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Lime treatment is a widely-used technique for the stabilization and improvement of finegrained soils in earthworks for transportation. In cold regions, lime treatment can be considered as an appropriate method to improve freeze-thaw resistance of fine-grained soils. The effectiveness of treatment can depend on soil nature, lime dosage and curing time. In the present work, three soils (silt of low plasticity, clay of low plasticity, and silt of high plasticity) were treated at three lime contents (lower, equal and higher than the lime fixation point) at four curing periods (7, 28, 90 and 365 days). The mechanical strength was determined from unconfined compression test performed on specimens having a diameter of 100 mm and a height of 100 mm. Freeze-thaw cycles were applied by varying the specimen temperature between -20°C and 20 °C, the specimens being beforehand saturated. The mechanical strength of specimen subjected to ten freeze-thaw cycles was compared to those maintained in laboratory temperature (20 °C). Results showed that freeze-thaw cycles significantly decrease the mechanical strength of sample. This decrease can be explained by damage induced by ice lenses formation/thawing during freeze-thaw cycles, as illustrated by the observation at X-ray computed tomography. Interestingly, lime treatment mitigates this damage and increase the soil freeze-thaw resistance. The treatment appears more efficient for lower plasticity soil, a higher lime content, and a longer curing time. This conclusion seems depend on the specimen preparation procedure.

Introduction

Freeze-thaw (F-T) cycles related to seasonal change of temperature in cold regions can induce negative effects on the quality of road pavement. At the field scale, one of the main mechanisms inducing the degradation of the subgrade is the movement of water related to cryo-suction creating ice lenses in the frozen zone; thawing of these ice lenses significantly decreases the mechanical performance of the subgrade [START_REF] Johnson | Effect of freeze-thaw cycles on resilient properties of fine-grained soils[END_REF][START_REF] Benson | Hydraulic conductivity of compacted clay frozen and thawed in situ[END_REF][START_REF] Shoop | Moisture migration during freeze and thaw of unsaturated soils: modeling and large-scale experiments[END_REF][START_REF] Zhang | Modeling soil freeze-thaw and ice effect on canal bank[END_REF][START_REF] Zhang | Investigation of the pore water pressures of coarsegrained sandy soil during open-system step-freezing and thawing tests[END_REF]: Tang et al., 2018). At the material scale (i.e. microstructure level), F-T cycles create cracks, increase the hydraulic conductivity, and decrease the mechanical strength of fine-grained soils [START_REF] Chamberlain | Effect of freezing and thawing on the permeability and structure of soils[END_REF][START_REF] Graham | Effects of freeze-thaw and softening on a natural clay at low stresses[END_REF]Konrad, 1989a;Eigendbrod, 1996;[START_REF] Konrad | Hydraulic conductivity of kaolinite-silt mixtures subjected to closed-system freezing and thaw consolidation[END_REF][START_REF] Qi | A review of the influence of freeze-thaw cycles on soil geotechnical properties[END_REF]. The creation of ice in soil pore, related to the movement of water due to cryo-suction, is also the main reason that induce soil structure modification and thus changes of soil properties (Konrad, 1989b). For a saturated sand/bentonite mixture, because of its low hydraulic conductivity that prevented the water movement, the effect of F-T cycles was not observed [START_REF] Kraus | Freeze-thaw cycling and hydraulic conductivity of bentonite barriers[END_REF][START_REF] Podgorney | Evaluating the long-term performance of geosynthetic clay liners exposed to freeze-thaw[END_REF]. In the case of unsaturated compacted fine-grained soils, F-T cycles also decrease the mechanical strength and stiffness [START_REF] Lee | Resilient modulus of cohesive soils and the effect of freeze-thaw[END_REF][START_REF] Wang | Effects of cyclic freezing and thawing on mechanical properties of Qinghai -Tibet clay[END_REF][START_REF] Qi | Influence of freeze-thaw on engineering properties of silty soil[END_REF][START_REF] Ghazavi | The influence of freeze-thaw cycles on the unconfined compressive strength of fiber-reinforced clay[END_REF]. Laboratory tests show that the F-T process, even without ice lenses formation, causes significant reduction in resilient modulus and unconfined compressive strength.

Lime treatment is usually used to improve the mechanical properties of fine-grained soils [START_REF] Little | Handbook for stabilization of pavement subgrades and base courses with lime[END_REF][START_REF] Prusinski | Effectiveness of Portland Cement and Lime in Stabilizing Clay Soils[END_REF][START_REF] Parsons | Engineering Behavior of Stabilized Soils[END_REF]Al-Mukhtar et al., 2010;[START_REF] Tang | Effects of the maximum soil aggregates size and cyclic wettingdrying on the stiffness of a lime-treated clayey soil[END_REF][START_REF] Wang | Changes of small strain shear modulus and suction for a lime-treated silt during curing[END_REF]. Actually, lime treatment of fine-grained soil creates cementitious compounds from pozzolanic reaction, coating the soil particles and bonding them together (Al-Mukhtar et al., 2012;[START_REF] Tran | Effects of lime treatment on the microstructure and hydraulic conductivity of Hericourt clay[END_REF][START_REF] Wang | Effects of aggregate size on water retention capacity and microstructure of lime-treated silty soil[END_REF][START_REF] Ural | Effects of additives on the microstructure of clay[END_REF][START_REF] Wang | Changes in thermal conductivity, suction and microstructure of a compacted lime-treated silty soil during curing[END_REF][START_REF] Wang | Aggregate size effect on the development of cementitious compounds in a lime-treated soil during curing[END_REF]. In addition, the improvement depends on both lime content and curing time [START_REF] Bell | Lime stabilization of clay minerals and soils[END_REF].

There have been a few studies dealing with the F-T resistance of lime treated fine-grained soils. [START_REF] Liu | Experimental study of the dynamic properties of cement-and limemodified clay soils subjected to freeze-thaw cycles[END_REF] investigated the dynamic properties of a lime-treated clay soil subjected to F-T cycles and found that lime treatment increased the durability of stabilized soil under F-T cycles as compared to the unmodified samples. [START_REF] Hotineanu | Effect of freeze-thaw cycling on the mechanical properties of lime-treated expansive clays[END_REF] investigated the effect of F-T cycles on the mechanical properties of two types of clayey soils, a high-plasticity bentonite and low-plasticity kaolinite. The results showed that F-T cycles induced crack formation by the formation of ice lenses in the soil pores.

However, lime addition improved the strength of soil, either subject to F-T cycles or not. [START_REF] Tebaldi | Effect of freeze-thaw cycles on mechanical behavior of limestabilized soil[END_REF] found that mechanical performances of a lime-stabilized clay soil was less affected by F-T cycles compared to untreated soil. [START_REF] Bozbey | Effects of soil pulverization level on resilient modulus and freeze and thaw resistance of a lime stabilized clay[END_REF] studied a lime stabilized clay and found the importance of using higher lime contents and extended curing time for increasing F-T resistance. In spite of the abovementioned works, knowledge on the combined effects of curing time, lime content and soil's plasticity on the F-T resistance of fine-grained soils is still limited and deserves to be further developed.

In this study, three soils, taken from three sites in France and in Belgium, having various plasticity indexes were tested. For each soil, three lime contents (lower, slightly above, and higher than the lime fixation point) were considered. Soil strength was determined for various curing periods (7, 28, 90, and 365 days) with and without F-T cycles. The results were finally discussed in the context of lime treatment for earthworks.

Materials

The properties of the soils used in this study are shown in Table 1 and the grain size distributions curves are shown in Figure 1. The clay fraction (< 2 micron) varies from 24% to 70% and the plasticity index varies from 7 to 34. Note that A1, A2 and A3 are the classification terms following the French standard (Afnor 1992). According to the Unified Soil Classification System (ASTM 2006), these soils are classified as silt of low plasticity, clay of low plasticity, and silt of high plasticity, respectively. In addition, these three types of soils are fine-grained soils that are usually used for earthworks. Soil A1 was taken from the excavation of a deposit of dolomite limestone in Marche-les-Dames (in Belgium); soil A2 was used for the construction project of the high-speed railway Tours-Bordeaux, France, and soil A3 was taken from a construction site in Charleville-Mézières, France.

Following X-ray diffraction results, soil A1 contains illite, kaolinite, chlorite, quartz, feldspath; soil A2 contains illite, kaolinite, chlorite, quartz, montmorillonite; and soil A3 contains illite, kaolinite, chlorite, montmorillonite, and quartz. X-ray fluorescence spectroscopy shows that the organic content of these soils is negligible. The lime used is Proviacal ® ST, provided by the Lhoist company, which is a calcic quicklime (CaO) CL 90-Q (building lime), according to European Standard [START_REF] Cen | Building lime. Definitions, specifications and conformity criteria[END_REF], with an available CaO content of 90.1 %, and a t60 (reactivity) of 6.8 min. In this study, each soil was treated with three different lime contents: (i) the minimum lime content, slightly lower than the lime fixation point (LFP), which corresponds to the short-term improvement objective; (ii) the intermediate lime content, slightly higher than the LFP; (iii) and the maximum lime content, higher than LFP, which corresponds also to the long-term stabilization objective. The LFP is the threshold lime content between the improvement and stabilization objectives as lime added in excess of LFP can be mobilized for pozzolanic reaction. LFP is determined by soil -lime pH test following the protocol defined in ASTM (1999). LFP is the addition of lime needed for the maximum modification of soil, which gives an indication of the minimum quantity of lime that must be added to achieve a significant change in soil properties, mainly in terms of plasticity and compaction. The excess lime reacts with silicate tetrahedra and aluminate octahedra of the lattices of clay minerals (Al-Mukhtar et al. 2010). Thereby, the lime contents chosen are for soil A1 1%, 2% and 4%; for soil A2 1.5%, 3% and 5 % and for soil A3 2%, 4% and 7%.

The natural soil was firstly dried or humidified with water to reach the desired water content and then stored in a plastic box for 48 h for moisture homogenization. Then the moist soil and required lime content were mixed in a mixer for one hour prior to compaction.

Standard Proctor compaction and California Bearing Ratio (CBR) tests were first performed on specimens compacted by dynamic compaction in CBR mold of 150 mm high and 150 mm in diameter following ASTM (2005). The results on untreated and treated soils are presented in Figure 2. The compaction curves show that in comparison with the untreated soils, the treated soil has flatter compaction curves. In addition, at higher lime content, the optimum moisture content is higher and the maximum dry density is lower.

The immediate bearing index (IBI) is generally improved with treatment. Note that for the soils of low plasticity, A1 and A2, the optimum can be easily detected from the compaction curves and the degree of saturation (Sr) at this state is close to 85%. By contrast, for soil A3 (high plasticity silt), the compaction curves are very flat; therefore, it is difficult to determine the optimum moisture content. The optimum was then determined at the degree of saturation of 80 % following Afnor (1993a). The maximum dry density (ρdmax) and the optimum moisture content (wopt) of natural and treated soils are shown in Table 2. Note that the water content of treated soils shown in this table was measured after the treatment. It can be observed that for all the three soils, at higher lime content the maximum dry density is lower and the optimum moisture content is higher.

After [START_REF] Bell | Lime stabilization of clay minerals and soils[END_REF], the reduction in maximum dry density could be due to an immediate formation of cementitious products which reduce compactibility and hence the density of the treated soil.

Experimental method

To assess the frost susceptibility of lime-treated soil in terms of damage induced by F-T cycles, tests were performed following the procedure suggested by CEN/TC 227/ WG4 (2010).

The soils were first treated with different lime contents and statically compacted (Afnor, 1993b) to obtain a dry density equal to 95% of the maximum Proctor dry density with a water content on the wet side of the Standard Proctor curve. The initial conditions of the tested specimens are shown in Table 2.

The dimensions of the compacted specimens are 100 mm in diameter and 100 mm in height. After the compaction, the specimen was covered with plastic film and wax to avoid moisture exchange during the curing period. Four curing periods were investigated: 7, 28, 90 and 365 days. For each lime content and each curing period, four identical specimens were prepared. At the end of the curing period, all the specimens were immersed in a water bath during two days for saturation. Afterwards, two specimens were removed from the water bath, surface dried and tightly wrapped in plastic film (set A) while the two other specimens remained in the water bath (set B). The specimens of set A were then placed in a temperature-controlled climate chamber and subjected to ten F-T cycles, each cycle lasting 24 h. The temperatures measured at the center of the specimen and in the climate chamber during a preliminary test are plotted in Figure 3. The measures show that the soil temperature varied from 20 °C to -20 °C during this cycle.

After the completion of the F-T cycles, all the four specimens (in a saturated and surface dry condition) were subjected to unconfined compression test. The experimental device is shown in Figure 4. The axial force applied to the specimen (via a mechanical press) was increased by a constant rate of 150 N/s until failure. The strength of the sample was calculated as the ratio of the maximal force to the cross-section area of the sample. The retained strength factor (RFT), after F-T cycles, was then calculated as follows: RFT = MA/MB, where MA and MB are the average strengths of the sets A and B, respectively. As the set A was subjected to F-T cycles and the set B was not, RFT represents the frost susceptibility of the material. It is close to 1 when the soil's strength is not affected by the F-T cycles.

Besides, one sample subjected to F-T cycles was scanned with X-ray computed tomography (XRCT) in order to observe the cracks developed inside the specimen. The experimental setup of the XRCT scan is shown in Figure 5. The visualized parameter from XRCT observations was the linear attenuation coefficient, which was represented as a grey level. This parameter depended on density, the atomic number and the used X-ray energy (Molinero [START_REF] Guerra | Analysis of the structural changes of a pellet/powder bentonite mixture upon wetting by X-ray computed microtomography[END_REF].

Experimental results

The results obtained with soil A1 are shown in Figure 6. It appears that the strength of set B (without F-T cycles) treated with a lime content of 1% (corresponding to the short-term improvement objective) remained almost independent of the curing time (Figure 6a), except the values at 90 days which were unusually high. Set A treated with a lime content of 1% was heavily damaged by the F-T cycles and its strength is null for any curing time (Figure 6b). As a result, the retained strength factor of soil A1 treated with a lime content of 1% was null for any curing time (Figure 6c). Note that the results of all the specimens (two specimens for each curing time) are shown in the Figures 6a and6b In the case of soil A1 treated with a lime content of 2% and 4% (corresponding to the long-term stabilization objective), the strength of set B (without F-T cycles) was higher at a longer curing time (Figure 6a). RFT of the samples treated with 2% of lime content remained negligible (lower than 20%) for short curing times (7 and 28 days); but it reached 60-70 % for longer curing times (90 and 365 days) (Figure 6c). For sample treated with 4% lime content, even at short curing times (7 and 28 days), the RFT already reached 30%. At 365 days, it reached to 90%.

The results obtained on soil A2 are shown in Figure 7. As in the case of soil A1, Set B treated with a small lime content corresponding to the short-term improvement objective had a strength independent of the curing time, while the strength of set A (subjected to F-T cycles) was almost null. In the case of soil specimens treated with a high lime content corresponding to the long-term improvement objective, the strength was higher at a higher curing time (Figure 7a). It is interesting to note that the strength of set B treated with 3% of lime content was equal to that with 5% of lime content up to 90 days. Only with 365 days of curing the strength of the specimens treated with 5% of lime content was twice higher than those treated with 3% of lime content. The influence of lime content on the strength of set A (subjected to F-T cycles) could be detected earlier (Figure 7b); the strength of the specimens treated with 5% lime content was similar to those of 3% in short curing times (7 and 28 days), but became 3-4 times higher at longer curing times (90 and 365 days). Finally, when analyzing RFT versus curing time (Figure 7c) for the specimens treated with 3% and 5% lime contents, the higher lime content had slightly higher RFT at 7 days but significantly higher RFT at longer curing times. In addition, RFT of soil A2 remained significantly lower (60%) than that of soil A1 (90%), even at long curing time.

The results obtained on soil A3 are presented in Figure 8. Again, the strength of set B treated with a lime content of 2% (corresponding to the short-term improvement objective) was found to be independent of curing time (Figure 8a). At higher lime content, higher strength could be observed only after 90 days of curing. It should be noted that lime treated with a lime content of 4% had a strength slightly higher than that at 7%. This could be explained by the fact that the dry density of specimens treated with a lime content of 7% (1.25 Mg/m 3 ) is significantly lower than that at 4% (1.31 Mg/m 3 ), see Table 2. After applying the F-T cycles, all the samples of set A were severely damaged and the strength are almost negligible (Figure 8b); MA was null for soil with 2% and 4% of lime content. Results on RFT show that even with higher lime content (7%) and long curing time (90 and 365 days), RFT reached only 20%. For the other cases, RFT was null.

In order to better understand the mechanisms related to the effect of F-T cycles on the strength of lime-treated soils, an X-ray computed tomography scan was performed on the sample within soil A1, treated with 2% of lime content, cured at 28 days, and subjected to 10 F-T cycles. The voxel size was 77 microns. The vertical slide (Figure 9a) shows that the soil was quite homogenous in the central zone. However, at the zones close to the borders, several cracks can be observed. In these zones, some soil aggregates could be also identified. In addition, close the side borders, vertical cracks were dominated while horizontal cracks could be clearly observed close to the top of the specimen. Figure 9b (horizontal slide in the middle of the specimen's height) and Figure 9c (horizontal slide at the bottom of the specimen) also show several cracks close to the border. In addition, the cracks created several concentric arcs.

Figure 10 shows images equally taken from soil A1, treated with 2% of lime content, cured at 28 days. It can be observed that the F-T cycles clearly created concentric arcs on the set A (Figure 10b) visible from the surface of the specimen while the surface of the set B remains intact (Figure 10a).

In order to assess the effect of number of F-T cycles on the results, RFT was determined at various F-T cycles for a series of soil specimens (soil A1, treated with 2% of lime content, cured at 28 days). The results are shown in Figure 11. It can be seen that RFTN (retained strength factor at N cycles) reduced quickly from 100% to 55% only after the first cycle. It remained constant at 40% after 5 cycles. These results hence confirm that the choice of 10 cycles (mentioned in procedure suggested by CEN/TC 227/ WG4 (2010)) is appropriate to investigate the frost susceptibility of these soils.

Discussion

The results show that the kinetics of the variations of strength of lime-treated soils can be divided into two phases: the first one corresponds to a low increase of strength (up to 28 days of curing), and the second one corresponds to a significant increase of this parameter when the lime content is high. Actually, the first phase is usually explained by the immediate reactions of cation exchange and flocculation-agglomeration. After [START_REF] Little | Handbook for stabilization of pavement subgrades and base courses with lime[END_REF], the soil improvement during this phase is reflected by the improved workability and immediate bearing capacity, as well as the increase of cohesion. In this study, the improvement of workability can be observed through the compaction curves (Figure 2) where immediate strength increase is identified from the results of IBI. Another evidence of this first phase is the fact that the soil strength measured at 7 and 28 days was independent of the lime content (Figures 6a,7a,8a). The second phase corresponds to the pozzolanic reactions that take longer time. After Al-Mukhtar et al. (2010), the excess of lime added promotes pozzolanic reactions and produces new minerals. [START_REF] Little | Evaluation of structural properties of lime stabilized soils and aggregates[END_REF] stated that this phase can last 10 years under constant water content and temperature.

Furthermore, the starting time of the second phase is different from one soil to another, varying from several hours to several days even weeks: 10 days after [START_REF] Locat | Laboratory investigations on the lime stabilization of sensitive clays: shear strength development[END_REF], 14 days after [START_REF] Rogers | Stress Path Testing of Realistically Cured Lime and Lime/Cement Stabilized Clay[END_REF], and 21 days after [START_REF] Wild | Sulphate expansion of lime-stabilized kaolinite: II. Reaction products and expansion[END_REF]. In the case of low lime content (slightly lower than the lime fixation point, corresponding to the short-term improvement objective), lime would be no longer available for the second phase. For this reason, the second was not observed.

Application of F-T cycles decreased the strength of all the samples -RFT is lower than 100% (Figures 6c,7c,8c). This decrease can be explained by the damage induced by F-T cycles. At the specimen scale, damages are represented by cracks observed in Figure 9 and Figure 10. The following mechanism can be suggested: while freezing is applied, the temperature in the climate chamber is decreased progressively from 20 °C to -20 °C. That induces a progressive decrease of temperature inside the specimen. When the temperature at one point inside the specimen reaches a critical value (slightly lower than 0 °C) where pore water starts to be converted into ice, ice lenses will be formed because of cryo-suction absorbing water from the surrounding zone having higher temperature.

These ice lenses, generally parallel to the soil surface, would then create cracks inside the specimen. This mechanism would explain the concentric shape of the cracks observed in Figure 9b and Figure 10b. Konrad (1989a,b) suggested similar physical processes to explain the creation of ice lenses during F-T cycles in clayey silts.

The application of F-T cycles equally induces modification of soil microstructure at the aggregates scale. Hohmann-Porebska ( 2002) observed aggregates of fabric created by ice lensing and the aggregates remained generally stable even after thawing. After [START_REF] Svensson | Freezing and thawing of montmorillonite -A time-resolved synchrotron X-ray diffraction study[END_REF], ice lensing absorbed water from the surrounding zone and induced dehydration of clay particle in the unfrozen zone. Cracks and larger voids induced by F-T cycles at the aggregates scale were observed by [START_REF] Liu | Experimental investigation of the geotechnical properties and microstructure of lime-stabilized saline soils under freeze-thaw cycling[END_REF] and [START_REF] Olgun | The effects and optimization of additives for expansive clays under freeze-thaw conditions[END_REF] through scanning electron microscopy.

When comparing the RFT of different soils treated with lime content corresponding to the long-term stabilization objective, the results show that the lime-treatment was more efficient to improve the F-T resistance in long-term of lower plasticity soil (A1) than the higher plasticity soil (A3). [START_REF] Hotineanu | Effect of freeze-thaw cycling on the mechanical properties of lime-treated expansive clays[END_REF] found similar phenomenon when testing lime-stabilized kaolinite and bentonite. Actually, the effect of F-T cycles at the aggregates scale is similar to the wetting-drying process [START_REF] Svensson | Freezing and thawing of montmorillonite -A time-resolved synchrotron X-ray diffraction study[END_REF].

Higher plasticity soils would be more sensitive to F-T cycles than lower plasticity soils because of damages induced at the aggregates scale [START_REF] Khattab | Long-Term Stability Characteristics of a Lime-Treated[END_REF][START_REF] Tang | Effects of the maximum soil aggregates size and cyclic wettingdrying on the stiffness of a lime-treated clayey soil[END_REF].

The low efficiency of lime treatment on soil A3 was observed on both mechanical properties and F-T resistance. That can be partly explained by the heterogeneity of lime distribution after the compaction of specimen. In addition, the preparation/mixing method used for this plastic soil induces large macro-pores between aggregates. The large size of aggregate can also limit the diffusion of lime inside the aggregates. To avoid such problems, lime treatment of plastic soil would be done in two steps: (i) a small quantity of lime is first added to the wet soil prior to first mixing to reduce the water content and the aggregates size; (ii) once the soil aggregates size get smaller and the water content is lower, the remaining part of lime is added prior to the second mixing in order to allow a better distribution (and diffusion) of lime.

Application of the results observed in the present work to the earthwork for transportation should consider various aspects. First, the conditions tested in the laboratory are generally more severe than the field conditions: (i) saturation of soil specimen enhances the effect of F-T cycles; (ii) the amplitude of temperature (from 20°C to -20°C) is also higher than the annual temperature cycles observed in various cold regions; (iii) in the laboratory, F-T cycles were applied to the specimen under freeswelling conditions (specimen can expand during freezing), while in the field F-T cycles are applied under in situ stress state (which would reduce expansion induced by freezing). Second, as the damage was observed in the zone close to the soil specimen surface (Figure 9), the results on mechanical properties of the soil specimen would strongly depend on the specimen's dimensions.

Conclusion

The effect of ten F-T cycles on the mechanical strength of lime-treated fine-grained soils was investigated in the laboratory. For this purpose, three soils (low plasticity silt A1, low plasticity clay A2, and high plasticity silt A3) were treated with three lime contents (lower, equal, and higher than the lime fixation point LFP) and for four curing periods (7, 28, 90, and 365 days). The following conclusions can be drawn:

-The treatment with lime content equal to or higher than LFP increased significantly the mechanical properties of low plasticity fine-grained soils (A1 and A2), while the increase was less obvious for high plasticity silt (A3). For instance, the mechanical strength of soil A1 treated with 5% of lime content increased from 0.53 MPa (after 7 days of curing) to 3.10 MPa (after one year of curing), i.e. six times. However, for soil A3 treated with 7% of lime content, it increased from 0.36 MPa (after 7 days of curing) to 1.31 MPa (after one year of curing), i.e. four times.

-The increase of mechanical properties is more obvious at curing period longer than 28 days. Significant change can still be observed between 90 days and 365 days. This confirms the two phases usually mentioned in lime treatment of finegrained soil: the short-term one corresponds to the immediate flocculation and workability improvement, whereas the long-term one corresponds to the initiation and development of pozzolanic reactions.

-The treatment with lime content equal to or higher than LFP increased significantly the F-T resistance of low plasticity fine-grained soils (A1 and A2), but it is inefficient for high plasticity silt (A3). For instance, for soils A1 and A2 treated with lime content higher than LFP, RFT remained higher than 60% after 90 days and 365 days of curing. However, for soil A3, RFT was equal to 20% in the best cases.

The results obtained in the present work would be helpful for the design of earthwork for transportation using lime-treated fine-grained soils in cold regions. 
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 679 Figure 6. Tests on soil A1: (a) strength of set B (without F-T cycles) versus curing time; (b) strength of set A (with F-T cycles) versus curing time; (c) retrained strength factor versus curing time.

Table 1 . Properties of the soils studied

 1 

	Properties	Soil A1	Soil A2	Soil A3
	Location	Marche-Les-Dames (Belgium)	Tours-Bordeaux (France)	Charleville-Mézières (France)
	Fraction of size particle	99	96	100
	< 80 µm (%)			
	Fraction of size particle	24	28	70
	< 2 µm (%)			
	Methylene blue value,	2.4	3.4	7.4
	MBV (g/100g)			
	Plastic limit, wP (%)	23.2	17.0	45.8
	Liquid limit, wL (%)	30.1	42.0	79.5
	Plasticity index, PI	7	25	34
	Classification (USCS)	ML	CL	MH

Table 2 . Optimum and Initial conditions of the tested specimens.

 2 

			Optimum		Initial condition
	Soil Lime	Maximum dry	Optimum water	Dry density	Water
	content	density (Mg/m 3 )	content (%)	(Mg/m 3 )	content
	(%)					(%)
	A1	0	1.81	14.8	-	-
	A1	1	1.75	17.4	1.66	20.2
	A1	2	1.72	18.2	1.63	21.4
	A1	4	1.70	18.9	1.62	22.4
	A2	0	1.81	15.6	-	-
	A2	1.5	1.65	20.4	1.56	24.5
	A2	3	1.61	22.2	1.54	25.5
	A2	5	1.56	24.0	1.48	27.0
	A3	0	1.56	20.1	-	-
	A3	2	1.43	26.6	1.36	31.5
	A3	4	1.38	28.8	1.31	35.1
	A3	7	1.32	31.0	1.25	42.0