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Impact of wetting and drying cycles on the mechanical behaviour of a cement-treated soil
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The core objective of this study is to analyse the impact of the wetting/drying protocol on the mechanical behaviour of a cement-treated sand. The impact of two types of wetting and drying cycles of different magnitudes was evaluated with a quantitative approach based on the stress-dilatancy approach. The main effect of the wetting/drying cycles is to alter the bonds and consequently diminish the mechanical performance. The weathering effect is shown to be dependent on the cement dosage but also on the intensity of the cycles. For the samples treated with 4% cement, the very first cycles seem to bring the most alteration of the mechanical performance. For those treated with 1% cement, however, the accumulation of multiple cycles leads to more progressive degradation. The evaluation of the bonding ratio permitted the quantitative assessment of the treatment effect and the weathering progress with cycles. The results highlight the role of the imposed wetting/drying cycle technique for a better assessment of the long-term performance of treated soils, even if the definition of an adequate weathering protocol that makes sense with regard to the real solicitation endured by engineered structures deserves additional investigation.

INTRODUCTION

Soil treatment with hydraulic binders has been shown to generally improve soil characteristics such as workability, uniaxial compressive strength (UCS) (e.g., [START_REF] Consoli | Control factors for the long term compressive strength of lime treated sandy clay soil[END_REF][START_REF] Nguyen | Aging effects on the mechanical property of waste mixture in coastal landfill sites[END_REF][START_REF] Baldovino | Effects of lime addition on geotechnical properties of sedimentary soil in Curitiba, Brazil[END_REF]), and shear strength (e.g., [START_REF] Brandl | Alteration of Soil Parameters by Stabilization with Lime[END_REF][START_REF] No | Lime treatment of laterite soils and gravels -revisited[END_REF][START_REF] Poncelet | Effect of laboratory compaction mode, density and suction on the tensile strength of a lime-treated silty soil[END_REF]). Transportations earthen infrastructures built with stabilized soils such as embankments, pavement subgrades or backfills generally have an expected lifespan ranging from 50 to 100 years. They should be designed to undergo cyclic weathering solicitations such as temperature and/or moisture content variations, in addition to their hydromechanical design loads. Some in situ investigations of lime-stabilized pavement foundations qualitatively showed that exposing such structures to varying climatic conditions could have a negative impact on their mechanical performance in the long term [START_REF] Gutschick | Lime stabilization under hydraulic conditions[END_REF][START_REF] Kelley | A long range durability study of lime stabilized bases at military posts in the southwest[END_REF][START_REF] Cuisinier | Long-term behaviour of lime-treated expansive soil submitted to cyclic wetting and drying[END_REF]. This was also indicated by laboratory testing by exposing stabilized soil samples to wetting/drying cycles [START_REF] Rao | The impact of cyclic wetting and drying on the swelling behaviour of stabilized expansive soils[END_REF][START_REF] Guney | Impact of cyclic wetting-drying on swelling behavior of lime-stabilized soil[END_REF][START_REF] Khattab | Long-Term Stability Characteristics of a Lime-Treated Plastic Soil[END_REF][START_REF] Chittoori | Durability studies of lime stabilized clayey soils[END_REF][START_REF] Alavéz-Ramírez | The use of sugarcane bagasse ash and lime to improve the durability and mechanical properties of compacted soil blocks[END_REF][START_REF] Neramitkornburi | Durability against wetting-drying cycles of sustainable Lightweight Cellular Cemented construction material comprising clay and fly ash wastes[END_REF] or freezing/thawing periods [START_REF] Dempsey | Durability Properties of Lime-Soil Mixtures[END_REF][START_REF] Bin-Shafique | The long-term performance of two fly ash stabilized fine-grained soil subbases[END_REF][START_REF] Consoli | Broad-Spectrum Empirical Correlation Determining Tensile and Compressive Strength of Cement-Bonded Clean Granular Soils[END_REF]. Durability of treated soils is a subject more and more studied recently [START_REF] Roshan | Evaluation of the impact of fiber reinforcement on the durability of lignosulfonate stabilized clayey sand under wetdry condition[END_REF][START_REF] Tiwari | Strength and durability assessment of expansive soil stabilized with recycled ash and natural fibers[END_REF][START_REF] Buritatum | Durability improvement of cement stabilized pavement base using natural rubber latex[END_REF] as it is now clear that it is essential to consider the durability of the performance of treated soils in the design process of such structures, and it is of primary interest to understand the impact of climatic conditions on the long-term behaviour of stabilized soils. Thus, the development of a methodology for understanding and quantifying the macroscopic mechanical behaviour degradation of treated soils when exposed to wetting and drying cycles is necessary. Some authors have assessed the impact of wetting/drying cycles on the hydromechanical behaviour of stabilized soils. For instance, Hoy et al. [START_REF] Hoy | Effect of wettingdrying cycles on compressive strength and microstructure of recycled asphalt pavement -Fly ash geopolymer[END_REF] and Cuisinier and Masrouri [START_REF] Cuisinier | Impact of wetting/drying cycles on the hydromechanical behaviour of a treated soil[END_REF] highlighted that the impact of hydric cycles on the UCS was dependent on the type of binder used. Cuisinier and Masrouri [START_REF] Cuisinier | Impact of wetting/drying cycles on the hydromechanical behaviour of a treated soil[END_REF] found that after 90 days, the USC was approximately two times higher with 3% CEM II than with 3% lime. After 6 cycles, the UCS was still 100 kPa higher with cement than with lime. Rao et al. [START_REF] Rao | The impact of cyclic wetting and drying on the swelling behaviour of stabilized expansive soils[END_REF] showed that this impact was also a function of the dosage of binders, which was confirmed by several authors [START_REF] Stoltz | Weathering of a lime-treated clayey soil by drying and wetting cycles[END_REF][START_REF] Consoli | Impact of Severe Climate Conditions on Loss of Mass, Strength, and Stiffness of Compacted Fine-Grained Soils-Portland Cement Blends[END_REF]. Some authors [START_REF] Rao | The impact of cyclic wetting and drying on the swelling behaviour of stabilized expansive soils[END_REF][START_REF] Pedarla | Durability studies on stabilization effectiveness of soils containing different fractions of montmorillonite[END_REF][START_REF] Aldaood | Impact of wetting-drying cycles on the microstructure and mechanical properties of lime-stabilized gypseous soils[END_REF] have shown that the extent of degradation is related to the mineralogical composition of the tested soil. Another very important aspect is the experimental protocol employed to perform the cycles in the laboratory. Indeed, several methods for imposing drying/wetting cycles have been used by different authors with varying durations for the wetting and drying phases, the method used for wetting (capillary rise or immersion), and the temperature during the drying phase (air-drying or oven-drying). The majority of past studies employed methods derived from the ASTM D559 standard [START_REF]Standard Test Methods for Wetting and Drying Compacted Soil-Cement Mixtures[END_REF], which recommends 5 hours of immersion in water at room temperature, followed by 42 hours in an oven at 71 °C. For instance, Chittoori et al. [START_REF] Chittoori | Durability studies of lime stabilized clayey soils[END_REF] worked on 7-day cured lime-treated clayey soils (6 and 8% lime) and performed UCS tests after 3, 7, 14 and 21 cycles following the ASTM D 559 method. They observed considerable strength loss with an increasing number of cycles. For example, on samples treated with 6% lime, they reported a UCS decrease of 15% after 3 cycles and a complete loss of strength after 12 cycles. Consoli et al. [START_REF] Consoli | Impact of Severe Climate Conditions on Loss of Mass, Strength, and Stiffness of Compacted Fine-Grained Soils-Portland Cement Blends[END_REF] studied the accumulated mass loss and UCS evolution after a 12-cycle recurrent wetting/drying series followed by brushing strokes on a fine-grained soil treated with cement (CEM I type). ASTM D559 cycles were then performed. The authors observed that the UCS first increased after 3 cycles and then decreased (for 3% and 6% cement) or tended to fluctuate around an average (for 9% cement). They attributed these results to the possible acceleration of the cementitious reactions due to increasing temperature during the drying portion of the very first cycles. The original ASTM cycles could, however, be considered relatively severe compared to the conditions to which treated soil could be exposed in situ. Some other authors who have used suction control techniques for wetting/drying cycles reported that the higher the magnitude of the wetting/drying cycles is, the higher the performance degradation ratio [START_REF] Cuisinier | Long-term behaviour of lime-treated expansive soil submitted to cyclic wetting and drying[END_REF][START_REF] Stoltz | Weathering of a lime-treated clayey soil by drying and wetting cycles[END_REF][START_REF] Cuisinier | Alteration of the Hydromechanical Performances of a Stabilized Compacted Soil Exposed to Successive Wetting-Drying Cycles[END_REF][START_REF] Menaceur | Impact of monotonic and cyclic suction variations on the thermal properties of a stabilized compacted silty soil[END_REF].

Therefore, employing an aggressive method may lead to overly conservative conclusions about the long-term performance of a given stabilized soil exposed to wetting/drying cycles. The impact of the different types of weathering cycles still needs to be investigated.

Beyond the experimental protocols for wetting/drying cycles, a key aspect is the quantification of the effects of these cycles. Most of the studies available in the literature based their analysis on the monitoring of the mass loss of the samples and/or the UCS as a function of the number of cycles applied [START_REF] Packard | Developments in Durability Testing of Soil-Cement Mixtures[END_REF][START_REF] Hoyos | Assessment of seasonal effects on engineering behavior of chemically treated sulfate rich expansive clay[END_REF][START_REF] Aldaood | Impact of wetting-drying cycles on the microstructure and mechanical properties of lime-stabilized gypseous soils[END_REF][START_REF] Consoli | Impact of Severe Climate Conditions on Loss of Mass, Strength, and Stiffness of Compacted Fine-Grained Soils-Portland Cement Blends[END_REF][START_REF] Cuisinier | Impact of wetting/drying cycles on the hydromechanical behaviour of a treated soil[END_REF]. However, these macroscopic indicators do not permit a full understanding of the degradation process of the mechanical behaviour associated with the cycles. The evolution of the interparticle bonding associated with the treatment after weathering cycles is of primary interest for evaluating and discussing the degradation mechanism and to provide further understanding of the treated soil behaviour. Two main approaches can be found in the literature to this end. The first one is based on an explicit quantification of the cementitious products as a function of the treatment conditions. This quantification can be performed through chemical or microstructural analyses. In a few studies, the relationship between mechanical characteristics and the amount of cementitious products was investigated (e.g., [START_REF] Zhu | Soil-Water Transfer Mechanism for Solidified Dredged Materials[END_REF][START_REF] Chiu | Yielding and shear behaviour of cement-treated dredged materials[END_REF]). For instance, Dadda et al. [START_REF] Dadda | Influence of the microstructural properties of biocemented sand on its mechanical behavior[END_REF] investigated the biocementation process effect on the micromechanical properties (coordination number, contact surface, and volume fraction of calcite) of biocemented Fontainebleau sand. This study managed to link the cohesion of the biocemented sand to the evolution of the cohesive surface and other micromechanical properties within the sand specimen using high resolution 3D images obtained by X-ray synchrotron microtomography. This study led to the development of a linear equation relating the cohesion, mean coordination number and contact surface formed by the cementation agent. However, these methods work with many uncertainties, and it is difficult to explicitly establish the link between the quantity of cementitious products and the macroscopic behaviour. In the second approach, the effects of cementation are quantified indirectly through the analysis of the mechanical behaviour. In this case, the behaviour of the untreated soil is usually taken as a reference (e.g., [START_REF] Leroueil | The general and congruent effects of structure in natural soils and weak rocks[END_REF][START_REF] Burland | Discussion: Interlocking, and peak and design strengths[END_REF][START_REF] Robin | A chemo-mechanical coupling for lime treated soils[END_REF]). For example, the results from triaxial tests were interpreted using the stress-dilatancy theory [START_REF] Rowe | The stress-dilatancy relation for static equilibrium of an assembly of particles in contact[END_REF][START_REF] Cuccovillo | On the mechanics of structured sands[END_REF] by Wang et al. [START_REF] Wang | Stress-dilatancy behavior of cemented sand: comparison between bonding provided by cement and biocement[END_REF] to compare the mechanical behaviour between biocemented and cement-treated sand. This approach allowed the bond breakage, the development of dilatancy and the bonding mobilization to be analysed. These methods could lead to a sharper analysis of the mechanical behaviour of treated soils by highlighting the impact of the treatments.

The literature review shows that the quantitative impact of the wetting/drying cycling protocol is still an open-ended question, as is the analysis of the degradation process.

In this context, the first objective of this study is to analyse the impact of the wetting/drying protocol on the mechanical behaviour of a cement-treated sand. Two types of weathering cycles of different magnitudes will be compared. The second objective is to develop a quantitative analysis of performance degradation with the number of cycles. The mechanical analysis is based on a stress-dilatancy approach using triaxial compression tests.

First, the materials and methods will be detailed, including a theoretical background on the stress-dilatancy approach on which the results analysis is based. Then, the experimental program will be exposed. The analysis of the treatment effects and the impact of the wetting/drying cycles on the mechanical behaviour and on the bonding ratio will be successively presented. This will be followed by a discussion and a conclusion.

MATERIALS AND METHODS

Tested materials

The selected soil is a sand sampled in the eastern part of France. It has been classified as an S1-type soil according to the French classification system [START_REF] Afnor | NF EN 16907-2: Terrassement -Partie 2 : Classification des matériaux[END_REF] and an SW soil according to the Unified Soil Classification System (Table 1 and Fig. 1) [START_REF] Astm | Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil Classification System)[END_REF]. On Fig. 1, the red lines represent the D10, D30 and D60 (from bottom to top of the graph) that are used to determine the measures of gradation. From the grain-size distribution it is possible to calculate uniformity coefficient, Cu, and the coefficient of curvature, Cc, respectively 5.88 and 1.24. The soil is considered as well-graded. The absorption coefficient of the sand is 1.50%.

The selected cement in this study is Portland cement (CEM I 52,5 N) containing at least 95% clinker. The specific gravity considered for this type of cement is 3.15.

Compressive strength tests on this cement showed that 97% of the maximum strength was reached after 7 days, as per the NF EN 196-1 standard [START_REF]NF EN 196-1 : Méthodes d'essais des ciments -Partie 1 : détermination des résistances[END_REF]. A cement setting test was also performed, and the measured setting time was 2 h 50 min [START_REF]3 : détermination du temps de prise et de la stabilité[END_REF].

Specimen preparation

All of the samples were prepared at a target dry density of 1.7 Mg.m -3 , corresponding to a relative density of 84%. The preparation water content was set to 7% to ensure complete hydration of the cement. The preparation of the samples started by mixing the dry sand with the cement. Then, water was added while mixing continued for five minutes until the mixture became homogeneous. The samples were prepared in cylindrical two-part moulds to facilitate unmoulding. Each sample was compacted by axial compression according to the standard for the treated soils [START_REF]Mélanges traités et mélanges non traités aux liants hydrauliques. Partie 53 : Méthode de confection par compression axiale des éprouvettes de matériaux traités aux liants hydrauliques[END_REF] in three layers to minimize the density gradient along the vertical axis. The specimen have a diameter of 50 mm and a height of 100 mm. After compaction, the samples were wrapped up in a plastic sheet to prevent any exchange with the environment. They were then stored in a controlled temperature room at 20 °C for 14 days. This curing time was chosen after preliminary compression tests that showed that UCS tends to be stabilized after 14 days.

Triaxial tests

A conventional triaxial system apparatus was used to carry out consolidated drained (CD) tests. The samples were considered to be saturated once Skempton's B-value was higher than 0.95. Three confining effective pressures were applied: 50 kPa, 100 kPa and 200 kPa. The shearing velocity was fixed at 0.1mm/min. This shearing velocity was selected to ensure fully drained conditions during the test. The pressure was applied with advanced pressure volume controllers with a precision of 2 kPa, and the volume measurements were made with an accuracy of 0.1 cm 3 .

Wetting and drying cycle protocols

Two different methods of wetting/drying cycles were employed to study the impact of the intensity of the cycles on the mechanical behaviour: type I with high intensity and type II with moderate intensity. The type I cycle was derived from the ASTM standard D559 [START_REF]Standard Test Methods for Wetting and Drying Compacted Soil-Cement Mixtures[END_REF]. The wetting process consisted of immersing the samples in water at room temperature for 8 hours. The samples were then oven-dried for 16 hours at 65 °C. The type II cycle was inspired by the literature [START_REF] Khattab | Long-Term Stability Characteristics of a Lime-Treated Plastic Soil[END_REF][START_REF] Mehenni | Comportement hydromécanique et érosion des sols fins traités[END_REF]. The wetting process was performed by immersion in water for 48 hours. Complete samples immersion has been selected as the worst case wetting condition. It leads to a fast total saturation of the material and permits leaching of cementitious compounds. The drying phase was conducted in a climatic chamber (SECASI Technologies SH-600 ©) at a temperature of 20 °C and a relative humidity of 50% for 120 hours. The water content variations in the samples were monitored to ensure that 5 days was suitable to dry the samples (for the ten first type I cycles, the water content variations after a wetting and a drying phase ranged from 21.6% to 23.7%). For instance, photos of samples 4% cement treated samples after 3 and 6 cycles are presented in Fig. 2. After 6 type-I cycles, the 4%-cementtreated samples still visually seem intact. These drying conditions were selected to correspond to the weather conditions that are generally experienced during the summer in the northern part of France. The type II cycle is regarded as less "aggressive" than the type I cycle. It is intended to impose weathering in compliance with the environmental conditions to which an engineered structure is expected to be submitted during its lifespan.

Quantification of the bonding effect

The chosen approach for the quantification of the bonding effect is based on Rowe's stress-dilatancy theoretical framework for frictional cohesive materials [START_REF] Rowe | The stress-dilatancy relation for static equilibrium of an assembly of particles in contact[END_REF]. The dilatancy ratio d is defined as the ratio of the increment of the plastic volumetric strains 𝛿𝜀 and the increment of plastic shear strains 𝛿𝜀 .

𝑑 = - 𝛿𝜀 𝛿𝜀 (1) 
This ratio can be calculated via the following total strain increments:

𝛿𝜀 = 𝛿𝜀 + 2𝛿𝜀 (2) 
𝛿𝜀 = 2 3 (𝛿𝜀 -𝛿𝜀 ) (3) 
where 𝛿𝜀 and 𝛿𝜀 are the strain increments in the directions of the major and minor principal stresses, respectively.

Cuccovillo and Coop [START_REF] Cuccovillo | On the mechanics of structured sands[END_REF] used the stress-dilatancy theory formulated in terms of energy for the analysis of the failure of cementitious bonds. They suggested that the total work of a cemented soil sample subjected to shear ∆𝑊 corresponds to the loss due to friction on the one hand (∆𝑊 ) and to the failure of the cementitious bonds on the other hand (∆𝑊 ).

∆𝑊 = ∆𝑊 + ∆𝑊

Under axisymmetric conditions, the total work can be written as follows:

∆𝑊 = 𝑞 𝛿𝜀 + 𝑝′ 𝛿𝜀 ( 5 
)
where q is the deviator stress and p' is the mean effective stress.

In the framework of the original Cam-Clay model, ∆𝑊 was defined by Roscoe et al. [START_REF] Roscoe | Yielding of Clays in States Wetter than Critical[END_REF] as:

∆𝑊 = 𝑀𝑝′ 𝛿𝜀 ( 6 
)
where M is the slope of the critical state line. Combining Equations ( 4), ( 5) and ( 6) leads to:

𝑞𝛿𝜀 + 𝑝 𝛿𝜀 = 𝑀𝑝′ 𝛿𝜀 + ∆𝑊 so = 𝑀 - + ∆ (7)
= 𝜂 is defined as the ratio of deviator and mean stresses.

Equation [START_REF] Gutschick | Lime stabilization under hydraulic conditions[END_REF] shows that the stress ratio η at the critical state is a function of M, d and the work dissipated due to the destruction of the cementitious bonds. One can derive the bonding effect due to the cement action by:

𝜂 = ∆𝑊 𝑝 𝛿𝜀 (8)
This ratio is equal to 0 for untreated sand because there is no bonding effect. Finally, the following equation can be written:

𝜂 = 𝑀 + 𝑑 + 𝜂 so 𝜂 -𝑑 = 𝑀 + 𝜂 (9) 
Wang et al. [START_REF] Wang | Stress-dilatancy behavior of cemented sand: comparison between bonding provided by cement and biocement[END_REF] proposed a comparison between the cementation of a sand induced curve. This point represents the beginning of the residual state of the soil behaviour and zero dilatancy (the critical state). Point X is the maximum bonding ratio indicating the strength of the cementitious bonds. The evolution of the bonding ratio during a triaxial test is illustrated in Fig. 4 for a specimen treated with 6% cement under a confining pressure of 50 kPa. For untreated soils, an additional point of interest is point E, located at the end of the test because there are no cementitious bonds. It is worth noting that even if the interpretation of the bonding ratio might not be relevant after the peak, due to the failure localization, it could provide interesting insight into the remaining unbroken bonds. In this study, reference points A, B, C, D and X will be monitored, and the bonding ratio will be assessed to determine the potential degradation after the wetting/drying cycles.

Test repeatability

In this study, the radial strains were not measured directly but calculated from the volume strain and axial strain based on the right cylinder assumption. The right cylinder assumption is commonly adopted for correcting the sample section during drained shearing using axial and volumetric deformations [START_REF]-Partie 9 : essais en compression à l'appareil triaxial consolidés sur sols saturés[END_REF]. The values of volumetric strain may be subject to small errors due to membrane effects but also because of the degradation of the samples. This strategy was used to limit the potential deleterious impact of internal sensor installation on the sample exposed to several wetting/drying cycles and the associated mechanical degradation. Therefore, a careful experimental protocol was established to ensure the repeatability of the measurements.

In this context, several repeatability tests were performed, especially to check the estimation of the bonding ratio. As an example, two specimens treated with 6% cement were made and cured for 14 days. Then, triaxial tests were performed (Fig. 5). The maximum deviator stress varied from 1913 to 1983 kPa, and the peak was located between 0.9 and 1.2% of the axial strain. The residual deviator stress ranged from 80 to 100 kPa. The E50 modulus ranged from 2.1 to 2.3 MPa. The impact of the preparation and the execution of the triaxial tests on the bonding ratio was also assessed (Fig. 5).

Between the three specimens, the maximum bonding ratio ranged from 2.013 to 2.313. This peak is observed between 0.3 and 0.5% axial strain. The bonding ratio also tends toward 0 at approximately the same axial strain (1.7%). The post peak behaviour appeared to be significantly different, which was attributed to the localization of the deformation during the test and was not considered and analysed in terms of the bonding ratio.

Therefore, these tests confirmed that the experimental protocol allowed us to conveniently determine the bonding ratio from the start of the test up to the peak shear strength.

EXPERIMENTAL PROGRAM

The experimental program was divided into two parts. The first aim is to investigate the influence of the cement content and confining pressure on the mechanical behaviour.

To this end, a range between 1% and 6% was considered for the cement content, and three confining pressure values were selected: 50, 100 and 200 kPa. The second part investigates the impact of weathering on the mechanical properties. To this end, specimens prepared with 1% and 4% cement contents were submitted to wetting/drying cycles. The triaxial tests were only performed under an intermediate confining pressure of 100 kPa. Each specimen was duplicated with a control specimen that was prepared at the same time and stored under controlled room temperature in sealed conditions. The control specimen was not subjected to any hydric cycles, while the test sample was subjected to wetting/drying cycles. The triaxial tests were then performed the same day on the two samples. This procedure is intended to assess the degradation of the mechanical behaviour after the cycles.

ANALYSIS OF TREATMENT EFFECTS

In this section, the different results and interpretations obtained from experiments are presented in two different parts, first the analysis of the treatment effects and then the impact of the wetting and drying cycles.

Stress-strain behaviour

Fig. 6 and Fig. 7 show the stress-strain and volumetric-strain curves for the three confining pressures studied, respectively. The untreated sand is taken as a reference for comparison purposes. It can be observed from the stress-strain curves that the soil behaviour evolves from ductile to brittle as the cement dosage increases. The E50 modulus increases sharply as the dosage increases from 1% to 4% and remains almost constant from 4% to 6%. For the higher dosage, dilatancy appears for smaller axial strains. The increase in confining pressure delays the appearance of dilatancy and lowers the residual value of volumetric strain.

For the untreated sand, the friction angle is 37°. The corresponding M for the studied sand is evaluated to be 1.24. The cohesion and friction angle for each cement content are given in Table 2. The cohesion increases by 8 times between 1 and 6%, while the friction angle increases slightly, which is in accordance with the reported trends in the literature [START_REF] Wang | Characterization of Cemented Sand by Experimental and Numerical Investigations[END_REF][START_REF] Wu | Stress-Dilatancy Behavior of MICP-Treated Sand[END_REF].

Bonding ratio

For a 1% cement ratio, the maximum bonding ratio is equal to 0.337 under a 100 kPa confining pressure. This value triples with 2% cement and is multiplied by 6 with 6% cement, as shown in Fig. 8. The maximum bonding ratio is positively correlated with the cement content. The increase in the confining pressure tends to decrease the maximum bonding ratio, indicating that bond breaking during the application could have occurred under isotropic pressure. The peak value of the bonding ratio can be decreased up to 50%, for example, for 4% cement from a confining pressure of 50 kPa to 200 kPa. The higher the cement content is, the less sensitive the sample appears to be to the increase in confining pressure.

The values of points A, B, C, D and X determined for all of the tests are presented in Table 3. Point A globally shifts towards smaller axial strains with increasing cement content, which indicates that the cementitious bonds start breaking at lower axial deformation. This also reflects that the E50 modulus increases between cement contents of 1% and 6%. Concerning the maximum dilatancy (point C), the higher the cement content is, the higher the deviator stress and the lower the axial strain, indicating that the material becomes more dilative.

Impact of the wetting/drying cycles

In this study, the mass loss of the samples was monitored through all the cycles. For the samples treated with 1% after 9 type-I cycles the mass loss is -7,6% and -6,8% after 9 cycles type II. For the samples treated with 4% the mass loss is -4,8% after 9 type-I cycles as well as type-II cycles. Fig. 9 and Fig. 10 highlight the impact of the cycle types on the mechanical behaviour for each dosage. Table 4 and Table 5 provide a more detailed analysis of the graphs according to the Wang et al. [START_REF] Wang | Stress-dilatancy behavior of cemented sand: comparison between bonding provided by cement and biocement[END_REF] method with points A, B, C, D and X. For each dosage, the control specimen was taken as a reference to evaluate the degradation of the mechanical parameters. Although an alteration of the mechanical performance can be observed, after nine cycles, the samples are not totally destroyed, and triaxial tests can still be performed at both dosages. Two distinct trends can be observed depending on the cement content.

Concerning the samples treated with 1% cement, the type I cycles show progressive degradation with the number of cycles (Fig. 9.a). However, it is difficult to observe a clear pattern with cycle II (Fig. 9.b). The maximum deviator stress is equal to 130 kPa after 9 high-intensity cycles (type I) and 560 kPa after 9 moderate-intensity cycles (type II), while the control specimen has a maximum deviator stress of 590 kPa. The type I cycles do not seem to affect the volumetric behaviour for the material treated with 1% cement. After type II cycles, however, dilation is delayed and tends to increase. Indeed, the dilatancy decreases steadily with the number of high-intensity cycles. It can be observed that the maximum deviator stress decreases the most between 6 and 9 type I cycles. These later cycles account for the major part of the degradation. For the type II cycles, the accumulation of cycles has an observable effect on the volumetric behaviour. Indeed, the volumetric strain becomes positive (dilatative behaviour) for higher axial strains for a greater number of cycles. For the bonding ratio, the maximum for the control specimen is 0.6. Cycle I affect the bonding ratio and its maximum for a sample with 1% cement, as shown in Fig. 11.a. In contrast, the type II cycles do not seem to truly affect the bonding ratio, and no clear pattern can be identified (Fig. 11.b).

For the deviator stress, the last type I cycles seem to impose a greater alteration of the bonding ratio.

In contrast to the samples treated with 1% cement, for the 4% cement dosage, the first type I cycle seems to condition the material behaviour of the samples. The control specimen treated with 4% cement has a maximum deviator, qmax, stress of approximately 1550 kPa (almost 3 times higher than the control specimen treated with 1% cement). For the samples treated with 4% cement, the maximum deviator stress is decreased by 430 kPa after 9 type I cycles (Fig. 10.a). For the type II cycles (Fig. 10.b), the maximum deviator stress is reduced by 170 kPa after 9 cycles (but qmax is decreased by 290 kPa after only 1 cycle, and the pattern is not clear for these cycles).

The volumetric behaviour is slightly modified for the samples treated with 4% cement after type I cycles, mostly regarding the dilatant behaviour. This behaviour is not modified for the type II cycles for a cement content of 4%, as presented in Fig. 10.b.

Indeed, the maximum deviator stress decreases by 26% between the control specimen and the specimen after one wetting/drying cycle and remains constant after 6 and 9

cycles. Regarding the volumetric behaviour, the accumulation of type I cycles for 4% cement causes a slight decrease in the dilatancy, which seems to be stabilized after six cycles. For the bonding ratio, the maximum for the control specimen is approximately 1.8. The type I cycles lowered the maximum bonding ratio to 1.3 (Fig.

12.a), whereas no clear pattern can be observed for the type II cycles. However, a greater impact is seen after 1 cycle and decreases the maximum ηbond to approximately 1.6 (Fig. 12.b).

DISCUSSION

This study highlights the impact of the type and number of hydric cycles as well as the cement content on the mechanical behaviour. This alteration results in a decrease in the maximum deviator stress but also the maximum bonding ratio. For further analysis, we can now examine the dilatancy. It is possible to assess the weathering of the specimens by plotting the stress-dilatancy curves and comparing the control specimens with the results obtained after 9 cycles of both types. For type I cycles and in the case of a 1% cement dosage, the maximum dilatancy ratio changes from 1.2 to 0.75, and the yield point is reached for a lower stress ratio. The observations are similar for the 4% cement dosage to a lesser extent. The maximum dilatancy ratio ranges between 1.7 and 1.97. For 1% (Fig. 13.a) and 4% (Fig. 13.b) cement-treated specimens, it can be seen that the type II cycles do not significantly affect the maximum dilatancy, the maximum deviator stress or the yield point.

The bonding ratio is not affected by the type II cycles, as its value remains almost constant, whereas it decreases with the number of type I cycles (Fig. 14). The type II cycles are considered less "aggressive" and lead to a very slight alteration for this type of soil and treatment. As previously seen for the maximum strength, the 9 th cycle seems to have a higher impact on the specimens treated with 1% cement, whereas for the specimens treated with 4%, the effect appears after the first cycle. The contrast between the bonding ratio after cycles of different intensities increases with the number of cycles. The analysis of the bonding ratio also revealed that it was more difficult to interpret the results for 1% than for 4% because of the significant noise observed in the data.

From the obtained results on the two considered cement contents after several cycles, it can be observed, for instance, that the maximum deviator stress can be higher after the very first cycles than the value of the control specimen. This observation is made for the type II cycles. This is in agreement with the observation by Consoli et al. [START_REF] Consoli | Impact of Severe Climate Conditions on Loss of Mass, Strength, and Stiffness of Compacted Fine-Grained Soils-Portland Cement Blends[END_REF],

who observed that the UCS of cement-treated sand tends to increase during the first cycles. The mass loss and the moisture content were monitored through the whole cycles and we can also notice this trend. The moisture content is higher during the first cycles for both dosages and both cycle types. Then, there is no significant differences of moisture content for the two cycle types. The mass loss is almost similar for the samples treated with 4% after the two types of cycles. For the samples treated with 1%, there is an additional 1% mass loss after the type-I cycles. The moisture content is always higher during the first cycles and then it stabilized. For 4%-cement it varies between 5% (dry phase) and 11% (wet state) for both type of cycles. For 1%, the variations go from 6% to 15% for type I cycles and 6% to 12% for type II cycles.

Between the two types of cycles, the parameters that varies are the duration of the cycles but mostly the heat of the drying phase. A few studies (e.g., [START_REF] Salih | Influence of temperature and cycles of wetting and drying on modulus of rupture[END_REF][START_REF] Bachmann | The effect of temperature and wetting-drying cycles on soil wettability: Dynamic molecular restructuring processes at the solid-water-air interface[END_REF]) have assessed the effect of temperature on several parameters such as wettability of the samples or modulus of rupture. It has been shown that high temperatures (during wetting or drying phases) affect the samples and reduce the strength. Exposing the samples to water and heat is most likely to reactivate the cement hydration reactions and so the physico-chemical processes, leading to the creation of new bonds and an increase in the soil strength [START_REF] Stoltz | Weathering of a lime-treated clayey soil by drying and wetting cycles[END_REF][START_REF] Lemaire | Effects of lime and cement treatment on the physicochemical, microstructural and mechanical characteristics of a plastic silt[END_REF].

CONCLUSION

This study aimed to assess the impact of the cement content on the mechanical behaviour of cement-treated sand and to evaluate the impact of the intensity and number of wetting/drying cycles on the mechanical performance. This evaluation is based on a stress-dilatancy approach and, in particular, on indirect evaluation of the bonding ratio, which measures the gain of mechanical performance brought by the treatment.

The following conclusions can be drawn from the study.

-The material brittleness increases with increasing cement content, and the yield point is obtained for a smaller axial strain. Moreover, the bonding ratio increases with the cement dosage and tends to decrease with increasing confining pressure. There is thus a positive relationship between the bonding ratio and the amount of binder added to the soil.

-The main effect of the wetting/drying cycles is to alter the bonds and consequently diminish the mechanical performance. This alteration is dependent on the initial cement content but also on the intensity of the cycles.

Indeed, the type I cycles, which are more aggressive, lead to a greater degradation than the type II cycles. The latter were intended to be more representative of the expected solicitations to which engineered structures can be submitted during their lifespan.

-The weathering effect is shown to be dependent on the cement dosage. For the samples treated with 4% cement, the very first cycles seem to bring about the most alteration of the mechanical performance. For those treated with 1% cement, however, the accumulation of multiple cycles leads to more progressive degradation. The evaluation of the bonding ratio permitted the quantitative assessment of the treatment effect and the weathering progress with cycles.

Nevertheless, it is worth noting that the accuracy of this ratio is in question when the cement dosage is low and that its validity after soil yielding might be called into question.

-The results highlight the role of the imposed wetting/drying cycle technique for a better assessment of the long-term performance of treated soils even if the definition of an adequate weathering protocol that makes sense with regard to the real solicitation endured by engineered structures deserves additional investigation.

To further confirm the observed trends, samples treated with 1% and 4% will undergo a larger number of type I and II cycles [START_REF] Khattab | Long-Term Stability Characteristics of a Lime-Treated Plastic Soil[END_REF][START_REF] Neramitkornburi | Durability against wetting-drying cycles of sustainable Lightweight Cellular Cemented construction material comprising clay and fly ash wastes[END_REF][START_REF] Consoli | Broad-Spectrum Empirical Correlation Determining Tensile and Compressive Strength of Cement-Bonded Clean Granular Soils[END_REF] and up to 21 cycles). The results suggest that it would be interesting to consider studying the samples at the microscopic scale, with SEM observations for example, to analyse the distribution of cementitious bonds and better understand the alteration mechanisms. 

  by biological action and the cementation induced by the addition of a cement trough by studying the dilatancy behaviour of the material during drained triaxial tests. This approach provides a methodology for the monitoring of the shearing behaviour by scanning the evolution of 5 points, as represented in Fig.3. Point A represents the inflection point of the tangent modulus evolution during shearing. It can be defined as a yielding point according to the definition of Malandraki and Toll[START_REF] Malandraki | The definition of yield for bonded materials[END_REF] as a transition from a constant stiffness to a stiffness degradation response. Physically, it corresponds to the initiation of the breaking of cementitious bonds for a treated soil. Point B is the maximum of the deviator stress. The material switches at this point from contracting to dilative behaviour. Point C is the maximum dilatancy ratio. After the yield point (point A), an increasing number of bonds break out causing the material to expand until point C. Before this point, the dilation is hindered by the mobilization of the strength of the cementitious bonds. Point D represents the stage where the deviator stress and the dilatancy become constant and is determined preferentially on the volumetric-strain
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 23 Fig. 2: Samples treated with 4% of cement after 3 type I-cycles and after 6 type-I cycles.

Fig. 4 :

 4 Fig. 4: Evolution of the bonding ratio during triaxial shearing on a 6%-cement-stabilized sand under a confining pressure of 50 kPa.

Fig. 5 :

 5 Fig. 5: Specimens treated with 6% cement at different curing time (for a confining pressure of 50 kPa). Stress-strain curves (black) and bonding ratio (red).
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 6 Fig. 6: Stress-strain curves for untreated and cement-treated sand under 50 (a), 100 (b) and 200 kPa (c) of confining pressure.
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 7 Fig. 7: Volumetric strain behavior for untreated and cement-treated sand under 50 (a), 100 (b) and 200 kPa (c) of confining pressure.
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 8 Fig. 8: Bonding ratio for untreated and cement-treated sand under 50 (a), 100 (b) and

  Fig. 11a and b: Influence of the type and the numbers of wetting-drying cycles on the bonding ratio for sand treated with 1% of cement under 100 kPa of confining pressure.

  Fig. 12a and b: Influence of the type and the numbers of wetting-drying cycles on the bonding ratio curves for sand treated with 4% of cement under 100 kPa of confining pressure.

Fig. 13 :

 13 Fig. 13: Stress ratio (q/p') as a function of the dilatancy ratio (d) a. 1% of cement b. 4% of cement.
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 14 Fig. 14: Bonding ratio as a function of the type of cycles and the number of cycles for

  

  

  

  

  

  

  

Highlights  The degradation of performance after wetting and drying cycles is quantified through a stress-dilatancy approach.

 The extent of the degradation is function of the intensity of the wetting and drying cycles.

 The degradation process varies as a function of the binder dosage.

 The results highlight the role of the imposed wetting/drying cycles technique for a better assessment of the long-term performance of treated soils.