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Abstract

This work investigates probable changes during repeated heating and cooling cycles on some index and engineering
properties of some lateritic soils. Bulk soil samples were taken within llorin metropolis. These samples were oven dried
for 24 h at 110 °C and cooled naturally to room temperature. This procedure was repeated four times. The effect of
cyclic heating and cooling on various soil properties including Atterberg limits, particle size distribution, moisture—
density relationship and California bearing ratio (CBR) were investigated. The results show that maximum dry density
(MDD) reduced consistently with repeated heating and cooling while optimum moisture content (OMC) increased. CBR
increased with repeated heating and cooling up to 23.5%. A percentage decrease in liquid limit up to 25% was recorded
while plastic limit and plasticity index reduced in all samples. Increase in CBR is an indication of increase in strength with
repeated heating while the decrease in MDD is an indication of reduced density on account of increase in OMC of the

soil samples with repeated heating.
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1 Introduction

In tropical and subtropical parts of the world (e.g. Nige-
ria, China, and Brazil), residual lateritic soils are common
and widely distributed soil [1, 2]. They are common geo-
materials used in various engineering structures such as
pavements, compacted clay liners, earth dams, etc. [1-3].
The engineering properties of the soils are influenced by
the several complex interactions between the compo-
sitional and environmental factors [4]. Among the envi-
ronmental factors, temperature is an important property
that can affect the properties of soils and hence the effects
of temperature on engineering performance of soils is
increasingly receiving attention in geotechnical engineer-
ing [4-6]. This is because soils may experience induced
temperature changes from engineering structures such

as groundwater heat pump [7], hot buried or oil and gas
pipelines, buried electricity or high-voltage cables [8],
and radioactive waste depositories [9]. In addition, the
induced temperature change may also be as a result of
daily and seasonal thermal cycles as observed in clay liner
and embankments made of lateritic soils [10] or through
natural wild forest fires and thermal remediation processes
[11,12].

Previous works have shown that variations in the
induced temperature in soils (either through natural
means or engineering structures) can affect the index,
hydraulic, compaction, consolidation, and strength prop-
erties of soils [6, 13, 14]. Abu-Zreig et al. [15] investigated
the effect of increasing temperature on the properties of
clayey soils and reported that as the temperature increases
(beyond 100 °C), the Atterberg limits, swelling pressure,
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optimum moisture content and unconfined compres-
sive strength of the soil decrease. The effect of increasing
temperature on tropical black cotton soils was studied by
Gadzama et al.[14] and they reported that properties such
liquid limit, plastic limit, and California Bearing Ratio (CBR)
decreased while the maximum dry density increased as
the temperature increases. No general trend was estab-
lished between the optimum moisture content, plasticity
index and temperature by the authors.

Different papers have also been published to evaluate
the influence of elevated temperature on the swelling
and consolidation behaviour of different soils [13, 16-18].
According to Romero et al. [19], the volume of normally
and highly overconsolidated clays contracts and expands,
respectively, when subjected to elevated temperature.
Abuel-Naga et al. [20] and Sultan et al. [17] stated that
preconsolidation pressure increased as the temperature
increases while Moh et al. [21] reported a decrease in pre-
consolidation pressure as the temperature increases. Simi-
larly, Abuel-Naga et al. [20] reported that compression and
swelling coefficients are influenced by increase in temper-
ature. Previous works on the effect of temperature on the
permeability of soils showed that increase in temperature
also lead to increase in permeability of soil obtained either
through direct or in direct methods [13, 16, 20].

Review of the past works have shown that although
there are numerous studies on the effect of elevated tem-
perature on the behaviour of soil but the effect of subject-
ing a soil to repeated or cyclic elevated temperature has
not been studied. Indeed, most of the previous studies
have studied the influence of different temperature level
on the engineering properties of soils that are mostly non-
tropical or residual soils. This work therefore investigates
the influence of repeated heat treatment at 110 °C and
cooling on the physical properties of some lateritic soils.
We selected this temperature (110 °C) as it similar to or
slightly higher than the prevailing temperature condi-
tions observed around some engineering structures. For
instance, soil may be exposed to an elevated temperature
of more than 120 °C during tunnel fires [22]. In addition,
the design temperature for buffers in high level waste dis-
posal sites must be around 90 °C [23]. For buried power
cables, 80 °C has been reported as the highest tempera-
ture around the cable and 60 °C when the distance is
about 0.25 m from the cables [24].

2 Location of study area

The study area, llorin, is located in the humid tropical
part of Nigeria. The city serves as administrative center
of Kwara State and it is rapidly developing and expand-
ing with the construction of new engineering structures
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such as highways, bridges, and buildings daily. The dis-
tinct raining and dry seasons and suitable thick vegetation
enhance the formation of laterite/lateritic soils in the study
area. llorin is among the areas underlain by the rocks of
the Precambrian basement complex rocks of Southwest-
ern Nigerian [25]. Figure 1 shows the geological map of
the study area with the sampling locations. The studied
lateritic soils developed over granite gneiss and migma-
tite gneiss, which happens to be most extensive rock unit
of the Precambrian basement complex rocks of South-
western Nigerian. Geological field mapping revealed that
the rocks mixture of felsic and mafic minerals. The major
minerals in the rocks include quartz, feldspar, biotite, and
hornblende. The two parent rocks are foliated with peg-
matite and quartz veins intrusions.

3 Methodology

The lateritic soil samples used in this study were obtained
from four different parts of llorin where road construc-
tion have just exposed fresh lateritic soil profile. Four bulk
residual lateritic soils samples were obtained from test
pit at depth of 0.75 m at the different locations. Samples
taken at this depth are not exposed directly to sunlight
and are expected to have their natural moisture and sen-
sitivity preserved. The collected samples were air-dried
before testing in the laboratory for three weeks and dry-
ing stopped when the weight of the samples became con-
stant. Index and engineering tests including consistency
limits, grain size analysis, California bearing ratio (CBR),
and compaction test were determined. To determine the
effect of repeated heating and cooling on the air-dried
soils, the properties of the air-dried samples, which were
not exposed to repeated heating and cooling, were com-
pared to the properties of the soil samples subjected to
repeated heating and cooling.

The repeated heating and cooling of the lateritic soils
were carried out using the following procedure. The air-
dried soil samples were oven dried at 110 °C for 24 h and
allowed to cool at room conditions for about 12 h. This
process of heating and cooling was repeated four times
(Four cycles). After the completion of the 4th cycle, grain
size distribution and Atterberg limits tests were carried
out. However, OMC, MDD and CBR were carried out after
each cycle in order to investigate the changes in these
properties in between each heat treatment cycle. The CBR
was determined after the samples were compacted using
the standard Proctor energy at optimum moisture content
(OMCQ). Grain size distribution and Atterberg limits were
not determined at each cycle to minimize soil wastages
and avoid extra reheating of the soil during determina-
tion of moisture contents associated with determination
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of liquid and plastic limits. All the soil properties inves-
tigated were determined in accordance with procedure
of BS 1337 [26]. Thin sections of the rock samples from
which the lateritic soils were derived were prepared. Pet-
rographic study was carried out in accordance with the
standard procedures for petrographic examination of
rocks given by the International Society for Rock Mechan-
ics [27]. Mineralogical and textural properties were inves-
tigated by using a polarising microscope and analysing
the images. The modal composition was obtained using
the point counting method.

4 Results and discussion

4.1 Physical properties of the studied soils
before heat treatment

Four bulk lateritic soil samples were taken at different
locations shown in Fig. 1. Two of the soil samples are
coarse grained while two classify as fine-grained soils

.1 Geology map of the study area showing location of the sampling area

Table 1 Physical properties of the studied soils before heat treat-
ment

Properties S1 S2 S3 S4
Liquid limit (%) 30 425 387 44
Plastic limit (%) 12 225 194 214
Plasticity index (%) 18 20 193 226
Maximum Dry Density (kN/m?3) 1750 1800 1900 1700
Optimum moisture content (%) 13 1 10 16
California Bearing Ratio (%) 53 91 27 1
Particle size distribution

Gravel (%) 8 14 2 0
Sand (2 mm-75 mm) (%) 62 50 26 35
Silt (75 mm=2 pm) (%) 6 10 41 18
Clay size fraction (<2 pum) (%) 24 26 31 47
Activity 075 077 061 049

Casagrande Plasticity Classification  CL CL CcL CcL
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under the Unified soil classification system. Table 1 pre-
sents the index and engineering properties of the stud-
ied soils before being subjected to repeated cycles of
heating and cooling. The particle size analysis showed
that the lateritic soils were well graded and contained
variable amount of fines (<0.075 mm). For instance, sam-
ples S1 and S2 have low amount of fines (30-36%) while
S3 and S4 have high amount of fines (65-72%). In addi-
tion, the coarse portion (gravel + sand contents) of S1
and S2 were generally high compared to S3 and S4.This
reflects the influence of the parent rock factor on the
grain size distribution of the soils. Figure 2 shows the
grain size distribution curves of the studied soils before
drying- cooling cycles. The liquid limit values varied

Fig.2 Grainsize distribution 100 Y

between 30% and 44% while plasticity index ranged
from 18% to 22.6%. The plot of plasticity indices against
liquid limits (Fig. 3), according to Casagrande, classified
the soils as inorganic clay of medium plasticity (CL soil).
Activity of the clay size fractions of all soil samples indi-
cates that they contain low activity or inactive clay [28]
cited in [29]. Owoyemi and Adeyemi [30] also confirmed
soils from the region consist mainly of kaolinite as the
main clay mineral. The MDD of the soils varied from 1700
to 1900 KN/m?* while the OMC ranged from 11% to 16%.
The CBR of the ranged from 11% to 91%. The lateritic soil
samples with the highest amount of coarse grain size
have the highest CBR and lowest OMC values.
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4.2 Effect of heat treatment on the consistency
limits and grain size distribution of the studied
soils

The consistency limits and grain size distribution of the
studied soils were tested after the four heating - cooling
cycles. This was to check if there are noticeable changes
in plasticity, possible aggregation, disaggregation, and
mechanical breakdown of the soils particles after going
through repeated heating and cooling. Table 2 presents
the fractional percentages of the soils according to the
grain size curves of the soil samples before and after
heating. Minor changes were detected in the grain size
distribution characteristic of the studied soils after the
four cycles of heating - cooling. For instance, proportion
of sand in sample S1 only increased by 4% after heating
while it remained unchanged in sample S2. This implies
that there is no glaring breakdown of the soil particles
or clay particles aggregation due to the four heating and
cooling cycles.

Table 3 presents the changes in the liquid and plas-
tic limits of the soil samples after four heating - cool-
ing cycles. Percentage decrease in liquid limit ranged
between 19% and 25%, for plastic limit it ranges between
24% and 59% while that of plasticity index is between
7% and 30%. The reduction in consistency limits with
repeated heating could be due to changes in clay size
fraction, specific surface area of the soil particles; dehy-
dration and decomposition of soil particles, changes in
mineralogy and alteration of microstructure of the soils.
Free water, an essential part of the soil, attached to clay
particles is normally removed from soil during oven dry-
ing and its loss normally destroys the structure of a soil.
This eventually affect the index properties of the soil.
There is a reduction in plasticity and improvement of the

soil with repeated heating. Sample S4 exhibits the high-
est reduction in liquid limit and plastic limit. This might
be attributable to its higher clay content.

Figure 3 shows that all the soils samples classified as
medium plasticity soils before repeated heating, but
sample S1 and S3 classified as low plasticity soils after
cycles of repeated heating. On the other hand, in sam-
ples S2 and S4 (Fig. 3) the plasticity level did not change
but there is shift in their relative positions on the Casa-
grande plasticity chart.

4.3 Effect of repeated heat treatment on moisture
dry density relationship

The MDD and OMC decreases and increases, respec-
tively, with heating - cooling cycles. Table 4 presents the
moisture dry density relationships of the soils before and
after each heating and cooling cycle. Up to 96% increase
in OMC was recorded at the fourth heating cycle while
percentage decrease in MDD after the heating cycles
is not more than 12%. Figures 4, 5,6, and 7 shows the
variation the moisture dry density relationships of each
soil sample with heat treatment. For all the heated sam-
ples, the relationship between OMC and MDD remains
negative (Fig. 8). This means that MDD decreased as OMC
increase. The decrease in the MDD of the soils could be
due to the generation or presence of micro-cracks within
the soil fabric which could produce voids and fissures
during compaction and finally reduced the MDD of the
tested soils [14]. Similar behaviour was also obtained by
Aldaeef [10] while working on hydraulic performance of
compacted clay liners under the influence of both tem-
perature and leachate exposures. The increase in OMC
may also be linked to the production of microcracks.

Table 2 Grainsize distribution

i Before heat treatment After heat treatment

of soil samples before and after

heat treatment Sample %gravel %sand %silt %clay %gravel %sand %silt %clay
S1 8 62 6 24 8 66 4 22
S2 14 50 10 26 14 50 12 24
S3 2 26 41 31 2 26 42 30
S4 35 18 47 35 19 48

Table 3 Consistency limits Sample Liquid limit (%) Plastic limit (%) Plasticity index (%)

of the soils before and after

drying cycles Before After Before After Before After
S1 30 24 12 9.1 18 14.9
S2 42.5 35 225 15.8 20 18.7
S3 38.7 29 19.4 14.6 19.3 14.4
S4 44 33 214 8.8 22.6 159
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Tab!e4 OMC and MDD vlalueS Sample MDD/OMC Before heating Heating cycle
attributable to each wetting
cycle 1 2 3 4
S1 OMC (%) 13 15 16 19.5 21
MDD (kg/m?) 1750 1710 1680 1620 1550
S2 OMC (%) 11 13.5 15 18 19.5
MDD (kg/m?) 1800 1760 1690 1620 1580
S3 OMC (%) 10 12 15 17.5 20
MDD (kg/m?) 1900 1860 1820 1700 1660
S4 OMC (%) 16 17 22 23 252
MDD (kg/m? 1700 1640 1550 1510 1480
53
2
1.8
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Fig.5 Variation of density and moisture with heating/cooling
cycles for sample S2

4.4 Effect of repeated heating on California bearing
ratio of the studied soils

California Bearing ratio is essentially a measure of the
shear strength of a material at a known density and mois-
ture content. Table 5 presents the CBR characteristic of the
soils before and after each heating and cooling cycle. It
was observed that the CBR values of the soils generally
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Fig.6 Variation of MDD and OMC with heating/cooling cycles for
sample S3
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Fig.7 Variation of MDD and OMC with heating/cooling cycles for
sample S4

increased with heating cycle. This increase may be attrib-
uted to changes in microstructure or structural fabric of
the clay minerals or particles of the soil. Repeated cycles of
heating and cooling of the studied soils brought about an
increase in CBR between 3.84% and 23.51% after the 4th
cycle. Sample S4 exhibited highest increment in CBR with
heating cycles just as it exhibited the highest reduction
in plasticity as explained above. This study also indicates



SN Applied Sciences (2020) 2:1987

| https://doi.org/10.1007/542452-020-03765-0

Research Article

2000

1800
£ 1600
=2
X 1400
el
g 1200
& 1000 y = -26.522x + 2129
= R?=0.8918
g 094
>
£
% 400
=

200

0
0 5 10 15 20 25 30

Optimum moisture density (%)

Fig.8 Relationship between MDD and OMC for the four heating
cycles

Table 5 California bearing ratio characteristic of each heating cycle

CBR (%) Untreated Cycle1 Cycle2 Cycle3 Cycle4 % incre-

ment in
CBR
S1 53.21 5455 5576 56.24 60.00 11.31
S2 91.03 9285 93.94 94.18 94.67 3.84
S3 26.67 2727 3042 3091 3152 1537
S4 11.03 1164 1333 13.82 1442 2351

that at higher moisture content (OMC) and lower MDD,
the studied soils gained higher strength as a result of
repeated heating. Heated samples are therefore likely to
possess better shear strength and bearing capacity when
compacted optimum moisture content.

5 Conclusion

This study investigates the effect of repeated heating
and cooling on the properties of residual lateritic soils
from llorin, Nigeria. The results of this study reveal that
repeated heating and cooling cycles led to changes in
the index and engineering properties of the lateritic
soils. The particle size analysis showed that the unheated
lateritic soils were well graded and contained variable
amount of fines. Casagrande plasticity chart classified
the unheated soils as inorganic clay of medium plasticity
(CL soil). Minor variations were observed in the grain size
distribution characteristic of the lateritic soil after the
four cycles of heating—cooling. The consistency limits,
however, decreased significantly after the four cycles of
heating—cooling. OMC and MDD increased steadily and
decreased slightly, respectively, with repeated heating—
cooling cycle. A comparison of the CBR values before

and after the heating cycles also indicated a significant
increase in CBR of the studied soils. Some of the changes
observed in this study as a result of the heating and cool-
ing cycles might be as results of changes morphology
in the morphology of the lateritic soils such structural
fabric of the clay minerals or particles of the soil. This
study has further increased our understanding of effect
of elevated temperature on the properties of soil. How-
ever, we intend to study the changes in the microstruc-
tural behaviour of the soil using SEM and clay mineral-
ogy using XRD.
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