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The ancient railway substructure in France was built by emplacing ballast directly on sub-grade.

Over years of operation, the inter-penetration of ballast and sub-grade created a soil layer between them. Under different conditions, this naturally formed layer, namely interlayer, can contain different quantities of fine particles, becoming more or less sensitive to changes in water content. As the water content changes are governed by the hydraulic behavior of interlayer soil, assessing the influence of fine particles content on the hydraulic behavior of interlayer soil is important. To this end, the hydraulic behavior of an interlayer soil taken from Sénissiat (near Lyon, France) was investigated using two infiltration columns, a large-scale column equipped with tensiometers and TDR for suction and volumetric water content measurements, respectively, and a smaller column equipped with high capacity tensiometers only. Different fines contents were considered and wetting-drying cycles were applied to the soil specimens. The hydraulic conductivity was determined by applying the instantaneous profile method. The results obtained showed that i) hysteresis exists for both the soil water retention curve and the hydraulic conductivity changes with suction; ii) the effect of wetting-drying cycles is insignificant; iii) adding 10% of fine particles to the natural interlayer soil changes the soil water retention curve but does not induce significant changes in hydraulic conductivity; iv) the hydraulic conductivity of interlayer soil with 10% of fine particles added is close to that of soil sieved at 2 mm, suggesting that the hydraulic conductivity of interlayer soil is mainly governed by fine particles through suction effect.

Introduction

Many railway lines over the world have been in operation for more than one hundred years. In France, the ancient lines represent 94% of the whole railway network. As opposed to the new lines, the ancient ones were constructed by direct installation of ballast onto sub-grade without any separation layer. Over years of operation and with the increasing traffic, load, and speed of train, there are more and more problems related to the stability, loss of strength of substructure. A number of studies have been conducted to assess the state of substructure and to develop adequate maintenance methods [START_REF] Trinh | Comportement hydromécanique des matériaux constitutifs de plateformes ferroviaires anciennes[END_REF][START_REF] Duong | Development of a large-scale infiltration column for studying the hydraulic conductivity of unsaturated fouled ballast[END_REF][START_REF] Cui | Investigation of the hydro-mechanical behaviour of fouled ballast[END_REF]. It was found that one of the particularities of ancient substructure is the presence of a soil layer namely interlayer that has been created mainly by interpenetration of ballast and fine particles of subgrade.

In France, it has been decided recently to renew the ancient railway network. During the renewal, the interlayer will be kept as part of the substructure thanks to its high mechanical resistance related to its high dry unit mass (2.4 Mg/m 3 at the Sénissiat site, according to [START_REF] Trinh | Comportement hydromécanique des matériaux constitutifs de plateformes ferroviaires anciennes[END_REF] reached by natural dynamic compaction corresponding to the circulation of trains.

However, the mechanical behavior of interlayer soil can show a large variability, depending on the proportion of fine particles contained in it. A number of studies [START_REF] Babic | Effect of fine particles on some characteristics of granular base courses[END_REF][START_REF] Pedro | De l'étude du comportement mécanique de sols hétérogènes modèles à son application au cas des sols naturels[END_REF][START_REF] Naeini | Effect of fines content on steady-state strength of mixed and layered specimens of a sand[END_REF][START_REF] Kim | Effects of fine aggregate content on the mechanical properties of the compacted decomposed granitic soils[END_REF][START_REF] Verdugo | Strength and stiffness of coarse granular soils[END_REF][START_REF] Cabalar | Effect of fines content on the behavior of mixed specimens of a sand[END_REF][START_REF] El Dine | Mechanical characterization of matrix coarse-grained soils with a large-sized triaxial device[END_REF][START_REF] Ebrahimi | Behavior or fouled ballast[END_REF][START_REF] Anbazhagan | Model track studies on fouled ballast using ground penetrating radar and multichannel analysis of surface wave[END_REF][START_REF] Trinh | Mechanical characterisation of the fouled ballast in ancient railway track substructure by large-scale triaxial tests[END_REF] showed that the mechanical behavior of soil containing a large proportion of fines is strongly influenced by the water content. As the water content changes are governed by the hydraulic behavior of soil, it appears important to assess the influence of fine particles content on the hydraulic behavior of interlayer soil.

Moreover, in field conditions, the interlayer soil normally undergoes the effect of wetting/drying cycles related to climatic changes. These wetting/drying cycles may induce changes in soil micro-structure, thereby changing the soil hydraulic properties. Therefore, it appears also important to investigate the effect of wetting/drying cycles on the hydraulic conductivity.

To the authors' knowledge, the effects of fines content and wetting/drying cycles on the unsaturated interlayer soil have not been investigated yet. In the present work, laboratory tests were performed using a large-scale infiltration column (300 mm in diameter) and a small-scale infiltration column (50 mm in diameter), and the instantaneous profile method was used to determine the hydraulic conductivity of soil. Both wetting and drying paths were performed and different fines contents were considered: natural interlayer soil (ITL 0 ), natural interlayer soil with 10% of sub-grade added (ITL 10 ), fine-grained soil prepared by passing ITL 10 through a 2 mm sieve (Fines). The results enable the assessment of the effects of fine particles and wetting/drying cycles.

Materials studied

The soils (both the interlayer soil and sub-grade) were taken from the railway site Sénissiat (North-West of Lyon, France). Mineralogy analysis reveals that the interlayer soil is a mixture of materials that come from the construction and maintenance (broken stones, gravel, sand, etc) of tracks, the aging process of track components and the sub-grade. It also showed that the fine particles in the interlayer soil mainly come from the sub-grade. The main geotechnical properties of interlayer soil and sub-grade are presented in Table 1. The results show that the sub-grade is high-plasticity silt. More details about the characterization of the interlayer soil can be found in [START_REF] Trinh | Caractérisation des matériaux constitutifs de plate-forme ferroviaire ancienne[END_REF].

In order to study the effect of fines contents on the hydraulic behavior of interlayer soil, a quantity of sub-grade representing 10% of interlayer soil by dry mass was added into the interlayer soil to form a soil with a higher content of fines: ITL 10 . The grain size distribution curves of the natural interlayer soil (ITL 0 ) and ITL 10 are presented in Fig. 1.

It is worth noting that the migration of fines into ballast is recognized as one of the mechanisms for fouled ballast [START_REF] Ayres | Geotextiles or geomembranes in track? British railways' experience[END_REF][START_REF] Selig | Track geotechnology and substructure management[END_REF][START_REF] Alobaidi | The development of pore water pressure at the sub-gradesubbase interface of a highway pavement and its effect on pumping of fines[END_REF]1998;Ghaotara et al. 2006;[START_REF] Mayoraz | Attrition and particle breakage under monotonic and cyclic loading[END_REF][START_REF] Huang | Laboratory characterization of fouled railroad ballast behavior[END_REF][START_REF] Giannakos | Loads on track, ballast fouling, and life cycle under dynamic loading in railways[END_REF][START_REF] Fortunato | Characterization of the fouled ballast layer in the substructure of a 19th century railway track under renewal[END_REF][START_REF] Indraratna | Advanced Rail Geotechnology -Ballasted Track[END_REF][START_REF] Ebrahimi | Behavior or fouled ballast[END_REF]Sussmann and Chrismer 2012). Even though the interlayer soil studied here is different from the fouled ballast by nature, in order to compare with the classification of fouled ballast, two parameters for fouled ballast are adopted here: the fouling index FI (Selig and Water 1994) and the relative fouling ratio R b-f [START_REF] Indraratna | Advanced Rail Geotechnology -Ballasted Track[END_REF].

FI is defined as: [1] 4 200

FI P P 

where P 4 and P 200 are percentages of ballast passing through sieves N° 4 (4.75 mm) and N° 200 (0.075 mm), respectively.

R b-f is the weighted ratio of the dry mass of fouling particles M f (passing through 9.5 mm sieve) to the dry mass of ballast M b (particles retained in 9.5 mm sieve):
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where G s-f , G s-b are specific densities of fouling particles and ballast, respectively.

The values of the two indexes for ITL 0 and ITL 10 are presented in Table 2. According to the classification, both ITL 0 and ITL 10 are "highly fouled". Because ITL 10 is classified in the highest category of fouling, it was decided to not adding more fine particles to the interlayer soil.

To better evaluate the effect of fines on the hydraulic behavior of interlayer soil, the hydraulic conductivity of pure fine particles was also determined. For this purpose, ITL 10 was sieved at 2 mm to obtain the fine part (namely Fines). The grain size distribution curve of Fines is also presented in Fig. 1.

Experimental methods

The interlayer soil was tested in a large-scale infiltration column (Fig. 2). The column (300 mm in diameter and 600 mm in height) is equipped with five water content sensors (TDR1 to TDR5) and five tensiometers for measuring pore-water pressure (T1 to T5) arranged at various elevations along the column (h = 100, 200, 300, 400 and 500 mm from the bottom of the soil specimen).

The working pressure range of the tensiometers is from 100 kPa to -85 kPa. The accuracy of the TDR used is ± 2% and that of the tensiometer is ± 0.5 kPa. At each instrumented height, as the area occupied by the sensors is just 6.8% of the total apparatus section area, the influence of the sensors installation on water transfer is expected to be insignificant.

For the ITL 10 specimen preparation, water and fine particles were added to the dry natural interlayer soil to reach the target water content and fine particles content, and a large mixer was used to homogenize the material. For the ITL 0 specimen preparation, only desired quantity of water was added to the dry natural interlayer soil. After mixing, the wet materials were stored in hermetic containers for at least 24 h for moisture homogenization. Soil compaction was conducted using a vibrating hammer in six layers of 0.10 m each at a dry unit mass of 2.01

Mg/m 3 . The soil for each layer has a same composition as that of the whole sample. Big particles and fine particles were rearranged before the compaction in order to ensure the sample homogenization. Prior to the compaction of the subsequent layer, a TDR probe and a metal rod of 25 mm diameter were placed on the compacted layer.

Once the soil specimen was prepared, water was injected from the bottom and it flowed out from the outlet after about half an hour. After saturation of the sample, the metal rods were removed and the tensiometers were installed. This protocol was adopted to avoid damaging the tensiometers during the compaction and also any cavitation due to possible high suction in the column. More details about the large-scale infiltration column can be found in [START_REF] Duong | Development of a large-scale infiltration column for studying the hydraulic conductivity of unsaturated fouled ballast[END_REF].

The TDR is an indirect measurement method and several authors reported that the calibration curve depends on the soil texture, unit mass, mineralogy, fines content and particle size [START_REF] Jacobsen | A laboratory calibration of time domain reflectometry for soil water measurement including effects of bulk density and texture[END_REF][START_REF] Stolte | Comparison of six methods to determine unsaturated soil hydraulic conductivity[END_REF][START_REF] Côté | Conductivité hydraulique de matériaux de fondations de chaussées partiellement saturés[END_REF][START_REF] Gong | The effects of soil bulk density, clay content and temperature on soil water content measurement using time-domain reflectometry[END_REF][START_REF] Schneider | Time-domain reflectometry -parametric study for the evaluation of physical properties in soils[END_REF]. It is therefore necessary to determine the specific calibration curve for each soil studied. For the natural interlayer soil (ITL 0 ), a relationship between volumetric water content (θ) and the dielectric constant K a was established by [START_REF] Duong | Development of a large-scale infiltration column for studying the hydraulic conductivity of unsaturated fouled ballast[END_REF]. As the soil composition in ITL 10 is different from ITL 0 , another relationship was needed. This was determined separately with a lower specimen of 200 mm at the same unit mass in the same column. One TDR sensor was placed in the middle of the sample. Water was added on the surface of the soil specimen to achieve the desired water content. Once the TDR gave a steady response (after about 8 hours), the water content was considered as being uniform within the sample and the value of dielectric constant K a was recorded. This operation was repeated until the specimen reached full saturation (with 1 cm water on the soil surface). All the TDR sensors were calibrated in the same fashion. The results obtained on the five sensors are similar. Fig. 3 presents the calibration curve of TDR for ITL 10 along with the fitting calibration curve for ITL 0 presented in [START_REF] Duong | Development of a large-scale infiltration column for studying the hydraulic conductivity of unsaturated fouled ballast[END_REF] at the same dry unit mass (2.01 Mg/m 3 ). It can be observed that the curve for ITL 0 lies below the curve for ITL 10 , indicating a clear effect of soil texture. The following equation (based on the model of [START_REF] Topp | Electromagnetic determination of soil water content: measurements in coaxial transmission lines[END_REF]) was used to fit the experimental data for ITL 10 :

[3] θ = -4.16 × 10 -5 × K a 3 + 2.11 × 10 -3 × K a 2 -2.36 × 10 -2 × K a + 0.17

The infiltration tests were conducted in two wetting/drying cycles. After installation of the tensiometers, the saturation of soil column was completed (Saturation 1). This wetting stage was followed by a draining stage (Drainage 1). Water was allowed to drain out through the bottom valves by keeping a constant water level at the bottom of soil sample using an external water source. The first wetting/drying cycle finished by a stage of evaporation (Evaporation 1) where the top cover of the column was removed to allow soil water evaporation. A fan was used to accelerate the evaporation process. The evaporation stage ended when the suction value indicated by tensiometer T5 (h = 500 mm) was about 60 kPa (higher suction would lead to cavitation). A second wetting-drying cycle was applied following the same procedure (Saturation 2, Drainage 2 and Evaporation 2). Before the second drainage, the hydraulic conductivity in saturated state was also measured by applying a constant water head of 0.61 m. The hydraulic gradient was 1.

According to the [START_REF] Tennakoon | The role of ballast-fouling characteristics on the drainage capacity of a rail substructure[END_REF], hydraulic gradient smaller than 4 can be considered as low enough to ensure the Darcy's law. Note that the experimental procedure with saturation from the bottom and evaporation from the top is also recommended in ASTM standard (ASTM 2010).

During the measurement of hydraulic conductivity under saturated condition, the volume of water injected increased linearly with a rate of about 50 cm 3 per minute.

The unsaturated hydraulic conductivity of Fines was determined using a small-scale infiltration column of 50 mm in diameter and 200 mm in height [START_REF] Munoz | Experimental determination of unsaturated hydraulic conductivity in compacted silt[END_REF]. Its schematic view is shown in Fig. 4. Suction measurements were performed by four high-capacity tensiometers (Cui et al. 2008) installed at 40, 80, 120 and 160 mm height from the base of the sample. The accuracy of this tensiometer is ± 1 kPa. The soil was statically compacted in the column in four layers of 50 mm each. Once the compaction was completed, the tensiometers were installed. In order to ensure a good contact between the soil sample and the tensiometers, a paste of sub-grade was applied on the surface of the ceramic of tensiometers.

The dry unit mass and water content of Fines were taken equal to those of fine particles contained in the sample of interlayer soil. Using the illustration shown in Fig. 5, these two parameters can be calculated as follows:
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where M, M w , M s are the total mass, mass of water and mass of solid particles, respectively ; V, V w , V s are the total volume, volume of water and volume of solid particles respectively; ρ d , ρ s are the dry unit mass of the specimen and unit mass of solid particles, respectively; the subscripts f and b stand for particle smaller and larger than 2 mm, respectively; m is the percentage of particles larger than 2 mm.

Based on the grain size distribution curve, a value m = 0.67 was determined. From Eqs (2) and (3), a value of 1.33 Mg/m 3 was obtained for the dry unit mass of Fines.

The test procedure followed for the small-scale infiltration column was akin to that for the large-scale one. After the suction stabilization, the sample was saturated from the bottom (Saturation 1). After completion of saturation, an external water source was connected to the bottom in order to ensure a constant water level after the drainage. The top cover was then removed allowing water evaporation from the soil surface (Evaporation 1). When suction at 160 mm reached about 400 kPa, Evaporation 1 was stopped to avoid cavitation of the tensiometers. A second wetting-drying cycle was applied by following the same procedure as in the first cycle (Saturation 2 and Evaporation 2).

Unlike the large-scale column where both suction and water content were monitored, the small-scale column has only suction monitored. To obtain the water content changes during infiltration, the soil-water retention curve (SWRC) was needed. The water retention curve (WRC) of compacted Fines was determined separately using the device presented in Fig. 6. The soil was first compacted inside an oedometer cell (the dimensions of the soil specimen are 50 mm in diameter and 20 mm in height). The suction of the specimen was monitored by a high-capacity tensiometer fixed at the bottom of the cell. A light aluminum piston of 50 mm diameter was placed on the specimen to ensure the good contact between soil and tensiometer. The piston induced a vertical stress of 1.8 kPa and its influence was believed to be negligible. For the monitoring of soil water content, the whole system was placed on a balance having an accuracy of ±0.01 g. The mass change indicated the quantity of water added or evaporated. More details about this cell can be found in [START_REF] Le | Studying the stresssuction coupling in soils using an oedometer equipped with a high capacity tensiometer[END_REF] and [START_REF] Munoz-Castelblanco | The water retention properties of a natural unsaturated loess from northern France[END_REF]. Wetting was conducted by adding a small quantity of water on the upper face of the sample, while drying was conducted by allowing soil water evaporation from the upper surface without the piston on it.

Once the desired water content was reached, the piston was put on the soil surface and the final suction was recorded. This method was also discussed by [START_REF] Cunningham | The mechanical behaviour of a reconstituted unsaturated silty clay[END_REF]; [START_REF] Toker | A new technique for rapid measurement of continuous soil moisture characteristic curves[END_REF]Loucenço (2008); Loucenço et al. (2011); [START_REF] Toll | Advances in suction measurements using high suction tensiometers[END_REF] and [START_REF] Munoz-Castelblanco | The water retention properties of a natural unsaturated loess from northern France[END_REF].

For the large-scale column, both suction and water content profiles were obtained directly. For the small-scale column, the suction profiles were obtained directly while the water content profiles were determined through the SWRC. The instantaneous profile method [START_REF] Daniel | Measurement of hydraulic conductivity of unsaturated soils with thermocouple psychometers[END_REF][START_REF] Delage | Comportement mécanique des sols non saturés[END_REF][START_REF] Bruckler | Testing an infiltration method for estimating soil hydraulic properties in the laboratory[END_REF]Cui et al. 2008;[START_REF] Ye | An experimental study of the water transfer through compacted GMZ bentonite[END_REF]) was then applied for the determination of hydraulic conductivity for each soil. Note that this method is based on the generalized Darcy's law. The hydraulic gradient is determined by considering the slope of suction isochrones and the water volume passing through a given section between times t and t+dt is used for calculating the water flux.

Experimental results

The results of ITL 0 were presented in [START_REF] Duong | Development of a large-scale infiltration column for studying the hydraulic conductivity of unsaturated fouled ballast[END_REF]. Here only the results of ITL 10 and Fines are presented in detail, and the results of ITL 0 are only used for comparison. Fig. 7 presents changes in pore water pressure and volumetric water content versus time during Drainage 1 and Evaporation 1 for ITL 10 . From the saturated state where the volumetric water content reached 22-25%, water drained out through the bottom valves and subsequently the volumetric water content decreased to 15 -17% at the end of the draining stage for all the TDR sensors except that at h = 200 mm (Fig. 7b). At this moment, the pore water pressure was in the range from 0 to -4 kPa (Fig. 7a). Drainage 1 finished after more than 1 day. During Evaporation 1, the pore water pressure given by the tensiometer at h = 500 mm decreased quickly while small changes were observed at other levels (Fig. 7a). This is consistent with the values of volumetric water content: the value at h = 500 m decreased significantly since the beginning of Evaporation 1 while those at other levels show slight changes (Fig. 7b).

During Saturation 2, the external water source was set at a level applying a water pressure of 6.1 kPa to the bottom of sample. The results obtained show that less than one hour was needed to re-saturate the soil specimen (Fig. 8). The changes were not significant for T1 to T4 (small suction value), while those of T5 at h = 500 mm are quite significant (Fig. 8a). Furthermore, the suction changes in Fig. 8a are consistent with those of volumetric water content in Fig. 8b. At the end of this stage when the pore water pressure became positive at all levels, the 5 tensiometers indicated the values corresponding to the water head at each level (5.5 kPa, 4.5 kPa, 3.5 kPa, 2.0 kPa and 1.0 kPa for T1 to T5, respectively). The volumetric water content also reached the values of near saturated state (corresponding to the degree of saturations ranging from 87.5% to 100%).

The results obtained during Drainage 2 and Evaporation 2 are presented in Fig. 9. During the first two days, water inside the column was connected to the outside water source having a level decreased in steps of 50 mm from h = 550 to 50 mm in order to verify the response of the sensors. Each step was kept for 1 hour. At the end of Drainage 2, the outside water source was set at h = 50 mm and Evaporation 2 started. During the drainage, the volumetric water content decreased quickly while the changes of suction were much slower. As during Evaporation 1, the pore water pressure and the volumetric water content values at h = 500 mm decreased significantly while the others remained almost constant. Once again, the changes of suction and volumetric water content are consistent for different levels: the closer to the evaporation surface, the higher the suction (Fig. 9a) and the smaller the volumetric water content (Fig. 9b) (except for h = 200 mm).

The inconsistent data given by the TDR sensor at h = 200 mm (see Fig. 7, Fig. 8, Fig. 9) is related to the deficiency of this sensor. Indeed, some additional calibrations were conducted after the test, and the results showed some inertia of this TDR sensor: in the full range from 0 to 100%, no difference with other sensors was observed; however, in a limited range, a clear difference was identified. Thereby, the results by this sensor were not considered in further analysis.

The data of suction and volumetric water content recorded allowed the WRC of the interlayer soil to be determined. The results are presented in Fig. 10 with three paths corresponding to Drainage 1-Evaporation 1 (Drying 1), Saturation 2 (Wetting 2) and Drainage 1-Evaporation 2 (Drying 2). It can be observed that the results of two drying processes are close. In contrast, the result of wetting path lies above. Note that because the minimum recording interval of TDR was every minute and the wetting process took place very quickly; there are less data for the wetting path. The model of van Genuchten (1980) was used to fit the experimental data with the parameters presented in Table 3.

The hydraulic conductivity versus suction is presented in Fig. 11, including the hydraulic conductivity measured at saturated state, equal to 1.6710 -5 m/s. It can be seen that the results for the two drying paths are similar, suggesting negligible microstructure changes. For the wetting path, all results lie above those of the drying paths, illustrating a clear phenomenon of hysteresis.

The models of van Genuchten (1980) and Brooks-Corey [START_REF] Brooks | Hydraulic properties of porous media[END_REF][START_REF] Stankovich | Brooks-Corey and van Genuchten, soil-waterretention models[END_REF] were used for fitting the data of both drying and wetting paths using the least squares method (see Fig. 11). The parameters determined are presented in Table 4 . Fig. 12 presents the comparison between the WRC of ITL 0 and ITL 10 for the drying path (the parameters of van Genuchten's model (1980) used for fitting the experimental data are presented in Table 3). Note that for clarity, the scattered data at low suction are not included. The WRC of ITL 0 is beneath the WRC of ITL 10 , suggesting that at a given suction, ITL 10 has a higher water content than ITL 0 . This appears normal because with the same dry unit mass, the higher the fines content, the higher the retention capacity.

The comparison of hydraulic conductivity between ITL 0 and ITL 10 is presented in Fig. 13.

In the saturated state, the two soils have almost the same value: 1.6710 -5 m/s for ITL 10 and 1.7510 -5 m/s for ITL 0 . Both values are lower than the critical value proposed by [START_REF] Selig | Track geotechnology and substructure management[END_REF] for the railway substructures. In unsaturated state, even the data are scattered for the two soils, an identical trend can be identified: the hydraulic conductivity is decreasing with the increase of suction. Moreover, the average value for ITL 10 is slightly higher than that for ITL 0 , suggesting a slightly greater hydraulic conductivity for ITL 10 . On the whole, the difference between the hydraulic conductivity results of two soils is less evident than the difference between the SWRC results.

The results obtained from the small-scale infiltration test on Fines are shown in Fig. 14 to Fig. 18. After installation of the tensiometers, a period of 18 hours was needed to reach the suction equilibrium at 70 -83 kPa (Fig. 14). This difference in final suctions at different levels was mainly related to the soil heterogeneity. The corresponding degree of saturation was 43%.

From this initial state, the soil was first re-saturated by injecting water from the bottom with a constant water head of 0.7 kPa. The suction at the lowest level changed first, followed by the suctions at higher levels (Fig. 15). Ten minutes after the water injection, water appeared on the upper surface and suctions at all level reached zero, indicating the full saturation of the soil specimen.

After Saturation 1, water was drained out to an outside water source and the water level was maintained at h = 0. Afterwards, Evaporation 1 took place. The results obtained are shown in Fig. 16. Fifteen hours later, the pore water pressure measured at h = 160 mm (40 mm below the soil surface) started to decrease and reached -300 kPa at 57 hours. The changes in water pressures measured by other tensiometers were less significant.

Saturation 2 took place right after Evaporation 1. The results obtained during this second wetting stage are shown in Fig. 17. Less than 2 minutes was required for the pore water pressure at h = 160 mm to come back from -300 kPa to about 0. The results obtained during the subsequent drying are shown in Fig. 18 (Evaporation 2). As in the case of Evaporation 1, after 80 hours, the pore water pressure at h = 160 mm decreased to -365 kPa while those at other levels did not change significantly.

The results from the test in the tensiometer-equipped oedometer are shown in Fig. 19. Fig. 19a depicts the suction (negative pore water pressure given by the tesiometer) evolution after the tensiometer installation. The suction increased and reached its stabilization value of 110 kPa after 17 hours. This corresponds to the initial state of the soil specimen (21.3 % volumetric water content and 42.6 % degree of saturation). Water was then added into the specimen to follow the wetting path. The variation of the first step of wetting is presented in Fig. 19b. About 35 minutes was needed for suction stabilization. The volumetric water content in this step increased from 21.3% to 21.7%. This operation was repeated until the soil reached the near saturated state. Then the drying steps started. Fig. 19c presents the suction stabilization during one drying step. An equilibrium value of 79 kPa was reached after 320 minutes. This suction increase corresponded to a decrease of volumetric water content from 22.2% to 21.6%.

The SWRC obtained for Fines is shown in Fig. 20. From its initial state, the soil specimen was subjected to wetting up to 70% degree of saturation, followed by drying and finally a second wetting till full saturation. It can be seen that the SWRC obtained during drying lies above that during wetting. The maximum suction value was 390 kPa corresponding to a volumetric water content of 18.9%; it was also close to the maximum suction value in the specimen during the infiltration test, indicating the compatibility of the two tests.

This SWRC determined was then used to calculate the changes of volumetric water content in the small-scale infiltration column based on the suction changes presented in Fig. 15 to Fig. 18. Either the drying or the wetting path was used depending on the path followed in the infiltration test. As the second drying path of SWRC was not available, the first drying path was used for calculating the volumetric water content during the second drying path in the infiltration test. Then, based on the profiles of suction and water content, the hydraulic conductivity of compacted Fines was calculated. The results are shown in Fig. 21, including the hydraulic conductivity measured at saturated state by applying a constant water pressure of 0.7 kPa: 2.610 -6 m/s. Albeit the large data scatter, a clear trend can be observed: as for the interlayer soil, the hydraulic conductivity increased when the suction decreased.

It is worth noting that the results obtained for the two drying paths are quite similar. The same conclusion can be drawn for the two wetting paths. The models of van Genuchten (1980) and [START_REF] Brooks | Hydraulic properties of porous media[END_REF][START_REF] Stankovich | Brooks-Corey and van Genuchten, soil-waterretention models[END_REF] were used to fit the results (Fig. 21), and the parameters determined are presented in Table 4. Comparison between the drying and wetting curves shows that for the 2 wetting/drying cycles, the wetting curves lie always above the drying curves. It is opposed to the SWRC where the wetting curves are normally beneath the drying ones. In addition, the curves of wetting path and drying path of the 1 st cycle are close to those corresponding to the 2 nd cycle, suggesting no effect of wetting/drying cycles on the hydraulic conductivity. The smallest value of hydraulic conductivity identified is 6×10 -12 m/s corresponding to a suction value of 242 kPa, while the highest one is 2.6×10 -6 m/s corresponding to the saturated state. In Fig. 23, the hydraulic conductivity of ITL 10 and Fines is plotted versus suction. It can be observed that the wetting and drying curves of the interlayer soil are quite close to those of Fines, suggesting that the hydraulic conductivity of the interlayer soil is mainly governed by the hydraulic conductivity of the fines contained in it. In other words, water transfer in the interlayer soil takes place mainly through the network of pores between fine particles, coarse elements like ballast behaving as inert materials. This is confirmed by the hydraulic conductivity values at saturated state: similar values were identified -1.67×10 -5 m/s for ITL 10 against 2.6×10 -6 m/s for Fines.

From a practical point of view, Fig. 23 shows that to determine the hydraulic conductivity of interlayer soils, it is not necessary to use large-scale experimental devices to match the soil grain size; smaller devices can be used to determine their hydraulic conductivity by testing the fine particles only, provided that equivalent dry density is accounted for.

Discussions

Fig. 11 and Fig. 21 show the uncommon phenomenon of hystersis observed in hydraulic conductivity of ITL 10 and Fines, respectively. The curve of wetting path lies above the curve of drying path. The same phenomenon was observed by [START_REF] Wayllace | A transient water release and imbibitions method for rapidly measuring wetting and drying soil water retention and hydraulic conductivity functions[END_REF]. The following interpretations can be attempted.

Due to the different kinetic between the fast liquid transfer in wetting and the long vapor transfer in drying, the time needed for drying was much longer than that for wetting. This phenomenon was also reported by [START_REF] Toker | A new technique for rapid measurement of continuous soil moisture characteristic curves[END_REF] and discussed by [START_REF] Munoz-Castelblanco | The water retention properties of a natural unsaturated loess from northern France[END_REF]. A higher hydraulic conductivity can be expected in that case for wetting path.

In the present work, the calculation of hydraulic conductivity was performed based on the suction evolution given by tensiometers. Assuming that in the compacted soils, both macro-pores and micro-pores existed. During wetting, the macro-pores were filled with water more quickly than micro-pores. Moreover, in the micro-pores, there were always air bubbles preventing the total saturation. In contrast, during drying, all pores (micro and macro) participated in the evaporation process. As a result, when water filled the macro-pores, the tensiometers immediately gave the suction changes corresponding to the water flow through the macro-pores, even though the suction in micro-pores would be higher. On the contrary, when water evaporates during drying, the tensiometers gave the suction changes that involve both macro and micropores, in a much slower fashion. In other words, the suction measured by the tensiometers was probably under-estimated for wetting paths. [START_REF] Côté | Conductivité hydraulique de matériaux de fondations de chaussées partiellement saturés[END_REF] also reported that one resaturating stage is not enough to fully saturate a soil sample because of the air bubbles trapped in micro-pores. This can also explain the uncommon hysteresis mentioned before. [START_REF] Poulovassilis | The effect of hysteresis of pore water on the hydraulic conductivity[END_REF] (cited by [START_REF] Mualem | Hysteretical models for prediction of the hydraulic conductivity of unsaturated porous media[END_REF]) considered, in a qualitative way, the influence of capillary hysteresis on the hydraulic conductivity based on the concept of independent domain theory. He defined two mechanisms related to hysteresis: (i) water fills pores of larger opening radius in a wetting process than in drying one; (ii) the pores configuration and interconnection may be different for wetting and drying. As a result, the hydraulic conductivity in wetting may be different from that in drying for the same water content. The theory about the difference between the opening radius affecting wetting process and the opening radius affecting drying process is known as the effect of ink-bottle [START_REF] Bertotti | The science of hysteresis III[END_REF][START_REF] Naumov | Hysteresis phenomenon in Mesoporous Materials[END_REF]. According to this theory, the pores affecting the wetting curve are larger than the pores affecting the drying curve. As a result, the water transfer is faster during wetting than during drying, implying a higher hydraulic conductivity in the case of wetting.

Conclusions

Infiltration tests were performed on the interlayer soil (ITL 0 ) and its derived soils -adding 10% of sub-grade to form ITL 10 and sieving ITL 10 at 2 mm to form Fines. Two wetting/drying cycles were applied for each test. The obtained results allowed the effect of fine particles on the water retention capacity and hydraulic conductivity of interlayer soil to be analyzed.

The effect of wetting/drying cycles on hydraulic conductivity was found negligible -the results of the first cycle are quite similar to those of the second cycle, suggesting an insignificant microstructure change by wetting/drying cycles.

Hysteresis exists for both the soil water retention curve and the hydraulic conductivity changes with suction. The wetting process was found to be much faster than the drying process, and the hydraulic conductivity during wetting is always higher than that during drying. This can be explained by the effect of ink-bottle and the difference between the water transfer through the network of macro-pores and micro-pores.

Adding 10% fine particles to the natural interlayer soil changes the soil water retention curve but does not induce significant changes in hydraulic conductivity. In saturated state, the hydraulic conductivity of natural interlayer soil is 1.7510 -5 m/s, while the value of the soil with 10% fines added is 1.67×10 -6 m/s. In unsaturated state, even though the results are little scattered, the results of ITL 10 are within the variation range of the results of ITL 0 . However, it is worth noting that the mean value of ITL 10 is slightly greater than that of ITL 0 .

The water retention curves of ITL 10 and Fines are different, illustrating an obvious effect of soil texture. On the contrary, in terms of hydraulic conductivity including the values in saturated state, a good agreement was identified between the results of two soils, regardless of the drying or wetting paths. This suggests that water transfer in the interlayer soil takes place mainly through the network of pores between fine particles, coarse elements like ballast behaving as inert materials. From a practical point of view, this finding shows that to determine the hydraulic conductivity of interlayer soils, a device as small as the small-scale infiltration cell can be employed to determine the hydraulic conductivity of interlayer soil by testing the fine particles only, provided that equivalent dry density is taken into account. 

List of table

Fig. 22

 22 Fig. 22 depicts the comparison of SWRC between ITL 10 and Fines in the plane of degree

Fig. 1 :

 1 Fig. 1: Grain size distribution curves of the interlayer soil (ITL 0 ) and its derived ones (ITL 10 and Fines) Fig. 2: Schematic view of the large-scale infiltration column Fig. 3: Calibration curves of the TDRs used for the ITL 10 and ITL 0 specimens Fig. 4: Schematic view of the small-scale infiltration column Fig. 5: Components of the unsaturated interlayer soil Fig. 6: Device for determining the WRC of Fines Fig. 7: Test on ITL 10 : pore water pressure and volumetric water content evolutions during Drainage 1 and Evaporation 1 Fig. 8: Test on ITL 10 : pore water pressure and volumetric water content evolutions in Saturation 2 Fig. 9: Test on ITL 10 : pore water pressure and volumetric water content evolutions during Drainage 2 and Evaporation 2 Fig. 10: WRC of ITL 10 with fitting curves using the van Genuchten's model (1980) Fig. 11: Hydraulic conductivity of ITL 10 obtained with drying-wetting cycles Fig. 12: Comparison of SWRC between ITL 0 and ITL 10 Fig. 13: Comparison of hydraulic conductivity between ITL 0 and ITL 10 Fig. 14: Test on Fines: suction stabilization after the installation of tensiometers Fig. 15: Test on Fines: suction evolutions during Saturation 1 Fig. 16: Test on Fines: suction evolutions during Evaporation 1 Fig. 17: Test on Fines: suction evolutions during Saturation 2 Fig. 18: Test on Fines: suction evolutions during Evaporation 2 Fig. 19: Stabilization of suction during the SWRC determination. (a) initial stabilization after tensiometer installation, (b) a wetting stage, (c) a drying stage Fig. 20: WRC of Fines Fig. 21: Hydraulic conductivity of Fines, obtained with drying/wetting cycles Fig. 22: Comparison of SWRC between ITL 10 and Fines Fig. 23: Comparison of hydraulic conductivity between ITL 10 and Fines

FinesFig. 1 :FigFig. 5 :Fig. 7 :Fig. 8 :Fig. 9 :Fig. 13 :Fig. 14 :Fig. 15 :Fig. 16 :Fig. 17 :FigFig. 23 :

 15789131415161723 Fig. 1: Grain size distribution curves of the interlayer soil (ITL 0 ) and the derived ones (ITL 10 and Fines)

  

  

  

  

  

  

  

  

Table 1 :

 1 Properties of the soil studied Table 2: Fouling state of the interlayer soil Table 3: Parameters of the van Genuchten's model (1980) for the soil water retention curves of interlayer soil

Table 4 :

 4 Parameters of the van Genuchten's model and Brooks-Corey's model for the hydraulic conductivity of ITL 10 and Fines

	List of figures

Table 1 : Properties of the soil studied

 1 

	Soil	Properties	Value
	Interlayer soil (ITL 0 )	 s (particles smaller than 2 mm)	2.67 Mg/m 3
		 s (particles larger than 2 mm)	2.68 Mg/m 3
		d 10	0.01 mm
		d 30	5 mm
		d 60	30 mm
		liquid limit w L (smaller than 100 μm)	40.2%
		plasticity index I p (smaller than 100 μm)	11.3%
	Sub-grade (Fines to	liquid limit w L	57.8%
	create ITL 10 )	plasticity index I p	24.1%

Table 2 : Fouling state of the interlayer soil

 2 

		Fouling Index	Relative ballast fouling ratio	Fouling category
		FI (-)	R b-f (%)	
	ITL 0	45	56	Highly fouled
	ITL 10	59	72	Highly fouled

Table 3 : Parameters of the van Genuchten's model (1980) for the soil water retention curves of interlayer soil Natural interlayer soil (ITL 0 ) Interlayer soil with 10% sub-soil added (ITL 10 )

 3 

	Formula			Drying	Drying 1	Wetting 2	Drying 2
		r	1	  sr  n h 	m

Notes: θ is volumetric water content (%); θ s is the volumetric water content at saturated state (%); θ r is the residual volumetric water content (%); h is hydraulic head in meter; α, n, m are the model's parameters

Table 4 : Parameters of the van Genuchten's model and Brooks-Corey's model for the hydraulic conductivity of ITL 10 and Fines

 4 

	Model	Formula			Soil	Drying path	Wetting path
	van Genuchten	kk 	s	  11   2 nn   hh      2 1 m n h    		m	ITL	10	α = 7.16 n = 2.12	α = 0.5 n = 2.4
									m = 0.06	m = 0.17

Fig. 18: Test on Fines: suction evolutions during Evaporation 2
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