being
dominated by finer particles to a more coarse-grained par-
ticles or towards a less plastic state. This observation can
be attributed to particle agglomeration, where finer soil par-
ticles cluster together to form larger ones. This is further
supported by changes in the grain size distribution of the
soils (Fig. 7) and the microstructural analysis. Both soils
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Table 4 One-way ANOVA results for the properties of the soils

Property Soil Temp Fear P- value Ferir Remarks
Bulk Density (Kg/m?) AK 300° C 405.4 6.05E-13 3.106 Significant
AK 500° C 694.4 2.44E-14 3.106 Significant
1P 300°C 179.3 7.65E-11 3.106 Significant
1P 500°C 320.2 2.46E-12 3.106 Significant
Liquid Limit (%) AK 300° C 178.8 3.85E-11 3.106 Significant
AK 500° C 647.1 3.72E-14 3.106 Significant
iy 300°C 122.3 7.26E-10 3.106 Significant
1P 500° C 520 1.37E-13 3.106 Significant
Plastic Limit (%) AK 300° C 81.65 7.66E-09 3.106 Significant
AK 500°C 2069.92 3.53E-17 3.106 Significant
P 300°C 68.53 2.11E-08 3.106 Significant
1P 500° C 69.95 1.87E-08 3.106 Significant
Sand (%) AK 300° C 97.7 2.7E-09 3.106 Significant
AK 500° C 158.9 1.56E-10 3.106 Significant
1P 300° C 317.6 2.58E-12 3.106 Significant
P 500°C 123.6 6.83E-10 3.106 Significant
Fine (%) AK 300°C 2391 7.47E-06 3.106 Significant
AK 500° C 36.8 7.12E-07 3.106 Significant
1P 300°C 72.73 1.5E-08 3.106 Significant
1P 500° C 28.125 3.12E-06 3.106 Significant
Swell Potential (%) AK 300° C 1481.47 2.62E-16 3.106 Significant
AK 500° C 2372.58 1.56E-17 3.106 Significant
1P 300°C 162.32 1.38E-10 3.106 Significant
1P 500° C 911.94 4.78E-15 3.106 Significant
Collapse Potential (%) AK 300° C 379.77 8.92E-13 3.106 Significant
AK 500° C 85.85 5.72E-09 3.106 Significant
P 300°C 101.19 2.2E-09 3.106 Significant
P 500° C 332.66 1.96E-12 3.106 Significant
UCS (kN/m?) AK 300°C 768.95 1.33E-14 3.106 Significant
AK 500° C 667.98 3.07E-14 3.106 Significant
1P 300°C 191.99 5.11E-11 3.106 Significant
1P 500° C 270.92 6.65E-12 3.106 Significant
Source of Variation: Number of Cycle; Degree of Freedom: Between = 5; Within = 12
T T T T T
a) 60 - @ Natural Soil o b) 50 Ol Natural Soil l j I |
® 300°C 1% Cyce ® 300°c1™cyce
® 3000 2" Cycle -1 ® 300°c2" cycle
= 50 | @ sooc 3:: Cycle iy . 2 50 ® 300°c 3:: Cycle .
S e N P g 6 i,
g i 1§ O] mertom |
E‘ € 500°C ad ny:: //// _‘; : 6::;.(;2::11 Zyc::
SR b B P R
D—“_, " i y L] / g -~ @ 500°C5 Cycle 1 1
e L
10 —/,// // . w ’
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Liquid Limit (%)
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Fig.6 Casagrande Chart showing classification of natural and heated soil samples. a AK Soil b IP Soil
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displayed a decrease in the amount of fines (smaller par-
ticles) with a corresponding increase in sand-sized particles,
indicative of particle aggregation due to the heat treatment.

One-way ANOVA (Table 4) showed that thermal cycling
had a significant effect on the liquid limit of the AK soil
at both temperatures. At 300 °C, the effect was statistically
significant (F=178.8, p=3.85x107!!). Tukey’s HSD test
(Table S1) indicated similar liquid limit values between
Cycles 2 and 3, and between Cycles 4 and 5, while all
other cycles differed significantly. This pattern suggests a
gradual change with signs of stabilization at higher cycle
numbers. At 500 °C, the effect was even stronger (F=647.1,
p=3.72x10"'%). Tukey’s test showed that Cycles 2, 3, and 4
were statistically similar, with Cycle 0 forming the highest
group and Cycle 5 the lowest, indicating marked degrada-
tion followed by partial stabilization. Thermal cycling also
had a significant influence on the liquid limit of the IP soil
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at both temperatures (Table 4). At 300 °C, one-way ANOVA
confirmed a strong effect (F=122.3, p=1.08 x 107?). Tukey’s
HSD test showed that most cycles differed from one another,
except for Cycles 2 and 3, which were statistically similar
(Table S1). Overall, the liquid limit decreased steadily from
Cycle 0 to Cycle 5. At 500 °C, the effect was more pro-
nounced (F=520.0, p=4.55x10"'?). Tukey’s test indicated
that all cycles were significantly different, with a consis-
tent and uninterrupted decline in liquid limit across cycles,
showing no evidence of stabilization at the higher tempera-
ture. Similarly, two-way ANOVA (Table S2) revealed that
liquid limit was significantly influenced by thermal cycle
number, temperature, and their interaction for both AK and
IP soils (p<0.05). Together, these results demonstrate that
repeated heating and increasing temperature jointly drive a
progressive reduction in liquid limit, with the effect being
more pronounced and persistent at 500 °C. One-way and
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Fig. 7 Variation in the grain size distribution of natural and heated soils a IP-300 b IP-500 ¢ AK-300 d AK-500
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two-way ANOVA (Table 4 and Table S2) produced consis-
tent results, confirming that plastic limit was significantly
influenced by thermal cycling, temperature, and their inter-
action for AK and IP soils (p<0.05). Tukey’s HSD post-hoc
analysis (Table S1) identified the same statistically signifi-
cant differences and cycle groupings. The corresponding
HSD results are summarized in Table S1.

One-way and two-way ANOVA (Table 4 and Table S2)
show consistent results, confirming that sand and fine con-
tents are significantly affected by thermal cycling, tempera-
ture, and their interaction in both AK and IP soils (p <0.05).
At 500 °C, for example, one-way ANOVA indicates that
sand content changes significantly with increasing cycles
for both AK (F_, = 158.9>F_; = 3.106) and IP soils (F,
=123.6>F_,;, = 3.106), pointing to a progressive effect of
repeated heating. Tukey’s HSD results for sand and fine con-
tents at both temperatures (Table S1) reveal a clear pattern
across cycles. Early cycles form a distinct group, intermedi-
ate cycles partly overlap, and the final cycle mostly stands
apart, reflecting a gradual shift with continued thermal
exposure. For example, in AK soil at 500 °C, fine content
in Cycle 0 differs significantly from all later cycles, while
Cycles 1-3 overlap and the lowest values occur at Cycle 5.
A similar trend is observed in IP soil at 500 °C, where Cycle
0 shows significantly higher fine content than all subsequent
cycles, and later cycles cluster together, indicating a steady
reduction with repeated heating.

The agglomeration of particles during cyclic heating can
be explained by the breakdown of certain minerals and the
subsequent fusion or re-precipitation of their constituents
around existing particles. This process effectively reduces
the overall surface area of the soil, a key factor influencing
water adsorption and plasticity. The reduced surface area
translates to a lower capacity for water retention, thereby
lowering the liquid and plastic limits of the heated soils.
In addition, the reduction in fines and increase in sand-
sized particles can significantly impact the soil’s mechani-
cal behaviour, including its compaction characteristics and
shear strength. The consistent reduction in the Atterberg lim-
its, especially at higher temperatures, suggests a decrease in
the soil’s plasticity and workability. Lower plasticity soils
are generally less compressible and exhibit reduced swell-
shrink behaviour, which can be beneficial in engineering
applications where stability and reduced deformation are
important.

Swell potential
Moisture-induced volume changes can significantly impact
the stability of residual soils [55]. Expansive soils, for

instance, can swell upon wetting, leading to structural prob-
lems. On the other hand, collapsible soils exhibit a decrease

@ Springer

in volume when wetted. Interestingly, the swell potential
measured for both AK and IP soils was negative, signify-
ing a tendency to shrink rather than swell when exposed to
moisture. The variation in swell potential with the number
of heating cycles displayed a similar pattern for both soils
and heating temperatures (Fig. 8). There was a significant
decrease in shrinkage potential after the first heating cycle,
with subsequent cycles appearing to have minimal further
effect. This suggests that the initial heat cycle has the most
pronounced impact on the soil’s shrinkage behaviour. In
addition, the initial decrease in shrinkage potential also sug-
gests that some of the mechanisms responsible for volume
reduction upon wetting might be mitigated by the initial heat
treatment. One-way ANOVA (Table 4) showed that thermal
cycling had a strong and statistically significant effect on the
swell potential of both AK and IP soils at 300 °C and 500
°C (p < 0.0001). Tukey’s HSD results (Table S1) indicate
that most of the reduction occurred during the initial cycles,
particularly between Cycle 0 and the early heating stages.
As cycling continued, changes became smaller, and the
later cycles grouped into similar response levels, indicat-
ing stabilization at reduced swell potential. This pattern was
more pronounced at 500 °C, where higher temperature led
to a faster and more sustained reduction. Similarly, two-way
ANOVA (Table S2) revealed that swell potential was sig-
nificantly influenced by thermal cycle number, temperature,
and their interaction for both AK and IP soils (p < 0.05).

The observed decrease in shrinkage potential after heat-
ing could be attributed to several factors. One possibility is
the decomposition of clay minerals during heating, which
can lead to a reduction in the soil’s overall shrink-swell
capacity. Additionally, the agglomeration of particles dis-
cussed earlier might contribute to a denser packing arrange-
ment, limiting the potential for significant shrinkage upon
wetting.

Collapse potential

In their natural states, both IP and AK soils exhibit collapse
potentials at 200 kPa (collapse index) ranging between 5%
and 7% (Fig. 9). According to [56], soils within this col-
lapse range are considered potentially problematic. These
values are generally lower than those reported by [55],
which might be attributed to differences in parent rocks and
mineralogical constituents of the residual soils studied. The
first heating cycle, at both 300 °C and 500 °C, resulted in a
significant reduction (at least 50%) in the collapse potential
of both soils (Fig. 9). One-way ANOVA (Table 4) shows
that thermal cycling has a strong and statistically signifi-
cant effect on the collapse potential of both AK and IP soils
at 300 °C and 500 °C (p < 0.0001). Tukey’s HSD results
(Table S1) indicate that most of the reduction occurs during
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the initial cycles, particularly between the uncycled condi-
tion (Cycle 0) and the early heating stages. With contin-
ued cycling, changes become smaller and the later cycles
group into statistically similar response levels, indicating
stabilization at lower collapse potential. This effect is more
pronounced at 500 °C, where the higher temperature leads
to a greater and more sustained reduction than at 300 °C.
Collapse potential in lateritic soils is controlled by a meta-
stable fabric sustained by clay bridges, cementation, and
interparticle bonding, rather than by density alone [57, 58].
Repeated heating and cooling progressively weaken these
bonds through dehydration, mineral alteration, and ther-
mally induced microcracking [59, 60]. As a result, although
bulk density decreases with thermal cycling, the collapse-
prone fabric is partially destroyed, leading to a reduced ten-
dency for sudden collapse upon wetting. Similarly, two-way
ANOVA (Table S2) revealed that collapse potential was sig-
nificantly influenced by thermal cycle number, temperature,
and their interaction for both AK and IP soils (p < 0.05).

This improvement reclassifies the soils from potentially
problematic to those posing moderate concerns [56]. The
reduction in collapse potential is likely due to the decrease
in bulk density resulting from the heating cycle. However,
after the first cycle, a clear trend in the collapse index with
subsequent heating cycles was not evident. This suggests
that other factors besides bulk density, such as matric suc-
tion [61], might play a more dominant role in influencing
the collapse potential of these soils under cyclic heating
conditions. Soils with reduced collapse potential are less
likely to undergo significant volume reductions under load-
ing, enhancing their stability and suitability for construction
purposes.

Unconfined compressive strength
Unconfined compressive strength provides an estimate of
the undrained shear strength of soils. Both IP and AK soils

exhibit a reduction in strength after the first heating cycle
at both 300 °C and 500 °C (Fig. 10). Subsequent heating
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cycles result in a continued but slower reduction in strength.
The cumulative decrease in UCS at the end of the experi-
ment (after five cycles) was significantly higher for IP soil
compared to AK soil. At 300 °C, the strength reduction was
92% and 40% for IP and AK soils, respectively. Similarly,
at 500 °C, IP soil exhibited a 97% decrease, while AK soil
experienced a 59% decrease.

One-way ANOVA shows that thermal cycling (Table 4)
has a strong and statistically significant effect on the uncon-
fined compressive strength of both AK and IP soils at
300 °C and 500 °C (p<0.001). Tukey’s HSD results indi-
cate that most of the strength loss occurs during the initial
cycles, particularly between the unheated condition (Cycle
0) and the early heating stages. As cycling continues, the
rate of strength reduction decreases, and later cycles group
into similar response levels, indicating stabilization at lower
strength values. This pattern is observed in both soils but is
more pronounced at 500 °C. For AK soil, the first cycle at
500 °C causes a sharp drop in strength, followed by smaller
changes in subsequent cycles. IP soil shows a similar trend,
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with the highest strength in the uncycled state and progres-
sively lower strengths after heating, eventually clustering
at advanced cycles. Overall, higher temperature leads to
greater and more persistent strength loss than at 300 °C.
Similarly, two-way ANOVA (Table S2) revealed that und-
rained shear strength was significantly influenced by ther-
mal cycle number, temperature, and their interaction for
both AK and IP soils (p<0.05).

The observed reduction in unconfined compressive
strength suggests that the initial strength of the soil, likely
influenced by its mineralogical composition and cementa-
tion state, plays a role in the extent of strength reduction
or thermally induced degradation. Heating at the higher
temperature (500 °C) resulted in a greater overall decrease
in strength for both soils. These findings differ from those
reported by [41, 42], who observed an increase in strength
for lateritic soils heated at a lower temperature (110 °C).
The contrasting results may be attributed to the much higher
temperatures and the repeated heating and cooling cycles
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used in this study, which promote progressive breakdown
rather than temporary strengthening [62].

At both 300 °C and 500 °C, repeated heating and cool-
ing likely cause the soil’s mineral components to expand
and contract at different rates. For instance, quartz grains,
clay minerals and the surrounding iron—aluminum oxide
cementing phases may expand and contract at different rates
and temperature. This thermal mismatch creates stress at
their boundaries, which promote microcracks initiation and
weaken the soil structure over time. Similarly, differences
in thermal behaviour and expansion across various crys-
tallographic axes of the same mineral can induce thermal
stresses [63].

The temperatures applied in this study align with known
transformation ranges for key minerals in lateritic soils.
Goethite begins to convert to hematite above about 250-300
°C, which weakens iron-oxide bonding and can also affect
soil color and density. Kaolinite starts to break down above
roughly 450 °C, forming largely amorphous metakaolin and
leading to lower plasticity and weaker particle bonding [64].

By contrast, feldspars remain stable across the temperature
range examined, and calcite breaks down only at much
higher temperatures. Calcite decomposition is therefore
unlikely to have contributed meaningfully to the changes
observed in this study.

The SEM images, showing more rounded particles and
increased aggregation, support this explanation and point to
a gradual breakdown of the original bonded structure. From
a microstructural perspective, repeated heating-cooling
cycles causes accumulation of microcracks and progres-
sively weakens the bonds or cementation between particles.
This leads to a sharp drop in strength during the initial heat-
ing cycles. As damage accumulates, the soil structure gradu-
ally adjusts, and strength levels off at a lower, more stable
state. The higher strength loss observed at 500 °C suggests
more probable extensive mineral alteration and microstruc-
tural damage at higher temperature. As a result, the soil
skeleton becomes less effective at carrying load, leading to
more pronounced and lasting weakening.
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Relevance to field thermal events

The observed changes in soil properties can be better under-
stood by estimating the thermal energy applied during the
tests. Using a representative soil heat capacity of about
800 J-kg "K' and the imposed temperature increases, the
cumulative energy input after five cycles is on the order of
1-2x10° J-kg™'. This level of energy is comparable to that
experienced by near-surface soils during intense wildfires
or repeated thermal remediation activities. Although the
laboratory heating represents a controlled, upper-bound
scenario, it reflects severe but realistic field conditions.
The resulting losses in strength and stability therefore have
direct relevance for evaluating and potentially reusing later-
itic soils that have been exposed to high-temperature events.

Conclusion

This study evaluated the effects of cyclic moderate (300 °C)
and high (500 °C) temperature exposure on the mineralogi-
cal, microstructural, and geotechnical behaviour of later-
itic soils from southwestern Nigeria. The results show that
repeated heating and cooling cycles cause significant and
mostly irreversible changes in soil properties. The extent
of these changes depends on the soil’s mineral composi-
tion, the temperature reached, and the number of heating
cycles. Cyclic heating caused mineralogical changes in
the feldspar-rich AK soil, while the kaolinite—quartz-dom-
inated IP soil remained more stable. In both soils, thermal
cycling led to particle agglomeration, reductions in bulk
density, and a gradual shift toward coarser particle-size
distributions. These changes were accompanied by reduc-
tions in Atterberg limits, indicating a loss of plasticity as
temperature and heating cycles increased. Volume-change
behaviour was mostly affected during the first heating cycle.
Both swell and collapse potentials decreased sharply after
the first cycle and then remained relatively stable. This
suggest that early heat exposure which causes damage to
metastable soil fabric plays a dominant role. In contrast,
unconfined compressive strength decreased with repeated
heating cycling, particularly at 500 °C, indicating micro-
structural damage and weakening of interparticle bonding.
Overall, the findings show that cyclic heating, rather than
single high temperature event or exposure, drives long-term
soil degradation. This shows the importance of considering
both thermal history and mineral composition when evalu-
ating lateritic soils for engineering use, particularly in areas
exposed to bush burning, wildfires, or thermal remediation.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s41062-0
26-02564-7.
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