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ABSTRACT 

The treatment of soils with lime finds application in the construction of pavement base layers and as a support layer for shallow 
foundations. However, there are no dosage methodologies based on rational criteria as exist in the case of the concrete, where the 
water/cement ratio plays a fundamental role in the assessment of the target strength, and in the case of soil-cement technology, where 
the voids/cement ratio is shown to be a good parameter for the estimation of unconfined compression strength. This study therefore 
aims to quantify the influence of the amount of lime, the porosity and the moisture content on the strength of a lime treated clayey 
soil, as well as to evaluate the use of a voids/lime ratio to assess its unconfined compression strength. Results show that the
unconfined compression strength increased linearly with the increase in the lime content as well as with the reduction in porosity of 
the compacted mixture. The change in moisture content has not introduced a significant effect on the unconfined compression 
strength of mixtures compacted at the same dry density. It has been shown that, for the soil-lime mixture in an unsaturated state 
(which is usual for compacted fills), the voids/lime ratio, defined as the ratio between the porosity of the compacted mixture and the 
volumetric lime content, is an appropriate parameter to estimate the unconfined compression strength of the soil-lime mixture studied. 

RÉSUMÉ

Le traitement des sols à la chaux trouve application dans la réalisation des assises de chaussées et comme stabilisant de sols pour les 
couches de sous-foundation. Toutefois, il n’existe pas de méthodologie de dosage basée sur des critères rationnels à l’instar du béton, 
pour lequel le rapport eau/ciment joue un rôle fondamental pour l’obtention de la résistance souhaitée, ou dans le cas de sols cimentés 
pour lesquelles le rapport pores/ciment s’avère un paramètre bien indiqué pour l’estimation de la résistance en compression simple.  
La présente étude vise donc à quantifier l’influence de la quantité de chaux, de la porosité et de la teneur en eau sur la résistance d’un 
sol argileux traité à la chaux, ainsi que de qualifier l’approche consistant à utiliser le rapport pores/chaux pour caractériser sa 
résistance en compression simple.  Les résultats montrent que la résistance en compression simple croît linéairement avec la teneur en 
chaux ainsi qu’avec la réduction de porosité du melange compacté.  Il ressort également de l’étude que la variation de la teneur en eau 
n’induit pas d’effet significatif sur la résistance en compression simple de mélanges compactés à la même densité sèche. On établit
que pour le mélange sol-chaux en situation non saturée (cas usuel des remblais compactés), le rapport pores/chaux, défini comme le 
rapport entre la porosité du mélange compacté et la fraction volumique de la chaux, est un paramètre adéquat pour évaluer la 
résistance en compression simple du mélange sol-chaux étudié. 
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1 INTRODUCTION 

The improved characteristics of compacted soils resulting from 
lime utilization may be very important to some geotechnical 
engineering applications such as canal lining, pavement 
structures, and engineered fills. Several methodologies were 
established in the last decades (e.g. Rogers et al. 1997) in order 
to determine the needed amounts of lime required for 
modification of soil characteristics and introduce adequate 
strength and durability to the use. Such methodologies intent to 
establish a threshold value, supposed to chemically satisfy the 
soil demand for lime, which has been often suggested as the 
starting content to adopt for construction expediency purposes. 
In spite of the numerous applications, there are no dosage 
methodologies for the assessment of a target strength, based on 
rational criteria as in the case of the concrete technology, where 

the water/cement ratio plays a fundamental role. The need for 
such dosage results from the fact that soil-lime shows a complex 
behavior that is affected by many factors, for example the 
physical-chemical properties of the soil, its porosity, the amount 
of lime and moisture content at the time of compaction (e.g. 
Mitchell 1981, Transportation Research Board 1987, Consoli et 
al. 2008). This study therefore aims to quantify the influence of 
the amount of lime, the porosity and the moisture content on the 
strength of a lime treated sandy lean clay, as well as to evaluate 
the use of a voids/lime ratio to assess its unconfined 
compression strength.  

2 EXPERIMENTAL PROGRAM 

The experimental program was carried out in three parts. First, 
the geotechnical properties of the soil and lime were 
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characterized. Next, the minimum amount of lime required for 
full stabilization, based on the modified Initial Consumption of 
Lime (ICL) [Rogers et al. 1997] was established. Then a number 
of unconfined compression tests were carried out as discussed 
below.  

2.1 Materials 

The results of the soil characterization tests are shown in Table 
1.

Table 1: Physical Properties of the Soil Sample 

Properties Values 

Liquid Limit  
Plastic Limit  
Plasticity Index  
Specific Gravity  
Medium Sand (0.2 < Diameter < 0.6 mm) 
Fine Sand (0.06 < Diameter < 0.2 mm)
Silt (0.002 < Diameter < 0.06 mm)
Clay (Diameter  0.002 mm) 
Effective Diameter (D10)
Uniformity Coefficient (Cu)

24%
15%
9%
2.81

12.6%
41.1%
42.0%
4.3%

0.0036 mm 
33

This soil is classified as sandy lean clay (CL) according to the 
Unified Soil Classification System. Dry hydrated lime 
[Ca(OH)2] was used as the cementing agent. Its slow gain of 
strength requested the adoption of 28 days as the curing time. 
The specific gravity of the lime grains is 2.49. For the 
characterization tests, distilled water was used, but for molding 
specimens for the compression tests tap water was used. 

2.2 Modified Initial Consumption of Lime

The minimum amount of lime required for full stabilization, 
based on the modified Initial Consumption of Lime (ICL) 
[Rogers et al 1997] was established with basis on the 
interpretation of pH tests carried out on soil with lime added - 
water (proportions of 1:3) mixtures.  The minimum amount of 
lime for stabilization of the sandy lean clay studied herein was 
3%. 

2.3 Methods 

2.3.1 Molding and Curing of Specimens 
For the unconfined compression tests, cylindrical specimens, 
50mm in diameter and 100mm high, were used. The amount of 
lime for each mixture was calculated based on the mass of dry 
soil and the target moisture content. The specimen was then 
statically compacted in three layers. They were cured in a humid 
room at 23º±2ºC and relative humidity above 95% for 27 days. 
The samples were considered suitable for testing if they met the 
following tolerances: dry density (γd) within ± 1% of target 
value, moisture content (ω) within ± 0.5% of the target value, 
diameter within ± 0.5mm, height within ± 1mm.  

2.3.2 Unconfined Compression Tests
An automatic loading machine, with maximum capacity of 50kN 
was used for the unconfined compression tests. The rate of 
displacement adopted was 1.14mm per minute. After curing in a 
humid room for 27 days, the specimens were submerged in a 
water tank for 24 hours for saturation and to minimize suction, 
bringing the total curing time to 28 days. As acceptance criteria, 
it was stipulated that the individual strengths of three specimens, 
molded with the same characteristics, should not deviate by 
more than 10% from the mean strength. 

2.3.3 Program of Unconfined Compression Tests
The unconfined compression tests constituted the main part of 
this research. The program was chosen in such a way as to 

evaluate, separately, the influences of the lime content, the 
porosity, the molding moisture content and the voids/lime ratio 
on the mechanical strength of the artificially lime cemented soil. 
The molding points for the program of unconfined compression 
tests are shown in Figure 1 along with the compaction curves 
(with and without lime addition) for the usual efforts of the 
Proctor test (standard and modified), and the saturation curves 
of 89% and 100%.  

The molding points were positioned in two lines; a vertical 
line (points A1, A2, A3 and A4), called line "A", with the same 
moisture content and different dry densities, and a horizontal 
line, called line "B" (points B1, B2, A3 and B3), with the same 
dry density but different moistures contents. The position of the 
molding points in Figure 1 was chosen considering possible 
field conditions. Each point of the "A" and the “B” line was 
molded with five different lime percentages (L): 3%, 5%, 7%, 
9% and 11%.  
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Figure 1. Compaction curves and unconfined compression program of 
tests 

3. RESULTS 

3.1 Effect of the Lime Content, Molding Moisture and Porosity

Figure 2 shows data for the molding points on the line "A" (� = 
14%) and show the raw data and the fitted lines for the 
unconfined compression strength as a function of the lime 
content (L). It can be observed that the lime content has a 
reasonable effect on the strength of this soil-lime. It can be seen 
that the unconfined compression strength increases linearly with 
the increase in the lime content. 
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Figure 2. Variation of unconfined compression strength with lime 
content 
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Figure 3 shows how the porosity affects the unconfined 
compression strength of the soil-lime studied. The unconfined 
compression strength increases linearly with the reduction in 
porosity of the compacted mixture. The mechanism by which 
the reduction in porosity influences the soil-lime strength is 
related to the existence of a larger number of contacts.  

Figure 4 presents the unconfined compression strength as a 
function of the moisture content for specimens with the same 
dry density (line "B"). Generally, the strength values are not 
affected by the moisture content for the soil studied here. 
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Figure 3. Variation of unconfined compression strength with porosity 
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Figure 4. Effect of molding moisture content on the unconfined 
compression strength 

3.2 Effect of Voids/Lime Ratio 

Figure 5 presents the unconfined compression strength as a 
function of the voids/lime ratio. 

The data presented in Figure 5 are for the line “A” 
(ω=14%). No correlation can be observed between this ratio and 
the unconfined compression strength (qu) of the soil-lime 
studied. Figure 5 distinguishes the plotted points by their lime 
contents. It can be readily seen that points with the same 
voids/lime ratio but obtained by different combinations of lime 
content and densification show distinctly different strengths. 
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Figure 5. Variation of unconfined compression strength with voids/lime 
ratio 

It was found that for the relationship between unconfined 
compression strength and voids/lime ratio the optimum fit could 
be obtained applying a power (as suggested by Consoli et al. 
2007) equal to 0.06 to the parameter VLi as shown in Figure 6. 
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Figure 6. Adjusted voids/lime ratio – all data 

So, the use of the voids volume of the compacted mixture 
divided by the lime volume, adjusted by an exponent [0.06 for 
the soil and lime used in the present research] to assess the 
unconfined compression strength in the soil-lime mixtures 
studied herein is valid for all considered moisture contents. The 
results presented in this paper therefore suggest that using the 
voids/lime ratio as represented by the voids volume of the 
compacted mixture divided by the lime volume adjusted by an 
exponent [that probably varies depending on the soil and lime 
used], the engineer can choose the amount of lime and the 
compaction effort appropriate to provide a mixture that meets 
the strength required by the project at the optimum cost. The 
voids/lime ratio can also be useful in the field control of soil-
lime layers. Once a poor compaction has been identified, it can 
be readily taken into account in the design, through the qu versus 
voids/lime ratio curve, and adopting corrective measures 
accordingly such as the reinforcement of the treated layer or the 
reduction in the load transmitted.  
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4 CONCLUSIONS 

From the data presented in this paper, and bearing in mind the 
limitations of this study, the following conclusions can be 
drawn: 

For the lime contents studied here, the unconfined 
compression strength increased approximately linearly with an 
increase in the lime content. 

The reduction in the porosity of the compacted mixture 
greatly improves the strength. It was shown that the unconfined 
compression strength increased approximately linearly with a 
reduction in the porosity of the compacted mixture. 

The voids/lime ratio, defined by the voids volume of the 
compacted mixture divided by the lime volume, adjusted by an 
exponent [0.06 for the soil and lime used in the present 
research] has been shown to be a more appropriate parameter to 
evaluate the unconfined compression strength of the soil-lime 
mixture studied. It is probable that this exponent will be a 
function of the materials (soil and lime) used. 
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