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TECHNICAL NOTE

Enhancing soil sample preparation by thermal cycling
S. NADIMI  and J. FONSECA 

The fabrication of soil samples of uniform density is a fundamental problem in laboratory and physical
experiments. A novel technique that relies on a systematic increase of density induced by thermal
cycling is presented here. The principle is simple; when the sample is heated the grains and their
container undergo thermal expansion and this leads to the settling of the material due to the differential
thermal expansion between the grains and the container and the metastable nature of the granular
assembly. This change in fabric is not reversible upon cooling down of the sample, so the newly formed
fabric can be used for experimental testing. Moreover, the soil fabric can be incrementally
enhanced using successive thermal cycles of heating–cooling. In this paper, the change of void ratio
is investigated in two carbonate sands, a silica sand and glass ballotini. The effect of particle
morphology and initial density on the thermal-induced mechanisms of grain rearrangement is
discussed. On the basis of experimental results we hypothesise that thermal cycling enables laboratory
samples to be produced with enhanced densities and better soil–boundary interfaces, which is critical to
help interpretation of data in experimental and numerical tests.
KEYWORDS: fabric/structure of soils; sands; temperature effects

laboratory by loading the sample to values closer to the
overburden stresses experienced by the intact material.
Fonseca et al. (2012) used a combination of pouring and
tamping to prepare reconstituted samples with densities close
to the intact values. However, these mechanical processes
have led to the disintegration of pre-cracked grains and, thus,
have produced samples with distinct fabric, grading and
contact topologies and consequently a distinct mechanical
response when compared to the intact sand.
Increasing computation power has enabled numerical simulations to model the discrete nature of soil, and validation of
the numerical results requires better and more controllable
physical samples. Difficulties in obtaining the same void ratio
values for laboratory samples and discrete-element method
specimens obtained using an analogous process have been
highlighted previously (e.g. O’Donovan et al., 2015). It is
clear from previous studies that the laboratory characterisation of soil response requires enhanced sample fabrication
able to provide more uniform specimens with more stable and
controllable fabric, and these are the key aspects that the
technique presented here is intended to advance.

INTRODUCTION
For the most part, the behaviour of soil has been investigated
using laboratory-prepared samples. Depending on the mode
of deposition and the grain morphology, different topological configurations in terms of grain rearrangements and void
geometries may emerge, and this has a fundamental role in
determining the properties of the material being measured
(Butterfield & Andrawes, 1970; Miura & Toki, 1982; Rad &
Tumay, 1987; Fonseca et al., 2013). While the uniformity of
the sample is a matter of concern, there is limited control on
the local void ratio variations and the contact topologies
obtained using either gravity-induced deposition or
mechanical-energy-based methods.
For samples produced by different air pluviation configurations, the density within the granular medium appears to
be non-uniform (Vaid & Negussey, 1984). In fact, higher
densities are often attained in the central part of the sample
and lower densities at the boundaries (e.g. Camenen et al.,
2013). Marketos & Bolton (2010) have pointed out that not
only the lower void ratio attained at the boundary of the
sample, but also the low number of contacts in the soil–
boundary interface affects the soil behaviour measured from
laboratory testing.
A key aspect in sample preparation is to mimic in situ
characteristics such as relative density and soil fabric as
closely as possible. Intact sand, in particular older formations, possess mature fabrics that have developed during
geological history, which can hardly be reproduced using
conventional laboratory techniques. Cuccovillo & Coop
(1997) have shown that the low void ratio values found for
intact samples of Greensand could not be attained in the

EXPERIMENTAL METHOD
The technique presented here consists of making use of
thermal energy to enhance the granular packing of sand for
laboratory testing. This work draws upon previous studies
on the dynamics induced by thermal cycling on granular
media (Chen et al., 2006; Percier et al., 2013). The rise in
temperature results in a thermal expansion of the grains and
the container, which causes the granular assembly to settle
and densify. The change in the density of the sample is a
function of the differential thermal expansion between the
grains and the container. Bringing the sample back to room
temperature does not alter the newly formed fabric, so the
sample can be used for laboratory and physical testing. The
packing of the grains can incrementally be enhanced using
successive thermal cycles of heating–cooling; termed thermal
cycling herein. Figure 1 shows a schematic diagram of how
thermal cycling acts in producing a more compacted fabric.
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Fig. 1. Schematic diagram illustrating the evolution of the internal fabric of a natural sand under thermal cycling; initial fabric taken from a
tomography image (μCT)
Table 1. Physical properties of granular materials used
d50: μm

Gs

emin

emax

Cu (d60/d10)

240
570
840
180

2·71
2·82
2·65
2·50

0·98
0·83
0·51
0·50

1·87
2·38
1·01
0·75

2
2·8
1·5
1·1

Fine carbonate sand
Coarse carbonate sand
Silica sand
Glass ballotini

% passing

Materials
The materials used in the experiments were: a fine graded
Dogs Bay carbonate sand from the Republic of Ireland
(Klotz & Coop, 2001); a coarse graded carbonate sand from
the Persian Gulf (Fonseca et al., 2015); a silica Leighton
Buzzard sand; and glass ballotini. The material properties
are presented in Table 1 and the particle size distributions
(PSDs) of all four materials are shown in Fig. 2. The sands
had been chosen for their diverse properties, that is,
mineralogy and particle morphology, and their extensive
use in previous research. The carbonate sands are made from
the remains of marine organisms, such as shells and skeletal
materials. These shelly grains are angular and tend to form
loose fabrics. Moreover, the relative softness of the grains
makes them more susceptible to crushing under relatively
small loads. Leighton Buzzard sand is part of the Lower
Greensand formation from the UK; it comprises angular to
sub-angular particles, free of silt or clay (Klotz & Coop,
2001).
Cylindrical containers made of poly(methyl methacrylate)
(PMMA) and aluminium, with the dimensions as specified in
Fig. 3, were used. This is believed to be representative of the
vessels commonly found in soil mechanics laboratories.
100
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Sample preparation and void ratio measurements
The samples were prepared using the air pluviation
method as described by Cavarretta (2009). This technique
consists of filling the throat of the funnel at each deposition
step while keeping it in contact with the top surface of the
soil. The throat is then raised and the soil is deposited
without excessive impact or agitation. Tapping on the sides of
the container was applied to produce the denser samples and
a slight tapping was also used at the end of the pluviation
process in order to create a flat surface; this is particularly
important for the accuracy of the void ratio measurements.
A height over diameter ratio (H/D) of approximately 1·2 was
used for all samples.
For the measurement of the global void ratio, the height of
the sample was obtained by averaging four equally spaced
reading points on the sample’s top surface using a depth
gauge (precision of 0·01 mm) and the mass of soil was
measured with a precision of 0·01 g. The specific gravity
values provided in Table 1 were used.

Experimental set-up
A piston was placed on top of the sample and a small dead
weight of approximately 0·7 kPa was applied; a schematic
diagram of the set-up is shown in Fig. 3. The temperature
was increased from a room temperature of approximately 25
to 85°C, in other words, ΔT = 60°C. The sample was kept in
the oven for 9 h to ensure that the same temperature was
reached throughout the granular system. Subsequently, the
sample was cooled down to the initial room temperature and
the void ratio measurements were taken after 15 h. Each
cycle took 24 h. In total, 15 tests were carried out, of which
nine were stopped after five cycles and only six were stopped
after 20 thermal cycles (Table 2).

10

Particle size: mm

Fig. 2. Particle size distributions for the four materials: glass ballotini
(GB), fine carbonate sand (FCS), coarse carbonate sand (CCS) and
silica sand (SS)

RESULTS AND DISCUSSION
The void ratio values at the end of each cycle were
measured in terms of the change in height of the sample or
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Fig. 3. Schematic diagram of set-up used in experiments, including details of sample and container sizes (H being the initial height of the sample
and D the internal diameter of the container): (a) PMMA container; (b) aluminium container

Table 2. Summary of results obtained from thermal cycling experiments
Test ID*

H

H/D

Cycle number

ei

ef

Δe

Dri : %

Drf : %

ΔDr: %

GB-P32a

37·86

1·18

0·642

36·60

1·14

0·631
0·570
0·594
0·574
0·627
0·626
0·599
1·394
1·279
1·333
1·273
1·430
1·322
1·111
0·610
0·699
0·696
1·449

0·011
0·035
0·011
0·125
0·072
0·032
0·022
0·071
0·116
0·062
0·047
0·103
0·055
0·054
0·013
0·033
0·021
0·018

43·2

GB-P32b

5
20
5
20
5
5
5
5
20
5
5
5
5
5
5
20
20
20

47·6
72·0
62·4
87·2
76·6
76·8
82·2
53·5
66·4
60·3
67·1
40·0
50·8
71·9
56·0
20·4
62·8
47·3

4·4
14·0
4·4
25·0
14·4
6·4
4·4
8·0
13·0
6·9
5·3
10·3
5·5
5·4
5·2
13·2
4·2
2·0

SS-P32a

39·00

1·22

SS-P32b
SS-P32c
FCS-P32a
FCS-P32b

38·28
37·78
41·90
39·98

1·20
1·18
1·31
1·25

FCS-P32c
CCS-P32a
CCS-P32b
CCS-P32c
GB-P140
GB-A140
SS-A140
FCS-A140

39·72
40·47
41·18
39·91
142·58
176·95
177·19
177·40

1·24
1·26
1·29
1·25
1·02
1·26
1·27
1·27

0·605
0·699
0·658
0·621
1·465
1·395
1·320
1·533
1·377
1·165
0·623
0·732
0·717
1·467

58·0
62·2
70·4
77·8
45·5
53·4
61·8
29·7
45·3
66·5
50·8
7·2
58·6
45·3

*Test ID includes granular material abbreviation (GB, glass ballotini; SS, silica sand; FCS, fine carbonate sand; CCS, coarse carbonate sand),
material of container (P, PMMA; A, aluminium) and container’s internal diameter.

settlement of the piston. The top surface of the sample was
found to be fairly levelled after thermal cycling, which is in
part related to the effect of the dead weight, but also suggests
that packing densification is a bulk effect rather than a
boundary effect; this has also been observed by Chen et al.
(2006). The densification was assessed in terms of relative
density, Dr = (emax e)/(emax emin)  100.

Effect of container and initial density
The most significant change in density was obtained using
a PMMA container; that is, ΔDr values of 25% for the silica
sand and 13% for the fine carbonate sand were measured at
the end of 20 thermal cycles, compared with much lower
values of 4·2 and 2% for the aluminium container. The
incremental changes throughout the 20 thermal cycles are
presented in Fig. 4(a) for the silica sand and Fig. 4(b) for the
fine carbonate sand. For both sands the PMMA container
exhibits, clearly, a more marked relaxation.
The experiments carried out on glass ballotini also
confirmed a significant densification using the PMMA
container, with a final void ratio of 0·57 (very close to emin)
attained at the end of 20 cycles (Fig. 5(a)). In this case,
however, the ΔDr values measured for the PMMA and
aluminium containers were similar, namely, 14 and 13·2%,

respectively. This can be related to the distinct initial void
ratio of the two samples; thus, the results were plotted using a
normalised void ratio, which again shows better results using
the PMMA container (Fig. 5(b)).
The greater densification obtained using a PMMA
container can, in part, be explained based on the expected
linear expansion of the grains and the container presented in
Table 3, for a ΔT of 60°C. A linear expansion of 0·46% of
the total diameter is expected for the PMMA container
and only 0·14% for the aluminium container, therefore
explaining the lower efficiency of the latter. The expected
expansion of the grains is lower for the carbonate sand
(0·04% of the mean diameter) and larger for the silica
(0·10%), with the glass ballotini in between (0·05%). Since
the H/D ratio of the sample is kept constant, the effect of
increasing the sample diameter on the diametrical expansion
is compensated by the reduction of the height so the
overall volumetric or bulk expansion is not expected to be
affected.

Effect of grain morphology and packing
As shown in Fig. 4 and Fig. 5, when subjected to multiple
successive thermal cycles, the density of the granular system
continues to increase, while the increment after each cycle
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Fig. 4. Void ratio evolution for 20 thermal cycles for: (a) silica sand
(SS); (b) fine carbonate sand (FCS), for a PMMA container (P32)
and an aluminium container (A140)

Global void ratio, e

0·75
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0·65
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0·50

0

5

GB-A140

10
Cycle number
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20

(a)

Normalised void ratio, e/ei

1·00
0·99

tends to become progressively smaller. In fact, after five
thermal cycles and for the PMMA container, the void ratio
reduction measured for the silica and the fine carbonate
sands was more than 50% of the value attained at the end of
20 cycles and after ten cycles the values were as high as 86
and 75%, respectively. The Δe values measured for the glass
ballotini were much lower compared with the sands and
the reduction was seen to be more gradual throughout
the 20 cycles. The lower susceptibility of the glass ballotini
to compact under thermal cycling can be attributed to the
limited packing configurations that mono-sized spheres
exhibit and the more stable fabric when compared with the
packing of irregular shaped sand grains.
The ability of thermal cycling to densify samples of the
three sands with different initial densities is demonstrated in
Fig. 6(a) for the coarse carbonate, Fig. 6(b) for silica sand
and Fig. 6(c) for the fine carbonate sand. In addition, when
comparing the change in relative density for each specimen,
as presented in Table 4, it can be seen that greater values were
measured for the samples with lower initial density, with
particularly high values for the silica sand.
Although for the two carbonate sands the final relative
densities attained were lower than the silica sand, the results
are very satisfactory given the difficulties in obtaining Dr
values greater than 60% without breakage of the grains.
In fact, Wils et al. (2013) report on the limitations of
using standard densification techniques, such as described
in ASTM (2016) for carbonate sands, and they cause
grain crushing which alters the emin value and the upper
limit of Dr.
Thermally induced grain rearrangement
Granular systems form contact networks of stresstransmitting grains able to resist external loads and other
mechanical perturbations, and this increases the resilience
of the material to changes in fabric under static loading
(Fig. 7(a)). It is suggested here that the small disturbance
induced by thermal variations causes breakage of force
chains, as discussed in Cates et al. (1998), which in turn leads
to grain rearrangement and the formation of a new contact
network (Fig. 7(b)). The unlocking of the initial fabric creates
additional degrees of freedom, leading to a temporary loss
of contacts and consequently to the filling of the large
voids (void collapse) in a less invasive way when compared
to compaction. In fact, densification using mechanicalenergy-based methods requires overcoming friction at the
contacts, which in some cases may involve abrasion at
the contacts and further grain damage and breakage. These
phenomena are particularly relevant for carbonate sands, for
which the highly angular grains tend to form large voids
randomly distributed, as illustrated in Fig. 8 and, in addition,
the softness of the grains makes them more prone to damage
and breakage.

0·98
0·97
0·96
0·95
0·94
0·93
0·92

GB-P32b
0

5

GB-A140

10
Cycle number

15

20

(b)

Fig. 5. Void ratio evolution for 20 cycles of a sample of glass ballotini
(GB) for a PMMA container (P32) and an aluminium container
(A140): (a) using the global void ratio; (b) using the global void ratio
normalised by the initial void ratio

CONCLUSIONS
This paper explores new mechanisms of thermally induced
grain dynamics to enhance sample preparation for laboratory
experiments. The experimental observations seem to suggest
that the densification of the specimen when submitted to
thermal cycling is the result of grain rearrangement due to
the additional degrees of freedom created by the expansion
of the system. In this way, the density of the sample is
increased in a systematic and controllable way without
resorting to mechanical energy, which makes this technique
less invasive when compared, for example, with compaction
techniques. It is shown that sands are more susceptible to
densification through thermal cycling when compared with a
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Table 3. Coefficient of thermal expansion of materials used in experiments and expected expansion

Granular media
Glass ballotini (soda lime)
Calcite (CaCo3)
Quartz (SiO2)
Container
PMMA (acrylic)
Aluminium

Coefficients of linear thermal expansion

Expected expansion

910 6 K 1 (Chen et al., 2006)
6·710 6 K 1 (Skinner, 1966)

0·10
0·23
0·10
0·89

16·610

6

K

1

(Skinner, 1966)

7710 6 K 1 (ASTM D696 (ASTM, 2008))
23·510 6 K 1 (Hidnert & Krider, 1952)

μm
μm
μm
μm

(0·05%
(0·04%
(0·04%
(0·10%

of d50)
of d50)
of d50)
of d50)

148 μm (0·46% of 32 mm container)
197 μm (0·14% of 140 mm container)

Table 4. Change in void ratio at end of five thermal cycles for the three
sands using the PMMA container

1·6

Global void ratio, e

1·5
1·4

Initial density

1·3

FCS-P32
CCS-P32
SS-P32

1·2

ΔDr (a): %

ΔDr (b): %

ΔDr (c): %

Loose

Medium dense

Dense

8·0
10·3
14·4

6·9
5·5
6·4

5·3
5·4
4·4

1·1
CCS-P32a
1·0

0

1

CCS-P32b
2
3
Cycle number

CCS-P32c
4

5

(a)

Global void ratio, e

0·75

0·70
(a)
0·65

Fig. 7. Schematic diagram illustrating the grain arrangement due to
thermal cycling leading to a more compacted fabric (filling of large
void) and formation of a new contact network: (a) contact network
before thermal cycling; (b) contact network after thermal cycling

0·60
SS-P32a
0·55

(b)

0

1

SS-P32b
2
3
Cycle number

SS-P32c
4

5

(b)
1·50

Global void ratio, e

1·45
1·40
1·35
1·30

Fig. 8. Tomographic image of coarse carbonate sand, taken before
thermal cycling, showing the presence of large voids within the
material

1·25
FCS-P32a
1·20

0

1

FCS-P32b
2
3
Cycle number

FCS-P32c
4

5

(c)

Fig. 6. Void ratio evolution for five thermal cycles using a PMMA
container (P32) for: (a) coarse carbonate sand (CCS); (b) silica sand
(SS); (c) fine carbonate sand (FCS)
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