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Foreward

The present paper summarizes the contents of 
the Bright Spark Lecture with which the author was 
awarded. The Lecture, titled “The reuse of excavat-
ed soil by lime stabilization: mechanical and hydrau-
lic properties”, was given during the 8th Internation-
al Conference of Environmental Geotechnics held 
in Hangzhou, China on 28th October  -  1st Novem-
ber 2018. The main theme of the congress was “To-
wards a Sustainable Geoenvironment” with the aim 
to share the latest advancements in the research and 
application of environmental geotechnics, discuss-
ing how geotechnics can contribute to the sustaina-
ble development. 

The author thanks the Editorial Board of the 
Rivista Italiana di Geotecnica for giving her the op-

portunity to publish this paper focusing on lime sta-
bilization of soils, an effective and feasible ground 
improvement technique.

1. Introduction

Sustainability is the key to enable the Earth to 
continue supporting human life and one of the 
three pillars of sustainability is the “Environment” 
(together with “Social” and “Economics” pillars). 
The European Union directive 2008/98/CE (Waste 
Framework Directive) fixes two recycling and recov-
ery goals to be reached by 2020 (i.e. today): 50% pre-
paring for re-use and recycling of waste derived from 
households and similar, and 70% as the minimum 
rate of recycling for construction materials. Among 
construction materials, excavated soil used for earth-
works is certainly included. Nowadays, the availabili-
ty of natural high-quality soil to be used for civil and 
environmental applications is very limited. Soils are 
no-renewable resources therefore they should be re-
cycled as much as possible.
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At the same time, environmental awareness of 
the need for sustainable design and development is 
accordingly growing. This topical issue receives plen-
ty of attention from both media and political classes 
(e.g. REDDY et al., 2019). 

Several researchers identified the contribution 
of geotechnical engineering in reaching the recy-
cling goal via selecting different ways to reuse exca-
vated soil and dredged sediments [ABREU et al., 2008; 
AZAPAGIC et al., 2004; JEFFERIS, 2008]. In fact, one of 
the application field of geotechnics is the improve-
ment of mechanical and physico-chemical proper-
ties of excavated soils, in order to make them suit-
able for construction purposes, in this way making 
them materials to be reinserted in the production 
cycle.

One need only think that, in infrastructure pro-
jects, about 30% of the total cost is due to handling 
and hauling of both excavated soil and construc-
tion materials from quarries [KENLEY and HARFIELD, 
2011]. The flow of these materials results in signifi-
cant amounts of CO2 emissions, therefore optimiza-
tion of management of excavated soil in civil engi-
neering applications has a large potential to reduce 
both costs and climate impact. Studies point out that 
reusing excavated soils and rocks saves up to 14 kg 
CO2 per soil ton and 250 MJ/ton of non-renewable 
energy [BLENGINI and GARBARINO, 2010], since trans-
portation, landfilling and collection from quarries 
are reduced.

According to the questionnaires of the ICCL 
(International Committee on Contaminated Land) 
Meeting, held in Helsinki in 2009, the amount of 
excavated soil significantly differs among Europe-
an countries: from 20 Mton/year of Austria to 140 
Mton/year declared by Germany [BLANC et al., 2012]. 
Big cities, such as Oslo, Hamburg and Amsterdam, 
have to manage on average 2.5 Mtons of excavated 
soil per year [TEA, 2011]. In Italy, landfilling is the 
current practice for more than 80% of inert waste 
that includes soil (ISPRA survey). 

Moreover, significant portion of the dug soil 
turns out to be contaminated and this condition 
makes the management further difficult. Most coun-
tries reuse 10-30% of polluted soil mainly for road 
construction and daily cover in waste landfills [ICCL 
QUESTIONNAIRE, 2009]. 

Geotechnical engineering is the discipline that 
can significantly contribute to reach the recycling 
goal [CHITTOORI et al., 2012] developing effective 
ground improvement methods. In particular, the 
study of the geotechnical properties of a soil (e.g. 
particle size, hydraulic conductivity, compressibility, 
shear strength) is crucial to evaluate its possible re-
use or to select the proper improvement technique. 
Geo-environmental properties also help to set the 
conditions for the soil to be acceptable at the pro-
ject site [ARULRAJAH et al., 2012]. By means of simple 

laboratory and field tests it is possible to prove that 
the excavated soil can be successfully re-used for civ-
il engineering purposes instead of using quarry ma-
terials; in some cases, soil improvement treatments 
are necessary in order to reuse the excavated natu-
ral soil.

2. Lime stabilization of soils

As widely known, physical and chemical proper-
ties of fine grained soils can be improved by adding 
lime as stabilizing agent to obtain proper mechani-
cal characteristics for earthen structures (e.g. dikes, 
road embankments) after compaction [GREAVES, 
1996; WINTERKORN and PAMUKU, 1991]. This tech-
nique allows to eliminate high costs due to both 
supplying high quality material from quarries and 
disposal of the unsuitable in situ soil (including 
transportation costs). Lime stabilization is acknowl-
edged as an environmentally sound and cost-effec-
tive application, therefore widely applied in Italy 
and worldwide. 

2.1. Soil-lime reactions and their effects. 

The addition of quicklime (CaO) to any type of 
soil-water system causes the hydration of quicklime 
to form hydrated lime, Ca(OH)2; this strongly ex-
othermic reaction is able to reduce high soil water 
contents causing an improvement in the workability 
of very wet soils. This process is named “soil drying”.

Into the pore water of soil, Ca(OH)2 immediate-
ly dissociates in Ca++ and OH-, causing pH to raise. 
In clayey soils only, this dissociation results in a se-
quence of reactions widely reported in the literature 
[TRANSPORTATION RESEARCH BOARD, 1987; BOARDMAN et 
al., 2001; BATTACHARIA et al., 2003] and summarized 
in the following. High pH values increase the num-
ber of negative charge sites on the surface of clay 
particles. Ion exchange of Ca++ for the existing cati-
ons of clay (K+, Na+, H+ etc.) reduces particles dou-
ble-layer thickness, helped by the increasing elec-
trolyte concentration in the pore water [MITCHELL, 
1976] and mineral particles flocculated [VITALE et 
al., 2016], re-arranging in an edge to face configura-
tion with intra-aggregate porosity. As a consequence: 
(1) the plasticity index (PI) decreases with further 
improvement in workability; (2) both water affinity 
and the swelling potential decrease (e.g. DASH and 
HUSSAIN, 2012); (3) hydraulic conductivity usually in-
creases [BEETHAM et al., 2014]. The reaction mecha-
nisms, described so far, produce the so called “lime 
modified soils”.

The long-term changes in soil properties are 
due to pozzolanic reactions that occur between cal-
cium ions and the silica or alumina of the lattices 
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of clay minerals. These reactions produce calcium 
silicate and aluminate hydrates, cementing prod-
ucts that improve strength, compressibility and du-
rability of soil (e.g. DE BRITO GALVÃO et al., 2004; 
CONSOLI et al., 2009). Soil-lime systems in which 
pozzolanic reactions fully develop are named “lime 
stabilized soil”.

The modification/stabilization distinction is 
based on the obtainable effects and improvements 
on the soil by lime treatment and not on the time 
scale of reactions. The time scale of reactions de-
velopment is still an open issue among researcher 
and depends on many soil factors (e.g. amount and 
mineralogical composition of the clay fraction of the 
soil, type of lime used, curing temperature), a full 
discussion of this topic is reported in the first part of 
section 4.3. 

2.2. Structure of lime treated soil

As stated by several authors dealing with this re-
search topic (e.g. BEETHAM et al., 2014; ROBIN et al., 
2014; RUSSO, 2019) soil-lime mixtures are charac-
terized by different levels of structure and of cor-
responding porosity. This configuration is due to 
the reactions described in section 2.1. In figure1 
the three levels of structure and porosity of a nat-
ural clayey soil treated with lime are schematically 
depicted.

In Level 1 (observable with the naked eye) clods 
of aggregates are depicted, between them, inter-clod 
porosity arises. Level 2 focuses on one clod that is a 
group of aggregates with the corresponding inter-ag-
gregates porosity. Level 3 is related to clay particles 

arranged in the edge-to-face configuration forming 
an aggregate, which includes an intra-aggregate po-
rosity.

2.3. Factors affecting soil-lime properties

The main factors that affect soil-lime properties 
are the type and amount of lime added, the charac-
teristics of the soil to be treated, the initial moisture 
content, the curing time, the curing conditions and 
the preparation procedures.

In particular, quicklime is more reactive than 
hydrated lime and the higher the lime amount, the 
higher the beneficial effects (up to a fixed value, 
beyond which no improvements can be registered) 
[CHRISTENSEN, 1969; PETRY and WOHLGEMUTH, 1988; 
BATTACHARIJA, 2003; DI SANTE, 2009]. Curing condi-
tions (wet or dry) can affect hydraulic and compress-
ibility properties and the compaction water content 
strongly influences lime diffusion and reaction abili-
ty with clay [BARKER et al., 2007; DI SANTE et al., 2014]. 
The temperature has an essential role in cementa-
tion: temperatures greater than 12÷15°C (as those 
caused by quicklime hydration) can accelerate poz-
zolanic reactions [ANDAY, 1963; RAO and SHIVANANDA, 
2005]. Recent studies show that an increase in cur-
ing temperature from 20°C to 50°C is able to mul-
tiply the rate of pozzolanic reaction by a factor of 
6 [AL-MUKHTAR et al., 2010A-B]. In-situ construction 
procedures are less accurate than laboratory mix-
ing and compaction, therefore construction quali-
ty controls are essential to assure the desired over-
all performance of lime-stabilized embankments 
[FRATALOCCHI et al., 2009; DI SANTE and BRIANZONI, 

Fig. 1 – Photography evidence (real scale and SEM images) and schematics of the three levels of soil structure and porosity 
arisen from soil-lime treatment (mod. from DI SANTE, 2016). 
Fig. 1 – Evidenze fotografiche (scala reale e immagini SEM) e rappresentazione schematica dei tre livelli di struttura e corrispondente 
porosità derivanti dal trattamento a calce dei terreni (mod. da DI SANTE, 2016).
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2014]. In addition, during construction, time lags 
may elapse between the soil-lime mixing and the 
compaction phase, causing a reduction in dry unit 
weight and influencing unconfined compressive 
strength and compressibility [OSINUBI et al., 2006; DI 
SANTE et al., 2015]. Also the type of soil to be treated 
affect the obtainable improvement for lime treated 
soils [BELL, 1996; VITALE et al., 2017; MAUBEC et al., 
2017; DI SANTE, 2020] because the clay fraction and 
its mineralogy deeply influences the extent of reac-
tions taking place in the system.

Given the great number of the above men-
tioned variables, a proper design of soil-lime mix-
tures should include a preliminary identification of 
the soil to be used and a well-developed laboratory 
testing program on the soil-lime mixture, in order to 
identify the best mix proportion, taking into account 
the specific in-situ construction procedures and op-
erative curing conditions.

2.4. Recent directions in soil-lime research

Objectives of the recent research in the field of 
lime stabilization of clayey soils include the search 
for correlations to predict the performance of soil-
lime mixes. In particular, attempts were done to re-
trieve mixture strength parameters starting from re-
sults of basic tests without the necessity to carry out 
more complex testing [TOOHEY et al., 2013; CONSO-
LI, 2011; GHOBADI et al., 2014]. Discussions in this 
field are open (e.g. the recent paper by CONSOLI et 
al., 2014; the discussion by Di Sante et al. CONSOLI et 
al., 2015 and the recent developments in CONSOLI et 
al., 2017). 

Attempts to find effective constitutive models for 
lime treated soils have also been done, such as the 
published work by ROBIN et al. [2015]. 

Some authors started to study suction controlled 
wetting-drying effects on the volumetric behaviour 
of soil treated with different amount of lime [STOLTZ 
et al., 2012; RAHMAN, 2013; ROSONE et al., 2018].

Linking between chemo-mineralogical modifica-
tions and hydro mechanical behavior is one of the 
recent frontiers of many recent studies on lime-treat-
ed soils [MAVROULIDOU et al., 2013; ROBIN et al., 2014; 
ROSONE et al., 2019; GUIDOBALDI et al., 2017; GUIDO-
BALDI et al., 2018].

Fibres inclusion in soil-lime systems is also a 
new research field. In particular, including natu-
ral fibres (such as sisal, coir and juta) in the com-
pacted mix can improve compression strength 
and, in some cases, is able to lend tensile strength 
to the treated soil-lime-fibres samples [ANGGRAINI 
et al., 2015; KUMAR and KUMAR DUTTA, 2014; GUL-
LU and KHUDIR, 2014]. Waste tire cord fibres were 
found to improve the behaviour of soil-lime mix-
tures in freeze-thaw cycles [JAFARI and ESNA-ASHARI, 

2012] and the inclusion of plastic waste fibres can 
improve the compression strength [MUNTOHAR, 
2009]; both these types of fibres are derived from 
waste material, therefore their use furthermore 
represents a sustainable reuse option.

3. Mixture design and related issues

A typical experimental program for lime sta-
bilized soil starts from the testing of the soil to be 
treated in order to evaluate its suitability to the treat-
ment. In this phase grain size analyses and the deter-
mination of consistency limits are necessary. In par-
ticular, if the results of the previous tests describe a 
soil corresponding to the classes A6 and A7 or A2-6 
and A2-7 (with passing >35% at 0.4 UNI sieve) as per 
CNR-UNI 10006 classification, the soil can be con-
sidered for lime treatment. Another requirement is 
the amount of organic matter and sulphate contents 
of the soil that have to be sufficiently low, i.e. <4% 
(ASTM D2974, UNI 8520-11). 

The lime to be added to the soil can be either 
quicklime, QL, or hydrated lime, HL, to be selected 
as a function of the water content of the soil, weath-
er condition during works and handling possibili-
ties. Suitable lime types for soil treatment are CL90 
or CL80 as per UNI EN 459-1 classification. The mix-
ture is usually prepared with tap water.

In order to define the design lime amount, the 
ICL test (Initial Consumption of Lime test) has to 
be performed in order to identify the minimum 
percentage of lime able to fully develop cation ex-
change and to trigger pozzolanic reactions. 

The ICL test was originally proposed by EADES 
and GRIM [1966] that identified the pH as an indi-
cator of the potential of the soil for reactions devel-
opment, nowadays this test is standardized by ASTM 
C977-00.

The tentative lime amount that should be used 
for the subsequent experimental laboratory program 
on samples of soil-lime mixture should be equal or 
higher than ICL+1%, in order to allow for the devel-
opment of “long term” reactions. 

Soil and lime can be mixed in wet or in dry state 
to obtain soil-lime samples and then compacted. 
The first way of mixing is that used in the full scale 
works and can ensure good sample uniformity when 
the components are mixed in laboratory controlled 
conditions; however, some researchers prefer the 
second mixing method that guarantees a more inti-
mate mixing although it is not representative of the 
full-scale operative sequence.

Compaction of soil-lime samples can be per-
formed by Proctor Standard procedure (in same cas-
es also Modified Proctor effort is required). After 
the identification of the maximum dry unit weight, 
γd,max, and of the optimum water content, wopt, spec-
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imens to be tested can be obtained by trimming the 
available compacted soil-lime samples.

The geotechnical test program should be set as a 
function of the earthwork type and related require-
ments, and should be carried out at least with refer-
ence to 7 and 28 days of curing of the mixture, in-
cluding the following tests:

– OEDOMETRIC TESTS
– PERMEABILITY TESTS 
– DIRECT SHEAR or TRIAXIAL TESTS
– UNCONFINED COMPRESSION TEST
– CBR,IPI (commonly performed if the mix-

ture is being designed to be used in road embank-
ment construction).

It is important to highlight that if the first ten-
tative lime percentage did not offer the expected 
results, the previously described experimental pro-
gram should be repeated with a higher amount of 
lime. This means that a well-developed design of 
soil-lime mixture lasts for at least two months (cur-
ing times has to be kept) and that a great number of 
tests have to be carried out, in order to identify the 
final design percentage. 

Moreover, a test pad should be set to corroborate 
the laboratory results and to set up the construction 
procedures (thickness of lifts, number of passes of 
the tilling equipment and compactor, etc). 

Microstructural investigation, that for natural 
soils can be effectively carried out by means of Mer-
cury intrusion Porosimetry, MIP, and by Scanning 
Electron Microscope (SEM) observations was found 
to be of great help in analysing experimental results 
on soil-lime mixtures [DI SANTE, 2016; RUSSO, 2019].

4. Research on lime-treated soils

When one tries to understand mechanical and 
hydraulic behaviour of lime treated soils it is impor-
tant to bear in mind that they are amended soils 
characterized by a fabric resulting from chemical re-
actions between the soil and the binder. 

Today, all details of this application are not fully 
understood. An incomplete account of all the varia-
bles driving the mix design and/or a lack of consid-
eration of some of the involved phenomena could 
compromise the success of the design and of the 
construction processes. In particular, several issues 
are still open and related aspects need a deeper in-
vestigation. 

Application of lime treatment to excavated nat-
ural soils poses additional issues to the design phase 
because their composition include both a clay frac-
tion, whose components can react with lime, and 
a coarser grain fraction (mainly silt and sand) that 
don’t participate in the reactions (see section 2.1). 
The techniques of investigation that are effective 
in studying the chemical behavior of soil of known 

composition, such as kaolin or bentonites, turns out 
to be ineffective in analyzing natural soils. Full dis-
cussion and application evidence of this issue are in-
cluded in section 4.1.

Also the effect of environmental factors on soil-
lime properties play an important role, in particular, 
the effect of construction procedures [FRATALOCCHI 
et al., 2009; DI SANTE et al., 2015], curing conditions 
and compaction water content [DI SANTE et al., 2016] 
were analysed and, in this contribution, effects of sat-
urated or partially saturated curing conditions on hy-
draulic properties of mixtures are presented and dis-
cussed. 

In addition, conflicting opinions have been 
found in literature about times, sequence and modes 
of reaction. In the present paper a method based on 
pH measurements, proposed and validated in DI 
SANTE et al., [2014], is described and applied to sever-
al mixtures, varying the type of soil and type of lime. 

One of the recent objectives in soil-lime research 
is the optimization of the mix design procedure. 
This need is felt because the design procedure, as 
said in section 3, is time consuming and requires a 
high number of tests. The optimization goal can be 
achieved either by offering a prediction of the prop-
erties of the soil-lime mix based on the character-
istics of the soil to be treated and on the type and 
amount of lime to be used (searching for correla-
tions starting from experimental data) or by trying 
to model the mechanical/hydraulic behavior of the 
mixtures (e.g. ROBIN et al., 2015). Some correlations 
are discussed in the present paper (section 4.4) re-
ferring to the obtainable shear strength parameters.

4.1. Methodology issues in dealing with natural soils

When excavated natural soils are considered for 
lime treatment it is important to bear in mind that 
their clay fraction, CF, represents only a part of the 
soil of concern. Minerals constituting the CF supply 
the silica and alumina for the pozzolanic reactions, 
moreover, the mineralogical composition of the CF 
has certainly a key role in determining mode and 
time scale of reactions development [BELL, 1996; VI-
TALE et al., 2017]. The mineralogical composition of 
the clay fraction is surely a useful information for re-
searchers to help in understanding chemical pro-
cesses and is usually determined by X-Ray Diffraction 
analysis, XRD. 

When XRD is applied to an excavated natural 
soil, like those commonly evaluated for lime treat-
ment in order to be reused in earthworks, many 
technical issues arise.

The first one is represented by the need of isolat-
ing the CF to be analysed, otherwise XRD peaks of 
the constituent of the silty and sandy fraction, over-
lapping those of the clay minerals, do not allow for 
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their clear identification. The isolation of the CF can 
be performed by sedimentation techniques after 
chemical treatment of the sample (i.e. destruction of 
organic matter by 20 vol. hydrogen peroxide, acidi-
fication of carbonates with hydrochloric acid, drying 
at 110°C and alkalisation by sodium carbonate, addi-
tion of 5% decahydrate tetrasodium pyrophosphate 
and finally wet sifting). 

Different matter is the XRD analysis of pure 
minerals or artificial soils (e.g. kaolin, bentonites): 
in those cases, no isolation of the CF is needed and 
XRD represents a very valuable option when the 
main scope is the study of the reaction mechanism 
to understand in details the reagents, the mode and 
the development of reaction products [VITALE et al., 
2017; MAUBEC et al., 2017]. 

Also the sample preparation for X-Ray diffrac-
tion can deeply influence the outcomes of the analy-
sis because different techniques of deposition of the 
soil on the slide can affect particles orientation thus 
the resulting diffraction spectra. 

The second problem arises in trying to identify 
and/or to quantify the crystalline pozzolanic prod-
ucts when ordinary amount of lime (2-5%) were 
added to the soil. To this purpose, XRD analysis rep-
resents no more an effective method to be applied 
to the natural soil-lime mixture because if the “tout 
venant” of the mixture was analysed, the weak, flat-
tened peaks of C-S-H [COLLEPARDI, 1991] would be 
hidden by the peaks of the silty/sandy components; 
on the other hand, the option of analysing the CF 
only (that could work for untreated soils) is no more 
valid because the described above preparation of the 
sample for isolation of the CF and for XRD would al-
ter the results. 

Another option for the identification of reaction 
products in materials science is represented by ther-
mogravimetric analysis, TGA, but the working tem-
perature for the identification of calcium hydrates is 
between 50 and 500 °C and the acceleration of the 
pozzolanic reactions in soil-lime systems is a well-
known effect when high temperatures are applied 
(>12°C see section 2.3, [ANDAY, 1963; RAO AND SHIVA-
NANDA, 2005; AL-MUKHTAR et al., 2010A-B] ). The very 
high temperatures necessary for TGA can acceler-

ate reactions in the tested sample arguably causing a 
misleading interpretation of the outcomes, i.e. reac-
tion products developed in the soil-lime tested sam-
ple in TGA are not the same of those in the soil-lime 
mixture cured at room temperature. 

In order to have a qualitative assessment of sam-
ple microstructure and for the identification and 
quantification of chemical elements in selected 
zones of the sample, the microstructural investiga-
tion by Scanning Electron Microscope, SEM, cou-
pled with Energy dispersive X-Ray Spectroscopy, 
EDS, represents a viable option. The sample prepa-
ration includes prior air drying (no high tempera-
tures are necessary), gilding of samples and applica-
tion of vacuum. 

 As an evidence of the above described issues 
and possibility, the typical case of a clayey soil (CH – 
characteristics summarized in table I, acronym MSC) 
treated with 3% QL can be reported.

The treatment with 3% (by dry weight of soil) 
quicklime (CL80-Q - UNI EN 459-01) reduced the 
maximum dry unit weight of the soil from 16.2 kN/m3 
to 15.8 kN/m3. Geotechnical tests on untreated com-
pacted soil and on soil-lime compacted samples (wa-
ter content being equal) showed a significant reduc-
tion in compressibility (see oedometric moduli, Eed, 
in table II). The hydraulic conductivity of soil-lime 
mixtures (2·10-7 m/s) was more than 3 orders of mag-

properties value
sand (<2mm%) 3
fine (<0.075mm,%) 97
clay (<0.002mm,%) 52
Liquid limit (%) 57
Plasticity index (%) 33
USCS class CH
ICL* (QL) 1.5

* ICL = Initial Consumption of lime ASTM C977-00

Tab. I – Soil characteristics (MSC acronym).
Tab. I – Caratteristiche del terreno studiato (sigla MSC).

Tab. II – Results of incremental load oedometric tests on 
specimen of untreated soil and of soil –lime mixtures at 7 
days curing, water content = 24-25%.
Tab. II – Risultati di prove edometriche ad incremento di carico 
svolte su provini di terreno non trattato e di miscela terra-3% calce 
viva a stagionatura di 7 giorni, contenuto d’acqua = 24-25%. 

 Eed (Mpa)
σv (kPa) soil soil+3%QL

50 5,6 26,4
100 3,0 55,9
200 6,6 44,2
400 8,3 52,1
800 10,7 68,5
1600 19,2 78,8
3200 38,5 57,4

 c’ (kPa) Φ’p (°) Test

soil 15 21 Direct shear*

soil+3%QL 101 30 Triaxial compression

* relative horizontal displacement rate = 0.0014 mm/min

Tab. III – Shear resistance parameters for untreated soil 
and for soil–lime mixtures at 7 days curing, water content 
= 24-25%.
Tab. III – Parametri di resistenza a taglio per terreno non 
trattato e per miscela terra-3% calce viva a stagionatura di 7 
giorni, contenuto d’acqua =24-25%.
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nitudes higher than that measured for the untreated 
soil (6·10-11 m/s). Shear strength parameters were 
highly increased by lime treatment too (see Tab. III) 
and also the trend of the stress-displacements curves 
of soil-lime specimens is that typical of over-consoli-
dated soils whereas the untreated compacted soil per-
forms as a weak strain hardening material.

The geotechnical test results allowed for conclud-
ing that 3% quicklime treatment was surely effective 
for the soil of concern and the improvements brought 
about by soil-lime reactions were well evident.

Although this undoubtable effectiveness of the 
lime treatment, no differences were detected be-
tween the XRD diffraction spectrum of the untreat-
ed soil (carried out on the “tout venant” of soil in or-
der to make the analysis consistent with that of the 
lime treated soil) and that of the soil-lime mixture af-
ter long curing (Fig. 2). If no other test or investiga-
tion out of XRD analysis was performed, the conclu-
sion would be that lime treatment did not lead to any 
variation in soil composition therefore no improve-
ment was to be expected.

 It is worth specifying that, for the sake of accu-
racy, the XRD analysis was repeated on two samples 
from the same soil-lime compacted mixture and that 
the spectrum of the second sample traced over that 
displayed in figure 2.

It is important to underline that lime treat-
ment applied to pure minerals or to artificial soils 

is very useful when the main scope is to study reac-
tion mechanisms at a deeper level and to assess the 
chemo-mechanical behaviour of the mixture; it can 
also offer a good base of knowledge when analysing 
natural soil behaviour in a soil-lime system (e.g. the 
leading work done by BELL, 1996). On the contra-
ry, when the aim is to give recommendations or to 
search for correlations in order to predict the behav-
iour of lime treated soil in order to optimize the de-
sign of practical applications (in which natural ex-
cavated soil would be evaluated for lime treatment) 
studies and data on lime treatment of pure minerals 
or artificial soils may not be fully representative.

In addition, standards for lime treatment of soils 
(such as UNI EN 14227-11) recommend to investigate 
the soil in terms of grain size distribution, plasticity, 
organic matter and sulphate content and does not 
require any mineralogical composition to be deter-
mined; therefore, recommendations or correlations 
that include the analysis of the mineralogy could not 
be of easy use for practitioners and professionals deal-
ing with soil-lime compacted mixture design.

4.2. Effects of curing condition on hydraulic conductivity

In analysing the effects of environmental factors 
on the properties of soil-lime mixtures, curing con-
ditions in terms of water content are surely able to 

Fig. 2 – X-Ray Diffraction Spectra of MSC untreated soil (in grey) and MSCsoil+3% quicklime mixture (in black) after 90 
days of curing.
Fig. 2 – Diffrattometrie a raggi X della terra MSC non trattata e della miscela terra MSC + 3% calce viva dopo 90 giorni di stagionatura.
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affect reaction mechanisms and thus the hydraulic 
and mechanical properties of the mixtures.

A clayey soil of high plasticity, whose character-
istics are summarized in table IV (acronym: MON 
soil) and whose clay fraction (44%) is mainly com-
posed by montmorillonite (60%) and illite (20%) 
was treated with 5% (ICL+1%) hydrated lime, HL, 
(CL80-S - UNI EN 459-01) by dry mass of soil. Spec-
imens for hydraulic conductivity tests were obtained 
by wet mixing (tap water is used) and subsequent 
Standard Proctor compaction in optimum condi-
tions (wopt=21%; γd,max= 16 kN/m3). Permeability 
tests were carried out in flexible wall permeameter 
cell, increasing the effective confining pressure dur-
ing the test (from 35kPa to 380kPa) on two speci-
mens:
– a specimen immediately wetted in the cell (sub-

merged curing and permeated suddenly after 
the necessary saturation and consolidation pre-
liminary phases that last 24 hours),

– a specimen posed in permeameter cell after 2 
days spent in sealed containers (partially saturat-
ed curing). 
The curing time of 2 days was selected because 

particle aggregation caused by cation exchange de-
velops in the first days after treatment and it is known 
that particles aggregation strongly affects permeabil-

ity of soil-lime compacted mixtures (e.g. BELL, 1988; 
BEETHAM et al., 2014). 

Results are summarized in Table V. In both cas-
es the increase in the confining pressure caused an 
expectable reduction in the permeability coefficient, 
k, but the extent of the reduction is different for the 
two tested specimens. In the case of the immediately 
saturated sample the reduction is within 1 order of 
magnitude while for the specimen saturated after 2 
days, a hydraulic conductivity coefficient two orders 
of magnitude lower than the initial one was regis-
tered at the end of the test.

The void ratio reduction (Tab. II) is similar for 
the two specimens, this similarity suggested to inves-
tigate if the different hydraulic behaviour between 
the two specimens was due to a different pore size 
and/or to a different pore distribution. 

To this end a Mercury Intrusion Porosimetry 
(MIP) was performed on samples taken from both 
specimens at the end of the test. The maximum pres-
sure applied during the MIP test was 206 kPa. The 
applied pressure allowed for investigation of mac-
ropore size distribution at an inter-aggregate lev-
el (Fig. 1, minimum diameter of intruded pores = 
7µm). In figure 3 pore distribution curves for the two 
samples are shown: no great differences are detect-
ed between the two distribution. Also the tortuosity 
factors, calculated from porosimetry data [CARNIGLIA, 
1986] were found to be similar (2.112 for the imme-
diately saturated specimen and 2.123 for the speci-
men saturated after 2 days). Therefore, the cause of 
the great difference in the final hydraulic conduc-
tivities was investigated considering the microstruc-
ture of the specimens, also at an intra-aggregate lev-
el (see Fig. 1). 

Accurate SEM observations, performed at the 
end of the test, i.e. after 90 days (images in Fig. 3), 
showed that particle aggregation and pozzolanic 
products in gel-form were present in both the sam-
ples, but, in the case of the immediate saturation 
they were uniformly distributed across the observed 
sample, while in the other sample, some zones with-

properties value

sand (<2mm%) 16
fine (<0.075mm,%) 84
clay (<0.002mm,%) 44
Liquid limit (%) 62
Plasticity index (%) 32
USCS class CH
ICL* (HL) 4
ICL* (QL) 2

* ICL = Initial Consumption of lime ASTM C977-00

Tab. IV – Soil characteristics (MON acronym).
Tab. IV – Caratteristiche del terreno studiato (sigla MON).

curing time σ’c
mean k value e

immediate saturation saturation after 2 days immediate saturation saturation after 2 days

(days) (kPa) (m/s) (m/s) (-) (-)

0-32 35 1,40E-06 6,50E-07 0.82 0.82

32-40 65 1,40E-06 4,80E-07

40-48 172 6,70E-07 1,70E-07

49-57 310 1,80E-07 6,50E-09

57-90 380 1,40E-07 4,00E-09 0.79 0.76

Tab. V – Permeability tests: conditions (σc=confining pressure), hydraulic conductivity values, k in different curing condi-
tions and void ratios, e, at the beginning and at the end of tests –MON soil +5%HL.
Tab. V – Prove di permeabilità: condizioni di prova (c=pressione di confinamento), valori di conducibilità idraulica, k in diverse 
condizioni di stagionaturae indici dei vuoti, e, ad inizio ed a fine prova – Terra MON+5%HL.
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out any reaction products were also detected. In ad-
dition, pozzolanic products in crystal form were de-
tected only in the immediately saturated sample.

Given the evidences in hydraulic behaviour, 
these crystalline compounds, probably formed in 
the first pressure stage (35kPa maintained for 32 
days), are able to keep open the structure of the 
tested specimen ensuring a high value of hydrau-
lic conductivity, also at high confining pressure. Im-
mediate saturation creates the best conditions to 
help the formation of long-term crystalline pozzo-
lanic products. In fact, as the well acknowledged re-
search of DIAMOND AND KINTER [1965] explains, early 
pozzolanic products localise around the edge-face 
contact points of the flocculated structure, prevent-
ing re-dispersion of particles after their aggregation 
due to the diffuse double layer reduced thickness. 
Saturation can enhance the uniform, distributed 
formation of these early compound, creating ide-
al conditions for the subsequent, long-term pozzo-
lanic activity that include crystalline products for-
mation. The water is the vehicle of reagents, i.e. 
silica and alumina dissolved in pore water at high 
pH values (>9, after [LOUGHNAN, 1969]) therefore, 
pore saturation with water is surely able to ensure 
a more uniform reaction development across the 
specimen. 

These conclusions are supported also by addi-
tional experimental results presented and discussed 
in DI SANTE et al., [2014] in which the same clayey 
soil+5% hydrated lime specimen, that spent 7 days in 
sealed container before being saturated in the per-
meameter cell, showed long term k values of two or-
ders of magnitude lower than the corresponding im-
mediately saturated one, confining pressure being 
equal (35 kPa). The hydraulic conductivity trend of 
this specimen significantly decreases until 2 weeks of 
curing. This confirms the finding that the longer the 
curing time spent in partially saturated conditions, 
the lower is the hydraulic conductivity exhibited by 
the soil-hydrated lime specimens. 

Considering the same mixture with quicklime in-
stead of hydrated lime, it was found that the use of 
quicklime ensures complete reactions development 
and the permanence of high permeability values at 
high confining pressures also without immediate sat-
uration of the specimens; this occurrence is also sup-
ported by SEM observation: uniform distribution of 
reactions and crystalline products are detected also 
in the specimens saturated after a 2 days curing peri-
od spent in partially saturated conditions [DI SANTE 
et al., 2015].

Another clayey soil of high plasticity (MSC soil), 
whose characteristics are summarized in table I, 

Fig. 3 – MIP results - Incremental volume intruded and related SEM observations of samples of soil-lime mixture immedia-
tely saturated and saturated after 2 days – MIP and SEM observations performed at the end of hydraulic conductivity tests 
(i.e. 90 days of curing – Tab. V)
Fig. 3 – Risultati della MIP – Volume incrementale di intrusion e e corrispondenti immagini SEM di campioni di miscele terra-
calce saturati immediatamente e dopo 2 giorni – MIP e osservazioni SEM eseguite alla fine del test di permeabilità (i.e. 90 giorni di 
stagionatura – Tab. V) 
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Fig. 4 – SEM observations of samples of MSC soil- 3% quicklime mixture: a) immediately saturated; b) saturated after 2 days 
of curing; c) saturated after 7 days of curing and EDS micrography on the marked zone in figure (a) –SEM observations per-
formed at the end of hydraulic conductivity tests (i.e. 80 days of curing – Tab. VI)
Fig. 4 – Immagini SEM di campioni di miscele terra MSC-3% calce viva: a) saturazione immediata; b) saturazione dopo 2 giorni di 
stagionatura; c) saturazione dopo 7 giorni di stagionatura e micrografia EDS sulla zona evidenziata in figura (a) - osservazioni SEM 
eseguite alla fine del test di permeabilità (i.e. 80 giorni di stagionatura – Tab. VI) 

Tab. VI –Permeability tests: conditions (σc=confining pressure), hydraulic conductivity values, k in different curing condi-
tions and void ratios, e, at the beginning and at the end of tests –MSC soil +3%QL.
Tab. VI – Prove di permeabilità: condizioni di prova (c=pressione di confinamento), valori di conducibilità idraulica, k in diverse 
condizioni di stagionaturae indici dei vuoti, e, ad inizio ed a fine prova – Terra MSC+3%QL.

curing time σ’c

mean k value e

immediate 
saturation 

saturation 
after 2 days

saturation 
after 7 days

immediate 
saturation 

saturation 
after 2 days

saturation 
after 7 days

(days) (kPa) (m/s) (m/s) (m/s) (-) (-) (-)

0-57 35 2,08E-07 1,94E-07 1,15E-07 0.84 0.85 0.83

57-64 172 1,39E-07 1,74E-07 2,86E-08

64-72 310 1,09E-07 7,1E-08 2,25E-08

72-80 380 9,61E-08 3,43E-08 2,33E-08 0.83 0.82 0.81

a)

b) c)
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was treated with 3% (ICL+1.5%) quicklime, QL, 
(CL80-Q - UNI EN 459-01) by dry mass of soil and 
the hydraulic conductivity of the mixture was stud-
ied with an experimental program similar to that de-
scribed for MON soil+5%HL with the addition of 
a specimen posed in permeameter cell after 7 days 
spent in sealed containers (partially saturated cur-
ing). Results are summarized in table VI.

As expected, increasing the confining pressure, 
a reduction in hydraulic conductivity values was reg-
istered for all the tested specimen. Also in this case 
the reduction of void ratios was similar between the 
three specimens. The mixture immediately saturated 
showed a slight reduction in k values while the final k 
values (final σc=380 kPa) of the specimens saturated 
after 2 and 7 days of curing were 1 order of magnitude 
lower than the initial ones. This similarity between the 
specimens saturated after 2 and 7 days of curing sug-
gest that in fact the reaction stage able to influence the 
hydraulic behaviour with increasing σc was the stage 
within the first two days, thus an early reaction stage.

The only difference between the two trends of 
hydraulic conductivity was that for the specimen 
saturated after 7 days, the major reduction was reg-
istered for the lowest pressure increment (from 
1.15·10-7 m/s at 35kPa to 2.86·10-8 m/s at 172kPa); 
on the contrary, for the specimen saturated after 2 
days, the major reduction of permeability is related 
to the highest pressure increments (from 1.74·10-7 
m/s at 172 kPa to 3.43·10-8 m/s at 380 kPa).

Anyway, for the tested MSC soil-quicklime mix-
ture, the differences in hydraulic behaviour due to 

the different saturation times between the three 
specimens are less pronounced than those observed 
for the mixture composed by MON soil with hydrat-
ed lime. The higher reactivity of quicklime surely 
plays a significant role in influencing reactions devel-
opments both in terms of speed (its hydration is an 
exothermic reaction that cause a raise in tempera-
ture in the system thus a general acceleration of poz-
zolanic reactions – see sections 2.1 and 2.3) and in 
terms of extent.

In this case, SEM observation at the end of the 
test showed the presence of crystalline compounds 
in all the three tested sample irrespectively of the sat-
uration times (Fig. 4) Energy Dispersive X-Ray Spec-
troscopy (EDS, spectrum in Fig. 4) highlighted that 
zones with the presence of crystalline compounds 
were mainly composed by silicon and calcium.

4.3. A method to monitor and study reactions progress

There is open discussion in literature about tim-
ing, sequence and mode of reactions between lime 
and clayey soil.

In particular, cation exchange is estimated to de-
velop within few days, generally 24÷72 hours [SMITH, 
1996] up to 96 hours [WINTERKORN and PAMUKU, 1996]. 
Referring to pozzolanic reactions, some authors sug-
gest that part of the hydrated products rapidly devel-
op [DIAMOND and KINTER, 1965] while other studies 
point out that pozzolanic reactions occur only after 
the first 7 days of curing [BOARDMAN et al., 2001]. 

Fig. 5 – Typological trend of pH of immersion water of a soil-lime sample, mixed with ICL+1-2% lime and compacted at op-
timum moisture condition.
Fig. 5 – Andamento tipologico del pH dell’acqua di immersion di un campione di terra-calce, miscelato con la quantità di calce ICL+1-
2% e compattato in condizioni di umidità ottime.
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Much of the discussion involves also modes of 
reactions: some authors state that reactions occur in 
solution and some others that they develop at the sur-
face or at the edges of clay particles [DIAMOND and 
KINTER, 1965, 1966; STOCKER, 1972]. A combination of 
those mechanisms is also considered to be possible 
[TRANSPORTATION RESEARCH BOARD, 1987]. Finally, lime 
migration by diffusion and advection through soil 
clods and aggregates is thought to be also responsi-
ble for reactions, as reported in BEETHAM et al. [2014].

To the purpose of identifying time and sequence 
of soil-lime reactions, pH measurements were cho-

sen to represent reactions development. This meth-
od was originally proposed by RAO AND SHIVANANDA 
[2005] that measured pH in a suspension of water 
and crushed treated soil at several curing times. The 
method proposed and validated in DI SANTE et al. 
[2014] is based on pH measurements of immersion 
water (distilled) of a sample submerged immediate-
ly after compaction, leaning on its lateral surface to 
maximize the contact area with water. The method 
was validated by measuring cations concentration by 
periodic ionic chromatography on immersion water 
samples and by SEM observations to monitor the mi-
crostructure modifications with curing times (obser-
vations taken at 2 days, 7 days and 28 days). 

The pH measurements were chosen to represent 
reaction development because OH− are involved (or 
not involved) in the typical chemical reactions that 
take place in soil-lime mixtures, therefore their con-
centration, thus pH values, can map timing of reac-
tions. Moreover the pH trend during stabilization 
is deeply influenced by the mineralogy of the clay 
fraction, as an example, kaolinite, having low initial 
pH (ranging from 3 to 6), requires more amount 
of lime to reach pH 12.4 when compared to sodi-
um bentonite, having higher pH (illitic and mont-
morillonitic soils have alkaline pH in the range of 8 
to 12); hence, they exhibit diverse behaviour during 
lime stabilization [CHERIAN and ARNEPALLI, 2015]. pH 
can thus be considered an indirect indicator of the 
effects of the clay fraction composition, being easily 
measurable if compared with the described proce-
dure for XRD and related problems of applicability 
to natural soils described in section 4.1.

As observable by the dotted black curve of the 
schematic in figure 5, Ca(OH)2 dissociation caus-
es an initial (first hours after soil-lime mixing and 
compaction), immediate increase in pH (calcium 
hydroxide is a strong base); during the subsequent 
cation exchange reaction pH is expected to hold 
steady because hydroxyl ions are not involved in this 
reaction while pozzolanic reactions (long term re-
actions) bind two OH− and one Ca++ each SiO2 or 
Al2O3 molecule, causing pH reduction. At the end of 
reactions pH value is expected to hold steady again.

Validation was performed by measurements of 
calcium, sodium and potassium concentration in the 
immersion water: calcium concentration (black sol-
id curve in Fig. 5) should initially increase due to hy-
drated lime dissociation and then should decrease 
during both cation exchange and pozzolanic reac-
tions; no further reduction in Ca++ concentration 
clearly marks the end of the reactions in the soil-lime 
system. Sodium and potassium concentrations (grey 
solid curve in Fig. 5), are expected to increase dur-
ing cation exchange and hold steady at the end of 
this exchange, clearly marking the end of short term 
reactions. Also SEM observation and related Energy 
Dispersive X-Ray Spectroscopy helps in monitoring 

Fig. 6 – pH trend with time in the immersion water of 
a soil-lime sample: a) MON soil + 5%HL; b) TES soil + 
5%HL; c) MSC soil + 3%QL.
Fig. 6 – Andamento del pH nel tempo misurato nell’acqua 
di immersion di un campione di terra-calce: a) MON soil + 
5%HL; b) TES soil + 5%HL; c) MSC soil + 3%QL.

a)

b)

c)
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reactions development because they allow for the 
observation of changes in the soil structure/fabric, 
that is expected to become flocculated after the cati-
on exchange (see Fig. 1), and for identification of re-
action products (CSH in gel or crystal form that are 
products of pozzolanic reactions).

Results of pH measurements of immersion water 
of three samples of different types of soil, treated with 
different type and amount of lime and compacted at 
optimum conditions allow to identify the trends in fig-
ure 6. In table VII main soil characteristics, amount 
and type of lime used for the mixture and key times 
of reaction are summarized. For MON soil, classified 
as CH (USCS), treated with 5% hydrated lime, cation 
exchange reactions last for the first 3 days and poz-

zolanic reactions end after 60 days of treatment, as 
deducible by pH decreasing trend (Fig. 6a - Ion con-
centrations data and SEM observations in DI SANTE et 
al., 2014). For the soil named TES, that has a great-
er fine content and a higher clay fraction than MON 
soil, the cation exchange reaction develops within 1 
day, type and amount of lime being equal. Pozzolan-
ic reactions lasts for 60 days too but, in this case, two 
different reactions rates are observable: a higher rate 
in the first 24 days and then a lower rate for the next 
36 days (Fig. 6b). Also the case of a clayey soil of high 
plasticity treated with 3% of quicklime is examined: 
in this case, short term reactions last for the first 2 
days and pozzolanic reactions are completed after 28 
days of curing (Fig. 6c). Observing the data hereby 
presented, it is possible to state that for a soil with a 
higher clay fraction, lime amount and lime type being 
equal, cation exchange duration is reduced. Moreo-
ver, quicklime is capable to accelerate pozzolanic re-
actions if compared with hydrated lime, even if low 
amount of binder is used in the mixture.

Identifying time necessary to obtain a lime mod-
ified soil or a lime stabilized soil (see section 2.1) is 
useful for a proper interpretation of the results of 
geotechnical tests included in the experimental pro-
gram; moreover, knowing the timing of reaction de-
velopment helps an effective time scheduling of con-
struction and control activities. pH measurements 
of immersion water of a compacted natural soil-

lime sample were found to be a useful and sufficient 
method to the above mentioned purpose.

4.4. Optimization of the mix design procedure: predic-
tions of shear strength parameters

The laboratory phase of the mixture design in-
cludes the testing of different soil-lime proportions 
and the simulation of different treatment conditions 
(including different curing times and curing condi-
tions). In this framework, identifying screening crite-
ria to have a preliminary indication of the optimum 
lime percentage, helps to reduce the number of lab-
oratory tests to be performed and the duration of 

the laboratory phase of the mix-design, optimizing, 
in this way, the entire procedure. 

Processing experimental data in order to find 
correlations allows for a prediction of the properties 
of the soil-lime mix based on the characteristics of 
the soil to be treated and on the type and amount of 
lime to be used.

Effects that can be usefully and effectively pre-
dicted by correlations include the obtainable plas-
ticity reduction for lime modification of soils that 
was found to be mainly correlated with soil activity 
[DI SANTE et al., 2019b]. It is also convenient to have 
a preliminary idea of the compaction characteris-
tics obtainable by lime treatment, with particular ref-
erence to the flattening effect on the shape of the 
Proctor curve. This last feature allows for reaching 
high values of dry unit weight with a broader range 
of water contents in compaction procedures. This is 
a clear advantage in practical applications because 
the dry unit weight is the mostly used parameter for 
field controls and most of technical specifications re-
quire an in-situ dry unit weight higher than the 90-
95% of the value of maximum dry unit weight deter-
mined in the laboratory phase for lime treated sam-
ples (Proctor compaction curves). Compaction char-
acteristics of soil-lime mixture were found to be re-
lated to the clay fraction of the soil to be treated: cor-
relations and discussion were presented in DI SANTE 
et al., [2020].

Tab. VII – Soil characteristics, mixtures details and key times of reactions as gathered by Fig. 4 (CER=Cation Exchange Reac-
tion, PR = Pozzolanic Reactions, HL=Hydrated Lime, QL=Quicklime).
Tab. VII – Caratteristiche dei terreni, dettagli sulle miscele a tempi chiave di reazione come da Fig. 4 (CER=Reazione di scambio cationico, 
PR = Reazioni Pozzolaniche, HL=Calce idrata, QL=calce viva).

SOIL Acronym Fine (%) CF (%)
Liquid limit 

(%)
Plasticity 
index (%)

LIME
CER duration 

(days)
End of PR 

(days)

MON 84 44 62 32 5% HL 3 60

TES 99 56 63 37 5% HL 1 60

        

MSC 97 52 57 33 3%QL 2 28
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In designing soil-lime road embankments, slope 
stabilizing berms and earthworks in general, great at-
tention should be paid to stability issues; in this per-
spective, a prediction of the obtainable shear strength 
parameters is very useful because they are often the 
key parameters required for these applications.

In order to reach this objective, results of 45 di-
rect shear and triaxial tests were processed to search 
for correlations between shear strength parameters 
(i.e. cohesion, c’, and shear resistance angle, Φ’) 
and the main variable of soil lime treatment, tests 
were carried out at different curing times on soil-
lime samples compacted at different water contents. 
7 types of soil and both types of lime (hydrated lime, 
HL and quicklime, QL) were used, analysing 16 mix 
proportions, details can be found in DI SANTE et al., 
[2019a] and FRATALOCCHI et al., [2019].

The possible predictors considered in the re-
search were the clay fraction, CF, and the plasticity 

Index, PI, of the untreated soil, the amount of lime 
added, L, expressed as percentage of lime by dry 
weight of soil, the curing time, T, and the relative wa-
ter content, ∆w, defined as the difference between 
the water content of the specimens and the optimum 
water content (Standard Proctor compaction) of the 
relevant mixture. Each of the predictors was selected 
for the role expressly played in lime treatment. 

Multiple regression analysis was applied to de-
rive correlations (Tab. VIII) dividing the data set be-
tween HL and QL treatment: after fitting the mod-
el with all the above mentioned predictors (“All” in 
Tab. VIII), a procedure of backward elimination was 
applied to reduce the number of predictors (“Back-
WE” in Tab. VIII). The statistical significance of the 
correlations was verified by Fisher’s exact test. To 
safely estimate the values of shear strength param-
eters, a fixed value was subtracted to the estimated 
one (“Safe” in Tab. IV). The correlations were vali-

QL Treatment Predictors
c’(kPa)=2.9·CF(%)–4.5·PI(%)+15.8·L(%)–2.4·∆w(%)+0.6·T(days) All
c’(kPa)=0.5·CF(%)+17.2·L(%)–2.7·∆w(%) BackWE
c’safe(kPa)=0.5·CF(%)+17.2·L(%)–2.7·∆w(%)–15 Safe
Φ’(°)=0.3·CF(%)+0.2·PI(%)+5.1·L(%)+0.6·∆w(%)+0.2·T(days) All
Φ’(°)=0.4·CF(%)+5.4·L(%)+0.23·T(days) BackWE
Φ’safe(°)=0.4·CF(%)+5.4·L(%)+0.23·T(days)–5 Safe
HL Treatment Predictors
c’(kPa)=1.3·CF(%)+1.65·PI(%)+7.8·L(%)–3.7·∆w(%)+0.3·T(days) All
c’(kPa)=0.3·CF(%)+7.5·L(%) BackWE
c’safe(kPa)=0.3·CF(%)+7.5·L(%)–15 Safe
Φ’(°)=1.51·CF(%)–1.7·PI(%)+3.9·L(%)-2.2·∆w(%)+0.2·T(days) All
Φ’(°)=0.5·CF(%)+3.8·L(%) BackWE
Φ’safe(°)=0.5·CF(%)+3.8·L(%)–5 Safe

Tab. VIII – List of derived correlations for shear strength parameters of soil-lime mixtures (acronyms defined in the text).
Tab. VIII – Lista delle correlazioni determinate per le miscele terra-calce (le sigle sono definite nel testo).

Fig. 7 – Predicted values of a) cohesion and b) peak shear resistance angle (BackWE law in Tab. IV) against measured values.
Fig. 7 – Valori di coesione a) e angolo di resistenza al taglio di picco b) previsti con le relazioni in Tab. IV (BackWE) in relazione ai 
corrispondenti valori misurati.

b)a)
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dated by data from literature, comparing the predic-
tions with the published results.

The clay fraction and the lime amount turned 
out always to be significant predictors, staying in all 
the correlations also after backward elimination of 
variables. They are the parameters that are directly 
nvolved in the chemical reactions which are respon-
sible for the increase in the shear strength. Moreover 
the lime amount is directly measurable and the test-
ing procedure for CF determination is not highly de-
pendent on the tester; for these reasons, their main 
role in the predictions represents an advantage from 
a practical point of view.

Referring to cohesion values, processing all 
the considered data (experimental values for QL 
and HL treatment, literature data) more than 75% 
conservative predictions can be obtained with the 
“Safe” version of the prediction law (Fig. 7a). 85% 
conservative predictions can be obtained for shear 
resistance angle, using the “Safe” correlations for 
all data (Fig. 7b). 

An example of an application of the proposed 
correlations for a feasibility assessment of lime treat-
ment to two natural clayey soils can be found in de-
tails in DI SANTE et al. [2019b]. In the particular case 
study, two clayey stratigraphic units had to be exca-
vated to locate the waste body of a landfill to be con-
structed along a slope in North-central Italy and, 
in order to reuse the excavated natural soil, their 
lime treatment was considered to build a berm for 
the construction of service roads (Fig. 8). In this 
case, after verifying that the suitability of the soil to 
lime treatment was ensured and the ICL was deter-
mined, the use of the correlations suggested that 3% 
of quicklime was the optimum lime amount for the 
treatment (see data in Fig. 8), also considering the 
effects on plasticity and on compaction characteris-
tics (see also [DI SANTE, 2020]). 

After this feasibility assessment, the aforesaid per-
centage was used as the first tentative lime amount for 

the laboratory experimental program (as described in 
section 3) and results of geotechnical tests (details in 
DI SANTE et al., 2017) confirmed the predictions. 

5. Final remarks

In the framework of the possibility to reuse exca-
vated natural soils by improving their characteristics by 
lime treatment, on the basis of the discussed research 
results, the following conclusion can be drawn: 
– if hydrated lime is used to stabilize the soils, the 

curing conditions can deeply affect the hydrau-
lic conductivity values;

– pH measurements were found to be a simple 
and reliable method to identify times of reac-
tions, useful for a proper interpretation of geo-
technical test results and for scheduling quality 
controls in the construction phase;

– correlations were proposed linking the shear 
strength parameters to the main variables of soil-li-
me mixtures with the aim of reducing the number 
of laboratory tests to be performed in the design 
phase;

– as frequently occurs in environmental geotech-
nics research, for soil improvement by lime sta-
bilization, the microstructural investigation is an 
essential tool for the proper analysis of results. 
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Il riutilizzo dei terreni naturali di scavo 
mediante stabilizzazione a calce

Sommario

Ad oggi la disponibilità di terreni naturali di buona qualità da 
impiegare quali materiali da costruzione per opera in terra è sempre 
più limitata; i terreni sono risorse non rinnovabili e, in quanto 
tali, è da prediligerne quanto più possibile il riutilizzo. In un’ottica 
di sostenibilità, l’ingegneria geotecnica può offrire un significativo 
contributo a raggiungere gli obiettivi di riutilizzo attraverso la 
selezione di tecniche di miglioramento dei terreni di scavo.

La proprietà dei terreni fini possono essere migliorate 
aggiungendo calce quale agente stabilizzante per ottenere buone 
caratteristiche meccaniche della miscela terra-calce. I principali 
fattori che influenzano le proprietà di tali miscele sono il tipo e 
la quantità di calce aggiunta, le caratteristiche del terreno da 
trattare, le procedure di confezionamento della miscela ed il tempo 
e le condizioni di stagionatura. Visto il numero elevato di variabili 
coinvolte nel processo, un progetto accurato prevede un ampio 
programma di prove sperimentali che rischia spesso di venire 
trascurato, causando il rischio di collasso dell’opera in terra. 

In particolare, il progetto prevede una prima fase di laboratorio 
in cui devono essere testate diverse proporzioni terra-calce e analizzate 
diverse condizioni di trattamento. Inoltre, per le ragioni esposte, è 
quanto mai opportuna l’identificazione di un criterio di screening per 
l’ottimizzazione della procedura di mix-design. Un progetto di ricerca 
con gli obiettivi sopramenzionati è attualmente in corso. I risultati 
mostrano utili correlazioni tra i parametri di resistenza a taglio delle 
miscele e le principali variabili del trattamento, derivate mediante 
regressione lineare multipla. Nel presente contributo sono discussi anche 
gli effetti di diverse condizioni di stagionatura sulle proprietà idrauliche 
delle miscele. Il contributo di tecniche di indagine microstrutturale quali 
SEM, EDS e MIP  si è rivelato essenziale per l’analisi dei risultati di 
prove geotecniche e per la comprensione del comportamento delle miscele, 
poiché i prodotti di reazione sono identificabili alla meso e micro-scala 
di osservazione. Viene inoltre descritto e discusso anche un metodo per 
il monitoraggio e lo studio dello sviluppo dei meccanismi di reazione 
basato sulla misura del pH, quale opportunità di miglioramento 
dell’interpretazione dei risultati sperimentali.
Parole chiave: Riutilizzo dei terreni, stabilizzazione a calce, 
sostenibilità


