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1 INTRODUCTION 

During the construction of large infrastructures, the 

circumstance of excess of not suitable soil is 

everyday occurrence, yielding to the corresponding 

problem of the allocation of excavated material in 

dedicated areas. The reuse of excavated soil can be 

therefore considered as an important opportunity, 

aimed at reducing the environmental impact of the 

infrastructure (Croce and Russo 2002).  

Lime stabilization is a very effective 

improvement technique for the reuse of soils that are 

not suitable for earthworks in their natural state. The 

addition of lime to a clayey soil has a strong impact 

on the geotechnical properties of the soils as results 

of the chemical reactions which take place after the 

treatment. In the short-term, the exchange of surface 

cation by calcium leads to flocculation of clay 

particles. In addition, the high alkaline environment 

induced by lime promotes the dissolution of 

siliceous and aluminous compounds from clay 

mineral lattice with the precipitation of secondary 

phases as a result of the development of the time-

dependent pozzolanic reactions (Little 1987; Bell 

1996; Diamond and Kinter 1965; Russo 2016; Vitale 

et al. 2016a; Vitale et al. 2016b; Vitale et al. 2017; 

Guidobaldi et al. 2017).  

The durability of mechanical improvement 

induced by lime treatment is a relevant issue in soil 

treatment (Netterberg 1987). One of the possible 

detrimental phenomena affecting lime treated soil is 

the occurrence of carbonation reactions. Carbonation 

influences the chemo-mineralogical evolution of 

lime treated soils depending on the time scale at 

which the reaction mechanism takes place. In the 

short term, a gradual carbonation of portlandite is 

responsible for the precipitation of calcium 

carbonate with the consumption of available lime for 

pozzolanic reactions. In the long term, carbonation 

of secondary phases resulting from pozzolanic 

reactions weakens bonding induced by hydrated 

compounds. Several studies on the detrimental effect 

of lime carbonation on the mechanical improvement 

of treated soil have been widely reported in literature 

(Bagonza et al. 1987; Paige-Green et al. 1990; 

Paige-Green 1991; Deneele et al. 2013) although the 

link between microstructural features induced by 

carbonation and its influence on the macroscopic 

evolution of lime treated soil properties has not been 

thoroughly investigated.  

In the present study, an insight into effects 

induced by lime carbonation on treated kaolin has 

been presented. An experimental multiscale 

investigation on the chemo-mineralogical evolution 
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ABSTRACT: Durability of mechanical improvements induced by lime treatment is a relevant issue in soil 
treatment. One of the possible detrimental phenomena affecting lime treated soil is the occurrence of 
carbonation reactions. Carbonation influences the chemo-mineralogical evolution of lime treated soils 
depending on the time scale at which the reaction mechanism takes place. In the present study, an insight into 
the effects induced by carbonation on lime treated kaolin has been presented. The mineralogical and 
microstructural changes induced by carbonation have been monitored by means of X-ray diffraction (XRD), 
Thermo-gravimetric analysis (TGA), Mercury Intrusion Porosimetry (MIP). The hydro-mechanical behaviour 
of lime treated and carbonated samples has been investigated by means of triaxial tests. Mineralogical 
investigations on treated samples exposed to atmosphere showed a relevant consumption of available 
portlandite and precipitation of calcium carbonate in the short term and the inhibition of pozzolanic reactions 
on the long term. Triaxial tests results highlighted a reduction of performance for lime treated samples when 
precipitation of calcite takes place due to carbonation. 



of the system and its influence on the 

microstructural features of treated soil has been 

developed highlighting the link between carbonation 

processes and macroscopic evolution of soil 

properties. In order to promote lime carbonation, 

treated samples have been exposed during curing to 

atmospheric carbon dioxide (outdoor curing). 

Mineralogical and microstructural features of lime 

treated and carbonated samples have been monitored 

at increasing curing times by means of X-ray 

diffraction analysis (XRD), Thermo-gravimetric 

analysis (TGA) and Mercury Intrusion Porosimetry 

(MIP). The hydro-mechanical behaviour of lime 

treated and carbonated samples has been 

investigated by means of triaxial tests. 

2 MATERIALS AND METHODS 

2.1 Materials 

A highly refined kaolin (Speswhite kaolinite, Imerys 
Minerals) from deposits in the South West of 
England has been used. The specific gravity is Gs = 
2.6 and surface area determined by nitrogen 
adsorption (BET) is 14 m2/g. The pH value of the 
clay is about 4.6. The liquid and plastic limits are 
70% and 32% respectively, with a plastic index IP of 
38%. The sample is mainly formed by kaolinite clay 
minerals with a small amount of quartz and 
muscovite (Figure 1). No swelling clay phases were 
detected after the ethylene glycol treatment. The 
element composition of kaolin has been reported in 
Table 1. 
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Figure 1. X-Ray diffraction pattern of Speswhite kaolin. 

 
 

Table 1. Chemical composition of Speswhite kaolin. 

Constituent Percentage (%) 

SiO2 53.80 
Al2O3 43.75 
CaO 0.02 
K2O 1.45 
TiO2 0.05 

2.2 Sample preparation 

Lime treated samples were prepared by hand 
mixing the dry soil with 3% of CaO, corresponding 
to the minimum amount of quicklime required for 

stabilisation as determined by means of pH 
measurements according to the ASTM 4972-01. 

The experimental investigation has been 
performed on compacted soil. The compaction 
characteristics of not treated and lime treated 
samples were determined according to ASTM D698-
91 using a Standard Proctor test. In Figure 2, the 
Standard Proctor compaction curves of lime treated 
and untreated soils are presented. With reference to 
compaction curves, the optimum initial moisture 
content (wopt=30% for not treated kaolin, wopt=33% 
for 3%CaO treated soil) was selected for both not 
treated and treated samples. Two different curing 
conditions were considered for lime treated samples, 
namely indoor and outdoor curing. The term indoor 
curing refers to a storage of the samples without 
exposure to carbon dioxide (CO2). Specimens were 
sealed in hermetic plastic bag and were cured for 
increasing time intervals, namely 24h, 7, 28 and 90 
days. Carbonation of lime treated samples was 
carried out by exposing samples to air (i.e. standard 
concentration of CO2 in air). During curing stage the 
temperature varied in the range of 22°±2°C and 
relative humidity ranged between 65±5%. The 
treated compacted samples were exposed since the 
very short term (24 h after mixing) up to 90 days.  

With reference to microstructural analysis, all the 
samples tested have been freeze-dried before testing 
(Delage and Pellerin 1984). 
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Figure 2. Standard Proctor compaction curves of not treated 
and 3%CaO treated kaolin. 

2.3 Experimental procedures 

2.3.1 X Ray diffraction analysis 
The mineralogical composition of lime treated and 
carbonated samples induced by curing time and 
conditions were investigated by X-ray analysis 
performed on randomly oriented powder using a 
Brucker AXS D8 Advance Diffractometer with 
CuKα (λ = 0.154 nm) radiation and a step size of 
0.021°. 



2.3.2 Thermo-gravimetric analysis (TGA) 
Thermo-gravimetric analysis has been performed 
with a Netzsch STA 449F3 Jupiter, equipped with a 
mass spectrometer to monitor evolved molecule of 
water and carbon dioxide with elevated temperature. 
Finely ground soil was heated at a rate of 10 °C 
min−1, under argon atmosphere, from ambient 
temperature to 1000°C. The Netzsch Proteus 
software has been used to process the results. The 
first derivative of the TG curves (DTG) leads to 
better reading of the peak data. 

2.3.3 Mercury intrusion porosimetry (MIP) 
MIP tests were performed by a double chamber 
Micromeritics Autopore III apparatus. In the filling 
apparatus (dilatometer) the samples were outgassed 
under vacuum and then filled by mercury allowing 
the increase of absolute pressure up to the ambient 
one. Using the same unit the intrusion pressure was 
than raised up to approximately 200 kPa by means 
of compressed air. The detected entrance pore 
diameters ranges between 134 μm and 7.3 μm 
(approximately 0.01 MPa - 0.2 MPa for a mercury 
contact angle of 139°). After depressurisation to 
ambient pressure, the samples were transferred to 
high-pressure unit, where mercury pressure was 
increased up to 205 MPa following a previously set 
intrusion program. MIP tests were performed on 
both lime treated and carbonated samples at 90 days 
of curing. 

2.3.4 Triaxial tests 
Drained Triaxial compression tests were performed 
on saturated samples by means of a controlled 
stress-path triaxial cell (Aversa and Vinale 1995). 
Saturated samples were isotropically compressed up 
to a mean effective stress of p’=50 kPa. Drained 
deviatoric stages were performed at deformation rate 
of 0.5 %/h. 

3 RESULTS 

X ray diffraction patterns of lime treated and 

carbonated samples cured for 24 h and 90 days are 

respectively shown in Figures 3a and Figure 3b. 

New reflections attributed to the presence of 

unconsumed portlandite (Ca(OH)2) were detected in 

both samples since the very short term (24 h of 

curing). 
A new peak corresponding to calcite was 

observed in the carbonated sample, whereas no new 
reflections attributed to the precipitation of hydrated 
phases were detected after 24 h of curing.  

In the long term (i.e. 90 days of curing), a 
consumption of the portlandite available into the 
system was observed for both indoor and outdoor 
cured samples as highlighted by the disappearance 

of its characteristic peak. A new reflection 
corresponding to the precipitation of calcium 
aluminate hydrate (C-A-H) was detected in the lime 
treated sample. Consumption of portlandite is 
consistent with precipitation of hydrated phases as a 
result of the development of pozzolanic reactions. 
The experimental observation was performed at 90 
days of curing, based on the evidence of low 
reactivity of lime treated kaolin to promote 
development of pozzolanic reactions. New 
mineralogical phases form only after a long curing 
time (>28 days), with an increasing trend over time 
(Vitale et al. 2016a; Vitale et al. 2017). 

An increase of intensity of calcite peak was 
observed for samples exposed to CO2 whereas no 
new reflections attributed to hydrated phases were 
detected in the carbonated samples.  

Carbonation reactions prevented the development 
of pozzolanic reactions. 

Chemo-mineralogical evolution of lime treated 
and carbonated samples has been shown in Figure 4 
and Figure 5, where quantitative interpretation of the 
results of Thermo-Gravimetric Analyses (TGA) 
have been represented. In Figure 4, the reported 
values evidence the mass loss of the sample as a 
function of curing time in the range of 390°C–
460°C, which is characteristic for portlandite, and in 
the range of 110°C–350°C for hydrates. Low 
pozzolanic reactivity of lime treated kaolin is 
highlighted by a delay of portlandite consumption 
and precipitation of new mineralogical phases, with 
pozzolanic compounds appearing only after long 
curing time. Carbonated samples showed a gradual 
consumption of the available portlandite and 
consequent precipitation of calcium carbonate, as 
highlighted by the increase of mass loss is in the 
calcite characteristic temperature range (650-800 
°C). 

The microstructural features of lime treated and 
carbonated samples after long curing times are 
shown in Figure 6. An increase of the cumulative 
intruded volume of mercury is observed for lime 
treated sample after 90 days of curing. Pore size 
distribution showed a decrease of frequency of main 
pore entrance diameters and an increase of 
frequency of pores entrance diameters in the small 
range (between 0.002-0.005 µm), consistent with 
covering of aggregate surfaces by new hydrated 
phases (Russo et al. 2007; Russo and Modoni 2013). 
In the long term, a reduction of porosity is observed 
for carbonated sample as a result of the progressive 
precipitation of calcite crystals with larger molar 
volume than portlandite (Houst 1996; Arandigoyen 
et al. 2006). 
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Figure 3. X Ray diffraction patterns of lime treated and carbonated samples: a) 24 h of curing; b) 90 days of curing. 
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Figure 4. Lime treated samples: consumption of portlandite 

and development of hydrates over time. 
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Figure 5. Carbonated samples: consumption of portlandite and 

precipitation of calcite. 
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Figure 6. MIP results on lime treated and carbonated samples: 
a) cumulative intruded volume curves; b) pore size distribution 
curves 



In Figure 7 results of the deviatoric stage of 
triaxial tests performed on lime treated and 
carbonated samples at 90 days of curing times are 
reported in the q-εs and εv - εs plots, with εv and εs 

respectively volumetric and deviatoric strains. An 
increase of the shear strength of both lime treated 
and carbonated samples is observed in the long term. 
The stress-strain curve of lime treated sample is 
characterised by a defined peak value and a post 
peak softening stage. A less marked dilative 
behaviour is observed for carbonated sample. Lime 
carbonation induces a lower increase of stiffness and 
shear strength of the treated sample leading to a 
reduced effectiveness of lime treatment. The 
improvement of the mechanical behaviour of lime 
treated sample is due to bonding effect induced by 
hydrated phases resulting from development of 
pozzolanic reactions. Mechanical performance of the 
carbonated sample can be attributed to the 
cementation caused by the precipitation of calcium 
carbonate (Fukue et al. 1999; Nagaraj 1964).  
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Figure 7. Triaxial test results on lime treated and carbonated 
samples at 90 days of curing times. 

4 CONCLUSIONS 

An insight into the effects induced by carbonation 
on the durability of the mechanical improvement of 
a lime treated soil has been presented. 

The experimental multiscale investigation on the 
chemo-mineralogical and microstructural features of 

lime treated and carbonated samples highlighted the 
link between the carbonation processes and the 
macroscopic evolution of soil properties.  

Low pozzolanic reactivity of lime treated kaolin 
has been highlighted by a delay of portlandite 
consumption and precipitation of new mineralogical 
phases, with pozzolanic compounds appearing only 
after long curing time.  

Exposure of the lime treated sample to 
atmospheric carbon dioxide favoured a gradual 
carbonation of the available portlandite and the 
precipitation of calcium carbonate, preventing the 
development of pozzolanic reactions on long term. 
In terms of microstructural changes, precipitation of 
calcite crystals reduced porosity of the treated 
samples. Even if the carbonated sample showed an 
improved mechanical behaviour with respect to raw 
samples, effectiveness of treatment is reduced by 
lime carbonation. 
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