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Safety factor calculation of a road structure with cement-modified loess as subgrade

The deformation and failure parameters of six mixtures of cement-modified loess have been determined based on direct tensile stress testing, indirect tensile test testing and unconfined compressive stress testing. Results have been used to determine the parameters of the Mohr-Coulomb failure criterion and the parameter of the Hoek-Brown failure criterion. The Hoek-Brown model clearly shows that results from indirect tensile stress measurement must be weighted to describe materials properly. Both models' results were then used to calculate the safety factor of a road structure with cement-modified loess used as subgrade material using reduction techniques. Specifically, for the Hoek-Brown model, a new calculation adapted to structures with tensile stresses is proposed. Results vary by around 8.9 for the Mohr-coulomb model and around 3.2 for the Hoek-Brown model.

This shows, at the laboratory scale, that resource-based economies could be expected if cement-modified loess mechanical parameters were considered in the design of structures. It also shows that the Hoek-Brown model is a promising tool to study tensile stressed structures made with cement-modified materials.

1-Introduction

Loess is a detrical sedimentary rock, resulting from the accumulation of silt from wind erosion (deflation) in desert and periglacial regions. It has been estimated that loess covers up 10% of the world's land surface area [START_REF] Pecsi | Loess. In: Geomorphology. Encyclopedia of Earth Science[END_REF][START_REF] Frechen | Loess in Europe -mass accumulation rates during the Last Glacial Period[END_REF][START_REF] Juang | Loess geohazards research in China: Advances and challenges for mega engineering projects[END_REF]. It is mainly composed of silica (detrital quartz) and calcium carbonate (CaCO3) [START_REF] Haase | Loess in Europe-its spatial distribution based on a European Loess Map[END_REF]. It can also contain feldspars, biotite (mica) and clays (often kaolinite). The granulometric composition of a typical loess is 10% fine sand, 75% silt and 15% clay. The mean grain size ranges from 20 to 80 µm [START_REF] Vriend | Calibration of modelled mixing patterns in loess grain-size distributions: an example from the north-eastern margin of the Tibetan Plateau, China[END_REF][START_REF] Li | A review of shear and tensile strengths of the Malan Loess in China[END_REF]. This means that the typical loess is a loose silty rock, yellowish to brownish, with poor mechanical properties. To upgrade it for optimal use of this kind of material in civil engineering, it is common to add few percent of hydraulic binders. Adding binder to fine-grained soils like loess significantly increases their engineering and mechanical properties [START_REF] Maher | Behavior of fiber-reinforced cemented sand under static and cyclic loads[END_REF][START_REF] Bell | Lime stabilization of clay minerals and soils[END_REF][START_REF] Chew | Physicochemical and engineering behavior of cement treated clays[END_REF][START_REF] Kolias | Stabilisation of clayey soils with high calcium fly ash and cement[END_REF][START_REF] Sariosseiri | Effect of cement treatment on geotechnical properties of some Washington State soils[END_REF]. This process has the advantage of minimizing environmental impact and reducing the cost of the infrastructures [START_REF] Nunes | Assessment of secondary materials for pavement construction: technical and environmental aspects[END_REF][START_REF] Salem | Risk-based life-cycle costing of infrastructure rehabilitation and construction alternatives[END_REF][START_REF] Caponya | Monitoring and environmental modeling of earthwork impacts: A road construction case[END_REF][START_REF] Magnusson | Sustainable management of excavated soil and rock in urban areas -a literature review[END_REF][START_REF] Eyo | Performance of clay stabilized by cementitious materials and inclusion of zeolite/alkaline metals-based additive[END_REF]. It is used in numerous civil engineering applications such as embankments, foundations, slabs and pile, pavement and rail construction [START_REF] Al-Rawas | Effect of lime, cement and Sarooj (artificial pozzolan) on the swelling potential of an expansive soil from Oman[END_REF][START_REF] Al-Amoudi | Stabilization of a Saudi calcareous marl soil[END_REF][START_REF] Khay | Compacted sand concrete in pavement construction: an economical and environmental solution[END_REF][START_REF] Okyay | Use of lime and cement treated soils as pile supported load transfer platform[END_REF][START_REF] Consoli | Water content, porosity and cement content as parameters controlling strength of artificially cemented silty soil[END_REF][START_REF] Consoli | Spread footings bearing on circular and square cement-stabilized sand layers above weakly bonded residual soil[END_REF][START_REF] Nazari | Effect of compaction delay on the strength and consolidation properties of cement-stabilized subgrade soil[END_REF]. Nevertheless, nowadays, in the field, the mechanical properties are often limited to:

-unconfined compressive strength (RUCS); -a tangent or secant modulus E; -indirect tensile strength (RIDT) Though these measurements are easy to make, they are not enough to fully design structures, and the real mechanical performances of these materials are sharply downgraded during design processes [START_REF] Setra-Lcpc | Soil treatment with lime and/or hydraulic binders -application to the construction of fills and capping layers -technical guide[END_REF]). As a result, their uses are limited [START_REF] Preteseille | Structural test at the laboratory scale for the utilization of stabilized fine-grained soils in the subgrades of High Speed Rail infrastructures: Experimental aspects[END_REF]. For complete design of structures, materials' deformation and failure properties are needed [START_REF] Piratheepan | Determination of c and φ from IDT and Unconfined Compression Testing and Numerical Analysis[END_REF]. Cement-modified soils, like cemented sands [START_REF] Sitar | Slope stability in coarse sediments[END_REF], describe a wide range of materials and represent the transitional environment between soils and rocks. They often have characteristics of both. The simplest and most widely used geotechnical model in the field of soils mechanic is the Mohr-Coulomb failure criterion (MC). In the field of rocks mechanic, the Hoek-Brown criterion has become widely used [START_REF] Jaeger | Fundamentals of Rock Mechanics[END_REF]. The parameters of these geotechnical models are generally determined through laboratory triaxial tests (Ismail et al., 2002, Wang and[START_REF] Wang | Comparison of existing methods and a new tensile strength based model in estimating the Hoek-Brown constant mi for intact rocks[END_REF]. However, these types of experiments are rarely suitable outside research laboratories; triaxial tests are interpretable when done on soaked or dried materials, but cement-modified soils are non-saturated materials and are never found dried or soaked in the field. To avoid the use of triaxial testing, unconfined compression (UCS) testing and the direct tensile (DT) testing could be used to determine the geotechnical parameters of the two models [START_REF] Wang | Comparison of existing methods and a new tensile strength based model in estimating the Hoek-Brown constant mi for intact rocks[END_REF]. Nevertheless, like triaxial testing, DT testing is hard to implement outside research laboratories. From a purely theoretical point of view, indirect diametrical tensile (IDT) testing could replace DT testing. This approach is based on the analytical solution of stress distribution in the IDT testing [START_REF] Frocht | Photoelasticity[END_REF][START_REF] Piratheepan | Determination of c and φ from IDT and Unconfined Compression Testing and Numerical Analysis[END_REF][START_REF] Consoli | Mohr-Coulomb failure envelopes of lime-treated soils[END_REF][START_REF] Preteseille | Structural test at the laboratory scale for the utilization of stabilized fine-grained soils in the subgrades of High Speed Rail infrastructures: Analytical and numerical aspects[END_REF][START_REF] Sivakugan | Determination of c and φ of rocks from indirect tensile strength and uniaxial compression tests[END_REF]), but it does not consider the occurrence of microcracks in the materials (Jeager et al., 2007). However, the failure of brittle materials is governed by the presence of microcracks [START_REF] Griffith | Theory of rupture[END_REF][START_REF] Van Mier | Framework for a generalized four-stage fracture model of cement-based materials[END_REF][START_REF] Hoek | Fracture initiation and propagation in intact rock -A review[END_REF]. As UCS testing and DT testing are homogenous stress testing, the entire volume of the sample is concerned by the presence of microcracks. In the case of IDT testing, stress distribution is concentrated in the center of the cylindrical sample along its height [START_REF] Piratheepan | Determination of c and φ from IDT and Unconfined Compression Testing and Numerical Analysis[END_REF]. Therefore, the volume concerned by the occurrence of microcracks is substantially lower than the DT volume. Thus, a weighting coefficient must be used to compare IDT testing with DT testing.

Based on DT testing, IDT testing and UC testing, our first aim was to determine deformation and failure parameters of six mixtures of cement-modified loess. Results are discussed and compared with values from literature to evaluate their accuracy and relevance. Beyond, the Mohr-Coulomb and Hoek-Brown models' parameters were calculated and discussed for those six materials. Our second aim was to quantify the interest of determining these parameters. Two simulations of a road structure to be implemented on a project site are presented. In this structure, cement-modified loess is used in the foundation layer (subbase) and in the capping layer. The first simulation was made in accordance with technical guides, with downgraded mechanical performances for the capping layer. In the second simulation, measured mechanical performances were considered in both layers. Based on reduction techniques, safety factors were determined. Specifically, for the Hoek-Brown model, a new calculation adapted to structures subjected tensile stresses is proposed.

2-Materials and methods

2.1-Soil

The material studied is a loess from the Alsace plain in France. The sampling was performed with an excavator equipped with a ditch bucket at a depth between 2 and 3 meters. The diameter of larger elements in the soil is 18 mm (Figure 1). The silt (2 μm <d <20 μm) content is 40.5%, the fine sand (20 μm <d <200 μm) content is 32.5%, the coarse sand (200 μm <d <2 mm) content is 3.3%, and the gravel content (2 mm <d <20 mm) is 3.0%. It is a very fine sandy-silty material containing of non-negligible amount clay (AFNOR, 2018). The liquid limit LL is 30% and plastic limit PL is 22% (AFNOR, 1993). The plasticity index PI (=LL-PP) is 8. The soil is classified A-4 following the AASHTO Soil Classification System, at the edge between lean clay (CL) and silt (ML) following the USCS Soil Classification System and A1 following the French Soil Classification System [START_REF] Afnor | [END_REF]. The clay activity is A = PI/C2µm = 0.4. These results mean that the clays may be inactive and should have a low impact on soil behavior when soil is wetted or dried. The specific mass is ρs = 2720 kg/m 3 (AFNOR, 1991)

2.2-Treatment and sample preparation

To prepare samples, three different binders were mixed with the loess in a blender. In each case, 5.5% and 7% of dry matter were added to the soil. These six different configurations of treatment are all in accordance with usual treatments that could be found in the field of earthworks. The three binders came from the German cement manufacturer HAURI. ZIP 35 is a pozzolanic binder HRB 32.5E (AFNOR, 2014a) made of 55% clinker and 45% natural pozzolans. PHOCAL C15 is also a pozzolanic binder HRB 32.5E. It is made of 47% clinker, 15% lime and 38% natural pozzolans. PHONOS is a hydraulic binder CEMII/B-Q 42.5 N (AFNOR, 2012) made of 75% clinker and 25 % natural pozzolans. Chemical features are given in Table 1. The optimum moisture content (OMC)/optimum proctor dry density (OPD) relationships (WOPN/γd) of the cement-modified materials (Figure 2) were determined (AFNOR, 2014b). For mechanical experiments, samples were prepared at WOPN and 96% of γd, a common fixed objective when materials are prepared and used in the field. Samples were compacted in a double static mode in one layer in a cylindrical mold. For UCS and DT testing, diameter and height were 10 cm and 20 cm respectively. For IDT testing, both diameter and height were 10 cm. After preparation, as recommended in French technical guide (SETRA-LCPC, 2004), samples were stored in a room with temperature regulated at 20 °C and protected with thin plastic films to keep constant water content. Curing time was 90 days before testing.

2.3-Experiments

All tests were carried out on a Zwick/Roell Z150 press with a crosshead speed of 0.3 mm/min in absolute value. Elastic moduli and Poisson's ratios were determined in compression with UCS testing and in tension with DT testing. In both cases, two samples were molded. Vertical displacements were measured with three Micro-Epsilon CS5 capacitive sensors and radial strain perpendicular to the loading was measured with two HBM LY41-20/120 strain gauges. For the calculation five loading/unloading cycles were done. To reduce friction boundary effects, only the strain/stress relationships during unloading were considered and averaged (Figure 3). Elastic moduli, EUCS and EDT are defined as the slope between stress measurements and vertical strain measurements. Poisson's ratios νUCS and νDT are defined as the slope between vertical strain and radial strain measurements. For UCS testing, loading/unloading cycles varied between 100 N and 500 N and applied load (F in N) was measured with a force sensor TME F522TC (max. load = 100 kN). For DT testing, loading/unloading cycles varied between 100 N and 200 N and applied load (F in N) was measured with a force sensor TME F521TC (max. load = 10 kN). After E and ν measurements, samples were broken to determined maximum loadings and strains in tension and compression. Rupture parameters were also determined using IDT testing [START_REF] Afnor | Unbound and hydraulically bound mixtures -Part 42: test method for the determination of the indirect tensile strength of hydraulically bound mixtures AFNOR[END_REF]. In that case, four samples were molded. Applied load (F in N) was measured with a force sensor TME F521TC (max. load = 10kN). Diametrical displacements perpendicular to the loading were measured with RDP D6 linear variable differential transformers (range ± 0.25 mm). Some photos are provided in an accompanying Electronic Supplementary Material to illustrate sample preparation and tests. All calculations were done using Python version 3.6.1 [START_REF] Van Rossum | Python tutorial[END_REF].

2.4-Numerical modeling

Selected structure

The structure under consideration (Figure 4) is to be built as part of the beltway construction project around the town of Strasbourg in France. It has been designed in accordance with the French Technical Guide on the design of pavement structure [START_REF] Corté | Design of Pavement Structures: The French Technical Guide[END_REF][START_REF] Setra-Lcpc | French Design Manual For Pavement Structures[END_REF] and the French Technical Guide on the application of soil treatment with lime and/or hydraulic binders to the construction of capping layers [START_REF] Setra-Lcpc | Soil treatment with lime and/or hydraulic binders -application to the construction of fills and capping layers -technical guide[END_REF]. This structure has been selected to support a traffic forecast of 4.77 million Heavy Goods Vehicles over 24 years. The design is based on mechanical fatigue results (not shown nor discussed in the paper) obtained for loess treated with 5.5% of binder PHONOS. It is a composite pavement. It consists of four layers defined as follows: a 6 cm surface course of bituminous materials (medium-grained asphaltic concrete) [1], a 12 cm base layer of bituminous materials (bitumen-bound graded material) [2], a 20 cm subbase layer of cementmodified loess [3], and a subgrade [4]. The subgrade is divided in two layers, with a 55 cm capping layer of cement-modified loess [4a] and with the natural ground that is loess, which has been graded and compacted [4b].

Modelling

All layers of the studied structures are assumed to have an elastic behavior (Hooke's law) as described by the Young moduli and Poisson's ratios. In the first simulation, in accordance with French design of pavement (SETRA-LCPC, 1997), the subgrade layers [4] are considered as a single layer in the modelling with a modulus of 200 MPa and a Poisson's ratio of 0.35. In the second simulation, measured mechanical properties of cement-modified loess in the capping layer are considered and thus, two layers [4a] and [4b] are considered for the subgrade. Values of elastic modulus and Poisson's ratio of the layers [3] and [4a] (subbase layer and capping layers) depend on the specific mixture of cement-modified loess and will be justified later. All hypotheses given (bituminous material performances, bonding conditions, subgrade performances) are in accordance with the French design of pavement (SETRA-LCPC, 1997). Design assumptions are detailed in Table 2. Calculations are done with the software ALIZE-LCPC [START_REF] Autret | ALIZE III practice[END_REF], which is commonly used in the French design of pavements. ALIZE-LCPC computes the Burmister solution [START_REF] Burmister | The theory of stresses and displacements in layered systems and applications to the design of airport runways[END_REF] of an elastic multilayered space under static loading. The reference loading used in the French design of pavements represents a 65 kN axle. It is made of two disc-shaped loads (0.6620 MPa) of 0.25 m in diameter spaced by d=0.375 m applied on the free surface of the pavement structure [START_REF] Chupin | Influence of sliding interfaces on the response of a layered viscoelastic medium under a moving load[END_REF].

3-Results and Discussion

3.1-Linear Elasticity

Values of E and ν parameters determined with different configurations are summarized in Table 3. Poisson's ratios range between 0.10 and 0.14 with a standard deviation around 0.03 regardless of the testing type and regardless of the type and amount of binder. The literature has little data about the Poisson's ratio of cement-modified soils. It seems that it varies with the stress intensity [START_REF] Reddy | Influence of joint Thickness and Mortar-block elastic Properties on the Strength and Stresses Developed in soil-Cement Block Masonry[END_REF]. That study reports, for a clayey sand treated with 8% of cement prepared at a specific weight of 18 kN/m 3 with a water content of 10%, linear values between ν = 0.05 for a Stress/Peak strength ratio of 0.1 to ν = 0.11 for a Stress/Peak strength ratio of 0.1. Using ultrasonic waves [START_REF] Khan | Measurment of dynamic properties of stiff specimens using ultrasonic waves[END_REF], for a sand mixed with 15% of cement prepared at a mass density of 1653 kg/m 3 with a water content of 12.5%, a value ν=0.17 has been reported. Thus, the obtained results seem to be relevant in terms of order of magnitude. To compare with close materials, for intact rocks, Poisson's ratio ν generally (Wyllie, 1992;[START_REF] Gercek | Poisson's ratio value for rocks[END_REF] ranges between 0.20 and 0.30. For granular soils, it ranges between 0.15 and 0.45 [START_REF] Gercek | Poisson's ratio value for rocks[END_REF][START_REF] Das | Advanced Soil Mechanics. 3 rd Ed[END_REF] and for concrete, it ranges between 0.10 and 0.20 [START_REF] Gercek | Poisson's ratio value for rocks[END_REF][START_REF] Persson | Poisson's ratio of high-performance concrete[END_REF]. Elastic moduli are highly correlated (R=0.97). With a EUCS/EDT ratio of 1.05 (0.05), they are also very close. They depends on the type and the amount of binder. Cement-modified loess exhibits lower stiffness with the binder PHOCAL C15 that is lime-rich and clinker-poor. Results are close for ZIP 35 and PHONOS. Amounts of pozzolans do not seem to impact E. On the other hand, for each binder, the higher its amount, the higher the material stiffness. This result is classical for cement-modified soils [START_REF] Chew | Physicochemical and engineering behavior of cement treated clays[END_REF][START_REF] Reddy | Characteristics of soil-cement blocks using highly sandy soils[END_REF]. The increases are similar, for 1.3 (7%/5.5%) times more binder, on average, elastic moduli increase by around 1.1 times. With values close to 5000 MPa, these results are also in accordance with previous measurements of elastic moduli at small strain (Kongsukprasert and Fumio, 2007;[START_REF] Preteseille | Sustainable upgrading of fine-grained soils present in the right-of-way of High Speed Rail projects[END_REF][START_REF] Preteseille | Mechanical fatigue behavior in treated/stabilized soils subjected to a uniaxial flexural test[END_REF][START_REF] Preteseille | Structural test at the laboratory scale for the utilization of stabilized fine-grained soils in the subgrades of High Speed Rail infrastructures: Experimental aspects[END_REF][START_REF] Choo | A practical method for estimating maximum shear modulus of cemented sands using unconfined compressive strength[END_REF]).

3.2-Failure criteria

Failure parameters

The maximum unconfined compressive stresses RUCS, direct tensile stresses RDT and indirect tensile stresses RIDT of the specimen under different treatment configurations are summarized in Table 4. This table also summarized the measurement of sample strain at rupture (εrupt.). Range of RUCS is between 3.1 MPa and 4.9 MPa. This is in the range previously reported on loess treated with cement [START_REF] Zhang | Effect of cement on the stabilization of loess[END_REF]. They are correlated with EUCS (R=0.99) and EDT (R=0.97) with a ratio RUCS/EUCS= 9.1 10 -4 (0.3 10 -4 ). Therefore, as elastic moduli, RUCS depends on the type and amount of binder. RDT range from 0.16 to 0.55 MPa. They depend on the type and amount of binder. Surprisingly, direct tensile strength RDT seems not to be correlated with RUCS (R=0.21). The sensibility of direct tensile stress to (micro-)crack occurrence (Jeager et al., 2007) is probably responsible for this lack of correlation. Nevertheless, the RDT/RUCS ratio is 0.09 (0.04), which is similar to the ratio already observed for cement-treated aggregate material [START_REF] Chakrabarti | Direct tensile failure of cementitiously stabilized crushed rock materials[END_REF][START_REF] Xuan | Mechanical properties of cementtreated aggregate material -A review[END_REF] and lightly cemented sand [START_REF] Dass | Tensile Stress-Strain characteristics of Lightly Cemented Sand[END_REF]. As reported for other cement-stabilized materials [START_REF] Babic | Relationships between mechanical properties of cement stabilized materials[END_REF], unconfined compressive strength RUCS is correlated with RIDT (R= 0.96). The RIDT/RUCS ratio = 0.11 (0.01) and the RDT/RIDT ratio = 0.84 (0.30). This last result is in accordance with remarks about micro-crack distribution [START_REF] Griffith | Theory of rupture[END_REF][START_REF] Van Mier | Framework for a generalized four-stage fracture model of cement-based materials[END_REF][START_REF] Hoek | Fracture initiation and propagation in intact rock -A review[END_REF]. All observed ratios are similar to values observed in literature, [START_REF] Clough | Cemented sands under static loading[END_REF][START_REF] Dass | Tensile Stress-Strain characteristics of Lightly Cemented Sand[END_REF][START_REF] Jiang | An investigation of mechanical behavior of cement-stabilized crushed rock material using different compaction methods[END_REF][START_REF] Cardoso | Bonding effect on the evolution with curing time of compressive and tensile strength of sand-cement mixtures[END_REF] and generally imposed for practical applications (SETRA-LCPC, 1997; SETRA-LCPC, 2004). Regarding the local strain that leads to rupture in compression, εrupt.UCS ranges between 0.6-0.7 percent. We found no study dealing with this specific subject for cement-modified loess in the literature. To compare with close materials, this is around 1.5 to 2 times higher than the range found on cement-mixed gravelly or sandy soils [START_REF] Dass | Tensile Stress-Strain characteristics of Lightly Cemented Sand[END_REF][START_REF] Reddy | Characteristics of soil-cement blocks using highly sandy soils[END_REF][START_REF] Reddy | Strength and Elastic Properties of Stabilized Mud Block Masonry Using Cement-Soil Mortars[END_REF]Kongsukprasert and Fumio, 2007). In these four studies, the amount of clay in the untreated materials was below 10% while it was around 20% in the studied loess. Maybe the occurrence of clay up to a certain amount in cement-modified materials allow higher deformations, without deleterious effects on the failure parameters in compression. The local strains that lead to rupture in traction εrupt.DT and εrupt.IDT ranged between 0.01-0.02 percent. This was within the range of results found on lightly cemented sand [START_REF] Dass | Tensile Stress-Strain characteristics of Lightly Cemented Sand[END_REF] but five times higher than the values found on soil-cement blocks using highly sandy soils [START_REF] Reddy | Characteristics of soil-cement blocks using highly sandy soils[END_REF]. RUCS and εrupt.UCS are negatively correlated (R=-0.93). In compressive mode, the higher the resistance of the sample, the lower its deformation before failure. This is a classical observation [START_REF] Dass | Tensile Stress-Strain characteristics of Lightly Cemented Sand[END_REF] in accordance with the correlation between EUCS and RUCS. On the other hand, RDT and εrupt.DT are positively correlated (R=0.96). In tensile mode, the higher the resistance of the sample, the higher its deformation before failure. Comparing to the literature, on lightly cemented sand, opposite observations have been made [START_REF] Dass | Tensile Stress-Strain characteristics of Lightly Cemented Sand[END_REF], while no trend was observed with soil-cement blocks using highly sandy soils [START_REF] Reddy | Characteristics of soil-cement blocks using highly sandy soils[END_REF]. RIDT and εrupt.IDT are not correlated (R=0.46). This is probably due to the lack of sensibility of displacement sensors LVDT.

Mohr-Coulomb criterion

This criterion is the simplest and most widely used failure criterion. It can be written following the formula:

τ = C+σ tan (φ) (1)
with τ shear stress, σ normal stress, C material apparent cohesion, and φ apparent angle of internal friction.

The apparent parameters C and φ are generally graphically determined in the {σ , τ} plane using at least two Mohr's circles (Figure 5). For unconfined compressive measurements with a cylindrical shape, unconfined compressive strength RUCS is the major principal stress, while the minor principal stress is zero. For direct tensile measurements with a cylindrical shape, the major principal stress is zero, while the direct tensile strength RDT (<0) is the minor principal stress. For indirect tensile measurements, the indirect tensile strength RIDT (<0) is the minor principal stress and -3RIDT is the major principal stress [START_REF] Piratheepan | Determination of c and φ from IDT and Unconfined Compression Testing and Numerical Analysis[END_REF][START_REF] Preteseille | Mechanical fatigue behavior in treated/stabilized soils subjected to a uniaxial flexural test[END_REF]. The tangent to the circles represents the envelope of Mohr-Coulomb's failure.

In addition, considering the well-used relationship RDT≈0.8xRIDT measured in Table 4, and knowing the higher repeatability of the indirect tensile test compared with the direct tensile test, it is also interesting to determine C and φ using direct tensile measurements principles with the value of 0.8xRIDT. Results of cohesion and internal friction angle based on UCS testing and DT testing (CDT, φDT) and UCS testing and IDT testing (CIDT, φIDT) and (CIDTx0.8, φIDTx0.8) under different treatment configurations are summarized in Table 5.

CDT ranged from 0.35 to 0.75 MPa, CIDT ranged from 0.62 to 0.98 MPa and CIDTx0.8 ranged from 0.46 to 0.71 MPa. They depend on the type and amount of binder. In the literature, we found only one result about cohesion of cement-modified loess [START_REF] Aflaki | Study on the failure behavior of three different stabilized problematic soils[END_REF]. For a loess treated with 5% and 8% of cement, prepared at 95% optimum Proctor density (OPD)/optimum moisture content (OMC), with seven days of curing and in consolidated drained condition, cohesion was 0.155 and 0.244 MPa. Measurements of cohesion from shear box testing on non-saturated cement treated-materials ranged from 0.1 to 0.4 MPa after seven days of curing [START_REF] Harichane | Effect of curing time on shear strength of cohesive soils stabilized with combination of lime and natural pozzolana[END_REF][START_REF] Shooshpasha | Effect of cement stabilization on geotechnical properties of sandy soils[END_REF]Shirvani, 2015, Zhang et al., 2017).

A cohesion of 0.277 MPa was obtained with triaxial testing on a saturated silty fine sand stabilized with 5% of cement, compacted at OPD/OMC after seven days of curing [START_REF] Schnaid | Characterization of Cemented Sand in Triaxial Compression[END_REF]. φDT, φIDT and φIDTx0.8 ranged from 46° to 65°, 44° to 48°, and 56° to 58° respectively. Unlike cohesion, they did not exhibit a high dependency to the type and amount of binder. Results were still in the upper range compared with literature results [START_REF] Schnaid | Characterization of Cemented Sand in Triaxial Compression[END_REF][START_REF] Aflaki | Study on the failure behavior of three different stabilized problematic soils[END_REF][START_REF] Shooshpasha | Effect of cement stabilization on geotechnical properties of sandy soils[END_REF][START_REF] Zhang | Effect of cement on the stabilization of loess[END_REF]) However, the cohesion and friction angles of cemented materials are known to increase with curing time [START_REF] Harichane | Said Stabilization of Algerian Clayey Soils with Natural Pozzolana and Lime[END_REF]. Thus, considering that in this study, cement-modified loess performances were measured after 90 days of curing and that materials were unsoaked, the results can be considered as relevant. On the other hand, all results obtained with IDT testing are in accordance with results from literature [START_REF] Piratheepan | Determination of c and φ from IDT and Unconfined Compression Testing and Numerical Analysis[END_REF] obtained in similar conditions. CIDT and CIDTx0.8 are highly correlated with RUCS (R=0.97 and R=0.99 respectively). The relationship between CDT and RUCS is less clear (R=0.64). It can be attributed to the sensitivity of DT testing to micro-cracks. RUCS is not correlated to tan(φDT), tan(φIDT) or tan(φIDTx0.8), with respectively R = 0.01, R=0.28 and R=0.28, but resulting from the geometrical construction, the RT/RUCS ratio (with subscript T=DT, IDT and IDTx0.8) are highly correlated with tan(φT) with respective values of R of -0.96,-1.00 and -1.00. Concerning cohesions, CDT/CIDT = 0.74 (0.13), CDT/CIDTx0.8 = 1.01 (0.18) and CIDTx0.8/CIDT = 0.73 (0.01). Concerning angles of friction, tan(φDT)/tan(φIDT) = 1.50 (0.29), tan(φDT)/tan(φIDTx0.8) = 1.02 (0.20) and tan(φIDTx0.8)/tan(φIDT) = 1.48 (0.03).

Hoek-Brown criterion

The Hoek-Brown criterion is a failure law that is widely used in the field of rock mechanics [START_REF] Jaeger | Fundamentals of Rock Mechanics[END_REF]. For intact rock material, it is expressed as follow [START_REF] Hoek | Empirical strength criterion for rock masses[END_REF]:

σ1 = σ3+(mσcσ3+ σc 2 ) 1/2 (2)
Parameters of this law are σc, the unconfined compressive strength (RUCS), and σ1 and σ3, which are respectively the major and minor principal stresses (Figure 6).

The constant m depends on rock properties. As with Mohr-Coulomb criterion, for direct tensile measurements σ3 = RDT (<0) and σ1 = 0. For indirect tensile measurements, σ3 = RIDT (<0) and σ1 = -3RIDT. As with the Mohr-Coulomb model, m was also determined using direct tensile measurements principles with the value of 0.8xRIDT. Thus, values of m are:

m = ((σ1 -σ3) 2 -σc 2 )/ (σcσ3) (3) 
Values of m determined with DT testing (mDT), and IDT testing (mIDT and mIDTx0.8) under different treatment configuration are summarized in Table 6. The ranges were as follows: mDT was 5.89 to 19.57, mIDT was 6.66 to 8.31, and mIDTx0.8 was 10.58 to 12.32. They do not seem to depend on type and amount of binder. In the case of DT testing, the values of mDT were on average 12.42 (4.17) and correspond to values generally attributed to lithified argillaceous rocks [START_REF] Hoek | Empirical strength criterion for rock masses[END_REF][START_REF] Jaeger | Fundamentals of Rock Mechanics[END_REF]. This is relevant to describe the cement-modified loess. For IDT testing, in average, mIDT = 7.61 (0.56). This range is generally attributed to carbonate rocks with well-developed crystal cleavage. Interestingly, mIDTx0.8 = 11.58 (0.59). These two points highlight that IDT measurements are not relevant to describe directly cement-modified loess [START_REF] Eberhardt | The Hoek-Brown Failure Criterion[END_REF] and must be weighted.

Values of mDT seem not to be correlated with mIDT or mIDTx0.8 (R=0.35 and R=0.34 respectively), while mIDT and mIDTx0.8 are highly correlated (R=1.00). As with previous observations, this lack of correlation may be attributed to RDT measurements. Geometrical constructions also lead to high correlation of mT (with subscribe T=DT, IDT and IDTx0.8) with tan(φT) with respective values of R of 0.99, 1.00 and 1.00. Ratios mDT/mIDT=1.62 (0.53), mDT/mIDTx0.8=1.07 (0.35) and mIDTx0.8/mIDT=1.52 (0.04).

Application to the calculation of the safety factor

Tensors with the highest tensile stresses

Considering the RUCS/RT ratios for cement-modified materials, it is conventionally admitted that failures of layers made of cement-modified materials result from tensile stresses. In both cases, tensors that exhibit highest tensile stresses are located at the vertical of the middle of the axle, without stress rotations. They are found at the bottom of the foundation layer in the first case and at the bottom of the capping layer in the second case. Values are given in the Table 7. In both cases, a small amount of compression is present in the vertical direction. It is around 0.04 MPa in the first structure and 0.003 MPa in the second structure. In the two horizontal main directions, tensile stresses are found. In the first structure, the σXX (parallel to axle direction)/σYY (perpendicular to axle direction) ratio is around 1.5, while it is around 1 in the second case. Major tensile stresses in the first structure are around 3 times higher than major tensile stresses in the second structure. Also, σXX and σYY depend on the moduli of the materials. For both principal directions, the higher the modulus, the higher the tensile stress.

Safety factors

The Hoek-Brown model clearly highlights that results from indirect tensile stress measurements describe a non-relevant material [START_REF] Eberhardt | The Hoek-Brown Failure Criterion[END_REF]. They cannot be considered without weighting. Therefore, in the following only results from DT measurements and 0.8*IDT measurements are considered.

With the Mohr-Coulomb model, the safety factor can be defined using a Phi-c reduction method [START_REF] Brinkgreve | PLAXIS 2D 2010 Reference Manual[END_REF]. Based on the serviceability tensor, a reduced cohesion c * and a reduced angle of friction φ * are determined (Figure 7). Naming c and φ the material cohesion and angle of friction, the safety factor Fn is determined following the formula:

Fn= c/c * =tan(φ)/tan(φ * ) (4)
With the Hoek and Brown model, reduction techniques can also be applied [START_REF] Hammah | The Shear Strength Reduction Method for the Generalized Hoek-Brown Criterion[END_REF][START_REF] Benz | A Hoek-Brown criterion with intrinsic material strength factorization[END_REF]. Generally, those approaches are used to deal with slop stability issues or deep foundation issues. In these issues, confining stresses are positive (compression). Thus, the tensile stress is kept and the compressive strength is reduced following the formula:

Fn=RUCS/R * UCS However, in this issue, only one principal stress is positive (σZZ) and it is very close to zero compared with the absolute values of the two other principal stresses σXX and σYY (Table 7) which are tensile stresses. On the other hand, in the Mohr's plane, the radius of the serviceability tensor (σZZ-σYY)/2 is lower than the tensile circle radius RT/2 (Figure 7). It is thus impossible to determine a reduced compressive strength. To adapt this approach to the specific case of pavement layers made with cement-modified soils, it is proposed to keep the compressive stress and based on the serviceability tensor deduce a new value of m, named m2 that leads to a reduced tensile stress (Figure 7):

m2=((σZZ -σXX) 2 -RUCS 2 )/ (RUCSσXX) (5) 
From this new value, it is possible to determine a reduced tensile strength RT * which is the solution of the quadratic equation:

RT * ²-m2RT * -RUCS²=0 (6) 
The safety factor is thus expressed as:

Fn=RT/R * T (7)

In Figure 7 it is interesting to see that due to the low σZZ, R * T is close to σXX. For this engineering application, a good approximation of Fn could thus be RT/σXX. Values of Fn determined with both models and both structures are summarized in Table 8.

For structure 1, if RDT is used, treatments with 5.5% of PHOCAL are not suitable. The absolute value of RDT is lower than the corresponding absolute value of σXX (Tables 4 and7).

That is why it is not possible to determine a safety factor with the Mohr-Coulomb model (MC) and the safety factor is lower than that with the Hoek and Brown model (HB These results show that current design procedures are relevant when the subgrade mechanical properties are downgraded because factors of safety range between 1 and 2. It also justifies the selected structure after the fact. When the measured mechanical properties are considered in design process, safety factors are greater than two and resource-based economies could be expected in the field. For example, in the current case, the capping layer could be also used as foundation layer. Decreasing the thickness of the base layer made with bituminous materials could also be considered.

4-Conclusions

This work shows that it is possible to determine the elastic and failure parameters of cementmodified loess with direct tensile stress testing, indirect tensile stress testing and unconfined compressive test testing. Direct tensile stress measurements exhibit higher standard deviations than indirect tensile stress measurements, but the RDT/RIDT ratio is around 0.8 as expected for this kind of materials.

The values we determined can be used to calculate parameters of the Mohr-Coulomb and Hoek-Brown failure criteria. The Hoek-Brown model clearly show that results from indirect tensile stress measurements must be weighted to describe materials properly. Regardless of the model used, the parameters calculated with DT measurements or weighted IDT measurements are statistically similar.

For a classical road structure where some layers are made with cement-modified loess, parameters from both models can be input in numerical modelling. Based on reduction techniques, safety factors adapted to structures with tensile stresses are determined. Results vary around 8.9 for the Mohr-Coulomb model and around 3.2 for the Hoek-Brown model. At the laboratory scale, we show that resource-based economies could be expected if cementmodified loess mechanical parameters were considered in the design of structure. To generalize these results and to become more refined in modeling, the mechanical behavior of cement-modified loess at the field scale must be studied. Rock mass parameters from the Hoek-Brown model could then be determined for cement-modified loess. They could describe the frequency and the distribution of discontinuities and cracking in layers made with cementmodified loess.
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Figure 1: Synthesis of particle size analysis with standard deviation based on four measurements. Main characterization properties are plastic limit (PL), liquid limit (LL), plastic index (PI) and specific mass (ρs) εrupt.IDT (%) 0.010 (0.002) 0.014 (0.004) 0.009 (0.003) 0.013 (0.002) 0.011 (0.002) 0.011 (0.000) 

Figure 2 :

 2 Figure 2: Variation of dry density with moisture content of the six cement-modified loess.

Figure 3 :

 3 Figure 3: Principle for E and ν measurements for UCS and DT testing. Five loading/unloading cycles were performed on the samples. Only unloading parts (in bold) are considered. For sample Rc96Z90-8CDTrac, raw data vs time t(s), in a) load F(N), b) vertical displacements d(mm) and c), radial strain εr(µm/m). In d) E(MPa) is defined as the slope between stress σ(MPa) and vertical strain εv(mm/mm) and in e) ν is defined as the slope between radial strain εr(µm/m) and vertical strain εv(mm/mm).

Figure 4 :

 4 Figure 4: Sketch of the studied pavement structure.

Figure 5 :

 5 Figure 5: Principle of the determination of cohesion C and internal friction angle φ based on UCS testing and DT testing (left), and UCS testing and IDT testing (middle and right).

Figure 6 :

 6 Figure 6: Principle of the Hoek-Brown model based on UCS testing and DT testing (left), and UCS testing and IDT testing (middle and right).

Figure 7 :

 7 Figure 7: Principle for safety factor determination in Mohr's plan. In solid lines, circles deduced from tensile measurements (T refers to DT or IDTx0.8) and rupture criteria (left, Mohr-Coulomb, right, Hoek and Brown) determined from materials properties. In dotted lines, circles representing serviceability tensor and associated reduced rupture criteria. In both cases, the RUCS (RC) circle is not shown, for clarity.

Table 1 :

 1 Chemical features of the three binders expressed in % of oxides

	Tables							
		SiO2	Al2O3	Fe2O3	CaO	MgO	SO3	CaOfree
	ZIP 35	36	14	3.7	35	1.5	1.7	0
	PHOCAL C15	30	11.6	3	44	1.6	1.4	14
	PHONOS	25	8	3	53	2	2	2

Table 2 :

 2 Properties of the two pavement structure layers. Values of elastic modulus and Poisson's ratio of layers [3] and [4a], X and Y, depend on the specific mixture of cementmodified loess.

	Structure 1

Table 3 :

 3 Values of E and ν parameters of different mixtures. Standard deviations are given in brackets.

	Treatment	ZIP35	PHOCAL C15	PHONOS
		5.5%	7%	5.5%	7%	5.5%	7%
	νUCS	0.13 (0.02)	0.14 (0.03)	0.12 (0.03)	0.14 (0.02)	0.13 (0.02)	0.14 (0.04)
	EUCS (MPa)	4346 (89)	5221(167)	3531 (198)	3810 (122)	4582 (134)	5230 (220)
	νDT	0.12 (0.03)	0.10 (0.03)	0.12 (0.04)	0.12 (0.02)	0.10 (0.02)	0.14 (0.04)
	EDT (MPa)	4100 (401)	5061 (546)	3461 (242)	3490 (254)	4097 (523)	5367 (856)

Table 4 :

 4 Maximum stress/strain values for the different treatment and test configurations (unconfined compression RUCS/εrupt.UCS, direct tension RDT/εrupt.DT and indirect tension RIDT/εrupt.IDT). Standard deviations based on four measurements are given in parentheses; differences based on two measurements are in square brackets.

	Treatment	ZIP35	PHOCAL C15	PHONOS
		5.5%	7%	5.5%	7%	5.5%	7%
	RUCS (MPa)	3.82 [0.11]	4.86 [0.05]	3.14 [0.01]	3.33 [0.16]	4.40 [0.09]	4.81 [0.15]
	εrupt.UCS (%)	0.648 [0.001] 0.618 [0.019] 0.695 [0.034] 0.673 [0.035] 0.639 [0.028] 0.640 [0.036]
	RDT (MPa)	0.35 [0.09]	0.46 [0.15]	0.16	0.55 [0.00]	0.31 [0.01]	0.35 [0.03]
	εrupt.DT (%) 0.013 [0.001] 0.016 [0.001]	0.006	0.024 [0.000] 0.012 [0.000] 0.011 [0.001]
	RIDT(MPa)	0.39 (0.05)	0.49 (0.02)	0.33 (0.04)	0.39 (0.03)	0.48 (0.07)	0.53 (0.01)

Table 5 :

 5 Cohesion and internal friction angle values based on UCS testing and DT testing (CDT, φDT) and UCS testing and IDT testing (CIDT, φIDT)

	Treatment	ZIP35		PHOCAL C15	PHONOS	
		5.5%	7%	5.5%	7%	5.5%	7%
	CDT (MPa)	0.58	0.75	0.35	0.68	0.58	0.65
	φDT (°)	56	56	65	46	60	60
	CIDT (MPa)	0.73	0.92	0.62	0.71	0.89	0.98
	φIDT (°)	48	48	47	44	46	46
	CIDTx0.8 (MPa)	0.55	0.69	0.46	0.51	0.65	0.71
	φIDTx0.8 (°)	58	58	58	56	57	57

Table 6 :

 6 Values of m based on DT testing (mDT) and IDT testing (mIDT and mIDTx0.8)

	Treatment	ZIP35		PHOCAL C15	PHONOS
		5.5%	7%	5.5%	7%	5.5%	7%
	mDT	10.82	10.47	19.57	5.89	14.12	13.67
	mIDT	8.16	8.31	7.83	6.66	7.42	7.31
	mIDTx0.8	12.16	12.32	11.81	10.58	11.37	11.26

Table 7 :

 7 Serviceability stresses tensor at the bottom of the foundation layer in structure 1 and at the bottom of the capping layer in structure 2

	Treatment	ZIP35		PHOCAL C15	PHONOS
		5.5%	7%	5.5%	7%	5.5%	7%
				Structure 1		
	σXX (MPa) σYY (MPa) σZZ (MPa)	-0.29 -0.20 0.04	-0.33 -0.23 0.04	-0.25 -0.18 0.04	-0.26 -0.19 0.04	-0.29 -0.21 0.04	-0.34 -0.24 0.04
				Structure 2		
	σXX (MPa) σYY (MPa) σZZ (MPa)	-0.11 -0.10 0.003	-0.11 -0.11 0.003	-0.10 -0.10 0.003	-0.11 -0.10 0.003	-0.11 -0.10 0.003	-0.12 -0.11 0.002

Table 8 :

 8 Safety factors. MC refers to Mohr-Coulomb and HB to Hoek and Brown.

		Treatment	ZIP35		PHOCAL C15	PHONOS
			5.5%	7%	5.5%	7%	5.5%	7%
					Structure 1		
	MC	RDT	1.87	2.51	/	3.52	1.31	1.10
		RIDTx0.8	1.38	1.88	1.18	1.70	2.26	2.01
	HB	RDT	1.22	1.40	0.63	2.08	1.06	1.02
		RIDTx0.8	1.08	1.19	1.05	1.18	1.31	1.24
					Structure 2		
	MC	RDT	8.87	11.36	4.21	11.46	8.63	9.05
		RIDTx0.8	8.16	10.20	6.93	7.86	10.07	10.37
	HB	RDT	3.24	4.05	1.56	5.22	2.85	2.99
		RIDTx0.8	2.89	3.45	2.57	2.96	3.53	3.62
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