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A B S T R A C T

This paper presents the results of an experimental study that had the goal of understanding the effects of
treatment with polyethylene glycol (PEG)/nanolime mixtures on collapsible soil behaviour. In a previous study,
the use of pure PEG offered a good improvement in the stability of collapsible soil, but the stabilisation effect
only lasted for a limited time. To investigate the stabilisation potential of PEG/nanolime systems for collapsible
sand, different mixtures were prepared at increasing nanolime weight ratios. The suitability of the stabilised soil
was examined on the basis of collapsibility, oedometer, shear, and water vapour permeability tests, and through
optical microscopy and scanning electron microscopy observations. The stabilisation effects were analysed by
comparing the mechanical behaviour of the sand before and after each treatment. The results showed that even
though using various mixtures had different effects on the behaviour of collapsible soils, the treatment produced
a significant change in the geotechnical behaviours of the sand in relation to the collapse potential, permeability,
compressibility, and shear strength.

1. Introduction

Collapsible soils undergo a drastic particle rearrangement and
considerable and sudden reduction in total volume of the soil mass
under a constant normal stress upon wetting (Barden et al., 1973;
Mitchell, 1976; Al-Rawas, 2000), upon an increase in normal stress with
a constant water content, or upon a combination of these two stress
paths (Haeri et al., 2016). The presence of collapsible soil is one of the
common causes of uneven foundation settlement. The addition of water
to the soil either reduces the soil suction or softens (or destroys) the
bonding, thereby causing shear failures at the inter-aggregate or inter-
granular contacts (Dudley, 1970).

Many researchers have studied the influence of soil properties, in-
cluding the microstructure, fabric, initial moisture content, initial dry
density, and stress conditions, on the collapsibility of loess soils (Feda,
1966; Houston et al., 2001; Zhang et al., 2004; Pereira et al., 2005;
Romero and Simms, 2008). Haeri and Garakani (2012) showed that
changes in the water content and deformation during wetting depended
on the value of the matric suction.

The hydromechanical behaviour of collapsible soil is influenced by
the extent of the applied mean net stress and level of suction (Garakani
et al., 2015), and by the specimen disturbance and initial soil structure
(i.e., pore-size distribution) (Haeri et al., 2016).

Collapse problems have contributed to serious damage to

infrastructures constructed on collapsible soils (Houston et al., 2001;
Ping et al., 2016). Cases of collapse have been extensively documented
in many parts of the world, and are typically associated with water
saturation (Lutenegger and Hallberg, 1988; Gao, 1996).

A collapse problem (i.e.,a potential wetting-induced volume
change) is often identified prior to the construction of a structure, and
the estimation of the collapse potential is the most important action to
distinguish the behaviour of these soils (Kazemi, 2010).

The direct measurement of collapse magnitude using laboratory
tests is essential once a soil has shown a collapsible behaviour. Jennings
and Knight (1975) classifies soils with collapse potentials greater than 1
% as metastable. Collapse values exceeding 2 % are regarded as in-
dicative of soils susceptible to collapse (Lutenegger and Hallberg, 1988;
Zeng and Meng, 2006). The collapse potential increases with a decrease
in the initial water content (Haeri et al., 2012). Moreover, the volume
reduction progressively increases with the applied stress at the same
inundation stress (Nocilla et al., 2013).

Treatment methods such as soil replacement, compaction control,
and chemical stabilisation have shown significant reductions in the
settlement of collapsible soils. Indeed, these engineering techniques
offer different and adaptable mitigation measures to increase the
bearing capacity of collapsible soil (Anayev and Volyanick, 1986) by
means of removal and partial replacement (Houston and Houston,
1997), pre-wetting (Hansen et al., 1989; Rollins and Rogers, 1994), pre-
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compression, dynamic compaction (Cintra et al., 1986; Clemence and
Finbarr, 1981), and grouting (Pengelly et al., 1997; Ziaie Moayed and
Kamalzare, 2015).

When the problem concerns structures that are already built on
collapsible soil (such as historical or archaeological structures), the
previously mentioned techniques are inapplicable because they essen-
tially involve a drastic rearrangement of the soil.

It is therefore necessary to treat the collapsible soils with active or
passive agents that can uniformly penetrate into the soil without de-
creasing the suction. The active stabilising agents, reacting with ma-
terials present in the soil, create a homogeneous stabilised mixture,
while passive agents react with and mechanically stabilise the soil.
Steward et al. (2000) analysed the effects of waterborne polymer
treatment to improve the bonding between soil particles. Some water-
borne styrene acrylic polymeric emulsions were used by Al-Khanbashi
and El-Gamal (2003) to enhance the mechanical properties and reduce
the hydraulic conductivity of collapsible sand.

Many studies have investigated the use of polymeric mixtures and
consolidants (Rizzo et al., 2009; Otero et al., 2018; Taglieri et al., 2018;

Zhu et al., 2019; Idrees et al., 2019; Lin et al., 2019) to mitigate or
protect against the surface degradation agents of mortars or soft rocks
in the built cultural heritage conservation field. The use of nano-
particles in geotechnical engineering is still an emerging technology.
The use of silica nanomaterial for reconstituted soil stabilisation was
investigated by Yonekura and Miwa (1993) in order to increase the
compressive strength of sand and by Noll et al. (1992) to reduce the soil
permeability. Gallagher and Lin (2005) studied the use of silica nano-
material to increase the soil's cohesion and decrease its permeability. It
was found that the behaviour of the sand was improved by the analysed
nanomaterials. Recently, technologies have been developed to con-
solidate limestone by the application of calcium hydroxide nano-
particles, which penetrate into the material (Giorgi et al., 2010). The
carbonation process has some positive effects by enhancing the com-
pressive strength (Drdácký et al., 2009). The use of nanolime for stone
stabilisation was one of the earlier applications of nanotechnologies in
the cultural heritage field. Ca(OH)2 particles with submicrometric di-
mensions make it possible to obviate to the traditional lime treatment
limitations (Dei and Salvadori, 2006; Daniele et al., 2008).

Nomenclature

CP Collapse Potential
Cc Compression index
Cr Re-compression index
c’ Coesion
DW Weight variation
dh Horizontal displacement
e0 Initial void ratio
fnl Percentage of nanolime in the mixture
fp Percentage of PEG in the mixture
n Porosity
nm Volume of absorbed mixture / initial porosity of the

sample
v Specific volume
v0 Initial specific volume
γ0 Initial unit weight
γm Unit weight of treated sand
γs Unit weight of the sand
γsm Unit weight of the solid particles of the mixtures
γs,p Unit weight of the solid particles of PEG 600
γs,nl Unit weight of the solid particles of nanolime
εv Vertical strain (ΔH/H0)
σ’v Effective vertical stress
τ Shear stress
φ’ Angle of shearing resistance

Fig. 1. a)Valle dei Templi in Agrigento: sampling area for collapsible sand, and b), c) sampling sand block by means of saw.
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Metastable soils such as loess, desert sand, or liquefiable soils are
stabilised to improve their geotechnical properties by means of poly-
meric mixtures and nanolime stabilisers (Haeri et al., 2015; Kakavand
and Dabiri, 2018). Such stabilisation treatment has been performed in
the laboratory on reconstituted soils (Hosseini et al., 2012; Saad et al.,
2016). These treatments have been able to modify microstructural and
mechanical stone characteristics. Haeri et al. (2019) investigated the
hydromechanical behaviour of a reconstituted lime-stabilised loessial
soil by conducting unsaturated suction-controlled odometer tests and
showed that adding a small amount of lime to collapsible loessial soils
not only reduced the collapse-induced volume changes to a large extent,
but could also increase the yield strength of the soil.

Polymer impregnation has been proven to increase the environ-
mental and mechanical resistance of tuff (a soft pyroclastic rock),
producing an improvement in the properties of the material
(Aurisicchio et al., 1985; Jiang et al., 2019).

As previously mentioned, the greatest problems with collapsible
soils arise either when the existence of the collapse potential is not
recognised prior to construction, or when it is necessary to stabilise
large volumes such as the collapsible soil foundation of existing struc-
tures. This particularly a problem if it is not possible (because of geo-
logical factors) to modify the composition of the soil or eliminate the
wetting sources, as in the Valle dei Templi in Agrigento. In this area, the
collapsible sand stratum underlying a calcarenitic layer might play a
role in the failure mechanisms of the cliffs (Nocilla et al., 2013; Ercoli
et al., 2015; Nocilla et al., 2015). Indeed, discontinuities cause an in-
crease in the secondary permeability in the calcarenitic bench (Ercoli
et al., 2014) and allow rainwater to flow directly into the underlying
sands. For these collapsible sands, it is not possible to use an aqueous
stabiliser vehicle (Zimbardo et al., 2016, 2019).

The main purpose of the present study was to stabilise the sand by
creating interparticle bonding without triggering structural collapse
and causing instability in the overlying structures.

This study was part of a broader research project divided into two
phases. In the first, the bonding forces between the textural components
of the collapsible sand were investigated, and an appropriate con-
solidant that did not trigger collapse processes in the metastable
structure, was identified (Zimbardo et al., 2016, 2019). The second
step, which is presented in this paper, consisted of a laboratory in-
vestigation on the effectiveness of non-aqueous mixtures capable of
stabilising the structure of the sand, to reduce its collapse potential and
improve its strength properties.

Passive stabilising agents were selected to improve the sand's
properties by means of the partial occlusion of the inter-assemblage and
intergranular spaces. In particular, mixtures of polyethylene glycol and
nanolime were selected.

2. Materials: sand and consolidants

Intact sand block samples were taken from the sandy level under-
lying the calcarenitic bench on which the temples stand (Fig.1a and b).
Because of their consistency, a saw was used to separate samples from
the cliff face (Fig.1b and c). Then, the blocks were wrapped in plastic
wrap and transported to the laboratory in a wooden box. The compo-
sition of the sand has been studied in previous investigations by means
of thin sections observed by optical microscopy and scanning electron
microscopy (SEM) analyses. Based on these previous results for the
investigated sand, the bonding mechanism seems to mainly be attrib-
uted to capillarity or matric suction forces (Zimbardo et al., 2016). The
sand mostly consists of mollusca shell fragments, microfossil esoskele-
tons, and monocrystalline grains of calcite and quartz. Moreover, as-
semblages of silt and clay minerals are interposed among them, but
microcrystalline carbonate cement is rarely present even at the contact
point between grains. In a previous study (Zimbardo et al., 2016), the
clay percentage was less than 10 %, with a variability of± 0.1 % for the
tested specimens. The porosity is primarily due to interparticle voids,

and subordinately to intraparticle voids, because the microfossil esos-
keletons are not usually filled.

Parallelepiped and cylindrical samples were obtained from the
blocks for soaking, shear tests, and oedometer tests. Samples were
roughly shaped with a knife and then gently smoothed by means of fine
grinding paper to reach the final dimensions.

The stabilising agents were selected based on the experiments car-
ried out in the first phase of the research (Zimbardo et al., 2019), which
highlighted the ability of PEG to provide the sand with protection,
limiting the reduction in volume upon wetting. The eco-compatible
polymer PEG600 used in this work is a liquid with a viscosity of
150–190 mPa s at 20 °C, and was provided by Sigma Aldrich.

In order to improve the durability and efficacy of sand stabilisation,
the effects of a nanolime mixture were studied. The advantages of using
nanolime include reductions in the porosity and water absorption by
capillarity (Taglieri et al., 2017).

Nanolimes are dispersions of nanometric particles of calcium hy-
droxide (Ca(OH)2), mainly in ethanol and isopropanol because these
solvents give a more stable dispersion (Borsoi et al., 2016). Based on
preliminary solubility tests, only an isopropanol dispersion was used in
the present work. CaLoSiL suspensions of isopropanol are currently
recommended by the manufacturer for deeper penetration away from
the surface (IBZ-Salzchemie Gmbh & Co.KG 2013). The products ‘Ca-
LoSiL IP25’ (25 g/L of Ca(OH)2) and ‘Calosil IP5’ (5 g/L of Ca(OH)2)
from IBZ-Salzchemie Gmbh & Co.KG were used in the present study,
and their characteristics are described in the technical sheet (https://
ibz-freiberg.de/downloads/pdf/produkte/sd/eng/
msds_CaLoSil_IP.pdf).

In stabilising procedures, one of the main problems is back migra-
tion to the surface of the nanolime, due to the alcohol evaporation
being faster than the precipitation of the calcium hydroxide (Borsoi
et al., 2016). To avoid this process, Niedoba et al. (2017) suggested
applying water immediately after the application of nanolime. How-
ever, this is, obviously, not possible for collapsible sand. According to
the results of previous studies (Zimbardo et al., 2019, 2020), the re-
duction of the nanolime migration back to the surface is assured by
PEG, which ensures an appropriate homogeneous distribution of the
nanolime inside the specimen. The stabilising components (PEG and
nanolime) were mixed in varying proportions by weight (Table 1). The
unit weights of the solid particles of the mixtures (γs,m) were calculated
according to the following formula:

=

+

γ
γ γ

γ f γ f
*
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3. Experimental work

3.1. Impregnation technique

The first step of the stabilisation procedure consisted of preliminary
soaking tests to determine the PEG/nanolime ratio to be used for the
stabilisation. The penetration depth depended on the application
method, and although both methods (brushing and immersion) im-
proved the mechanical properties of the material, the immersion
method reached the specimen's core (Graziani et al., 2017).

Table 1
Characteristics of PEG/nanolime mixtures.

Consolidant mixture Symbol γsm [kN/m3]

PEG600 + 10% IP5 P90_IP5 10.85
PEG600 + 15% IP5 P85_IP5 10.64
PEG600 + 20% IP5 P80_IP5 10.44
PEG600 + 10% IP25 P90_IP25 10.88
PEG600 + 15% IP25 P85_IP25 10.68
PEG600 + 20% IP25 P80_IP25 10.50
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The mixture absorption was measured using prismatic sand speci-
mens (20 mm x 25 mm x 18 mm) cut from the same sample and sub-
jected to 3 months of total immersion in a ceramic vessel with the
consolidant mixture by monitoring the weight variation. The specimens
were gently turned over using tweezers and then weighed (tamponing
the excess liquid from the surface) at intervals of time until a constant
weight was achieved. According to the preliminary results, all of the
samples were impregnated by total immersion.

3.2. Optical and SEM observations

A paired micro-characterisation was used to study the structure and
morphology of the soil-additive matrix using optical microscopy and
SEM, in order to investigate the effects of adding nanolime on the
evolution of soil pore structures and on the variation in the sand mi-
crostructure. The instrument used for the SEM observations was an FEI
QUANTA 200 FEG, Field Emission Generator, ESEM. Low vacuum,
0.5 mbar water vapour pressure, SEM observations were performed on
treated irregular fragments cured at room temperature and relative
humidity until the end of the carbonation process in order to better
understand the protective mechanism of the treatments.

3.3. Water vapour permeability

The water vapour permeability test evaluated the rate that water
vapour flowed through the sand samples. According to the standard
procedure (ASTM E96/E96M-16, 2016), a standardised cup was filled
with distilled water, leaving a small air gap between the sample (dia-
meter = 33.6 mm, height = 17 mm) and the water. The initial weight
of the so-described cup (i.e. consisting of the cup, sample, and water)
was measured, and the system was stored in a sealed box filled with
silica gel to ensure a value of relative humidity equal to 21 %, which
was the value measured inside the testing chamber. Cups were then
extracted from the sealed box at regular time intervals and weighed.

3.4. Oedometer tests

Oedometer tests were performed on sand specimens in a saturated
state using the conventional consolidation apparatus and standard
consolidation tests (ASTM D2435-02, 2002). Specimens with the nat-
ural water content were cut from large air-dried blocks of sand and
roughly shaped with a knife. To reach a perfect cylindrical shape
(38 mm in diameter and 22 mm in height), they were gently smoothed
by means of fine grinding paper. The samples were submerged in the
consolidant mixture until they reached a constant weight and then
dried 20 days under an atmospheric standard condition (carbonation
process). Tests were carried out using a conventional 38 mm diameter
fixed metal ring oedometer (up to vertical stresses of 14 MPa).
Oedometer collapse tests were performed using the same oedometer
cell and following the procedure stated by Jennings and Knight (1975).

In these tests, the sample was progressively loaded up to a normal
stress (σv) equal to 200 kPa and, after 1 h, the cell was flooded with
water. The additional change in thickness (ΔH) was then recorded.

3.5. Direct shear tests

Direct shear tests were conducted according to ASTM D3080-98
(1998) (Head, 1998) under a drained condition (Table 5). A
60 mm× 60 mm× 20 mm square specimen was used. Three normal
stresses (50 kPa, 100 kPa, and 200 kPa) were applied to determine the
shear properties of the untreated and treated sand. The shear loading
was applied at a rate of 0.048 mm/min.

4. Results

4.1. Impregnation treatment efficacy

In order to evaluate the effectiveness of the impregnation treat-
ments with the different mixtures (Table 2), the ratio (nm) of the vo-
lume of the absorbed mixture and initial porosity of the sample was
determined. The volume of the absorbed mixture was calculated by
dividing the measured weight increase by the total volume and the
specific weight of the mixture. The diagram of Fig. 2, showing the in-
crease in nm with time, describes the mixture absorption process. It can
be observed that nm grows rapidly during the first hour of soaking
(nm> 60 %). For sand samples soaked in the mixtures with IP25, nm
increases up to a value that is more or less constant after approximately
20–30 days. The mixtures with IP5 seem to have a significant ability to
penetrate the sand, with the values of nm equal to 80 % after 40 days,
and then tending to decrease. When the absorption degree is very high,
an evaporation phenomenon prevails over the inlet mixture, producing
a weight loss of approximately 0.05 g, which could be considered in-
significant. The submerged samples did not undergo any collapse. In-
deed, no grain detachment during the soaking phase occurred.

In this phase of the research, the criterion for evaluating the suit-
ability of the method was reaching a constant sample weight, indicative
of the achievement of a constant degree of absorption, together with the
absence of collapse.

The optical and SEM images (Figs. 3 and 4) were taken after 20 days
under atmospheric standard conditions, at the end of the nanolime
carbonation process.

Optical microscopy made it possible to observe that the stabilising
agent uniformly penetrated the sand, creating a cement-film on the
grains, and penetrated the small intergranular pores, resulting in the
typical ‘contact’ cementation texture between grains and between
particle assemblages. Even on the surfaces covered by the cementing
film, the larger inter-assemblage voids were not totally occluded
(Fig.3). The stabilising treatments connected the sand particles to-
gether, partially or totally filling the intergranular voids (Fig. 4a).

The SEM micrographs (Fig. 4a) showed the evident distribution of

Table 2
Results of soaking tests on sand samples impregnated with several PEG600 (P)/
Calosil (IP) solutions.

Mixture nm (t = 1 day) nm (t = 42 days) nm (t = 80days) γm / γ0

P90_IP5 63 74 70 1.21
P85_IP5 66 82 76 1.21
P80_IP5 71 87 83 1.21
P90_IP25 62 73 75 1.29
P85_IP25 63 75 75 1.27
P80_IP25 45 61 64 1.18
P100 74 74 74 1.23

Fig. 2. Impregnation of samples with consolidant mixture: degree of mixture
absorption vs. time.
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the mixtures inside the specimens. The porosities of the polymer/ na-
nolime–sand mixtures, both for IP5 and IP25, were lower than that of
the natural sand. In particular, the P85_IP5 mixture showed greater
efficacy than the P85_IP25 mixture, and smaller pores were filled, re-
sulting in a more continuous structure.

In the untreated sand (Fig. 4b) the calcite crystals that grew on the
clasts showed mainly a euhedral shape, whereas in the treated samples,
both calcite crystals and clasts appeared to be coated by the mixture.
The formed structure increased the bonding by creating bridges be-
tween the grain assemblages (Fig. 4c), although the inter-assemblage
macroporosity was still open.

According to the results of the previously mentioned soaking tests,
as shown in Fig. 2, the treatment with P80_IP25 seemed to be less ef-
fective.

a)
Water vapour permeability tests were performed to evaluate the

effect of the treatments with the different mixtures on the permeability
of the sand. During each test, the weight loss (DW) was calculated with
respect to the initial weight and plotted versus time (Fig. 5a). Under
steady state conditions, the permeation through the specimens occurred
at constant rates. A linear least squares regression was performed to
find its slope. In this way, it was possible to determine the rate of va-
pour flow (DW/Dt) through the specimen, which directly depended on
water vapour permeability of the sample. The weight variation rates for
different nanolime percentages were determined. The water vapour
permeability value of the sand was strongly reduced by the

impregnation with PEG, both pure and mixed with nanolime disper-
sions, as highlighted by the rate vapour flow reduction (Fig. 5b). This
result clearly indicated that the PEG tended to reduce the permeability
of the sand, while the presence of the nanolime dispersion did not
modify this situation; nanolime particles were dispersed in the PEG but
did not change the distribution of the polymer within the sand.

4.2. Mechanical improvement

4.2.1. Collapse potential
Experimental investigations of the soil response to wetting are ne-

cessary to estimate the collapse settlement at a particular site. Collapse
tests were performed to measure the Collapse Potential (CP), as the
ratio between the change in specimen height resulting from wetting and
the initial specimen height. The results of these collapse tests on the
untreated and treated sand are reported in Fig. 6, in which the axial
strain (εa%) has been plotted versus time. Severe strain changes oc-
curred during the soaking phase of an untreated sample when σv was
equal to 200 kPa. Indeed, an untreated sample exhibited an immediate
collapse onset after soaking in water (Collapse Potential CP = 1.8 %,
which corresponded to a moderate risk), whereas for the samples
treated with the different mixtures of PEG and nanolime, when flooding
with water, the CP value was equal to zero. After 24 h of soaking in
water, the CP value was equal to 2.5 % for untreated sand and equal to
or lower than 0.6 for the treated sand. For all the treated samples, the
axial deformation was lower than that of the untreated sand (Table 3).

Fig. 3. Optical micrographs of treated sand (first row: lower magnification, second row: higher magnification).

Fig. 4. SEM observations: a)Impregnation of samples with consolidant mixture: (first row: lower magnification of 600x ; second row: higher magnification of 2400x,
b) untreated sand magnification of 1000x, and c) bridge of mixture arises between grains (magnification 2400x).
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4.2.2. Compressibility
High-pressure one-dimensional compression tests were performed

under wet conditions on natural and treated specimens (Fig. 7). The
details of the 12 oedometer tests are given in Table 4. The relationship
between the specific volume and the logarithm of the vertical stress for
the collapsible sand, both untreated and treated with various amounts
of nanolime, are presented in Fig. 7. For the untreated sand, as shown in
Fig. 7a, the sample strains do not significantly change up to 200 kPa. At
a vertical stress of 200 kPa, the samples were soaked in water and
showed changes in strain, as a result of the collapse. The oedometer
tests performed on the natural sand showed that the CP increased with
the initial specific volume. Just as with bonded soils, the natural sand,
under dry condition, had a stress state outside the space permitted for
the unstructured soil (Leroueil and Vaughan, 1990). When soil under-
goes destructuring, the additional voids ratio sustained by suction de-
creases. After wetting, the sand's behaviour was like that of loose soil
and, at high stress levels, it was possible to identify a unique one-di-
mensional Normal Compression Line (1D-NCL) in the v-log σ’v plane
(Fig. 7a).

When soaked in water, the samples treated with PEG exhibited CP
values equal to zero (Fig. 7b). Thus, PEG impregnation appeared to
offer a considerable protection against water, strengthening the con-
tacts between soil particles. After soaking, for a given vertical stress, the
void ratio for the PEG treated samples was higher than that of the
natural soil with a similar initial specific volume.

The treatment with pure PEG reduced the compressibility of the

sand, and the effect became less important as the deformation process
developed. For stresses higher than 8 MPa, regardless of the initial void
ratio, the compression curves tended to converge to the 1D-NCL. The
addition of a small amount of nanolime to the collapsible sand not only
reduced the collapse-induced volume changes, as seen in Fig. 6, but also
increased the range of elastic behaviour. It can be observed in Fig. 7c
that as the nanolime (IP25) percentage decreases, the initial specific
volume of the treated sample decreases. In contrast, for samples treated
with nanolime IP5 (Fig. 7d) the lowest initial specific volume is
achieved for the sample treated with 20 % nanolime.

Fig. 5. Water vapour permeability test: a) weight loss (DW) versus time and b) rate of vapour flow versus nanolime percentage.

Fig. 6. Oedometer collapse tests (CT) with σv = 200 kPa.

Table 3
Results of oedometer collapse tests at σv equal to 200 kPa on sand samples
impregnated with several PEG600 (P)/Calosil (IP) solutions.

Test Liquid at
200KPa

CP [%] at
0.25 min
after soaking

CP [%] at
1440 min
after soaking

εa %
t = 10,000 min

CT1D- untreated
sample

water 1.8 2.5 3.40

CT1D-P1002 water 0 0.45 0.90
CT1D-P90_IP25 water 0 0.5 0.80
CT1D-P85_IP25 water 0 0.4 0.81
CT1D-P80_IP25 water 0 0.6 1
CT1D-P90_IP5 water 0 0.2 0.62
CT1D-P85_IP5 water 0 0.3 0.52
CT1D-P80_IP5 water 0 0.5 0.74
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For all dosages of nanolime, the change in the void ratio was very
small in the stress range before the respective yield stress. At the post-
yield stress phase, the reduction of the void ratio was likely due to the
breaking of bonds. In general, the treatment with IP5 seemed to have a
greater effect on the structural changes. Indeed, the compression curves
corresponding to the samples treated with PEG and CalosilIP5, in any
proportions, at high stresses, came above the normal compression line
of the natural sand, thus indicating a behaviour similar to that of
structured soils. These samples showed a non-convergent compression
behaviour, which indicated structural changes due to the treatment.

In order to compare the compressibility behaviours at different
nanolime percentages, the consolidation data were analysed in terms of
the axial strain (εa)(Fig. 8a). It was evident that the presence of the
consolidant was beneficial to improve the interparticle bonds between
grains. The treatments rendered the soil less compressible. Indeed, the
ultimate strain (at 14 MPa compression) ranged between 14 % for a
sample treated with 15 % nanolime IP5 and 25 % for a sample treated
with 20 % nanolime IP25. Therefore, compared with the natural un-
treated sand, the deformation was reduced by 45 %. Fig. 8 shows the
role played by the nanolime dosage and the effect of the mixture-
treated sand on the compressibility parameters. The variations of the
compression index (Cc) and re-compression index (Cr) of the sand/
mixture system as functions of the nanolime concentration are also
shown in Fig. 8b and c. It can be seen that Cc and Cr decrease with an
increase in the nanolime content.

4.2.3. Shear strength
Laboratory shear tests were conducted on the sand treated with the

P85_IP5 mixture, which exhibited a lower compressibility in the oed-
ometer tests.

Fig. 7. Results of oedometer tests on a) natural samples, b) sand treated with pure PEG, c) sand treated with different mixtures of PEG and Calosil IP25, and d) sand
treated with different mixtures of PEG and Calosil IP5.

Table 4
Results of oedometer tests on untreated sand samples and those impregnated
with different mixtures soaking in water at σv equal to 200 kPa.

Test v0 σ’v [MPa] Cc Cr

OT1D_UT1 1.69 14 0.35 0.18
OT1D_UT2 1.76 14 0.35 0.19
OT1D_UT3 1.62 14 0.33 0.14
OT1D-P100_1 1.64 14 0.30 0.09
OT1D-P100_2 1.63 14 0.27 0.08
OT1D-P100_3 1.62 14 0.28 0.085
OT1D-P90_IP25 1.56 14 0.24 0.05
OT1D-P85_IP25 1.62 14 0.29 0.08
OT1D-P80_IP25 1.64 14 0.30 0.07
OT1D-P90_IP5 1.55 14 0.21 0.06
OT1D-P85_IP5 1.50 14 0.17 0.05
OT1D-P80_IP5 1.49 14 0.20 0.04

Table 5
Direct shear test results for untreated and treated (P85_IP5) sand.

Test Shear strength [kPa] Shear strength
parameters

σ’v =

50 kPa
σ’v =

100 kPa
σ’v =

200 kPa
c’ [kPa] Φ’

SH_UT1 75 117 204 33 40°
SH-P85_IP5 156 210 293 114 42°
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The effects of the stabilisation on the shear stress–strain behaviours
of the treated and untreated sand associated with the Mohr-Coulomb
failure envelopes are presented in Fig. 9. It is readily observed that the
mixture improves the overall behaviour of the treated soil, because it
increases the peak strength at each normal stress. As expected, the shear
stress increases monotonically with an increase in the shear displace-
ment before the peak shear strength is reached. After the peak, the
shear stress trends are similar for the direct shear tests carried out on
treated and untreated soil. Compared to the untreated sand at the same
effective vertical stress, the failure shear stress of the treated samples is
achieved for greater shear displacement values, demonstrating the
greater adhesion between grains. Fig. 9a shows that with an increase in
the effective normal stress, both the improvement in the shear strength
and the increase in the horizontal displacement at the peak (horizontal
displacement at peak of treated sand/horizontal displacement at peak
of untreated sand) decrease.

This behaviour can be attributed to the redistribution of the mix-
ture–sand fabric. Indeed, the addition of PEG and nanolime strength-
ening the bond between the soil particles causes changes in the soil
texture.

The failure envelopes corresponding to the shear strengths obtained
from the direct shear tests are presented in Fig. 9b. The observed shear
parameters (cohesion c’ and angle of shearing resistance φ’) indicate

that the treated soil exhibits an increase in the cohesion (c’). The
treatment seems to have little effect on the angle of shearing resistance
φ’; the two envelopes are parallel. In contrast, the stabiliser mixture
gives a greater cohesion intercept c´ to the strength envelope (Table 5).

4.2.4. Discussion
To examine the effects of the stabiliser mixtures on the soil structure

evolution of the intact sand, the treated sand was analysed using optical
and SEM observations (Figs. 3 and 4). The images of the samples, sta-
bilised with the mixture, revealed that in addition to the partial filling
of the interparticle voids, a film that covered the clasts was formed.

Moreover, the grains were now bonded with new calcium carbonate
particles that originated with the carbonation process of the introduced
nanolime. Such calcite microcrystals formed little bridges of cementa-
tion between the original grains (Fig. 4c). The influence of the stabiliser
mixtures is noticeable on the compression curve (Fig. 7), where the
stress–strain relationships are compared with that of the untreated
sand.

The obtained results highlighted the efficacy of the treatment in
reducing the structural collapse of the sand upon wetting. This reduc-
tion could be attributed to the presence of PEG, which enveloped the
sand grains and acted as a barrier with respect to the water inlet, as
already observed by Zimbardo et al. (2019). The effect of the nanolime

Fig. 8. Oedometer tests results: a) axial strain versus vertical stress, b) Cc and Cr variations for different nanolime IP25 percentages, and c) Cc and Cr variations for
different nanolime IP5 percentages.

Fig. 9. Effect of mixture stabilisation on shear stress–strain behaviour of sand: a) shear stress versus horizontal displacement for natural sand and sand treated with
P85_IP5 mixture and b) peak failure envelopes for natural sand and sand treated with P85_IP5 mixture.
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on the compressibility was evident. In the case of the treatment with the
P85_IP5 mixture, which was the best stabilising treatment among those
tested, the curve in the v- σv’ plane had a higher post-yield specific
volume (Fig. 7d).

Particle breakage has often been associated with time effects and
stress levels in granular materials (Lade et al., 2010). Grain crushing is
negligible at very low stresses but becomes significant with increasing
pressure and time effects. In this work, particle crushing in the Agri-
gento sand samples was investigated by means of an optical microscopy
analysis, and no breakage seemed to occur, with no fresh broken sur-
face detectable. The grains remained intact both in the untreated and
treated sand, despite the high level of stress reached during the tests.
Because the clasts were not affected by fracturing, the mineralogic
composition of the studied sand did not seem to influence the de-
formation process during the oedometer tests. Therefore, the de-
formations were attributable to changes in the structural features.
Producing higher stress levels to induce grain breakage was beyond the
aims of this study. However, future investigations on the time effect and
relative breakage, within a wide range of stresses, should be planned for
this purpose.

In the present work, the author's purpose was to evaluate the effects
of treatments with stabilising mixtures on the collapse potential and
compressibility of the sand. In order to make this comparison, the same
procedure used to calculate the CP was adopted. It was clear that the
treatment could affect the matric suction. However, under identical
boundary conditions, only the macroscopic effect of the treatment on
the compressibility was analysed in this study, rather than the different
mechanical responses to the matric suction variations.

5. Conclusion

This paper presented the stabilising effects of different consolidant
mixtures on the mechanical behaviour of collapsible sand. From the
data presented in this paper, the stabilised sand had a higher shear
strength, lower water vapour permeability, and lower compressibility
than natural soil, and the following conclusions could be drawn:

- when the natural sand became wet, the soil’s strength was com-
promised, causing collapse; the stabilising mixtures developed
bonding, increasing the interlocking forces between sand particles
within the soil structure, and thus allowed it to resist collapse when
wetted.

- The stabiliser treatment decreased the water vapour permeability
and void ratio of the sand, without significantly occluding the pores.

- PEG ensured an appropriate homogeneous distribution of the na-
nolime inside the specimen reducing the back migration of nano-
lime; adding a small amount of nanolime to collapsible sand not
only reduced the collapse-induced volume changes, but could also
increase the ‘elastic’ behaviour of the soil and effectively improve
the shear strength parameters of the collapsible sand. There was a
considerable increase in cohesion, with little effect on the angle of
shearing resistance.

- The mixtures with PEG and nanolime IP5 seemed to have a greater
influence on the structure of the sand, and the tests showed that the
behaviour of the treated samples was similar to that of structured
soil. At a high stress, the treated IP5 sand had an higher void ratio
(i.e. the compression curve came above the normal compression line
of the natural sand). This additional void ratio showed the influence
of the soil structure (Burland, 1990). Further, the compression
curves showed a non-convergent compression behaviour, indicating
the structural changes due to the treatment.

It can be concluded that the treatment with PEG and nanolime
prevented collapse and acted like a bonding agent. Thus, the stabilised
sand exhibited a new fabric arrangement different from that of natural
sand. According to the results, the treatment improved the mechanical

behaviour of the sand, and the P85_IP5 mixture appeared to provide the
best stabilising treatment among those tested. The acquired results
showed that the PEG and nanolime treatment could improve the me-
chanical behaviour of the soil with respect to water action, resulting in
the prolonged stability of the soil foundation.

This preliminary achievement requires further study to assess the
influence that several factors could have on the long-term efficacy,
including the pore network, nanolime concentration, nature of the
solvent, time, and application method. Field tests are necessary to
identify the best method for applying the stabiliser mixture in the field.
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