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The scope of W(H)YDOC 08 (Paris, November 19 – 21, 2008) was to bring together young geotechnical doctors within an informal invited Workshop, so as to allow for the presentation of researches carried out during or soon after their PhD thesis. Students completing their last PhD year were also welcomed. Several senior researchers from various European Universities acted as discussion leaders during the sessions. The Workshop aimed at favouring informal and constructive exchanges about recent research results and ideas. The Universities that agreed to participate to W(H)YDOC 08 are listed below; some of them are partners within the “MUSE” European Research and Training Network and ALERT Geomaterials European Network: Cairo University (EG), Cardiff University (UK), CEA Grenoble (FR), CEDEX Madrid (SP), Ecole des Ponts ParisTech (FR), Ecole Polytechnique Fédérale de Lausanne (CH), Instituto Superior Técnico (PT), Institut Français du Pétrole (FR), Laboratoire Central des Ponts et Chaussées (FR), National Technical University of Athens (GR), Politecnico di Milano (IT), Swiss Federal Institute of Technology Zurich (CH), Tufts University (USA), University College of London (UK), Université Joseph Fourier L3S (FR), University of Glasgow (UK), University of Innsbruck (A), University of Strathclyde (UK), Universitat Politècnica de Catalunya (SP). A total of 20 contributions coming from 11 countries were presented during the Workshop. This book contains the summaries of these contributions, outlined in short papers provided by the authors. It would be useful for all researchers to provide an idea about the ongoing research activities in the field of geomechanics. We acknowledge Prof. Eduardo Alonso (Universitat Politècnica de Catalunya, Spain), Prof. Kenichi Soga (University of Cambridge, UK) and Prof. Carlo Viggiani (Università degli Studi di Napoli Federico II, Italy) for their kind acceptance to hold the Keynote Lectures presented during the Workshop. We are also grateful to the session chairmen, Prof. Olivier Coussy (Ecole des Ponts ParisTech, France), Prof. Marcelo Sanchez (Strathclyde University, UK) and Prof. David Toll (Durham University, UK) We are grateful too to all the "Young Doctor Contributors" who enthusiastically participated to the three days meeting. Thanks are also due to their Tutors. This Workshop was supported by the sponsorship of: MUSE (Mechanics of Unsaturated Soils for Engineering) EC Marie Curie RTN, ALERT Geomaterials, Ecole des Ponts ParisTech , IRSN (Institut de Radioprotection et de Sûreté Nucléaire), FNTP (Fédération Nationale des Travaux Publics) and SNCF. Their participation is here kindly acknowledged.
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THERMAL PRESSURIZATION AND ANOMALOUS THERMAL EXPANSION OF THE PORE FLUID OF A HARDENED CEMENT PASTE Siavash Ghabezloo ([email protected]), Jean Sulem Université Paris-Est, UR Navier, CERMES-ENPC, Marne la Vallée, France. Jérémie Saint-Marc TOTAL, Management of Residual Gases Project, Pau, France.



ABSTRACT. Temperature increase in a fluid-saturated porous material in undrained condition leads to pore pressure increase. This phenomenon of thermal pressurization is studied experimentally for a saturated hardened cement paste. The measured value of the thermal pressurization coefficient is found equal to 0.6MPa/°C. The experimental observation that this coefficient does not change with temperature between 20°C and 55°C is attributed to the anomalous thermal behaviour of cement paste pore fluid. It is shown that the thermal expansion of the cement paste pore fluid is higher than the one of pure bulk water and is much less sensitive to temperature changes. This anomalous thermal behaviour is due to the confinement of the pore fluid in the very small pores of the microstructure of the cement paste, and also to the presence of dissolved ions in the pore fluid. 1. Introduction Temperature increase in saturated porous materials in undrained condition leads to volume change and pore fluid pressure increase. This thermal pressurization of the pore fluid is due to the discrepancy between the thermal expansion coefficients of the pore fluid and of the pore volume. This increase of the pore fluid pressure induces a reduction of the effective mean stress, and can lead to shear failure or hydraulic fracturing. This phenomenon is important in petroleum engineering where the reservoir rock and the well cement lining undergo sudden temperature changes. This phenomenon is also important in environmental engineering for radioactive (exothermal) waste disposal in deep clay geological formations as well as in geophysics in the studies of rapid fault slip events when shear heating tends to increase the pore pressure and to decrease the effective compressive stress and the shearing resistance of the fault material (Sulem et al. 2007). The values of the thermal pressurization coefficient, defined as the pore pressure increase due to a unit temperature increase in undrained condition, is largely dependent upon the nature of the material, the state of stress, the range of temperature change, the induced damage. The large variability of the thermal pressurization coefficient reported in the literature for different porous materials with values from 0.01MPa/°C to 1.5MPa/°C (see Ghabezloo and Sulem (2008) for a review) highlights the necessity of laboratory studies. It is known that the thermal expansion of water, when confined in vey small pores of nanometre size, is higher than that of bulk water. This phenomenon is showed experimentally by Derjaguin et al. (1986) who studied the thermal expansion of water in nanopores of silica gel (5nm) and observed that it is anomalously higher than that of bulk water. Their results also show that the rate of increase of the thermal expansion of confined water with temperature is smaller than the one of bulk water. The ratio of the thermal expansion of confined water to that of bulk water decreases with temperature and for temperatures higher than 70°C no more difference is observed between the thermal expansion coefficients. Xu et al. (2004) also studied the thermal expansion and viscosity of water and salt solutions in porous silica glasses with two different pore sizes and found that the thermal expansion of water in smaller pores (5.0nm) is higher than that in larger pores (7.4nm). The aim of this paper is to study the phenomenon of thermal pressurization for a fluid-saturated hardened cement paste. An experimental program of drained and undrained heating tests is performed and the tests results are critically discussed. The anomalous thermal behaviour of cement paste pore fluid is back analysed from the results of the undrained heating test. 2. Theoretical background A complete derivation of the equations of thermo-poro-elasticity for a saturated porous material and also an extension to account for the effect of non-elastic strains is presented in Ghabezloo et al. (2008b). The variation of the pore pressure in undrained condition is given by equation (1) as a function of the variations of the total stress V, the temperature T and the non-elastic strains Hne: 3
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where B is the Skempton coefficient and ȁ is the thermal pressurization coefficient given by: I D f  D I wp f / wT  cd  cs  I  c f  cI 



(2)



cd is the drained bulk compressibility, cs is the unjacketed compressibility, cI is the pore volume compressibility for unjacketed loading condition and cf is the pore fluid compressibility. Df and DI are the thermal expansion coefficients of the pore fluid and pore volume respectively and I is the porosity. The non-elastic strain Hne can be plastic, viscoelastic or viscoplastic. 3. Experimental program In order to evaluate the effect of temperature on the behaviour of hardened cement paste, drained and undrained heating tests are performed and presented in the following. The cement paste was prepared using a class G oil well cement with a water to cement ratio w/c=0.44 and was cured for at least 3 months at 90°C in a fluid which is neutral with respect to the cement pore fluid. More details about the preparation procedure are presented in Ghabezloo et al. (2008a). The total porosity of the samples is measured by oven drying at 105°C equal to 0.35. As discussed in Ghabezloo et al. (2008a,b) this porosity should not be used in poromechanical calculations because it includes a part of the interlayer porosity of the cement paste. The porosity which should be used in the calculations is the free water porosity. The mercury porosity is measured equal to 0.26 and will be used as an approximation of the free-water porosity of the studied cement paste. The drained and undrained heating tests are performed in a triaxial cell, which is equipped with a heating system that can apply a temperature change with a given rate and regulate the temperature. The details of the triaxial system are presented in Ghabezloo and Sulem (2008). 4. Test results A drained heating test was carried out under a constant confining pressure of 1.5MPa and a constant back fluid pressure of 1.0MPa. During the test, the temperature was increased from 18°C to 87°C at a rate of 0.08°C/min and the drained thermal expansion coefficient was evaluated as the slope of the temperature-volumetric strain response, equal to 6×10-5(°C)-1. The phenomenon of thermal pressurization was studied in an undrained heating test under a constant isotropic stress equal to 19MPa. After the saturation phase, the confining pressure was increased up to 19MPa in drained condition at a rate of 0.025MPa/min. Then, the temperature was increased at a rate of 0.1°C/min and the pore pressure change was monitored during the test. As in a triaxial device the pore pressure cannot exceed the confining pressure, the heating phase was stopped when the pore pressure reached the confining pressure and the temperature was then decreased. The test results are shown on Figures (1) and (2) where the measured pore pressure and volumetric strain are plotted versus the temperature change. As seen in Figure (1), the pore pressure increases and then decreases almost linearly with temperature during the heating and cooling phases. For a pore pressure close to the confining pressure, the pressurization curve becomes almost horizontal. This phenomenon is due to the leakage of pore fluid between the sample and the rubber membrane when the difference between the confining pressure and the pore pressure is too small. Similarly, the pore pressure reduction is delayed at the beginning of the cooling phase. The measured volumetric strains, presented in Figure (2), show the expansion and the contraction of the sample during the heating and cooling phases respectively. The undrained thermal expansion coefficients for the heating and cooling phases are found respectively equal to 9.6×10-5(°C)-1 and 1.2×10-4(°C)-1. As expected, these values are greater than the measured drained thermal expansion coefficient. The measured pore pressure in the undrained heating test should be corrected for the effect of the dead volume of the drainage system of the triaxial cell, as presented by Ghabezloo and Sulem (2008). This correction was performed here and the thermal pressurization coefficients for heating and cooling phases are measured respectively equal to 0.62MPa/°C and 0.57MPa/°C.
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Figure 1. Undrained heating test, temperature-pore pressure response.



0 Heating



-500 -1000 -1500 -2000



-5



-1



Du = 9.6 x 10 (°C) -4



-1



Du = 1.2 x 10 (°C)



-2500 -3000



Cooling



-3500



Figure 2. Undrained heating test, temperature-volumetric strain response.



5. Discussion of the results In the above experimental results, it is observed that the thermal pressurization curve during heating and cooling is almost a straight line so that the thermal pressurization coefficient of the hardened cement paste can be considered as constant, equal to 0.6MPa/°C. It has been checked that this value is retrieved when the test is repeated. From equation (2) we can see that the thermal pressurization coefficient / depends on the physical properties of water and on the thermal and mechanical properties of the porous material considered. Stress and temperature dependency of these parameters can thus lead to a variation of the thermal pressurization coefficient with the temperature and the level of stress. This temperature and stress dependency of the thermal pressurization phenomenon is showed experimentally for a granular rock by Ghabezloo and Sulem (2008). The thermal expansion coefficient of water varies significantly with temperature. The experimental study of Ghabezloo (2008) and Ghabezloo et al. (2008a) has shown the stress and temperature dependent character of the mechanical properties of the hardened cement paste. Then one can ask the question why is it found that the thermal pressurization coefficient is constant during the undrained heating test? One possible explanation can be found in the anomalies of the thermal expansion of cement paste pore fluid, as presented by Valenza and Scherer (2005). They evaluated the permeability of the hardened cement paste using two different methods: thermopermeametry and beam bending. According to these authors, the comparison of the measurements using these methods showed that to bring the two measurements into agreement, the pore fluid in the fine pores of the hardened cement paste should have a thermal expansion coefficient about one and a half times larger than the one of the bulk liquid. The possible effect of the anomalies of thermal expansion of cement paste pore fluid on our test results can be investigated in a back-analysis of the performed undrained heating test. In this test the confining pressure remains constant, dV=0, so that dVd=-dpf. The back analysis can be done using the following equation from the theory of poroelasticity: 1 (3) D f dT DI dT   d H  D d dT  dp f  c f  cI I The analysis is done here for the cooling phase where the creep effects are of less importance. Based on the results of Ghabezloo et al. (2008a) we take cI=0.06GPa-1. We take also Dd=DI=6×10-5(°C)-1 and I=0.26. The result of the back analysis is shown in Figure (3) along with the evolution of the thermal expansion coefficients of pure bulk water and of 0.5mol/l NaOH bulk solution. We observe that the thermal expansion of cement pore fluid is larger than the one of pure bulk water which is compatible with the results of Valenza and Scherer (2005). We also observe that the rate of increase of the thermal expansion of cement pore fluid with temperature is lower than the one of pure bulk water. This is compatible with the experimental results of Derjaguin et al. (1986) and Xu et al. (2004) as mentioned in the introduction. On the other hand, this lower rate of increase with temperature is probably also due to the presence of dissolved ions in cement pore fluid. It is well-known that the presence of ions in water can influence its thermal expansion. Comparing the thermal expansion of pure bulk water with the one of 0.5mol/l NaOH bulk solution, we can see that the presence of ions increases the thermal expansion coefficient and decreases its rate of change with temperature. Assuming that the thermal expansion of the cement pore fluid in bulk condition is equal to the one of 0.5mol/l NaOH bulk solution, we can evaluate the effect of the anomaly of pore fluid thermal expansion as the ratio between the thermal 5
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expansion of the (confined) pore fluid and the one of the bulk fluid. This ratio reflects the effect of cement pore structure on the thermal expansion of pore fluid and is almost independent of presence of dissolved ions. This is presented in Figure (4) where a good accordance with the experimental results of Xu et al. (2004) is observed. This clearly shows the effect of cement pore structure on the anomaly of the thermal behaviour of the cement paste pore fluid.
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Figure 3. Evaluated thermal expansion coefficient of cement pore fluid compared with the thermal expansion of pure water, and of 0.5 mol/l NaOH solution.



Figure 4. Anomaly of the thermal expansion of cement pore fluid compared with pure water confined in silica pores of different size.



6. Conclusions The effect of undrained heating on induced pore fluid pressurization and volumetric change is studied experimentally for a fluid-saturated hardened class G cement paste which is prepared with w/c=0.44 and hydrated at 90°C. The thermal pressurization coefficient of the studied cement paste is measured equal to 0.6MPa/°C and is constant between 20°C and 55°C. It could be expected that this coefficient varies with temperature due to the variations of the thermal expansion of water with temperature. The back analysis of the results showed that this phenomenon may be attributed to the anomalies of the thermal expansion of cement paste pore fluid. The evaluated thermal expansion coefficient of cement pore fluid is larger than the one of pure bulk water and its rate of increase with temperature is smaller. These anomalies are mainly due to the thermal behavior of water when confined in small pores and also to the presence of dissolved ions in the cement paste pore fluid. Acknowledgment: The authors gratefully acknowledge TOTAL for supporting this research. They wish also to thank François Martineau for his assistance in the experimental work. 7. References Derjaguin B.V., Karasev V.V., Khromova E.N. (1986) Thermal expansion of water in fine pores, J. Colloid Interface Sci. 109 (2), 586–587. Ghabezloo S. (2008) Comportement thermo-poro-mécanique d’un ciment pétrolier. PhD thesis, Ecole Nationale des Ponts et Chaussées, France. Ghabezloo S., Sulem J. (2008) Stress dependent thermal pressurization of a fluid-saturated rock, Rock Mech Rock Engng, in press, DOI 10.1007/s00603-008-0165-z. Ghabezloo S., Sulem J., Guedon S., Martineau F., Saint-Marc J. (2008a) Poromechanical behaviour of hardened cement paste under isotropic loading. Cement and Concrete Research 38, 1424-1437. Ghabezloo S., Sulem J., Saint-Marc J. (2008b) The effect of undrained heating on a fluid-saturated hardened cement paste. Cement and Concrete Research, in press, DOI 10.1016/j.cemconres.2008.09.004. Sulem J., Lazar P., Vardoulakis I. (2007) Thermo-Poro-Mechanical Properties of Clayey Gouge and Application to Rapid Fault Shearing, Int. J. Num. Anal. Meth. Geomechanics, 31(3), 523-540 Valenza II J.J., Scherer G.W. (2005) Evidence of anomalous thermal expansion of water in cement paste, Cement and Concrete Research 35, 57–66. Xu S., Simmons G.C., Scherer G.W. (2004) Thermal expansion and viscosity of confined liquids, Mat. Res. Soc. Symp. Proc. vol. 790, Materials Res. Soc, Warrendale, P6.8.1– P6.8.7.
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THERMO-PLASTICITY OF SOILS AT VARIOUS SATURATION STATES: A CONSTITUTIVE MODEL Bertrand François1,2 ([email protected]), Lyesse Laloui1 1 Soil Mechanics Laboratory, Ecole Polytechnique Fédérale de Lausanne, Switzerland 2



Laboratoire 3S-R, Institut National Polytechnique Grenoble, France



ABSTRACT. This paper presents a highly-coupled thermo-plasticity model for unsaturated soils. The effect of temperature on the mechanics of unsaturated soils is briefly addressed. Then the equations of the developed model, so-called ACMEG-TS, are detailed. Finally, the model is validated by the means of comparisons with experiments. This constitutive model constitutes an effective tool for modelling the thermo-hydro-mechanical (THM) behaviour of geomaterials involved in the confinement of nuclear waste disposal. 1. Introduction The geomaterials that will be involved in the confinement of radioactive waste in deep geological formations will be submitted to strong thermal, hydraulic, and mechanical modifications. Those modifications may produce a significant change of the characteristics of the confinement barrier, partially due to thermo-plasticity effects in the confining soil (Laloui et al., 2008). Following the need for understanding and quantifying such effects, a constitutive model that deals with the thermo-mechanical modelling of unsaturated soils is proposed (François and Laloui, 2008). In light of elasto-plasticity, this model is based on the relevant temperature and suction effects on the mechanical behaviour of finegrained soils, as observed in experiments (Salager et al., 2008). 2. Thermo-plasticity in soils The thermal effects on the mechanical response of soils must be considered not only in terms of reversible phenomena, but also in term of thermo-plasticity. The predominant effect of temperature on the behaviour of fine-grained soils is the causation of successively lower void ratios with temperature increasing for a given stress level. The normally consolidated lines at different temperatures are parallel and shifted to the left with increasing temperature. As a consequence, in a normally consolidated state, the soil undergoes thermal hardening (i.e. densification) upon heating in order to reach the normally consolidated line corresponding to the current temperature. Under undrained conditions, the generation of pore water pressure upon heating is a consequence of a higher thermal expansion coefficient of water than of the mineral phase. Also, thermo-plastic processes may induce additional pore water pressure. Moreover, the deviatoric behaviour of soils may also be affected by temperature variations (Hueckel et al., 2008). In addition to the effect of temperature on the saturated soils, the unsaturated conditions bring additional thermo-hydro-mechanical couplings in the materials. In particular, the water retention capacity of soils decreases with increasing temperature. The retention curves, expressed in the degree of saturation vs suction axis, are shifted to the left with increasing temperature, mainly because the interfacial tension between the water and the grains decreases as temperature increases. This thermal effect indirectly influences the mechanical response of the soils by changing the suction value for the same degree of saturation. From an experimental study of the combined effects of suction s and temperature T on the preconsolidation pressure, Salager et al. (2008) deduced logarithmic functions to describe the evolution of pcc with temperature and suction:
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where pcc 0 is the preconsolidation pressure at ambient temperature T0 and for suction lower than the air-entry value se . J T and J s are material parameters. 7



3. The constitutive equations The developed model uses the generalized effective stress approach, which aims to use a single stress to describe the mechanical behaviour of unsaturated soils through combinations of mechanical stresses and fluid pressures. This averaged stress variable converts a multi–phase porous media into a mechanically equivalent, single-phase, single-stress state continuum according to the following expression (Bishop, 1959):
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where V ij is the total external stress tensor, pa and pw the air and water pore pressures, respectively,



G ij Kroenecker’s symbol and S r the degree of saturation. Mechanical scheme The model, called ACMEG-TS, is based on an elasto-plastic-framework, the total strain increment d H being decomposed into non-linear, thermo-elastic, d H e , and thermo-plastic, d H p , components. The elastic part of the deformation is expressed as follows: 1 Eijkl dV klc  E 7,ij dT ȱ
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The first term of Equation (3) is the contribution of the effective stress increment dV klc to the total elastic strain increment, through the elastic tensor Eijkl . According to Equation (2), this part may follow from total stress or fluid pressure variations. The second term of Equation (3) is related to the thermo-elastic strain of the material, through the thermal expansion coefficient vector, E 7,ij 1 3 E sc G ij . The plastic mechanism of the material is induced by two coupled hardening processes: an isotropic and a deviatoric one. Using the concept of multi-mechanism plasticity, both mechanisms may induce volumetric plastic strain. Therefore the total volumetric plastic strain rate d H vp is the coupling variable linking the two hardening processes. The yield functions of the two mechanical, thermo-plastic mechanisms have the following expressions (Figure 1):
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where pcc is the preconsolidation pressure. b , d and M are material parameters. pcc depends on the volumetric plastic strain, H vp , in addition to temperature and suction:
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where E is the plastic compressibility modulus and pcc  s, T is expressed in Equation (1). riso and rdev are the degree of mobilization of the isotropic and the deviatoric mechanisms and are hyperbolic functions of the plastic volumetric strain induced by the isotropic and the deviatoric mechanisms, respectively (Hujeux, 1979; Laloui and François, 2008). The flow rule of the isotropic mechanism is associated, while the deviatoric one is not, and they are assumed to take the following forms, respectively:
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p p and Odev , are determined using the where D is a material parameter. The plastic multipliers, Oiso consistency equation.
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Figure 1: Effect of (a) temperature and (b) suction on the shape of coupled mechanical yield limits.



Water retention scheme In terms of water retention response, desaturation is also a yielding phenomenon. Hysteresis in water retention behaviour is modelled as a plastic process. As long as the soil is drying, suction increases, and the degree of saturation, S r , tends to decrease mainly when the air-entry suction se is reached. Under re-wetting, a hysteretic phenomenon occurs, also represented by a yielding process (Figure 2). A wetting-drying cycle activates two successive yield limits in the ( S r  s ) plane ( f dry and f wet , along the drying and wetting paths, respectively):
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where sd is the drying yield limit and shys a material parameter considering the size of the water retention hysteresis. Because air-entry suction of the materials depends on temperature and dry density, sd is a function of temperature and volumetric strain (François and Laloui, 2008):
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where TT and Te are material parameters describing the evolution of air-entry suction with respect to temperature and volumetric strain, respectively. If the initial state is saturated, the initial drying limit sd 0 is equal to air-entry suction se and increases when suction overtakes se as follows:
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where E h is the slope of the desaturation curve in the



 Sr  ln s plane



(Figure 2). sd T , H v is



described by Equation (8).



Figure 2: Schematic representation of water retention curve modelling.
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4. Numerical simulations The proposed model has been extensively validated with the results of different non-isothermal experiments under saturated and unsaturated conditions (François and Laloui, 2008; François, 2008). In this section, comparison between numerical simulations and experimental results on compacted FEBEX bentonite is briefly proposed. Figure 3a compares the numerical simulations with oedometric compression tests at different suctions (T= 22°C). The initial strain observed at 0.1 MPa of net stress is due to the suction path from 127 MPa to the suction applied during compression. The subsequent compression paths clearly shows the enhancement of elastic domain when suction increases. Figure 3b reproduces the numerical simulation of oedometric compression tests at two temperatures under 127 MPa of suction. The initial strain observed for the path at 50°C is due to the temperature increase.



Figure 3: Numerical simulations of oedometric compression tests of FEBEX bentonite at (a) different suctions and (b) different temperatures. Comparisons with experiments.



5. Conclusions When a soil is simultaneously submitted to mechanical, hydraulic and thermal variations, several coupling effects are involved in its global THM response. Those interactions have been introduced in a unified constitutive framework, so-called ACMEG-TS, including two interconnected aspects (a mechanical and a water retention framework) linked through a generalized effective stress expression. This constitutive approach has been confronted with experimental results through numerical predictions which tend to proof the accuracy of the developed model. ACMEG-TS constitutes an effective constitutive tool for modelling the THM behaviour of geomaterials. In addition, the model has been properly implemented in a finite element code in order to study the behaviour of the soils that confine the nuclear waste (François, 2008; François et al., 2008). 6. References Bishop A.W. (1959). The principle of effective stress. Tecnisk Ukeblad, 39: 859-863. François B. (2008). Thermo-plasticity of fine-grained soils at various saturation states: Application to nuclear waste disposal. PhD Thesis, EPFL, Lausanne, Switzerland. François B., Laloui L. (2008). ACMEG-TS: A constitutive model for unsaturated soils under non-isothermal conditions. International Journal for Numerical and Analytical Methods in Geomechanics, 32: 1955-1988. François B., Laloui L., Laurent C. (2008). Thermo-hydro-mechanical interpretation of the response of Boom clay undergoing in-situ thermal loading. Computers and Geotechnics. in print. Hueckel T., François B., Laloui L. (2008). Explaining thermal failure in saturated clays. Géotechnique. in print. Hujeux J.C. (1979). Calcul numérique de problèmes de consolidation élastoplastique. PhD Thesis, Ecole Centrale, Paris. Laloui L., François B. (2008). ACMEG-T: A soil thermo-plasticity model. Journal of Engineering Mechanics. in print.. Laloui L., François B., Nuth M., Peron H., Koliji A. (2008) A thermo-hydro-mechanical stress-strain framework for modelling the performance of clay barriers in deep geological repositories for radioactive waste. 1st European Conf. on Unsaturated Soils, Durham, United Kingdom: 63-80. Lloret A., Romero E., Villar M. (2004). FEBEX II Project: Final report on thermo-hydro-mechanical laboratory tests. Publicación técnica 10/2004, ENRESA. Salager S., François B., El Youssoufi M.S., Laloui L., Saix C. (2008). Experimental investigations on temperature and suction effects on compressibility and pre-consolidation pressure of a sandy silt. Soils and Foundations 48(4): 453-466.
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ABSTRACT. A numerical investigation into the thermo-hydro-mechanical behaviour of a single deposition-hole in a nuclear waste repository is presented. In particular, two simulations are presented modelling first a deposition-hole in largely unfractured rock, and a second including a discrete fracture of 2m in radius intersecting the deposition-hole. The impact upon the hydraulic phase is discussed in detail and compared with experimental results from the Prototype Repository Project undertaken in Äspö, Sweden. It is found that the results correlate well, picking up the key differences in the saturation rates in the buffer material, especially in close proximity to the fracture represented. 1. Introduction Nuclear waste resulting from civilian programs is a significant problem. Of this waste, low and intermediate level waste is being disposed of in below surface repositories. The high level waste, which is only 2% by volume, contains 92% of the radioactivity in the UK (CoRWM, 2006), hence produces a large amount of heat. Many countries, including UK, Sweden, Finland and France among others, have the intention of disposing of high-level nuclear waste utilising deep geological disposal. This concept involves containing vitrified waste or fuel rods in a copper canister containing a cast iron insert for strength. The canister is surrounded by a high-density expansive clay buffer and then placed into a deposition hole situated in bed-rock at approximately 400-500m depth. For performance assessment of a geological repository it is important that the thermo-hydromechanical behaviour is known so that possible mechanisms for radioisotope escape can be identified and the structure can be appropriately designed. The hydraulic behaviour of the buffer material is complex, in part due to the expansive nature of the clay and the multi-level structure with the micro/macro-structure interaction affecting the overall behaviour. In addition, many suitable locations for geological disposal are made up of fractured crystalline rock which contains many discontinuities which are known to create highly anisotropic flow and preferential flowpaths. In this paper the thermo-hydro-mechanical behaviour of a single deposition hole is investigated via numerical simulation to investigate the impact of relatively small fractures within a matrix of crystalline rock. Experimental behaviour of both deposition holes which intersect hydraulically active fractures and deposition holes which are locally contained within rock which does not have any hydraulically active fractures is found at the Prototype Repository Project (PRP). The PRP is a full scale mock-up experiment of deep geological disposal, designed to test on full-scale the thermo-hydro-mechanical performance of a repository system. It is located in the Hard Rock Laboratory in Äspö, Sweden and operated by SKB (Johannesson et al., 2007). Section 2 introduces the theoretical formulation, with section 3 proposing the modelling techniques and the specific simulations undertaken. In section 4 results are shown, compared briefly to experimental data and the concluding remarks are given in section 5. 2. Theoretical formulation The materials contained within the model, rock, buffer and backfill materials, are assumed to be porous media. A coupled thermo-hydro-mechanical formulation is used, formulated in terms of the primary variables: pore-water-pressure, ul , temperature, T , pore-air-pressure, ua , and displacement, u . The flow variables are formed into governing equations using the principles of conservation of mass and the displacement is formed into a governing equation using equilibrium conditions. The soil deformation is governed using an elasto-plastic framework initially developed by Alonso et al. (1990). The theoretical basis is formed into a standard Galerkin finite element form and developed into a bespoke computer code, COMPASS, whose details are described elsewhere (Thomas and He, 1997). The resultant system of coupled equations expressed in matrix form is given as;
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where K , C and f are coefficients of the equations. Temporal discretisation via a finite difference, implicit, mid-interval forward difference time stepping algorithm is used. The solution for the timestep n+1 can be expressed as;
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where A , B and C are the matrices of coefficients and are estimated using an iterative predictor corrector algorithm and I is the vector of variables.



3. Proposed model To investigate the differential inflow into deposition holes into repository structures such as the PRP, an idealised axisymmetric domain has been modelled. A single deposition hole is virtually symmetrical therefore an axisymmetric analysis has been undertaken to reduce computational time. The domain is based upon the PRP, in particular, deposition-hole 1 (DH-1) which intersects a 2m radius fracture and DH-3 which does not. The results from experimental data both pre-emplacement of buffer material and post-emplacement show that there is a large differential inflow between these holes. Figure 1 outlines the idealised domain including the rock mass, buffer material and canister. The fracture contained in figure 1 is included in the simulation where a fracture intersects the deposition-hole and is excluded to simulate an intact rock. A modified continuum finite element model is used to allow the bulk rock mass and particular discontinuities to be represented. In the main an effective continuum is used to include the intact rock and statistical distribution of small fractures. Larger fractures have been included explicitly which allows preferential and highly localised flow. The material parameters are modified for the fracture to allow a higher hydraulic conductivity.



Figure 1. The model domain. Simulations performed both with and without the inclusion of the local fracture.
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Figure 1 also shows the discretisation of the domain local to the canister and buffer material, identifying the initial and boundary conditions. It can be seen that the mesh is more detailed in and around the repository structure due to higher parameter gradients and a finer result resolution required. The analyses simulate 10 years performance and material parameters have been established from experimental results where possible. The initial pore-water-pressure of the rock is assumed to be hydrostatic with the water table which is situated 400m above the top of the domain. While it is acknowledged that this will not be exactly the case due to the construction process and subsequent inflow into the repository structure, the rock is likely to still be largely saturated as the air in the repository is not able to maintain high negative porewater-pressures. The suction of the buffer material is measured from the soil-water-retention-curve, a fitted van Genutchen relationship, and the reported initial water contents from manufacture (Börgesson et al., 2002). The initial temperatures were as measured and the heat flux is maintained constant based upon the initial heat flux in the PRP. The heat from the canisters is simulated as a heat flux of 100 W/m2. 4. Results Two simulations were performed, one without a fracture and one with a fracture. All other parameters were identical between the two analyses; hence they are able to demonstrate two things. The first, as to whether the key experimental features of such differences are able to be simulated and the second, to investigate the impact that discrete fractures may have in more detail than possible experimentally. Results in the thermal field are almost identical and for the sake of brevity have not been reported on in detail. The temperature rises to 345K at the end of the analysis where an almost steady-state is reached. In reality this temperature field may be intersected by the temperature field from other deposition holes in close proximity. The differences in the mechanical field are closely linked to the hydraulic results, as the material used in the buffer is highly expansive. Therefore, the hydraulic results are closely examined. Stresses were approximately 5MPa for the fractured rock and less than 1MPa for the unfractured rock. Figure 2 shows a series of contour plots of the pore-water-pressure over time. Series (a) is unfractured and series (b) is fractured. It is clearly seen that the mid-section of the buffer material saturates quickly whereas the top and bottom sections saturate faster, but not as dramatically.



a)



b)



Figure 2. Contour plot of the pore-water-pressure, in Pa, for (a) the unfractured rock and (b) the fractured rock.



These results can also be seen overlaid onto experimental results (Goudarzi and Johannesson, 2007) in figure 3. The results are from locations at the top of the bentonite buffer, the midsection, near to the location of the fracture and at the bottom. It must be noted that many of the sensors have stopped working and show some level of interference and uncertainty. It can be seen that qualitatively the results are well simulated. The major difference, that the buffer saturates quickly at the mid-height, is well defined in the simulation. In the generally unfractured deposition-hole shown in figure 2a and 3a it is seen that some saturation occurs but at a relatively slow gradient. In the deposition-hole which contains the fracture slightly faster saturation occurs in the whole deposition-hole, but with a significantly lower gradient at the top and at the bottom of the buffer material. Slight quantitative discrepancies are likely to be due, in part, to a more complex network of fractures than represented existing for both simulations. The sensor at the bottom of the fractured sample seems 13



to saturate quickly and then begin to de-saturate before stopping working. It is possible that this sensor is not performing correctly or that local saturation is occurring.



a)



b)



Figure 3. Exerimental and numerical results for inflow into (a) an unfractured deposition hole and (b) a fractured deposition hole.



5. Conclusions A numerical model has been proposed to simulate the thermo-hydro-mechanical behaviour of a single deposition hole in a high-level nuclear waste repository in fractured rock. The key behaviour of the hydraulic field whereby the buffer saturates quickly where fractures intersect the deposition holes has been simulated and is found to reasonably match experimental results. It is this hydraulic behaviour that is a major driver for the mechanical behaviour. 6. Acknowledgements The help of my PhD supervisors Professor H.R. Thomas and Dr P.J. Cleall is acknowledged along with the access to high quality experimental data related to the Prototype Repository from SKB, Sweden. In addition, support for the author via an EPSRC PhD studentship is also gratefully acknowledged. 7. References Alonso, E.E., Gens, A., Josa, A. (1990). A constitutive model for partially saturated soils. Géotechnique, 40(3): 405-430. CoRWM. (2006). Managing our radioactive waste safely. CoRWM’s recommendations to Governement. London. Börgesson, L., Gunnarsson, D., Johannesson, L-E., Sandén, T. (2002). Äspö Hard Rock Laboratory, Prototype Repository, Installation of buffer, canisters, backfill and instruments in Section 1, SKB, IPR-02-23, Stockholm. Goudarzi, R., Johannesson, L-E. (2007). Äspö Hard Rock Laboratory, Prototype Repository, Sensors data report (Period 010917-070601) Report No:17, SKB, IPR-07-19, Stockholm. Johannesson, L-E., Börgesson, L., Goudarzi, R., Sandén, T., Gunnarsson, D., Svemar, C. (2007). Prototype repository: A full scale experiment at Äspö HRL. Physics and Chemistry of the Earth, 32: 58-76. Thomas, H.R., He, Y. (1997). A coupled heat-moisture transfer theory for deformable unsaturated soil and its algorithmic implementation. International Journal for Numerical Methods in Engineering, 40: 3421-3441.
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GENERALIZED PLASTICITY CONSTITUTIVE MODEL BASED ON STATE PARAMETER APPROACH FOR SATURATED AND UNSATURATED SOILS Diego Manzanal ([email protected]), Manuel Pastor Centro de Estudios y Experimentación de Obras Públicas (CEDEX), Madrid, Spain José Fernández Merodo Universidad Rey Juan Carlos, Madrid, Spain.



ABSTRACT. The study developed in this work is focused on constitutive modelling of saturated and unsaturated granular soils from the state parameters point of view. The Generalized Plasticity constitutive equation has been extended in order to reproduce stress-strain behaviour of granular soils with a single set of intrinsic model constants for different densities, confining pressures and saturation conditions. 1. Introduction The growing interest in understanding the behaviour of partially saturated soils and their modelling has caused an increase of the number of experimental data. This has lead to the formulation of various constitutive models. From the pioneering work of Alonso et al. (1990) a series of constitutive models has been developed depending of net stress and suction (Cui & Delage, 1996). After the work of Housby (1997) who analyzed the work imput to unsaturated granular materials, a new generation of models for unsaturated soils based on both the Bishop - effective stress and suction was produced. At first they were focused on isotropic compression tests (Gallipolli et al, 2003, Wheeler et al, 2003), and then the shearing behaviour was modelled (Tamagnini & Pastor, 2004; Fernández Merodo et al., 2005 among others) The state parameter concept has been incorporated in order to take into account the dependant of granular soil behaviour on density and confining pressure. This concept, introduced for the first time in the work of Uriel (1975), has allowed to relate the variation of density (or void ratio) with a reference state, as for example the Critical State. The state parameter concepts have generally been used in saturated sand modelling (Li & Dafalias, 2000). The dependence of the initial conditions (density, confining pressure, degree of saturation, suction) and the stress paths in the soil behaviour imply that the same material is modelled with different constants. The aim of this work is to suggest a unified formulation of constitutive model of Generalized Plasticity for saturated and partially saturated soils. 2. Generalized Plasticity Framework Generalized Plasticity Theory was first presented by Zienkiewicz & Mróz (1984) and later extended by Pastor et al. (1990) with a generalized constitutive model for different types of soils in saturated conditions. Based on the previous work of Tamagnini & Pastor (2004) for unsaturated soils, the proposed constitutive model is combining versatile and hierarchical formulation of Generalized Plasticity Theory with the critical state framework where the total strain rate is defined as a sum of the elastic component ( H ije ), the plastic component coupled with the stress tensor ( H ijpV ) and the plastic component coupled with suction ( H ijp s ). The constitutive equation is written: dH
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In order to reproduce the elastoplastic behaviour of a material according to the Generalized Plasticity Theory, the following items must be known: De elastic behaviour tensor, n tensor discriminating loading and unloading situations, ng tensor of plastic flow direction in loading and unloading; HL/U plastic modulus in loading and unloading; and Hb plastic modulus in wetting and drying path. V” is the “Bishop stress” (Bishop & Blight, 1963) and s is the difference between the pore-air pressure and pore-water pressure.
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3. Unified Generalized Plasticity model State parameter approach has been used in various constitutive models in order to generalize the modelling constants for different stress paths and different initial conditions in saturated soils. The state parameter is defined as the vertical distance between the current state and critical state line in the e – p plane. Manzanal et al. 2006 suggest a modification of the formulation of dilatancy, plastic module and unit vectors of loading, unloading and plastic flow as a function of state parameter for saturated soils. The extension of the constitutive equation for partially saturated soils includes a generalization of the critical state for different suctions as a function of a bounding parameter. The constitutive model has a hydro-mechanical formulation through the relation of saturation degree and normalized suction. The model has also considered the void ratio and hydraulic hysteresis effect on the hydraulic behaviour. To take into account the hardening and softening effect caused by the change on suction, the plastic modulus Hb is the function of a bonding parameter. The model has been calibrated by using the experimental results reported in literature. The simulated tests are covering a wide range of densities, confining pressures and suctions on saturated and partially saturated soils and they are collected in Manzanal (2008). The Figure 1 shows the predictions of the model during the triaxial tests at constant suction (200kPa) under the confining pressures of 50kPa and 100kPa. -0,12 pnet = 51kPa e = 0,780 s pnet = 51kPa e = 0,780 s pnet = 101kPa e = 0,697 s pnet = 101kPa e = 0,697 s
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Figure 1. Comparisons between the experimental data of triaxial tests at constant suction (s = 200kPa) for diferent confining pressures and void ratios from Russell (2004) and model simulations.



4. Conclusions A unified constitutive model based on the Generalized Plasticity Theory and the concepts of state parameter have been presented. The model is capable of reproducing stress-strain behaviour of unsaturated soils for different densities, confining pressures and suction, using the same materials constants. The Generalized Plasticity Theory gives a suitable framework to reproduce not only the monotonic stress path but also the cyclic behaviour. 5. Acknowledgements The authors gratefully acknowledge the financial support of Ministerio de Fomento (Project MODELAD) 6. References Alonso, E.E., Gens, A. & Josa, A. (1990). “A constitutive model for partially saturated soils”, Géotechnique, 40(3), 405-430. Bishop, A.W. & Blight, G.E. (1963). “Some aspects of effective stress in saturated and partly saturated soils”, Géotechnique, 13(3), 177-197. Cui, Y.J. & Delage, P. (1996). “Yielding and plastic behaviour of an unsaturated compacted silt”, Géotechnique, 46(2), 291-311. Fernández Merodo, J.A., Tamagnini, R., Pastor, M. & Mira, P. (2005). “Modelling damage with generalized plasticity”, Rivista Italiana di Geotecnica, 4, 32-42. Gallipoli, D., Gens, A.; Sharma, R. & Vaunat, J. (2003). “An elastoplastic model for unsaturated soil incorporating the effects of suction and degree of saturation on mechanical behaviour”, Géotechnique, 53(1), 123-135. Houlsby, G.T. (1997). “The work input to an unsaturated granular material”, Géotechnique, 47(1), 193-196. Li, X.S. & Dafalias, Y. (2000). “Dilatancy for cohesionless soils”, Géotechnique, 50(4), 449-460.
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HYDRO-MECHANICAL COUPLING IN UNSATURATED COMPACTED CLAYEY SOILS: MODELLING THE WATER RETENTION BEHAVIOUR Della Vecchia, G. ([email protected]), Jommi, C. Politecnico di Milano, Milano, Italy Romero, E. Universitat Politècnica de Catalunya, Barcelona, Spain



ABSTRACT.. Some results of an experimental investigation focused on the study of hydro-mechanical coupling in unsaturated compacted soil, related to the evolution of water retention properties are briefly commented. A model for water retention domain is suggested, that succedes in tracking the evolution of the retention properties along generalised hydro-mechanical paths. A dependence of intra-aggregate pore space on water content, ruled by clay activity, is introduced. The evolution of inter-aggregate water content, following variations of void ratio, comes naturally from a suitable dependence of the analytical function chosen to describe the complete water retention domain. 1. Introduction Strong coupling between mechanical and hydraulic processes characterises the behaviour of unsaturated soils. Much research was devoted in the last years to analyse both experimentally and theoretically how total stress and suction affect their mechanical response. It is now recognised that the whole hydraulic state – i.e. both suction and a measure of the amount of water content of the soil – needs to be defined in order to understand and describe the behaviour of unsaturated soils (e.g. Wheeler 1996, Jommi 2000, Gens et al. 2006). More recently, attention was paid to the influence of hydraulic history, besides hydraulic state, on the response of unsaturated soils along generalised hydro-mechanical stress paths (see e.g. Romero & Jommi 2008, Nuth and Laloui, 2008). The dependence of water retention properties on mechanical state variables and strain history was first underlined by Vanapalli et al. (1999) and Karube & Kawai (2001). Romero & Vaunat (2000), with reference to compacted clays, proposed to distinguish between intra-aggregate pore space, that is not affected by macroscopic void ratio, and inter-aggregate pore space, related to void ratio through a linear scaling law. A model for water retention curve in which air entry value changes with specific volume in the suction - degree of saturation plane was recently proposed by Gallipoli et al. (2003). Here an extension of the model proposed by Romero & Vaunat (2000) is suggested, that succedes in modelling the evolution of the retention properties along generalised hydro-mechanical paths. A dependence of intra-aggregate pore space on water content is introduced and ruled by clay activity. The evolution of inter-aggregate water content, following variations of void ratio, comes naturally from a suitable dependence of the analytical function chosen to describe the complete water retention domain. 2. Experimental programme and data interpretation The results presented here are part of a wider experimental investigation focused on different aspects of hydro-mechanical coupling in unsaturated soil behaviour. Tests were carried out with different equipments in order to study the evolution of pore size distribution, water retention properties, elastic behaviour and irreversible behaviour along generalised hydro-mechanical axisymmetric paths. In between the aspects covered, here the results related to the evolution of water retention properties will be briefly summarised. The soil used in the investigation, Boom clay, is a moderately swelling kaolinitic-illitic clay, with limit liquid wL = 56%, a plastic limit wP = 29%, 50% of particle less than 2Pm, specific surface SS=40m2/g and a specific gravity GS = 2.70. Experimental evidence confirms that two regions can be defined in the main retention domain: an intra-aggregate water region and an inter-aggregate water region, where the water ratio is high enough to partially fill the inter-aggregate voids. Following Delage et al. (1996) and Romero et al. (1999), it may be assumed that in the inter-aggregate region a storage mechanism, dependent on void ratio and void structure, therefore sensitive to mechanical actions, predominates. At lower water contents the influence of initial and current dry density is negligible, signifying that the relationship between suction and water content mainly depends on the mineralogical composition of the clay (specific surface) and is controlled 21



by the intra-aggregate microstructure of the soil. For active clays, the intra-aggregate water content changes following swelling or shrinking of the aggregates. The microscopic water content is no longer constant, and its evolution is governed by the total water mass. In order to delimit the regions of ‘intra-aggregate governing suction’ and ‘inter-aggregate governing suction’, at varying water content, mercury intrusion porosimetry tests were performed. The pore size range corresponding to the intra-aggregate pore space was used to define the ‘intraaggregate governing suction’ zone of the retention curve. The criterion to distinguish the diameter separating macro-voids from micro-voids is based on the experimental evidence of the evolution of pore size distribution after isochoric saturation. Starting from an initial bi-modal distribution, increasing water content at constant total volume increases the mean micro-pores diameter while reducing the mean macro-pore diameter. At the end of isochoric wetting, a single peak in the pore size distribution is observed. The diameter corresponding to the resulting peak in the pore size density function – equivalent intruded diameter - has been chosen as the characteristic dimension discriminating ‘intraaggregate governing suction’ region from ‘inter-aggregate governing suction’. The data collected in the present investigation seem to suggest a bi-linear envelope between the micro-structural void ratio and the water content. Microscopic void ratio may be considered constant until the water ratio ew = w Gs reaches a value e*m which completely saturates the aggregates, leaving dry inter-aggregate pores. Starting from that state, increasing water content partially enters swelling aggregates, that remain saturated, and partially fills macropores, increasing the macroscopic degree of saturation. Literature data on other soils of different activities seem to confirm the proposed conceptual interpretation. The value e*m is related to the specific surface of the soil particles (as already evidenced by Romero and Vaunat, 2000). The linear slope, E describing the tendency of the aggregates to swell, can be linked to the activity of the clayey soil (Fig. 1). 3. A model for soil water retention curve for compacted clayey soils Different variables may adopted to quantify the amount of water in soil, the more common being volumetric water content T (volume of water over total volume of soil), degree of saturation Sr (volume of water over volume of voids) and gravimetric water content w (weight of water over weight of the solid particles). Although useful in certain applications, none of these variables is useful to normalise the role of void ratio on the water retention curve. As the micro-structural void ratio em is linked to the water content w, a useful normalised variable to describe its evolution is the water ratio, ew, defined as the ratio between the volume of water in the pore space and the volume of solid particles:
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Remarkably, the subdivision between water in the intra-aggregate voids and water in the interaggregate voids is additive in sense of water ratio:
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where VS is the volume of solid particles, Vwm the volume of water in the micro-voids and VwM the volume of water in the macro-voids. The model proposed to describe the water retention domain for active compacted clay is written in terms of the work-conjugate variables water ratio and suction. Microscopic part The microscopic branch of the water retention curve must fulfill the following requirements:



Ÿ s smax ew 0 ® ¯ ew e *m Ÿ s s *m



(3)



where smax= 1 GPa is the maximum suction attainable and s*m is the suction corresponding to e*m, i.e. the smallest value of water ratio corresponding to saturated micro-voids and completely dry macrovoids. A suitable function respecting the previous requirements can be written as a function of a single independent parameter, b, giving the average slope of the curve for high values of suction:
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Macroscopic part Following the proposal of Romero & Vaunat (2000), the macroscopic part of the water retention curve is scaled in the range e • ew • em, with em obtained from the information in figure 1:
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where m and n are independent parameters of the model. Imposing that the two analytical expressions (4) and (5) be continuous together with their first derivatives in s = sm, ew = ewm, gives a unique dependence of Don the set of independent parameters, and naturally leads to a correct dependence of the air entry value on void ratio. The micro-structural void ratio may be written as a function of water ratio by means of the two independent parameters, e*m and E (see fig. 1), while the microscopic suction changes following the microscopic branch of the water retention curve. In figure 2 experimental data of compacted Boom Clay (symbols) are compared with the retention domain modelled following the previous criteria (lines). It is worth noting that all parameters were calibrated on the basis of the drying branch of the curve corresponding to e = 0.92, except the value of s*m, that was assigned following Romero et al. (1999). 1000
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Figure 1. Evolution of microstructural void ratio em with water ratio ew=wGs
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Figure 2. Water retention domain for compacted Boom clay. Parameters calibrated on the drying branch of the curve with e=0.92.



4. Evolution of the retention domain along generalised stress paths: an example To highlight the capabilities of the proposed model in tracking the evolution of water retention properties of a swelling soil, data coming from an experimental investigation on compacted sand-bentonite 80/20 mixture (Romero et al., 2002) are compared to the numerical simulations along a complex stress path. The mixture was one-dimensionally statically compacted at about e0 =0.44 and Sr0 = 0.59 (point A in figures 3 and 4). 23
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Figure 3. Controlled suction and void ratio along the wetting – unloding – drying – loading path performed on sand-bentonite (80/20)



Figure 4. Evolution of degree of saturation and water ratio along the imposed path



Figure 3 describes the path followed in the test. An isochoric wetting (AB), starting from the as compacted condition (s0 = 400 kPa, point A), was followed by an unloading stage at constant suction (s = 5 kPa), from (Vv-ua) = 95 kPa to (Vv-ua) =15 kPa (path BC). Path CD corresponds to a drying stage at constant net stress, up to suction of 450 kPa. Finally a loading stage at constant suction (s = 450 kPa) was followed up to 725 kPa (path DE). Good agreement can be observed in figure 4 between the experimental data and the results of the simulations.The model is able to capture the evolution of both water ratio and degree of saturation. It’s worth noting that water ratio describes the pure hydraulic response of the material, that depends on swelling and shrinking of aggregates. Degree of saturation better reflects the combined effects of soil water retention capacity and mechanical changes of void ratio. 5. References Delage P., Audiguier M., Cui Y., Howat M. (1996). Microstructure of a compacted silt. Canadian Geotechnical Journal, 33, 150-158. Gallipoli, D., Wheeler, S.J., Karstunen, M. (2003). Modelling the variation of degree of saturation in a deformable unsaturated soil. Géotechnique, 53(1), 105-112. Gens A., Sanchez M., Sheng D. (2006). On constitutive modelling of unsaturated soils, Acta Geotechnica, 1(3), 31-147. Jommi (2000). Remarks on the constitutive modelling of unsaturated soils. Experimental Evidence and Theoretical Approaches in Unsaturated Soils. A. Tarantino and C. Mancuso (eds.). AA. Balkema, Rotterdam, 139-153. Karube D., Kawai K. (2001). The role of pore water in the mechanical behaviour of unsaturated soils. Geotechnical and Geological Engineering, 19, 211-241. Nuth. M., Laloui L. (2008). Advances in modelling hysteretic water retention curve in deformable soils. Computers and Geotechnics, 35, 835-844. Romero E., Gens A., Lloret, A. (1999). Water permeability, water retention and microstructure of unsaturated Boom clay. Engineering Geology, 54, 117-127. Romero E. & Vaunat J. (2000). Retention curves of deformable clays. Experimental Evidence and Theoretical Approaches in Unsaturated Soils. A. Tarantino and C. Mancuso (eds.). AA. Balkema, Rotterdam, 91-106. Romero, E., Alonso E.E., Knobelsdorf J. (2002). Laboratory tests on compacted sand-bentonite buffer material for the GMT emplacement project. Project Report GMT/IR 01-06, NAGRA, Switzerland. Romero E., Jommi C. (2008). An insight into the role of hydraulic history on the volume changes of anisotropic clayey soils, Water Resources Research, 44, doi:10.1029/2007WR006558. Vanapalli S.K., Fredlund D.G., Pufahl D.E. (1999). The influence of soil structure and stress history on the soilwater characteristics of a compacted till. Géotechnique 49(2), 143-159. Wheeler, S.J. (1996). Inclusion of specific water volume within an elasto-plastic model for unsaturated soil. Can. Geotech. J., 33, 42-57.
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CALIBRATION METHODS OF A CONSTITUTIVE MODEL FOR PARTIALLY SATURATED SOILS: A BENCHMARKING EXERCISE WITHIN THE MUSE NETWORK Francesca D’Onza ([email protected]) University of Glasgow, Glasgow, United Kingdom



ABSTRACT. The paper presents a benchmarking exercise comparing different procedures, adopted by seven different teams of constitutive modellers, for the determination of parameter values in the Barcelona Basic Model, which is an elasto-plastic model for unsaturated soils. Each team is asked to determine a set of parameter values based on the same laboratory test data. The different set of parameters are then employed to simulate soil behaviour along a variety of stress paths. The results are finally compared to assess the implications of the different choices and draw conclusions on the validity of current methodologies for determining parameter values in BBM. This research is carried out in the context of the Research Training Network “Mechanics of Unsaturated Soils for Engineering”- MUSE (http://muse.dur.ac.uk) funded by the European Commission under the 6th Framework Programme. In particular, the work is undertaken within a wider research benchmarking programme on experimental techniques, constitutive and numerical models in unsaturated soil mechanics carried out by the MUSE Network together with some external partners. 1. Objectives and methodologies The objective of this collaborative research is to benchmark procedures for establishing model parameter values of the Barcelona Basic Model of Alonso et al. (1990), which is an elasto-plastic constitutive model for unsaturated soils. The benchmarking exercise is based on the experimental data produced by Mauricio Barrera Bucio during his Ph.D. at the Universitat Politécnica de Catalunya in 2002. The research undertaken within the context of the MUSE “Marie Curie” Research Training Network by seven universities across Europe (University of Durham (DU), United Kingdom; Università degli Studi di Trento (UNITN), Italy; Ecole Nationale des Ponts et Chaussées (ENPC), France; University of Glasgow (GU), United Kingdom; Università degli Studi di Napoli Federico II (UNINA), Italy; University of Strathclyde (USTRAT), United Kingdom and Die Universität Innsbruck (UNINN), Austria). Each team has therefore been asked to determine parameter values of the same model (i.e. BBM) based on the same set of experimental data (Barrera Bucio, 2002). Each team has been provided with: • a Word file containing the specifications of the benchmarking exercise and general information on the laboratory tests to be used for the parameter determination; • a series of Excel spreadsheets containing the experimental data; • a return form to be completed with the list of parameter values and a short description of the procedure used for estimating them. The University of Glasgow coordinated the benchmarking exercise and was responsible for: • selection of experimental data including nine laboratory tests from Barrera Bucio (2002); • circulation of benchmark specifications, experimental data and return forms; • collection of returns and interpretation of different parameter values sets; • simulation of the nine laboratory tests using parameter values by each team; • additional simulation of fictitious stress paths under triaxial and oedometric conditions to demonstrate the significance of the difference between parameters sets; • discussion of results, extraction of conclusions and drafting of a final report document. 2. Experimental data used The soil used in the tests reported in Barrera Bucio (2002) has been sampled in the city of Barcelona, Spain during the excavation works for the construction of the library “Rector Gabriel Ferraté” in the North Campus of the Technical University of Catalunya (UPC). The soil is made of a 39.4% fraction of sand, a 44.5% of silt and a (mainly illitic) clay fraction of 16.1%. The soil has a specific gravity, Gs, equal to 2.71 and a plasticity index of 16%. The samples used in the tests employed for this benchmarking exercise have been prepared by static compaction at a water content, w, of 11±0.2% by applying an isotropic confining pressure of 600 kPa. The measured total suction after compaction is equal to 800 kPa. Given the negligible volumetric strains during initial equalization at 800 kPa of matric suction, the total suction is supposed to be equal 25



to the matric suction. A total of nine tests have been selected as experimental evidence for the determination of parameter values. They include: two isotropic tests: one saturated and one carried out in suction controlled condition including multiple loading/unloading at different levels of suction (800, 150, 20 kPa) and multiple wetting/drying paths at a mean net stress of 600 kPa; six triaxial tests including a combination of compression at 800kPa of suction, unloading, wetting and/or drying before final shear. All the shear stages have been carried out at a suction of 800 kPa except for one performed at a suction of 20 kPa; one oedometric test including multiple loading/unloading at different levels of suction (800, 300, 50 kPa) and multiple wetting/drying paths at constant vertical net stress of 600 kPa. 3. Model The model used for this benchmarking exercise is an elasto-plastic model for unsaturated soils, namely the Barcelona Basic Model (Alonso et al. 1990). The model is expressed in terms of net stresses and suction as constitutive variables and reverts to the Modified Cam Clay model at the saturated limit (s=0). Among other predicting capabilities, the BBM makes sense of plastic collapse on wetting by appreciating that onset of collapse corresponds to yielding. Moreover, it unifies the interpretation of plastic straining regardless of whether is caused by loading or wetting/drying and predicts volume changes during wetting/drying within a coherent overall constitutive model capable of providing quantitative predictions. In addition, the model incorporates the influence of suction on yielding under any combination of stresses and on shear strength. It also links volume changes and shearing within a single elasto-plastic model, distinguishing between reversible and irreversible strains along any stress path (equivalent to Modified Cam Clay for saturated soils). BBM has however some limitations due to either its specific formulation and the use of net stresses and suction as constitutive variables or, more generally, to the classical isotropic hardening elasto-plastic framework in which it has been formulated. In spite of these shortcomings, the model has been chosen for this benchmarking exercise because is one of the first elasto-plastic constitutive models for unsaturated soils and is widely implemented in finite element codes. BBM has had a pioneering role as modelling of unsaturated soil behaviour prior to BBM tended to assume non-linear elastic constitutive relationships (e.g. state surface approach for volumetric strains and hyperbolic relationship for shear strains) incurring in deficiencies such as the lack of a link between volume change and shearing, no distinction between loading and unloading and poor representation of volume changes during wetting/drying. 4. Results Table 1 presents the parameters sets selected by all teams involved in the benchmarking exercise and shows quite a wide variation of values between different teams. It should be first noted that there is not right or wrong solution to this benchmarking exercise as it is certainly clear that no selection of parameter values is going to give a perfect match to a real set of experimental data. Inevitably, there are differences depending on how each team has chosen to optimize model calibration and to which aspect of experimental evidence they gave more weight to. As a general comment, it is possible to say that all the teams tended to use a specific aspect of soil behaviour to determine the initial value of each parameter but, after a first calibration, they went back to adjust some values to match other aspects. The only exception to this approach was given by UNINN that used a different calibration procedure from all the rest performing a free optimization of all parameters by minimizing a given error function. As a consequence, all parameter values were selected together as the result of one blind optimization exercise rather than separate optimizations for each parameter to match a physical aspect of the experimentally observed behaviour. The danger, in this kind of approach, is that a false minimum of the objective function can be obtained depending on the starting point. We can distinguish three main groups of parameters corresponding to the elastic (ț, țs, G), plastic (Ȝ(0), ȕ, r, N(0), pc) and strength (Ɇ, k) behaviour respectively. The initial value of the isotropic preconsolidation stress at null suction (po*) defines the initial soil condition. The elastic parameters have a relatively minor importance because of their limited influence on many of the other aspects of soil behavior predicted by the model. Moreover, given that elastic strains are usually very small compared to plastic ones, they do not affect significantly the overall deformation. 26
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Table 1. Parameters sets values determined by all the teams involved in the benchmarking exercise.



All the teams, except UNINN, used the same procedure for fitting the experimental data relative to elastic paths in the isotropic (for ț and țs) or deviatoric plane (for G). The scatter of values in Table 1 is predominantly due to the way the fitting process was performed by each team rather than to the choice of different sub-sets of experimental data used for the calibration of elastic parameter. Conversely, the scatter of plastic parameter values between different teams in Table 1, is primarily due to dissimilarity in the calibration approach. All teams adopted a sort of iterative procedure, tending to fit in turn one or another of the various aspects of soil behaviour to which each parameter is related but eventually coming back to adjust determined values to match other characteristics. As an example, some Universities fixed the Ȝ(0) value using data of compression stages in saturated conditions or at low suctions. Values of r and ȕ were subsequently fixed trying to interpolate the slopes of the normal compression lines at different suctions, Ȝ(s), and the values of the yield stress at different suctions (depending also on the parameter pc). These values were finally adjusted by some universities to match the spacing between normal compression lines and, consequently, the collapse during wetting. It is worth to note that using a calibration approach where each aspect of soil behaviour is associated to a number of different parameters, leads to the possibility of having several equally accurate combinations of parameter values. Unlike other teams, GU adopted a procedure where the value of ȕ was uniquely linked to the relative spacing between normal compression lines. In the case of GU, values of Ȝ(0) and r were subsequently determined to match the slopes of the normal compression lines for each suction while the value of pc was selected to fix the absolute spacing. Subsequently, by choosing an appropriate value for N(0), the star of normal compression lines at different suctions was shifted in the position that minimizes the deviation from experimental data. This procedure avoids the association of several parameter values to a single aspect of behaviour, which would inevitably lead to several possible combinations of parameter values that provide, in turn, a better match to one or another aspect of behaviour. It is also worth noting that the particular choice of plastic parameters by each team produces radically different evolutions of the yield locus beyond the explored stress range. In the application of BBM to boundary value problems, there is therefore a risk in extrapolating the prediction of soil behaviour far from the experimentally explored stress range The critical state is well defined by the available triaxial tests as experimental points are unambiguous and consistent. Therefore all groups end up with very similar critical state surfaces in the q : (p-ua) : (ua-uw) space, i.e. with very similar values of Ɇ and k. The oedometric tests, despite their experimental simplicity compared to triaxial tests, are seldom used as experimental evidence to determine model parameters because of the uncertainties of the stress path resulting from the imposed radial constraint. In reality, by making some simplifying assumptions in BBM, some information can be used from the oedometric experimental data (for example, the slope of the oedometric virgin compression lines at constant suction can be assimilated to the slopes of the normal compression lines at the same levels of suction). Nevertheless, none of the teams used experimental data from the oedometric test, except for GU that used the slopes of the virgin compression lines at suctions of 50 and 300 kPa as evidence of the slopes of normal compression lines at the same suction levels. As the oedometric test has not been used in the parameter determination process (with a minor exception for GU), the predictions of this test by the different teams can be regarded as Class A predictions. As a general trend, the behaviour during the oedometric test is not well predicted by any team. 27



Part of the reason for such misprediction is attributable to the limitations of BBM such as: a) the inaccuracy of the flow rule, as observed also for the predicted volumetric evolution during the shear stage of the triaxial tests, b) the incorrect prediction of the position of the oedometric virgin compression lines at constant suction, if calibration of the model is based on results from triaxial tests and c) the inaccurate prediction of the elastic stress path due to the model assumption of constant G. An additional reason for the poor prediction of the oedometric behaviour is due to the limitations of the testing procedure. In particular, it is generally assumed that, in an oedometric test, only a vertical stress acts on the top and bottom surfaces of the sample while only a horizontal stress acts on the lateral surface. In reality, some friction (i.e. tangential stresses) could develop on the sample surfaces and this will change the direction of principal stresses in the soil. As a consequence, part of the mismatch in the model prediction might be simply due to the fact that the actual stress path followed during the test is not consistent with the assumed one. Note that, as a consequence of the poor prediction of the elastic stress path (due to a constant G value) together with an inaccurate prediction of the yield locus, the yield stress during the first loading of the oedometer test is not correctly calculated by any team. Moreover, all teams, except for DU and USTRAT, yield on the dry side of the yield locus, which amplifies discrepancies between simulations and experimental observations because, as it is well known, the BBM produces unrealistic predictions in this region of the stress space. 5. Conclusions The paper has presented a benchmarking exercise comparing different procedures for the determination of parameter values in the Barcelona Basic Model, which is an elasto-plastic model for unsaturated soils. Seven different teams of experienced constitutive modelers have produced seven different sets of BBM parameter values based on the same laboratory test data. Rather surprisingly, widely different parameter value sets have been calculated by each team resulting in significant divergences in the predictions along a variety of stress paths. Radically different evolutions of the yield locus beyond the explored stress range are also predicted by using the different sets of parameter values. This highlights the risk of extrapolating predictions far from the experimentally explored stress range (e.g. during application to boundary value problems). Another interesting aspect resulting from this study is the importance of considering the secondary effects of each parameter in BBM. The parameter ȕ is a classical example as it controls the variation of the slopes of the normal compression lines with suction as well as the relative positions of the normal compression lines at different values of suction and the shape of the LC yield curve. It is therefore clear the necessity of looking at all aspects of soil behaviour, which are controlled by each particular parameter, to avoid mispredictions of important features. Regardless of the model calibration procedure adopted by each team, it is not possible to identify a set of parameter values giving a perfect match to experimental data mainly because of the general limitations of every constitutive model in reproducing soil behaviour. During determination of parameter values, particular aspects of soil behaviour should be given more weight than others depending on the particular application in a similar way as the choice of the model itself is led by the physical process to simulate. 6. References Alonso E.E., Gens A., Josa A. (1990). A constitutive model for partially saturated soils. Géotechnique, 40: 405430. Barrera Bucio M. (2002). Estudio experimental del comportamiento hidro-mecánico de suelos colapsables. Ph.D. Thesis.
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ABSTRACT. A discussion on the benefits of considering the coupling of water retention and mechanical behaviour when modelling unsaturated soils is presented herein. A few constitutive models have been recently proposed including this phenomenon in their formulation but, in particular, the work presented here focuses on the fully coupled constitutive model of Wheeler et al, (2003). This constitutive model explicitly includes in a unique and consistent framework the mechanical and the water retention behaviour, being able to consider the influence of the degree of saturation on the mechanical response and the effect of volumetric strains on the water retention behaviour. Regardless of the benefits of considering this coupling in the formulation, considerable complexity arises when integrating the constitutive relations. A discussion on the difficulties when integrating the mentioned constitutive model is also presented. Finally, a critical comparison between model results and experimental data is shown. 1. Introduction A fundamental constitutive law for a proper description of unsaturated soil behaviour is the water retention relationships which relate suction (s) (i.e. pore air pressure minus pore water pressure) and the degree of saturation (Sr). This correspondence between s and Sr is generally non-unique. In fact, it is experimentally observed, that for a given type of soil, at one particular value of suction one may determine different values of degree of saturation, on a drying path and on a wetting path. This duality observed in the water retention behaviour is termed hydraulic hysteresis and it is important to be considered because it influences the mechanical response as described later. On the other hand, the water retention behaviour is influenced by the mechanical behaviour through straining affecting the dimensions of the voids. A few constitutive models for unsaturated soils consider in their formulation this coupling between the mechanical (stress – strain) relations and the water retention (suction – water content or degree of saturation) relations. Many of them separate these relationships into two independent constitutive models which are integrated independently. The work presented here, adopts a constitutive model capable of describing in a unique and consistent framework the mechanical and the water retention behaviour including the mentioned phenomena of hydraulic hysteresis. This refers to the constitutive model presented by Wheeler et al, (2003) where a fully coupled model is proposed for isotropic stress conditions. Probably one of the key features of the model is the stress variables considered in its formulation: the mean Bishop’s stress (p*) and the modified suction (s*) expressed in the following equations. (2) p * p  S r u w  (1  S r )u a
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(3) where p is the mean total stress, uw is the pore water pressure, ua is the pore air pressure and n is the porosity. These two stress variables are strongly linked, as each of them depends on a variable influenced by the other. That is p* includes the degree of saturation, changes of which are governed by the water retention behaviour and s* includes the porosity which is affected by the mechanical response. This strong interrelation adds significant complexity to the classical plasticity problem as discussed later. 2. Benefits of considering hydraulic hysteresis The phenomenon of hydraulic hysteresis has been observed and analysed before in many other engineering problems: aquifer mechanics, multi-phase flow, petroleum engineering, etc. However, most of these analyses separate the mechanical and the water retention problem, while in here it is analysed in a coupled way. Therefore, a powerful tool for a better understanding of problems involving hydraulic hysteresis is to extrapolate the work developed herein and analyse them in a coupled way. 29



The coupling between water retention and mechanical behaviour has been recently incorporated in a few constitutive models for unsaturated soils. This coupling can be described by considering several physical phenomena that act combined. In order to clearly describe this coupling it has been considered suitable to explain it separately. On the one hand there is the influence of volumetric strains (mechanical behaviour) on the water retention behaviour through the dimensions of the voids. The size and volume of the voids is clearly affected when stresses change and this variation has a direct influence on the changes of the degree of saturation and, therefore, on the water retention behaviour. On the other hand, the degree of saturation influences the mechanical behaviour (in addition to suction) because it describes the number of inter-particle contacts affected by meniscus water bridges. These meniscus water bridges have a stabilising effect on the soil skeleton. This stabilising effect is lost when an individual void is flooded with water. Moreover, it is also experimentally observed that retention curves are different when wetting or when drying. As mentioned in the introduction, this is termed hydraulic hysteresis and it is mainly due to heterogeneity in the dimensions of the individual voids combined with different spatial connectivity, the variations in liquid–solid angle during advance and retreat of an air-water interface and air entrapment. A further description of this phenomenon is found in Alonso et al, (1987). An essential consequence of considering hydraulic hysteresis in the retention behaviour is that for a given value of suction many different values of degree of saturation may be given: one on the so-called primary (or also referred as main) drying curve, one on the primary wetting curve and others on scanning curves. Conversely, for a given value of the degree of saturation, many different values of suction are possible: the highest one for the primary drying curve and the lowest for the primary wetting curve. The presence of hydraulic hysteresis depends on the soil characteristics and for some soils its influence may not be significant. However, a more general framework capable to model both types of behaviour is desirable as it would help to better understand the mentioned coupling while also covering a wider range of predictions. If two different degrees of saturation are found for the same value of suction and the same stress state, the described stabilising effect of the meniscus water at inter-particle level would be different, which may affect the mechanical properties such as the overall shear strength. On the other hand, if two different suctions are found for the same value of degree of saturation and the same stress state, it is also expected to observe a different mechanical behaviour as the stiffness of the soil will be different. These are the main reasons suggesting the incorporation of the hydraulic hysteresis in the water retention behaviour for a more accurate description of the unsaturated soils behaviour. 3. Complexity in the integration of a fully coupled constitutive model According to the discussion given in the previous section, experimental evidence suggests that for a proper description of unsaturated soil behaviour, consideration of the coupling of the water retention and mechanical behaviour required in the formulation of the constitutive laws. These couplings can be considered by using different approaches (see for instance, Sheng et al (2008) or Nuth et al, (2008)). However, the fully coupled model proposed in Wheeler et al, (2003) is adopted herein. Regardless of the benefits on considering this coupling in the formulation of the constitutive laws, the complexity of the formulation increases significantly. In addition, for this particular model, the mentioned strong link between the stress variables proposed adds considerable difficulties when integrating the constitutive laws. These interrelations make the integration of the constitutive laws particularly complex, which is probably the main obstacle to implement the fully coupled model discussed herein. In general, when implementing a constitutive model in a finite element program, it is required to build previously a mathematical framework that enables the integration of the known increments and compute the unknown ones. More particularly, when using the finite element method to analyse the behaviour of elasto-plastic solids, it is common to assume, as known variables, the increments of the displacements, as they can be computed from solving the global stiffness equations. At each stage the external forces are applied in increments and the corresponding nodal displacement increments are determined. Then, the strains increments are computed at the integration points within each element using the strain–displacement law. To compute the stress increments the elasto-plastic relation between stresses and strains is integrated at each integration point where the increment of strain had been calculated before (Sloan et al, (1987). This is equivalent to considering the increments of the strains as known variables when integrating the mechanical constitutive law (i.e. at each Gauss or integration point). In a similar manner, the increments of pore water and air pressure are also known at the nodes as they are calculated when solving the mass balance equations of water and air (Sheng 2003). Under these assumptions, and for the fully coupled model considered in this work, it is possible to build a mathematical framework that defines the problem to be solved. In fact, a system of equations, in 30



which the increments of known variables are the volumetric strain increments (as the model is formulated under isotropic stress conditions) and the increments of suction, can be formulated. As in the mentioned system of equations the initial (or, in a more general way, the previous) stage is also known, the equations define an initial value problem that can be solved by using a variety of computational schemes, giving the results presented in the following section. The full development of the mathematical framework to integrate the equations is not described here due to space limitations. However, a detailed description of the full development can be found in Lloret (2008). 4. Comparison of model calculations with experimental results A fundamental step before the inclusion of the integration scheme in a finite element program is the verification and the validation process. The verification process is very complex with these types of models as an analytical solution is rarely found. On the other hand, a complete validation process is also very complex as it is difficult to find a full set of experiments. Therefore, a partial validation is shown herein by using one of experiments available in the literature (Sharma, (1998)). Note here that the scheme used to integrate the constitutive equations of the fully coupled model is a purely stress–driven algorithm as the interest is to match the calculations of the model with the experimental results, where the controlled variables are the increments of mean net stress and the increments of suction. Therefore, the mentioned stress –driven algorithm considers in its formulation the increments of mean net stress and increments of suction as the known variable increments. The following table summarises the parameters considered in the iteration process of the first order stress-driven algorithm. Table 1 Input parameters Parameters of the model ț 0.04 Ȝs 0.16 Ȝ 0.18 k1 0.5 0.03 k2 0.8 țs



p s e Sr



Initial state 10.0 kPa p0* 170.0 kPa 200.05 kPa sD* 109.10 kPa 1.25 sI* 1091.0 kPa 0.65



A detailed description of the yield surfaces, the model parameters and the possible plastic mechanisms proposed within the model is not presented here as this is not the aim of the work shown. A full description of this model can be found in the mentioned original paper (Wheeler et al, (2003)). An isotropic loading and unloading path (ABC in figure 1) varying the mean net stress 10 kPa – 100 kPa – 10 kPa at a constant suction of 200 kPa is carried out first. In order to see the influence of a wetting-drying path on the subsequent isotropic loading, a wetting from 200 kPa to 110 kPa (CD) followed by a drying from 110 kPa to the initial suction 200 kPa (DE) is then applied, followed by loading - unloading path EFG (110 kPa – 250 kPa – 110 kPa) at the same value of suction previously applied (200 kPa). It is observed that in the second isotropic loading, the initial yielding occurs at a mean net stress lower that the last value previously applied of 100 kPa. The reason for this is that considerable irreversible increase of the degree of saturation during the wetting-drying cycle (which is described by the model as yielding on the SD yield curve) influences the mechanical behaviour (which is described by the model as an inward movement of the LC yield curve. The subsequent compression curve converges with the corresponding curve of the sample during the initial loading path (without any wetting–drying path applied). This convergence is reached when simultaneous yielding on LC + SD takes place. 2.4
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Figure 1 Influence of wetting-drying on subsequent behaviour during isotropic loading, bentonite – kaolin sample (Sharma, 1998): (a, left) Volumetric response; (b, right) Degree of saturation evolution
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A satisfactory agreement between the experimental results and the model calculations is achieved when using the parameters shown in table 1. The volumetric response is better reproduced than the evolution of the degree of saturation which is underestimated in the model results. However, the description of the different aspects of behaviour is well captured by the model. 5. Conclusions An advanced constitutive model for unsaturated soils has been presented, capable of describing particular features of unsaturated soil behaviour, by considering the coupling between water retention behaviour and mechanical behaviour. The benefits on the consideration of the hydraulic hysteresis when describing the water retention behaviour have been presented showing that this aspect is fundamental for a proper description of unsaturated soils. Moreover, the importance of considering the coupling between the water retention behaviour and the mechanical behaviour in the constitutive model has also been highlighted. In contrast with these benefits, a major disadvantage of the adopted model is the considerable complexity appearing when integrating the constitutive laws. Finally experiment results are satisfactorily compared with the computed results of the integrated fully coupled constitutive model using a first order stress – driven integration scheme. 6. References Alonso E. E., Gens A. & Hight D. W. (1987). Special problems soils. General report. Proc. 9th Eur. Conf. Soil Mech., Dublin, 1087-1146. Lloret M. (2008). Numerical Modelling of Coupled Behaviour in Unsaturated Soils. PhD Progress Report, University of Strathclyde and University of Glasgow, Glasgow, UK. Nuth M, Laloui L. (2008) Advances in modelling hysteresis water retention curve in deformable soils. Computers and Geotechnics; 35: 835-844. Sharma R.S. (1998). Mechanical behaviour of unsaturated highly expansive clays. DPhil Thesis, University of Oxford, Oxford, UK. Sheng D., Gens A., Fredlund D. G., Sloan S. W. (2008) Unsaturated soils: From constitutive modelling to numerical algorithms. Computers and Geotechnics; 35: 810-824. Sheng D., Sloan S. W., Gens A., Smith D. W. (2003a) Finite element formulation and algorithms for unsaturated soils. Part I: Theory. Int. J. Numer. Anal. Meth. Geomech, 27: 745-765. Sloan S. W. (1987). Substepping schemes for numerical integration of elastoplastic stress-strain relations. Int. Jnl. Num. Meth. Eng., 24: 893-911. Wheeler, S., Sharma, R. S. & Buisson, M. S. R. (2003). Coupling of hydraulic hysteresis and stress-strain behaviour in unsaturated soils. Geotechnique (53) 1: 41-54.
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MECHANICAL BEHAVIOUR AND RUPTURE IN CLAYEY ROCKS STUDIED BY X-RAY MICRO-TOMOGRAPHY AND 3D-DIGITAL IMAGE CORRELATION Nicolas Lenoir ([email protected]), Cino Viggiani, Jacques Desrues and Pierre Bésuelle Laboratoire 3S-R, Grenoble, France Michel Bornert LMS, Palaiseau, France.



ABSTRACT. The mechanical behaviour and the rupture of clayey rocks have been experimentally studied by performing in situ triaxial tests on a synchrotron beamline i.e. performing X-ray micro tomography scans under mechanical loading. The 3D images obtained at different steps of the test were then analysed by 3D-Digital Image Correlation method in order to measure incremental strain fields. The results allow to clearly detect the onset of shear strain localization and to characterize its development in a 3D complex pattern. 1. Introduction Within the framework of underground nuclear waste disposal, studying the Excavation Damaged Zone (EDZ) created upon the excavation of the host galleries is a crucial issue. The original low permeability of the host rock may be modified in the EDZ by the development of strain localisation. The objective of this PhD work funded by ANDRA (Agence Nationale pour la gestion des Déchets RAdioactifs, French Agency for nuclear waste disposal), was to evaluate the excavation-induced deformation in the rock around a gallery, specifically to investigate strain localisation in clayey rocks using X-ray microtomography and 3D-Digital Image Correlation (3D-DIC). Direct three dimensional (3D) observation of the internal structure of a specimen while it deforms under applied load can provide substantial advances in the understanding of shear banding in geomaterials. In this respect, the recent, rapid development of non destructive 3D imaging techniques such as X-ray tomography offers new experimental possibilities. To perform in-situ tomography, i.e., to load the specimen and to scan it in the same setting and at the same time, it’s essential for clayey rocks, to have a “high” resolution due to their fine micro structure, and a also a short scanning time because of the susceptibility of clayey rocks to creep, which makes it difficult to have a stable specimen configuration if the radiation period is too long. The only X-ray source which allows of combining both requirements is the synchrotron due to the very high brilliance of the radiation provided. In this PhD work, a number of original triaxial devices have been realized to characterize damage of clayey rocks, under deviatoric loading, with X-ray micro tomography and a few campaigns of experiments have been performed on a synchrotron beamline at the European Synchrotron Radiation Facility (France), first on a stiff clay soil, the Beaucaire marl and then on a shale, the Callovo-Oxfordian argilite. This paper presents some selected results obtained on the shale. Another difficulty with experimentally detecting strain localization is associated to the very nature of localized strain. In fact, while localization can sometimes induce large volumetric deformation – either dilatancy (or crack opening) or compaction (compaction bands), depending on the material and loading conditions – in general volumetric strain in a shear band is small compared to the shear strain. Unfortunately, X-ray CT is based on transmission measurement; hence it is sensible to density variations only. Therefore, in the absence of measurable volumetric strain in the region of localized deformation, X-ray CT may fail to detect the phenomenon, especially in its early stage. It has been demonstrated in this study that such a limitation can be overcome by complimenting X-ray CT with digital image correlation (DIC). Through the comparison of couples of reconstructed 3D images of a specimen at two successive steps of loading, this allows to measure an incremental displacement field, from which a strain tensor field can be obtained. 2. Experimental set-up A number of original triaxial devices have been realized to characterize damage of clayey rocks, under deviatoric loading, with X-ray micro tomography on a synchrotron beamline. The apparatuses include a small triaxial cell and a loading device designed specifically for this study. The triaxial apparatuses are practically the same as a conventional triaxial testing systems, except for their much smaller size and the shape of the confining cell (10 MPa capacity), which has been built in polycarbonate to be as 35



transparent as possible to the X-rays. The axial load and hence the deviator stress is applied in a displacement-controlled manner using a motor-driven screw actuator and the device can be placed in the X-ray beamline without interfering with the tomographic scans. The system has a maximum loading capacity of 7.5 kN, and allows to move the ram at a constant rate in the range of 1 to 100 µm/min. It is worth noting that while in a conventional triaxial system the tensile reaction force is carried by a loading frame, in this case it is carried by the cell walls, which therefore are subjected to traction in the axial direction. This allows a clear path, free of any obstacle (apart from the cell walls), for the X-ray beam within the region to be scanned. Note that theses devices which allow of combining high capacity mechanical test and micro tomography on a synchrotron beamline, are unique and one has been used to study a new material (a metallic glass foam) in collaboration with Caltech (California, USA) [Demetriou et al., 2007]. The specimens are cylinders with height twice the diameter (respectively 20 mm and 10 mm). They have been prepared by cutting from cores provided by ANDRA from their underground research laboratory (500m depth) site at Bure (France) by means of a diamond wire saw, which minimizes material disturbance during preparation. The experiments were carried out at the high energy beamline ID15A at the ESRF in Grenoble. This beamline has been recently equipped with a fast three-dimensional X-ray micro tomography system [Di Michiel et al., 2005]. The X-ray energy used for this study ranged from 50 to 70 keV and the acquisition of an entire specimen of height 20 mm took no more than 15 minutes, with a spatial resolution i.e. a voxel size, of 14x14x14 µm3. 3. Selected result A preliminary set of tests under drained and undrained conditions has been performed on the Beaucaire marl [Viggiani et al., 2004], and under undrained conditions i.e., no drainage of the pore fluid 3 into, or out of, the specimen was allowed, on the Callovo-Oxfordian argillite [Bésuelle et al., 2006]. Different regimes of behavior were 20 6 4 2 obtained for both material from brittle to ductile. Results from only 5 one test named ESTSYN01 is presented herein. The confining pressure (total mean stress) was equal to 10 MPa. Deviatoric 10 loading was performed under displacement control, by advancing the loading ram at a rate of 3.0 µm/min, which corresponds to a nominal axial strain rate of 2.5.10-6 s-1 for a 20 mm specimen height. 1 7 Deviator stress q is plotted as a function of axial strain İa in Fig. 1. 0 0 0.02 0.04 0.06 0.08 The specimen was scanned at different steps: before and right after Axial strain applying the confining pressure (steps 0 and 1, respectively), and Figure 1. then at different levels of axial strain during deviatoric loading (steps 2-7). One last scan of the specimen was performed at the end of the test, after removal of the confining pressure (step 8). It is worth to note that the ram displacement was stopped at those points of the test when a tomographic scan of the specimen was required. The specimen was scanned while the axial strain was held constant, which unavoidably caused some amount of axial load relaxation during scanning. However, the scanning operations were fast enough for this relaxation to be relatively small. The numbers noted on each curve are the scanning step numbers. A single shear band formed in the specimen during the test, which could be clearly observed by the eye at the end of the test. We focus now on the X-ray CT scans of specimen ESTSYN01 during loading. Fig. 2 shows the reconstruction of a tomographic slice perpendicular to the specimen’s axis for each scanning step. Note that the elevation of a given slice decreases from one scan to the next, to take into account the specimen shortening during loading. Strain localization becomes visible at step 4 as a very narrow band in the upper left part of the slice. The band of localized deformation appears as a darker zone (2-3 pixels, i.e., 30-40 mm thick), which means that the material is dilating inside the band (darker indicates lower mass density). In the subsequent scanning steps, the band becomes increasingly visible in term of both length and thickness (about 60 mm at step 7), essentially in the outer region of the slice. A material shift can be observed at the intersection of the band with the external surface of the specimen. The size of such shift increases with specimen shortening, which is due to the relative sliding on the band. When the confining pressure is removed (step 8), the band of localization opens up in the outer region of the specimen and it looks like an open crack. However, no trace of localization is visible in the central region of the slice. Direct observation of X-ray micro tomography images allows for immediately detecting volumetric strain, since dilation (contraction) corresponds to a change of mass density, which in turn results in a decrease (increase) of X-ray attenuation. However, as far as shear (deviatoric) strain is concerned, this does not necessarily induce any volume change and therefore it cannot be directly detected by measuring changes in X-ray attenuation. In this study, we have developed a general method for obtaining the Deviatoric stress (MPa)
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distribution of both the volumetric and deviatoric components of strain increment between two reconstructions of a specimen at two different steps of deformation. Tomography images were subsequently analyzed using a Volumetric Digital Image Correlation software developed at the LMS in Palaiseau, France [Lenoir et al., 2007]. Digital Image Correlation (DIC, hereafter) is a mathematical method which essentially consist in recognizing the same material point on a pair of digital images of an object. A material point is assumed to be fully identified by its local pattern (e.g., the gray level distribution around the point in a black and white image). Such a local pattern is assumed to be unique for a given point, i.e., it cannot be found elsewhere on the image. By optimizing an appropriate correlation function, DIC allows for determining for each point/pattern on the first image, the most likely location of such a point/pattern on the second image. Note that from one image to the other, a pattern is in general subject to translation, rotation and distortion. By repeating this procedure for a number of points, a full displacement and deformation field can be obtained for the pair of images. Note that due to the small deformation experienced by the argillite specimens, for this study the transformation between two images was assumed to be a rigid translation, without any rotation and distortion. While such an approximation substantially reduced the computing time, it still provided a fair resolution. Hereafter, a few results are presented where DIC was applied to the 3D tomographic images from test ESTSYN01. Figure 2. Only the two increments between steps 2 and 3 and between steps 3 and 4 are discussed herein (see Fig. 1). Hereafter, these two increments will be referred to as the pre-peak and the post-peak increment, respectively. Figures 3 and 4 show the (incremental) strain field as obtained by DIC. More precisely, these fields represent the second invariant of the strain tensor, in the sense of von Mises, which is a measure of shear strain. To better appreciate the computed 3D fields, these are also shown by a few horizontal and vertical cuts (see respectively left and right images on Figure 3). The maximum strain plotted in these figures equals 0.15, which means that the red color indicates shear strain values equal to, or greater than 0.15.Strain localization is distinctly visible already in the pre-peak increment (at left in Fig. 3), close to the bottom edge of the specimen. Such a shear zone appears as a narrow, straight band in the vertical cuts. The shape of the shear zone is circular in the horizontal bottom cut, which suggests that the overall shape of the zone of localized deformation is influenced to some extent by the boundary conditions. In the post-peak increment (at right in Fig. 3), the shear band has entirely propagated through the specimen. As compared to the pre-peak increment, the zone of localized deformation appears straight (planar) both in the vertical and in the horizontal cuts. A second shear band can also be observed, which is characterized by lower values of the (incremental) shear strain. A closer scrutiny of the 3D tomographic images revealed that very close to the intersection of these two bands, in the external part of the specimen, a large inclusion of calcite and pyrite existed in the argillite. This inclusion is in fact also revealed by the green volume (a few subsets in size) which appeared on the “post-peak” 3D strain fields (see top left image). Such an inclusion was most likely stiffer than the matrix, which induced a shear strain concentration. Therefore, it can be concluded that in test ESTSYN01, the pattern of localization was influenced by both the boundary conditions (at the specimen bottom) and natural inclusions in the specimen. Fields of the first invariant of the strain tensor (i.e., the volumetric strain) were also computed for test ESTSYN01, which are not reported herein. These fields indicate that volume changes localized only in the post-peak increment. Just like the simple observation of CT images (without any DIC analysis), the inspection of volumetric strain fields allows to detect shear banding only at a later stage of the test, when dilatancy and/or crack opening induced measurable mass density variations. Volumetric Digital Image Correlation revealed patterns which could not be directly observed from the original tomographic images, because the deformation process in the zones of localized deformation was essentially isochoric (i.e., without volumetric strain), hence not associated to density changes.
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Figure 3. Shear strain incremental fields. “Pre-peak” at left, “post-peak” at right.Conclusions



In order to investigate strain localisation in clayey rocks, a set of original experimental devices has been developed for performing triaxial test on a synchrotron beamline, which allows for X-ray micro tomography observation of the specimen under deviatoric loading. Different regimes of behavior were obtained from brittle to ductile. X-ray tomography essentially measures material density distribution. During a test, changes of Xray attenuation are therefore due to volumetric deformation. If the material in a zone of localized deformation is essentially strained in shear, without significant volumetric strain, then the phenomenon can be hard to detect. However, it has been shown in this study that X-ray 3D imaging can be effectively complimented with 3D digital image correlation, which allows to measure a 3D displacement field in a specimen. Full-field incremental strain measurements were obtained from the displacement field, which allow to detect the onset of shear strain localization and to characterize its development in a 3D complex pattern. In the author’s opinion, the application of Volumetric Digital Image Correlation to images obtained through X-ray tomography will certainly become a major tool for material science and experimental mechanics in the near future. According to the results obtained on both materials, a common scenario is proposed. The localized deformation initiates just before the peak of the deviatoric stress with a concentration of intense shear strain in a narrow zone of the specimen. Then, the localized zone develops to be complete at the deviatoric stress peak. Finally, with the increase of the axial strain, some zones of open crack are created and develop (in length and width) along zones previously dilating. 4. References Bésuelle P., Viggiani G., Lenoir N., Desrues J. and Bornert M. (2006), X-ray micro CT for studying strain localization in clay rocks under triaxial compression, Advances in X-ray Tomography for Geomaterials, ISTE Ltd, London: 35–52. Demetriou M.D., Hanan J.C., Veazey C., Di Michiel M., Lenoir N., Ustundag E. and Johnson W.L. (2007), Yielding of Metallic Glass Foam by Percolation of an Elastic Buckling Instability, Advanced Materials, vol.19, issue 15. Di Michiel M., Merino J.M., Fernandez-Carreiras D., Buslaps T., Honkimäki V., Falus P., Martins T. and Svensson O. (2005), Fast microtomography using high energy synchrotron radiation, Review of Scientific Instruments, vol. 76. Lenoir N., Bornert M., Desrues J., Bésuelle P. and Viggiani G. (2007), 3D digital image correlation applied to X-ray micro tomography images from triaxial compression tests on argillaceous rock, Strain, vol. 43, pp. 193-205. Viggiani G., Lenoir N., Bésuelle P., Di Michiel M., Marello S., Desrues J. and Kretzschmer M. (2004), X-ray microtomography for studying localized deformation in fine-grained geomaterials under triaxial compression, C. R. Mécanique, vol. 332 , pp. 819-826.
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ABSTRACT. Concrete is the most manufactured material on Earth. But concrete creeps, like chewing gum, at a rate that deteriorates the durability and lifespan of concrete infrastructures. The origin of concrete creep is still an enigma. It is generally attributed to the complex viscous behavior of nanometer-sized building blocks of concrete, the calcium-silicate-hydrates (C-S-H). But the creep properties of C-S-H have never been measured directly since C-S-H cannot be recapitulated in bulk form. A comprehensive approach by nanoindentation is developed. The realm of classical indentation analysis is extended to highly heterogeneous, linear viscoelastic, cohesive frictional materials. It is found that at the nanoscale all C-S-H phases exhibit a logarithmic creep. We show that the logarithmic creep measured in minutes by nanoindentation testing at the nanoscale is as exact as macroscopic creep tests carried out over years. A comparison is drawn with geomaterials which suggests that the C-S-H creep rate (~1/t) is due to rearrangement of the nanometer-sized C-S-H particles. 1. Probing mechanical properties of cementitious materials by nanoindentation A nanoindentation test consists in pushing a probe of known geometry and mechanical properties orthogonally to the surface of the material of interest. The load P applied on the probe and the displacement h of the probe are continuously measured. From the P-h curve mechanical properties of the indented material can be back-calculated. Nanoindentations performed with a Berkovich (3-sided pyramid) probe can be less than 100-nm deep and thus enable to probe micrometer-sized volumes. It is common practice to report from a nanoindentation test an indentation modulus M and an indentation hardness H. M is a snapshot of elastic properties: M E /(1  Q 2 ) where E and Q are the Young’s modulus and the Poisson’s ratio of the indented material, respectively. H, which is the average pressure below the probe, is a snapshot of strength properties: For cohesive materials H 3V y where



V y is the uniaxial strength of the indented material (Tabor, 1951). This relation is known as Tabor’s law. Two issues arise when attempting to apply indentation techniques to cementitious materials. First, there is no satisfactory theory that enables the back-calculation of creep properties from a nanoindentation test. Second, cementitious materials are highly heterogeneous: C-S-H (which is the main hydration product, i.e. the ‘glue’ of concrete) exists in at least three distinct forms and there is always some unhydrated clinker left in a cement paste. Measurement of creep properties by nanoindentation In order to measure creep properties, nanoindentation creep experiments can be performed, during which the load P applied on the probe is rapidly increased and then kept constant at its maximum value Pmax . Until now however, what and how meaningful time-dependent material properties could be extracted from such a test remained unclear. By solving the complete plastic linear viscoelastic problem we showed that the contact creep compliance L(t) can be back-calculated from a nanoindentation creep experiment. The contact creep compliance L(t) is a material property (and thus does not depend on the maximum load Pmax ) which contains as much information as the uniaxial creep compliance. The contact creep compliance rate is readily obtained from a nanoindentation creep experiment with (Vandamme et al., submitted): x x
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where a(t) is the radius of the projected area of contact between the probe and the indented surface. For cementitious materials a(t) varies little over the usual three minutes of the indentation creep test. 39



Applying nanoindentation to heterogeneous materials: grid indentation technique Cement pastes are heterogeneous materials. The depth of the nanoindentations is much smaller than the characteristic size (micrometer) of the different C-S-H phases of the paste. In order to measure the properties of a given C-S-H phase, one could therefore think of performing a single nanoindentation onto this specific phase. This is unfortunately not possible because the different C-S-H phases can not be easily distinguished from each other. The grid indentation technique was designed to overcome this issue (Constantinides et al., 2006). The grid indentation technique consists in performing a large number of nanoindentations (usually 400) on the surface of the sample. The data are then analyzed in a statistical manner. The measured parameters (M, H or else) are displayed under the form of a histogram: To each peak of the histogram corresponds one phase of the cement phase (see Fig. 1). We developed a software which automatically fits Gaussian distributions to the experimental histograms. Thus the mean mechanical properties of each phase of the cement paste can be obtained.
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Figure 1. Grid of nanoindentations (left) and corresponding experimental histogram with deconvoluted Gaussian distributions (right). (LD = Low-Density, HD = High-Density, UHD = Ultra-High-Density)



Estimation of homogenized properties from a grid of nanoindentation From a grid of nanoindentations performed on a cement paste the macroscopic (homogenized) mechanical properties of the paste can be estimated. To do so, if 400 nanoindentations were performed on the paste, the paste is considered to be made of 400 phases: The mechanical properties of each phase are those measured by a single nanoindentation. Homogenization techniques can then be used in order to homogenize self-consistently those virtual 400 phases. For instance, the homogenized indentation modulus M hom is estimated from the measured ^M i `i 1..400 by solving: 400



1 ¦ hom  1 / 2 i 1 1  M i / M



M i / M hom ¦ hom  1 / 2 i 1 1  M i / M 400



(2)



We derived similar formulae in order to estimate the macroscopic indentation hardness of a cement paste and its macroscopic creep properties from a grid of nanoindentations. 2. Experimental characterization of creep properties of C-S-H An experimental campaign of nanoindentation creep experiments was performed on a wide range of cement pastes. Their water-to-cement mass ratios varied from 0.15 to 0.4, some samples were heat treated, and some contained admixtures (silica fumes or calcareous filler). The samples were cut, ground and polished (Miller et al., 2008). On each sample 400 3-minute long nanoindentation creep experiments were performed. Identification of logarithmic creep of C-S-H For all nanoindentations on all samples a function of the form 'h(t ) x1 ln(1  t / W )  x 2 t fit very well the measured change in depth 'h (t ) over the creep phase: The error was close to the noise ( r 0.5 nm) of the measurement. On each sample x1 was strongly correlated with other measured mechanical 40



properties (M or H). x 2 showed no such correlation and was random from one nanoindentation to the other. The linear part of the measured rate of penetration of the probe was therefore attributed to drift of the equipment, which is known to be a major issue in indentation testing. Consequently we conclude that all C-S-H phases creep logarithmically with respect to time. The characteristic viscous time W was on average W 1.7 r 4.8 s. Thererfore after a few seconds x
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the creep compliance rate L(t ) becomes inversely proportional to time: L(t )



C / t . The coefficient C,



which from Eq. 1 is given by C 2ax1 / Pmax , is homogeneous to a stress and was named the contact creep modulus. In addition to an indentation modulus M and to an indentation hardness H, each nanoindentation thus provided a contact creep modulus C. For each cement paste M, H and C obtained from the grid of nanoindentations were deconvoluted. The results of the deconvolution are displayed in Fig. 2. The contact creep modulus C scales uniquely with the indentation modulus M and with the indentation hardness H, independent on the mix proportions or on the heat treatment of the cement paste. Moreover, the scaling between C and H is impressively linear: C | 200H . w/c=0.15



600



450



Contact Creep Modulus C, GPa



Contact Creep Modulus C, GPa



500 400 350 300 250 200 150 100 50



w/c=0.2, 24% SF



500



w/c=0.2, HT at 2 days w/c=0.2, 32% SF, HT at 2 days w/c=0.3



400 300



w/c=0.3, 21.6% SF w/c=0.3, 25% CF



200 100



w/c=0.3, HT at 5 days w/c=0.4



0



0 0



10



20



30



40



50



0.0



60



0.5



1.0



1.5



2.0



2.5



Indentation Hardness H, GPa



Indentation Modulus M, GPa



Figure 2. Contact creep modulus C versus indentation modulus M (left) and versus indentation hardness H (right). (w/c = water-to-cement mass ratio, HT = heat treatment, SF = silica fumes, CF = calcareous filler)



Comparison with long-term creep experiments on concrete samples Macroscopic creep experiments on concrete samples are available in the literature. Such experiments are usually performed on meter-sized samples and can last for years. Long term creep of concrete has been identified as logarithmic with respect to time (Ulm et al., 1999). We considered one of those year-long macroscopic creep tests and performed a grid of nanoindentations on a cement paste that had a similar mix design. From the grid of nanoindentations performed on this sample, the contact creep modulus of the paste was estimated. Knowing the amount of (non-creeping) aggregates, the macroscopic contact creep modulus was estimated by homogenization. The contact creep modulus estimated from the grid of nanoindentations was found to be three times as high as the uniaxial creep modulus measured on the meter-sized concrete sample. This factor of three is reminiscent of Tabor’s formula. Therefore, a grid of minute-long creep experiments at the nanoscale yields results which are as quantitative as macroscopic creep experiments performed over years (Vandamme, 2008). 3. Nanogranular origin of creep of C-S-H Identification of a nanogranular microstructure of C-S-H C-S-H phases are porous. But how C-S-H solid and pores are organized in space still remains unclear. Pores have a characteristic size of a few nanometers and therefore a single nanoindentation yields the homogenized properties of the C-S-H solid mixed with its porosity. Considering that the C-S-H solid was cohesive frictional, we used homogenization methods in order to derive formulae that link the measured M and H to the mechanical properties of the C-S-H solid and to the local packing density (‘1-porosity’) below the probe. Using those formulae, an automated fitting 41



Indentation Hardness H, GPa



Indentation Modulus M, GPa



procedure was developed that provides, from a grid of nanoindentations, the corresponding packing densities and the mechanical properties of the C-S-H solid. Results of such a fit are displayed in Fig. 3. We identified a percolation threshold for C-S-H at a packing density K 0.5 which is characteristic of a granular medium. 70 60



Experimental (M)



50



Model (M)



40 30 20 10 0 0



0.2



0.4



0.6



0.8



1



Packing Density, K



3.5 Experimental (H)



3 2.5



Model (H)



2 1.5 1 0.5 0 0



0.2



0.4



0.6



0.8



Packing Density, K



1



Figure 3. Results of the minimization procedure yielding mechanical properties of C-S-H solid and packing densities from a grid of nanoindentations. M (left) and H (right) versus packing density K .



Comparison with creep of geomaterials A creep that is logarithmic with respect to time is very common in geomaterials science. Creep of geomaterials is usually measured by oedometer testing. Using the formalism of geomaterials science the vertical strain H v (t ) is linked to the coefficient of secondary compression CDH by: x
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CDH / t
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But oedometer testing in itself can be interpreted as an indentation test performed with a flat probe which is as large as the sample! Using the formalism of indentation testing yields: x



x



x
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from what follows: CDH v C / H . Therefore the linear scaling between C and H which we identified by indentation testing translates into a constant CDH when using the formalism of geomaterials science. Noting that for soils CDH can remain constant over a wide range of stresses in the normally consolidated range, this is one more strong hint toward a nanogranular structure of C-S-H. The (nano)granular structure of C-S-H can explain why its creep is logarithmic. As proved for granular media (Nowak et al., 1998), the sliding of particles with respect to each other, in association with a free volume dynamics, can lead to a rate of creep that is inversely proportional to time. 4. Conclusions In this study we developed a comprehensive investigation of creep properties of cementitious materials by nanoindentation. The analytical background of the indentation technique was extended so that creep properties could be measured. We observed experimentally that all C-S-H phases creep logarithmically with respect to time. The scaling between creep properties and elastic or strength properties depended neither on the mix design of the cement nor on its heat treatment. A linear scaling between contact creep modulus C and indentation hardness H was identified. Nanoindentation minute-long creep experiments at the nanoscale proved to be as quantitative as year-long macroscopic creep experiments on concrete. A comparison with geomaterials strongly hints towards a nanogranular of C-S-H: Creep of C-S-H is mostly due to the sliding of the C-S-H particles with respect to each other.
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MEASUREMENTS OF THE DIFFUSION PROPERTIES OF CARBONATE CAPROCKS ALTERED BY CO2, USING RADIOACTIVE TRACERS Pierre Bachaud1,2 ([email protected]), Philippe Berne1 1 CEA, LITEN, L2T, F-38054 Grenoble, France Jean-Pierre Leclerc2, Michel Sardin2 2 LSGC-CNRS, Nancy Universités, Nancy, France François Renard3 3 LGCA-CNRS-OSUG, University of Grenoble, France / Physics of Geological Processes, University of Oslo, Norway



ABSTRACT: In order to assess the integrity of a CO2 storage site, transport properties of caprocks have to be carefully studied before any injection. Among the mechanisms responsible for CO2 leakage, molecular diffusion is a long term continuous and large-scale phenomenon. The work presented here bears on the measurement of diffusion coefficients of low permeability carbonated caprocks using radioactive tracers, and their evolution with ageing by a CO2-saturated brine. Two types of caprocks, issued from different depths of the Charmottes field in Paris basin, have been studied using tritiated water, which is assumed to behave as dissolved carbon dioxide, and NaH14CO3, which traces products of CO2 dissolution in water. Results showed a low influence of alteration on the water self-diffusion coefficient, since the order of magnitude is the same before and after ageing (about 5.10-12 m²/s). Carbon 14 experiments take much more time since the diffusion coefficient is five times lower, and only results before alteration are available so far. 1. Introduction Even though a direct link between greenhouse gases and global warming has not been scientifically proven yet, an influence of anthropogenic emissions is more than probable (IPCC, 2007). Especially, CO2, which is present in the atmosphere in far larger proportions than the other incriminated gases, would be responsible for about 80% in the temperature increase that has been observed for several years (European Environment Agency, 2007). Carbon dioxide capture and storage is one of the most promising solutions in order to mitigate anthropogenic emissions. Several geologic formations, as oil and gas fields, are good candidates for CO2 injection. Among them, deep saline aquifers, thanks to their large storage volume and their proximity to production sites, are a really interesting possibility (Holloway, 1997, Rojey and Torp, 2005). For that solution to meet public acceptance, long term safety has to be proven. Contrary to oil fields for example, and due to their lack of economically interesting resources, saline formations have been less studied. An important work of characterization has thus to be done before considering any injection. Especially, the integrity of caprocks and their behaviour in presence of carbon dioxide under storage conditions are problems of particular importance. Indeed, mechanisms that can lead to CO2 leakage are numerous. Among them and despite its low transport capacity, molecular diffusion is a long term continuous and large scale phenomenon (Busch et al, 2008), and may contribute greatly to CO2 migration. The aim of the present work was to quantify the impact of a CO2-saturated brine on the diffusive properties of carbonate caprocks. Two samples were studied, issued from different depths of a potential storage site: the Charmottes field in Paris basin. Diffusion coefficients were measured using radioactive tracers, which traced products of the carbon dioxide dissolution in water. Artificial alteration was conducted in high pressure vessels and diffusion coefficients were measured before and after ageing. 2. Materials and method Samples The samples studied here were two low permeability carbonated caprocks coming from the Charmottes field located about 100 km south-east of Paris, France. They came from the top part of the Dogger, in the Bathonian and Callovian geological units. They are issued respectively from the Comblanchien limestone formation (Figure 1a), 1910 m deep, and the Dalle nacrée formation (Figure 1b), 1961 m 45



deep. Mineralogical analysis showed that the Comblanchien sample was mainly composed of calcite (more than 95%) with minor ankerite and quartz. The Dalle nacrée sample contained about 40% calcite, 30% ankerite, 20% quartz and some traces of clays, mica and gypsum. Petrophysical characterization demonstrated very low permeability (lower than a microDarcy). Mercury porosimetry tests were made and yielded low values of porosity (respectively about 3 and 4%). Pore size distributions were found unimodal with a peak well under 100 nm.



Figure 1a : Comblanchien sample



Figure 1b : Dalle nacrée sample



Samples ageing Artificial alteration was conducted in high pressure autoclaves on 6 mm thick and 6 cm diameter core slices. Samples were immerged in a synthetic brine, whose composition was initially at chemical equilibrium with rocks. Water was topped by supercritical CO2, and temperature and pressure conditions were 85°C and 80 bars. The ageing lasted eight weeks and the brine was renewed every week in order to enhance the phenomenon. Samples alteration was observed with a binocular magnifier (Figures 2 and 3), and mineral dissolution was evidenced. This was confirmed by fluid analysis, which showed a steep rise of calcium concentration.



Figure 2a : Comblanchien sample before alteration



Figure 2b : Sample after an eight weeks ageing



Figure 3a : Dalle nacrée sample before alteration



Figure 3b : Sample after an eight weeks ageing



Diffusion experiments Diffusion coefficients were measured using the through-diffusion method (Shackelford, 1991). The sample was placed in a diffusion cell, made of an upstream and a downstream chamber (Figure 4). Transport was supposed to be uniform on the surface of the sample, and so mathematical expressions were simplified by considering migration taking place along the x axis only. 46
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Figure 4 : Diffusion cell



Tracer concentration was maintained constant in the upstream chamber, whereas the brine in the downstream one was regularly renewed. The initial and boundaries conditions were thus the following: C (0  x  e; t 0) 0 (7) C ( x 0; t ) C 0 C ( x e; t ) 0 The resolution of Fick’s second law under these conditions led to the following expression (Crank, 1975): ª D t H 2H f (1) n § D n 2S 2 · º A(t ) SC 0 « e   exp¨  e t ¸» (2) ¨ ¸» 2 2 6 S2 « e2 n e H n 1 © ¹¼ ¬ where: A is the cumulated concentration in the downstream chamber, S is the surface of the sample, De is the effective diffusion coefficient, e is the thickness of the sample, and İ represents the material porosity. For long term, this expression tends to the straight line defined by: ªD t H º (3) A(t ) SC 0 « e  » 6¼ ¬ e2 By plotting the cumulated concentration downstream against time, we were thus able to calculate the effective diffusion coefficient. Porosity can also be estimated, but depends on the early stages of the curve, which, due to a high sensitivity to experiment conditions, might be difficult to measure properly. For that reason, this value is not always available and anyway should not be given too much credit. Two types of radioactive tracers were used: tritiated water (HTO) and NaH14CO3. Tritiated water was expected to behave as dissolved CO2, since both molecules have about the same size and similar low dipolar moments. Both show similar diffusion coefficients in free water. Carbon 14 traces the bicarbonate ions (HCO3-), predominant product of the dissolution of carbon dioxide into water under the diffusion experiment conditions (pH=8).



¦



3. Results Tritiated water experiments lasted about one month. Diffusion coefficients before alteration were found fairly similar for both rocks and were about 5.10-12 m²/s (Table 1). Porosity estimations were slightly higher than those obtained with mercury, which makes sense since the latter cannot explore pores with diameter lower than 3 nm. Carbon 14 diffusion is a much slower process: the measured coefficient is about five times lower than the water self-diffusion coefficient. This can be explained by the anionic exclusion. Although the surface potential of carbonates is a controversial subject, a negative surface charge is possible under the experiment conditions (Eriksson et al., 2008). It thus reduces the accessible porosity to the HCO3species and then slows its migration through the material (Melkior, 1999). Due to the duration of these experiments (more than four months), a diffusion coefficient of the bicarbonate ion in an altered sample has not been measured yet. Results showed a water self-diffusion coefficient slightly higher after ageing than before for both rocks. It is especially true for the Comblanchien formation, for which the HTO diffusion coefficient has been multiplied by two. This is due to calcite dissolution, main reaction between caprocks and the CO2saturated brine. The predominance of this reaction can also explained the different aspect of the two samples after ageing. The Comblanchien caprock, principally made of calcite, is uniformly dissolved by the acid brine. On the contrary, the Dalle nacrée sample has a heterogeneous mineralogical composition. Dissolution is more localised, which explains the wormholes noticeable on figure 3b. 47



Nevertheless, and despite a mineral dissolution evidenced by binocular observations and fluid analysis, the impact of alteration on HTO diffusion remains low, with an increase on the diffusion coefficient in the range 17%-113%. The diffusive transport of dissolved carbon dioxide in carbonated caprocks seems to be little influenced by the CO2-saturated brine. This will have to be confirmed by carbon 14 diffusion experiments on aged samples.



Comblanchien Dalle nacrée



Tritiated water Before alteration After alteration De (m²/s) De (m²/s) İ (%) İ (%) -12 -11 3 1,0.10 4,7.10 -12 -12 4,5 4,5 6,2.10 5,3.10



H14CO3Before alteration De (m²/s) İ (%) -12 1,8.10 -12 1,2.10



Table 1 : Results of the diffusion experiments



4. Conclusion The aim of this work was to analyze the influence of the alteration of carbonated caprocks by a CO2saturated brine on their diffusive properties. Two products of the carbon dissolution in water were traced by radioactive tracers: respectively, tritiated water and carbon 14 traced dissolved CO2 and bicarbonate ions. The influence of alteration on water self-diffusion coefficient was found low and the small increase measured after ageing is thought to be mainly due to calcite dissolution. HCO3- diffusion coefficient in aged samples is not available yet due to the experiments duration. Further work will consist in the confirmation of the low influence of alteration on caprocks diffusive properties by measuring this parameter. In addition to that, the impact of CO2 ageing on other transport parameters will be study, notably permeability and breakthrough pressure. 5. References A. Busch, S. Alles, Y. Gensterblum, D. Prinz, D.N. Dewhurst, M.D. Raven, H. Stanjek, B.M. Krooss, “Carbon dioxide storage potential of shales”, International Journal of Greenhouse Gas Control, Volume 2, Issue 3, Pages 297-308, 2008 J. Crank, “The mathematics of diffusion”, 2nd ed., Oxford University Press, ISBN 0198534116, 1975 Environment European Agency, “Europe’s environment – the fourth assessment”, ISBN 978-92-9167-932-4, 2007 R. Eriksson, J. Merta, J.B. Rosenholm, “The calcite/water interface II. Effect of added lattice ions on the charge properties and adsorption of sodium polyacrylate”, Journal of Colloid and Interface Science, Volume 326, Issue 2, Pages 396-402, 2008 S. Holloway, “Safety of the underground disposal of carbon dioxide”, Energy Conversion and Management, Volume 38, Supplement 1, Proceedings of the Third International Conference on Carbon Dioxide Removal, Pages S241-S245, 1997 “Climate change 2007 – The Physical Science Basis”, Contribution of Working Group I to the Fourth Assessment Report of the IPCC, ISBN 978 0521 88009-1, 2007 T. Melkior, “Etude méthodologique de la diffusion de cations interagissants dans les argiles. Application : mise en œuvre expérimentale et modélisation du couplage chimie-diffusion d’alcalins dans une bentonite synthétique”, PhD thesis, Ecole centrale des arts et manufactures, 1999 A. Rojey and T.A. Torp, “La capture et le stockage du CO2 : perspectives”, Oil & Gas Science and Technology – Rev. IFP, Volume 60, Issue 3, Pages 441-448, 2005 C.D. Shackelford, “Laboratory diffusion testing for waste disposal - A review”, Journal of Contaminant Hydrology, Volume 7, Issue 3, Pages 177-217, 1991
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EXPERIMENTAL STUDY ON THE STRUCTURAL CHANGES OF COMPACTED MARLS Rafaela Cardoso ([email protected]) High Technical Institute, Lisbon, Portugal Eduardo E. Alonso ([email protected]) Catalonian Polytechnical University, Barcelona, Spain



ABSTRACT. Compacted marl (a set of fragments) experiences a transition from a rockfill-like behaviour (when the marl fragments have not degraded) to the behaviour of a clayey soil when degradation accumulates. Several oedometer tests on samples of compacted material were performed under different loading paths. Wetting and drying cycles simulating the effects of atmospheric actions were applied. Structural changes of the compacted material are evaluated by measuring intrinsic permeability, through mercury intrusion porosimetry tests and by the digital analysis of photographs of the macrostructure. It is concluded that drying before wetting has some relevance on the mechanical properties of the material. Wetting, however, has the major role since the dominant structural changes were observed after full saturation. 1. Introduction Compacted marls are a set of fragments of evolutive material rearranged during compaction process. When subjected to suction cycles, the marl fragments degrade and a transition from a rockfill-like behaviour (when they have not degraded) to the behaviour of a clayey soil when degradation accumulates can be identified. These strong structural changes can be responsible for important deformations of earth structures built with marls. The analysis of the results from several oedometer tests performed applying different loading paths is presented. These paths include suction cycles simulating atmospheric actions which result in degradation. The results are commented identifying structural changes in the material which is conceived as having a double structure. The rearrangement of the fragments is the macrostructure and the fragments and their structure (the structure of the rock) is the microstructure. Changes in the intrinsic permeability are also used to detect structural changes at the level of the macrostructure. Structural changes are quantified by mercury intrusion porosimetry tests at the level of the microstructure and by the digital analysis of photographs taken in samples treated with paraffin at the level of the macrostructure. Structural changes are explained by the degradation of the fragments when subjected to wetting and drying cycles under confinement. 2. Compacted material and description of the tests performed The material studied is a marl from the upper Jurassic formation of Abadia (Arruda dos Vinhos, Portugal). The porosity ranges between 18%-39% and the water content between 8%-22%. They correspond to high saturation degree (70%-100%). It has a relatively high plasticity (wL=49% and PI=25%) consistent with the nature of the clay minerals present (mainly chlorite, kaolinite and illite, with no smectite detected). The solid unit weight is 27.4kN/m3. More details on the degradation of this material are reported in Cardoso and Alonso (2007). Uniform grading size samples were prepared with fragments having dimensions varying between 9.5mm and 4.75mm (retained by ASTM sieve #4 and passing sieve #3/8). The samples were prepared with initial void ratio of 1.078 r0.005 and water content of 14.5% r1%. The adoption of a relatively high void ratio was motivated by the need to ensure high air permeability to speed up the process of suction application using the vapour equilibrium technique. Different tests were performed to evaluate structural changes due to the loading paths applied. The drying effect was analysed by comparing the results of an oedometer loading test under a constant suction s=2MPa (test U) with oedometer tests at higher applied suctions (test UD1 at s1=38MPa and UD2 at s2=230MPa). There was also an interest in knowing the effect of a fully wetting-drying cycle cycle before loading. To this end two additional tests were performed. In test UWD1 a sample compacted to the same initial state was first fully saturated and then dried to s1=38MPa. A specimen similarly treated (UWD2) was wetted and dried to s2=230MPa. Stress paths are shown in Figure 1.
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Other tests performed to evaluate structural changes are also identified in Figure 1: mercury intrusion porosimetry tests (MIP), digital analysis of photographs taken after testing to analyze the macrostructural rearrangement (Macro) and the measurement of intrinsic permeability. 1000
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Figure 1. Stress-suction paths followed and tests performed to evaluate structure degradation.



3. Structure degradation Structure degradation induced by the loading paths presented in Figure 1 is illustrated by changes in the compressibility, intrinsic permeability and pore size analysis. They are reported below. Compressibility Figure 2 presents the main results of the oedometer tests performed. The compressibility index in the elastoplastic range decreases with increasing suction, a result expected for unsaturated compacted materials (Cc=0.535 for s=2MPa, 0.422 for s=38MPa and 0.379 for s=230MPa for tests U, UD1 and UD2, respectively). The elastic compressibility is very similar for the two UD tests (average value Cs=0.006). A value of Cs=0.035 was measured in the U test. This result indicates that drying has some effect in the structure of the compacted material. 1.10
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Figure 2: Oedometric tests: a) compressibility; b) transition between rockfill and clayey soil behaviour.



The effect in the mechanical behaviour of wetting before drying (tests UWD) is studied by means of the comparison between tests UD and UWD for the suctions 38MPa and 230MPa. Note that wetting at Vv=50kPa in tests UWD is led to a strong collapse and therefore to a reduced void ratio. Subsequent drying did not modify the void ratio. The denser UWD specimens are therefore expected to be stiffer than samples UD. This is shown if Cc values (Cc=0.422 and 0.379 for specimens UD1 and UD2, and 0.107 and 0.070 for specimens UWD1 and UWD2) are compared. Small differences were found in the elastic compressibility independently from the past suction history. 52



Under 600kPa, larger collapse was observed for the samples UD than for samples UWD, a result expected due to the different void ratios of the samples before full saturation. The compressibility curves for all samples loaded under fully saturated conditions (Figure 2) are very similar indicating a similar structure. The final void ratio found for the saturated samples shows some differences however indicating different structures, a result possibly explained by the double structure of the material. For the unsaturated samples a marked time-dependent behaviour was observed under each loading increment. Increasing slopes of the curves in a plot deformation dHv vs. ln(time) for each vertical stress measured with increasing stress are an indicator of breakage and rearrangement of the fragments. This behaviour is typical of rockfill materials described in the literature (Oldecop and Alonso, 2007 among others). The delayed compressibility index Ot (Ot =dHv/d(ln t)) is presented in Figure 2.b for the vertical stress Vv=1000kPa. The value found for the saturated test is included in the figure. The peak reached before full saturation shown in Figure 2.b marks the transition between rockfill behaviour (above a given suction) and clayey soil behaviour (below that suction). The threshold suction identified is the minimum suction studied (2MPa). However further study is required to investigate this value. Figure 2.b also includes the values of Ot measured in unsaturated oedometer tests performed in compacted rockfill from Pancrudo’s River (Oldecop and Alonso, 2007). They show that the peak is found at full saturation when the more intense breakage is observed. The comparison confirms that compacted marls experience a qualitative change in behaviour when wetted. Particle breakage dominates at high suctions. Regular soil deformation is found at lower suctions. Intrinsic permeability The large differences between the dimensions of the voids of the marl (microvoids) and those within the marl fragments (macrovoids) allows assuming that the preferential path of percolating water is through the macrovoids. Therefore the differences found in permeability values mainly reflect the differences of the dimensions of macrovoids. Saturated (with distilled water) and air intrinsic permeability were measured for increasing vertical stress respectively in samples saturated at Vv=50kPa (US) and in samples U, UD2 and UWD2 previously presented. Measured values are presented in Figure 3, which shows the variation of permeability with vertical stress and suction. 1E-10 US: saturated test 1E-11
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Figure 3. Evolution of the intrinsic permeability: a) with increasing vertical stress; b) with void ratio.



The comparison of dry samples U and UD shows the increasing permeability with suction. The lower stiffness of the fragments for increasing water content (w=14% for s=2MPa – sample U; w=1% for s=230MPa – sample UD2) allows explaining the more marked reduction of void ratio with increasing vertical stress for sample U. The comparison between the values measured in the saturated-dry (UWD) and dry (UD) tests shows that previous saturation leads to the decrease of the intrinsic permeability because of the collapse induced reduction of the void ratio. Unsaturated samples exhibit a high air intrinsic permeability due to the large dimensions of the macrovoids. For similar void ratios (Fig. 3.b) the air intrinsic permeability measured in unsaturated samples is about two orders of magnitude higher than the saturated intrinsic value. Full saturation leads to swelling of the fragments and to the rearrangement of the softer material. This reduces the dimension of the large voids. The values measured in samples UWD are higher than the values measured in the full saturated sample US. It can be explained by the development of some macroporosity due to drying corresponding to fragments shrinkage and the enlargement of the volume of the voids between them. It 53



also explains the larger void rations measured for specimen UWD when compared with samples US for the same vertical stress. Structure evolution Figure 4 presents the results from the MIP tests and the digital analysis of the photographs of the compacted material at the compaction water content (U) and after being fully saturated (US).
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Figure 4. Structure measurement: a) MIP tests; b) digital analysis of photographs of tests U and US (zoom).



Concerning the microstructure, loading under unsaturated conditions results in the development of some microcracking which explains the displacement of the microvoids right. This microcracking was observed in ESEM photographs not shown in this work. Full saturation leads to the development of microcracking also identified by the double peak measured in test identified in the figure as US (no vertical stress applied). With the increment of the vertical stress the peak displaces left indicating that the small voids decrease their dimensions. It may be explained by the confinement from the vertical stress and possibly because each fragment acts controlling the volume change of the neighbouring fragments introducing some internal constraint. The dimensions of the macrovoids reduce with loading and full saturation (Fig. 4.b). Considering the data from the two structural levels it can be seen that the dimensions of the smaller and larger voids approach with loading and full saturation. This indicates the progressive degradation of the fragments and the tendency to form a clayey matrix with uniform pore size dimensions after the accumulation of degradation. This behaviour is also observed in compacted clayey materials (e.g. Gens et al., 1995). 4. Conclusions The deformation of the double structure material can be interpreted to be mainly due to the variation of the dimensions of the macrovoids, which is in accordance with the deformations measured in the oedometer tests. The structural changes are consistent with the permeability values measured for samples dried before and after being fully saturated and also by the changes in the dimensions of the macrovoids measured in the analysis of photographs of the macrostructure. Before saturation the material behaves similarly to rockfill material, exhibiting breakage and rearrangement consistent with the existence of large macrovoids. However the volume of the macrovoids reduces after full saturation due to the combined effect of swelling of the fragments and confinement due to vertical stress. A more homogeneous clayey matrix results from these structural changes. 5. References Cardoso, R. and Alonso, E. (2008). Degradation of compacted marls. Degradation of compacted marls. Proc. 1st European Conference on Unsaturated Soils, Durham, UK. Gens, A., Alonso, E., Suriol, J. and Lloret, A. (1995). Effect of structure on the volumetric behavior of a compacted soil. Proc. 1st Int. Conf. on Unsaturated Soils, eds. Alonso, E.E. and Delage, P., Balkema, 1: 83-88. Oldecop, L. and Alonso, E. (2007). Theoretical investigation of the time-dependent behaviour of rockfill. Géotechnique, 57(3): 289-301.
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CONSTITUTIVE MODELLING OF BONDED EXPANSIVE GEOMATERIALS Núria M. Pinyol ([email protected]) Department of Geotechnical Engineering and Geosciences, Barcelona, Spain



ABSTRACT. This paper presents a discussion on existing approaches to derive constitutive models for bonded geomaterials conceived as composite materials. The methodology involves the partitioning of strains, the adoption of constitutive models of constituents and the integration of component stresses into the external stress. These steps are guided by microstructural observations, but are open to alternative formulations which are part of the overall constitutive behaviour. 1. Materials involved Soft clay rocks and hard soils clay soils are well known examples of bonded materials often found in engineering works. Their structure is the result of a particular mineralogy, a diagenetic process and a subsequent geological history, most notably, the tectonic history. A common observation is than weathering action as well stress changes lead to a material degradation which is associated with two phenomena: - The release of the expansion potential of clay minerals - The loss of strength and continuity of internal bonds The bonding process generally occurs when the parent clayey soil is under stress. A consequence of this process is that any unloading may lead to bond breakage. In addition, hydration of clay stacks may reverse the initial consolidation of sediments and lead also to bond breakage. A few examples of bonded expansive materials are weathered old alluvium soil from San Juan, Puerto Rico (Zhang et al., 2004), the tertiary mudrocks from the French Central Massif (Pejon and Zuquette, 2002), the CallovoOxfordian claystone from Eastern France (Zhang et al., 2004), the Opalinus clay from Northern Switzerland (Muñoz, 2007) among many others. ESEM photographs provide some clues on the organization of the microstructure. Porosimetry and mineral identification provide also information which could be used to build a conceptual model of the soil microstructure. A variety of additional chemical and physical test are available to investigate the micro fabric (see Zhang et al., 2004). However deciding the fundamental nature of a given microstructure, within the perspective of constitutive modelling remains a highly speculative exercise. Decisions at this fundamental level will have a strong influence of the macroscopic behaviour derived form the model. This paper investigates possible relationships for bonded expansive geomaterials. 2. Some experimental observations As a general rule, the intensity of bonding, which may be simply measured by the concentration of the bonding material, increases the stiffness and the strength of the material. In a more general sense, the yielding locus expands when bonding is present. This is usually shown by comparing the compressive behaviour of intact and remoulded specimens. Yielding means the rupture of bond connections but also a loss of the intact initial geometric arrangements of the microstructure. It is often found also than under increasing loading the material approaches the behaviour of the fully unbonded/unstructured material. Additional laboratory observations and field evidence indicates that stress changes damage the bond and allows the release of the swelling potential. The application of repeated loading-unloading cycles enhances the bond breakage and the soil degradation. Suction cycles are also particularly effective in degrading these materials. This is shown by Wong (1998) which showed the complete loss of brittleness and strength of clay shales subjected to suction cycles. 3. Conceptual representation of microstructure and modelling The following approaches have been reported in the literature for the development of constitutive models: - A suitable modification of a “standard” constitutive model valid for unstructured or debonded soils. Examples of this kind are the proposals of Gens & Nova (1993), Kavvadas & Amorosi (1998), Baudet & Stallebrass (2004). 55



- Integrate damage and elastoplasticity concepts into the model formulation (Chazallon and Hicher, 1995; Chiarelli et al., 2003). - Interpreting the material microstructure and building a macroscopic model from some basic simple models which are believed to represent the material constituents. Typically the bonded material is assumed to be composed by two components: grains (or clay aggregates) and bond. For instance, Chazallon and Hicher (1998) conceived the bonded material as the response “in parallel” of two elastoplastic materials, one of them capable to experiencing damage. Other examples are provided by Vaunat and Gens (2003) and Zhang et al. (2004). This is also the approach followed in this work. The clay matrix will be identified as an expansive material represented by the double structure elastoplastic model for unsaturated clays known also as Barcelona Expansive Model (BExM) (Alonso et al., 1999). The bond will be characterized by a quasi-fragile material described by Carol et al. (2001). 4. Conceptual representation of microstructure and modelling Phenomenological models rely on the intuition of the authors, an intuition which is guided by experimental observations. It turns out that experiments on the class of materials investigated here are scarce. Often they do not provide a comprehensive information since only a very particular type of stress paths is examined. The idea here was to explore if there are some systematic methodologies to derive a constitutive model, having in mind a particular soil microstructure. The objective of modelling is to derive a macroscopic or “external” relationship between stress ext ( V ) and deformation ( H ext ). However, the material components (bond and matrix –or aggregates–) provide an incremental relationship between bond strain and stress ( Vb , Hb ) and clay aggregates strain and stress ( V M , H M ). The following approaches will be followed: First a relationship between strains ( H ext , Hb , H M ) will be sought by invoking mass balance relationships. These relationships will be formulated in volumetric terms. It will be shown that mass balance relationships do not provide the complete answer and some additional “constitutive” assumptions have to be made at this level of model development in order to know the component strains ( Hb , H M ) given the external strain ( H ext ). This stage of model development will produce a “partition of strains”. The next step is to relate the strain components ( Hb , H M ) with its associated stresses ( Vb , V M ). This is solved by selecting a particular constitutive model for each of the components. The third stage is the integration of the stress components ( Vb , V M ) into an external stress ( V ext ). This final stage involves also an educated guess, guided by the conceptual representation of the microstructure. Some general procedures may also be invoked (the principle of virtual work) but it may also lead to undesirable effects. Two classes of models will be developed: Model 1 and Model 2. Model 1 is inspired by mixture theory and Model 2 is inspired by a structure of grains connected bond. 5. Conceptual representation of microstructure and modelling Model 1 REVMacro
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Figure 2. Conceptual representation of a bonded expansive material. (a) for Model 1 and (b) for Model 2.



The conceptual representation is given in Figure 2. It integrates two entities at macro level: bond and clay aggregates. Since aggregates are made of the stacked clay particles, a micro level is considered 56



which includes clay particles and microvoids inside the aggregates. Accordantly, Reference Elementary Volumes Macro (REVMacro) and micro (REVmicro) are considered as shown in the Figure 2. Mass balance equations of clay are written over a REVMacro and REVmicro and bond mass balance equation only at REVMacro. Finally a mass balance equation of solid particles (bond and clay) are considered over REVMacro. Algebraic manipulation of this mass balance equations leads to the following relationship: ext ag b (8) Hvol c cHvol  c bHvol ag where c c and c b are clay and bond mass concentration and Hvol is the volumetric strain rate associated with the aggregates which include changes of their own volume (due to changes in microporosity) and volume changes associated with its topological configuration which affects to the macroporosity. b corresponds to the volumetric strain of bond. It includes changes in bond density and its topological Hvol configuration which also affects the macroporosity. Equation (1) does not solve the problem because given the external strain rate, the strain rate of components cannot be identified. An additional relationship is required. For instance: b ext (2) H vol FH vol where F is a constitutive parameter. Equation (2) specifies that a proportion of the external strain deforms the bond. Parameter F will decreases as damage increases. Equation (2), in fact, is a constitutive relationship and it has a significant effect on the overall constitutive behaviour. Other choices are, of course, possible. They may be inspired in a conceptualization of the soil microstructure.



Model 2 The conceptual representation is shown in Figure 2 b. The bond is conceived as an structural network than partially fills the pores between aggregates and/or covers them. Three representative elementary volumes will be defined: REVm/micro for clay particle at micro level, REVb/micro for bond at micro level and REVMacro at macro level which include the entire composite material. REVmicro are embedded within REVMacro. Now bonds are assumed to link and hold together clay aggregates. Then, at macro level, the average velocity of bond particles are assumed to be the same as the average velocity of clay aggregates. Clay and bond mass balance equations are written at REVmicro and REVMacro and allow to obtain the following strain partition: ext V m b (3) Hvol Hvol  I mHvol  I bHvol V is the where I m and I b are the volumetric concentration of aggregates and bond respectively. Hvol m volumetric strain rate associated with to the changes in macrovoids, Hvol is associated to the changes in



b volume of aggregates and Hvol , unlike Model 1, indicates the changes in the bond density. Again, an additional assumption is needed to complete (3). The proposal now is to relate bond deformation and changes in macroporosity since the bonds will be deformed as far as aggregates change its configuration and they affect to the pores among them: b V (4) Hvol FHvol



6. Integration of stress components The constitutive models for the expansive matrix and the quasi-fragil bond will not be described here. Pinyol et al. (2007) provide a short description of the two constitutive models. Consider, however the process of stress interpretation. One possibility is to use the principle of virtual work applied to conjugate stress and strain variables. For instance, in the case of Model 2, application of the principle of virtual work leads to following stress integration: ext ext b (5) V ext 'H vol V M 'H vol  I bV b 'H vol But other choices are available. It may be also argued, having the microstructure in mind, that the external stress may be appropriately expressed as a direct sum of the bond and matrix stress: (6) V ext V M  V b In case of Model 1, it seemed logical to propose that the external stress may be decomposed as follows: (7) V ext c cV M  c bV b Again these hypothesis may be considered constitutive decisions and they have a significant impact in part on model performance. 57



7. Conclusions The paper propose a methodology for building constitutive models of composite geomaterials. The methodology is assisted by some general rules, namely the mass conservation relationships for constituents. These relationships provide expressions for strain partition. However, it has been shown that they are dependent on the particular conceptualization of the material microstructure. In addition, they do no provide a complete answer to the problem of strain decomposition and some additional guided assumptions should be made. Similar comments may be made on the method selected to integrate stresses. It turns out that decisions concerning strains and stress decomposition have to be made on the basis of some representation of the material. In general the constituents (bond and matrix) cannot be directly tested. Therefore the evaluation of model performance relies on the overall model response. Available experimental programs are however limited. It is also felt that the class of natural materials which may be described by a composite approach is extremely wide and no reasons “a priori” to prefer a particular formulation seem to exist. 8. References Alonso, E.E., Vaunat, J & Gens, A. (1999). Modelling the mechanical behaviour of expansive clays. Engng Geol. 54: 173-183 Baudet, B. & Stallebrass, S. (2004). A constitutive model for structured clay. Géotechnique 54(4) : 269-278. Carol, I., Rizzi, E. & William, K. (2001). On the formulation of anisotropic elastic degradation. I. Generalized pseudo-Rankine model for tensile damage. Int. J. Solids and Structures, 38(4) :38, pp 491-518. Chazallon, C. & Hicher, P.Y. (1995). An elasto-plastic model with damage for bonded geomaterials. Numerical Models in Geomechanics NUMOG-5 Conf,. G.N. Pande and S. Pietruszezak (eds.) Balkema, Rotterdam, The Netherlands, 24-26. Chiarelli, A.S., Shao, J.F. & Hoteit, N. (2003). Modeling of elastoplastic damage behaviour of claystone. Int. Journal of Plasticity, 19: 23-45 Gens, A. & Nova, R. (1993). Conceptual bases for a constitutive model for bonded soils and weak rocks. Proc. Int. Symp. Geotech. Eng. of hard soils – soft rocks, Anagnostopoulos et al. (eds): 485-494 Kavvadas, M. & Amorosi, A. (2000). A constitutive model for structured soils. Géotechnique, 50(3), 263-273. Muñoz, J.J. (2007) Thermo-hydro-mechanical analysis of soft rock: application to a large scale heating test and large scale ventilation test, PhD Thesis, Universitat Politècnica de Catalunya, Spain Pejon, O. J. & Zuquette L.V. (2002) Analysis of cyclic swelling of mudrock Engineering Geology 76: 97-108. Pinyol, N.M, Vaunat, J. & Alonso, E.E. (2007). A constitutive model for soft clayey rocks that include weathering effects. Géotechnique 57 (2): 137-151 Vaunat, J. & Gens, A. (2003). Bond degradation and irreversible strains in soft argillaceous rock. Proc.12th Panam. Conf. Soil Mech. Geotech. Engnf. Boston 1, 479-484. Wong, R.C.K. (1998) Swelling and softening behaviour of La Biche shale. Can. Geotech J. 35 (2): 206-221 Zhang C.-L. & Rothfuchs T. (2004) Experimental study of the hydro-mechanical behaviour of the CallovoOxfordian argillite. Applied Clay Science, 26 : 325-336 Zhang, G, Germaine, A., Whittle, J. & Ladd, C.C (2004) Soil structure of a highly weathered old alluvium. Géotechnique 54(7): 453-466
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EXPERIMENTAL INVESTIGATION OF FACE STABILITY OF SHALLOW TUNNELS IN SAND Ansgar Kirsch ([email protected]) Division of Geotechnical Engineering and Tunnelling, University of Innsbruck, Austria



ABSTRACT. The face stability of shallow tunnels was investigated with small-scale model experiments at single gravity. Aim of the research was to detect the evolution of failure mechanisms in dense and loose soil samples with varying overburden above the tunnel. Moreover, the quality of proposed theoretical/numerical approaches for the determination of a necessary support pressure pf was assessed. The results indicate that pf is independent of overburden and initial density of the soil. The experimental investigation with Particle Image Velocimetry revealed a significant influence of initial density on the evolution of failure mechanisms, though: whereas in dense specimen arching and a propagation of the failure mechanism towards the soil surface could be observed, the loose samples showed a much more diffuse failure zone that did not change its shape throughout the failure process. 1. Motivation For tunnel construction with slurry or earth-pressure balance shields the necessary support pressure pf must be prescribed to prevent excessive ground movements. For the determination of pf various models have been proposed: x Theoretical (e.g. Horn (1961), Kolymbas (2005), Krause (1987), Léca/Dormieux (1990)) x Numerical (e.g. Ruse/Vermeer (2002,2004), Kamata/Mashimo (2003)) x Experimental (e.g. Chambon/Corté (1994), Plekkenpol et al. (2006), Kamata/Mashimo (2003))



Figure 1. Failure mechanism by Horn.



Figure 2. Predictions of the necessary support pressure



Horn’s failure mechanism is shown in Fig. 1: it consists of a prismatic wedge in front of the tunnel face and a vertical chimney of soil above. By equilibrating forces on the wedge an expression for the necessary support force to stabilise the mechanism can be found. The vertical force resulting from the chimney is usually calculated with the silo equation. Unfortunately, the Horn mechanism leaves a number of possible configurations to the user: e.g. the choice of earth pressure coefficients for chimney and wedge, the distribution of earth pressure with depth or the shape of the basal wedge surface. A simple example served to compare Horn’s mechanism with others from the literature. A tunnel with a diameter D=10 m and an overburden C=10 m was chosen for this purpose. Soil parameters were self-weight J=18 kN/m³ and cohesion c=0. The normalised support pressure at failure ND:=pf/(JdD) is shown in Fig. 2 for a variation of friction angle M between 25° and 45°. Even for a single M there is a large scatter of model predictions. But where is the true necessary support pressure? 2. Qualitative investigation of face stability To further assess the quality of proposed models for face stability analysis, the author performed two series of small-scale model experiments. The first series of experiments was conducted in a model box (Fig. 3) with inner dimensions 37.2 x 28.0 x 41.0 (width x depth x height in cm). The problem was 61



modelled in half, cutting vertically through the tunnel axis. Therefore, the tunnel was represented by a half-cylinder of perspex, with an inner diameter of 10 cm and a wall thickness of 4 mm.



Figure 3. Box and model tunnel for the first series of experiments.



An aluminium piston was fitted into the tunnel to support the soil. The piston was mounted on a horizontal steel rod, which was supported by a one-dimensional roller bearing inside the side wall of the box. To trigger collapse of the face, a piston displacement s into the model tunnel was applied by turning a threaded bar and a knob in extension of the piston axis (Fig. 3, right). For all tests dry sand with a grading between 0.1 mm and 2.0 mm was used (d50=0.58 mm, emin=0.42, emax=0.75). The tests were performed with various C/D-ratios and different initial densities Id. For the first 6.0 mm of piston displacement, increments 's=0.25 mm were chosen. After that 's was increased to 0.5 mm until a total displacement of 25 mm was reached. After each increment a digital picture of the grain structure was taken.



Figure 4. Evaluation of incremental soil displacements with PIV.



All model tests of the first series were evaluated with Particle Image Velocimetry (PIV), a noninvasive technique that allows the quantitative investigation of plane displacement patterns. The basic idea of PIV is image correlation of interrogation cells in consecutive pictures. These interrogation cells cover a few sand grains and are characterised by a certain distribution of grey or colour values. The primary evaluation results of PIV are vector fields of incremental displacements, which can be visualised as vector plots (Fig. 4, left) or colour plots (Fig. 4, right), in which different lengths of the displacement vectors are represented by different colours. The PIV analyses showed that the overburden had a negligible influence on the shape and extent of the failure zone for dense soil samples, because the pictures were virtually identical for different overburdens. The impact of density was much more pronounced (Fig. 5): in dense sand a clearly defined failure zone developed in the vicinity of the face and evolved stepwise towards the ground surface. As soon as it reached the ground surface, a chimney-like and a wedge-like part could be distinguished, which resembles the theoretical model by Horn (Fig. 1). On the contrary, for the loose sand soil movements immediately reached up to the ground surface. From the first two or three advance steps onwards, the shape of the failure zone remained practically identical, equal to the one in Fig. 5 (right).
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Figure 5. Incremental displacements for a piston advance from 1.25 to 1.50 mm for an initially dense sample (left) and an initially loose sample (right).



3. Quantitative investigation of the necessary support force To validate the proposed models for the necessary support force/pressure, the model box was modified to allow for measurements of the resulting axial force on the piston (Fig. 6): the tunnel was modelled with a hollow aluminium cylinder with an inner diameter of 10 cm and a wall thickness of 4 mm. As for the PIV measurements, the model tunnel reached approx. 7 cm into the soil domain. As a result of the PIV investigations, the dimensions of the box were considered large enough.



Figure 6. Model box for the second series of experiments.



Figure 7. Carriage construction with load cell, goniometer and turning knob



The face of the model tunnel was supported by an aluminium piston with a slightly smaller diameter than the inner diameter of the tunnel (Ddisk=9.8 cm), thus eliminating friction between disk and tunnel. The piston rod was supported by a linear roller bearing, embedded in the side wall. The rod made contact with a miniature load cell that was mounted on a sliding carriage on the outside of the side wall (Fig. 7). Because of the low stresses expected in the model the load cell had a nominal load of only Fnom=10 N. The experiments were, again, performed displacement-controlled, by incrementally retracting the carriage. For the first millimetre of advance, displacement increments of 's=0.042 mm were applied. Thus, the force reduction for the very first displacements could be captured well. For s>1 mm, the incremental advance was set to 's=0.125 mm. An overall number of 52 tests were performed with C/D=0.25 …2.0 and (initially) dense and loose samples. Fig. 8 shows the development of the normalised support pressure p/(JdD) over the normalised piston displacement s/D. The figure also illustrates the difference between the force-displacement behaviour of loose and dense samples. The “dense” curves dropped steeply to a relatively low value as compared with the “loose” curves. But with continuing displacements, the resultant force on the piston in the dense samples increased again, reaching a common residual value for both curves after relative displacements of 2 to 3 %. This residual value was considered as necessary support pressure ND: a lower pressure (in a pressure-controlled test or in the pressure chamber of a shield machine) would lead to infinite displacements, i.e. the collapse of the tunnel. 63



Figure 8. Development of normalised support pressure for C/D=1.0 and different initial densities.



All results of the 52 tests indicate no influence of overburden on ND. As shown in Fig. 8 also the initial relative density does not influence ND, because the curves of dense and loose samples reach the same residual level. Comparison with analytical predictions The results of the force measurements at low stress levels were compared with predictions of the various proposed models presented at the beginning. For this comparison an overburden C/D=1.0 was chosen, cohesion was neglected. The range of experimentally obtained ND values is plotted against the critical friction angle.



Figure 8. Development of normalised support pressure for C/D=1.0 and different initial densities.



Predictions and measurements are of the same order of magnitude; to be more precise, the experimental results lie in the middle of the Horn-model variations. The approaches by Kolymbas and Krause overestimate the experimental results. The upper bound solution by Léca/Dormieux and the empirical approach by Ruse/Vermeer approximate the experimental observations well. 4. References Horn M. (1961). Horizontaler Erddruck auf senkrechte Abschlussflächen von Tunneln, in Landeskonferenz der ungarischen Tiefbauindustrie (Deutsche Überarbeitung durch STUVA, Düsseldorf). Kolmybas D. (2005). Tunnelling and Tunnel Mechanics, Springer, Berlin. Krause T. (1987). Schildvortrieb mit flüssigkeits- und erdgestützter Ortsbrust. in Mitteilung des Instituts für Grundbau und Bodenmechanik, Technische Universität Braunschweig, No. 24. Léca E., Dormieux L. (1990). Upper and lower bound solutions for the face stability of shallow circular tunnels in frictional material. Géotechnique, 40(4): 581-606. Ruse N.M. (2004). Räumliche Betrachtung der Standsicherheit der Ortsbrust beim Tunnelvortrieb. in Mitteilung des Instituts für Geotechnik, Universität Stuttgart, No. 51. Vermeer P.A., Ruse N.M., Marcher T. (2002). Tunnel heading stability in drained ground. Felsbau, 20(6): 8-18. Chambon P., Corté J.F. (1994). Shallow tunnels in cohesionless soil: stability of tunnel face, ASCE Journal of Geotechnical Engineering, 120(7): 1148-1165. Plekkenpol J.W., van der Schrier J.S., Hergarden, H.J. (2006). Shield tunnelling in saturated sand - face support pressure and soil deformations, in Tunnelling: A Decade of Progress, GeoDelft 1995-2005 (eds. A. Bezuijen, H. van Lottum), Taylor & Francis, London.
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THE KINEMATIC AND INERTIAL SOIL-PILE INTERACTIONS: CENTRIFUGE MODELLING Chenaf N. ([email protected]), Chazelas J-L LCPC, Nantes, France



ABSTRACT. Piles supporting superstructures undergo with the soil two interactions during an earthquake: the kinematic interaction and the inertial interaction. The kinematic soil-pile interaction is the pile loading by the soil displacement produced by the seismic waves propagating. Inertial superstructure-pile-soil interaction results from forces due to the superstructure actuation by the kinematic interaction. These two interactions are superimposed in seismic events and there independent study is therefore difficult, due to the nonlinearity of the soil behaviour. This communication presents an initial set of seismic and impact modelling on soil-pile-superstructure performed in the LCPC’s geotechnical centrifuge. It is showed that this modelling approach can contribute to analyse separately the kinematic and the inertial interaction that are non-separate in a simple seism experiment, through seismic tests and impact tests carried out on pile and pile-structure systems embedded in dry sand deposits. 1. Test equipments and procedures Model tests were performed using geotechnical centrifuge at Laboratoire Central des Ponts et Chaussées (France). It is 5.50m beam centrifuge. The reduction scale was 1/40e hence the centrifugal gravity was 40g. The soil bed for the pile foundation was homogeneous dry Fontainebleau sand with density of 86% (1600kg/m3). The sand was air pluviated using a raining technique with the LCPC’s automatic hopper, reconstituted in a 1.20 x 0.8 x 0.36m3 strong box for impact tests and in a 0.9 x 0.45 x 0.456m3 strongbox for the seismic tests. The model pile was an aluminum pipe representing a prototype tubular-steel pile 0.72m in diameter, 15m long and wall thickness of 0.035m with respect to the scaling laws. The bending stiffness EI of the prototype pile is equal to 476MN.m² characteristic of a flexible pile. The pile model was instrumented with 20 pairs of strain gauges for the bending profile at 15mm distances (0.6m prototype). Displacement laser sensor and accelerometer were also used to record the pile cap movement. A force sensor was fixed on the pile cap for lateral loading tests. The pile was driven into the sand deposits at 1g (earth gravity) before rotating the centrifuge, using a hammer with constant height drop. A rigid aluminium pile cap model has been used to simulate a 13360kg superstructure. The cap was rigidly fixed on the pile head with it centre of mass 1.6m above grade. The pile-cap end and the pile tip were then considered as in free rotation and translation conditions. Lateral impact tests Lateral dynamic loading of the cap was generated with an electromagnetic hammer accelerating a steel ball developed in LCPC (Halialilue-bonab et al, 2007). This device generates Dirac-like force impulses with typical shock duration of 0.25ms in model scale (10ms on prototype scale). The global setup in the rigid box for this test is given in figure 1(a). Seismic tests Seismic events have been generated by the 1-D LCPC’s earthquake simulator. This electrohydraulic device generates sine acceleration sequences as well as wide band realistic earthquakes sequences at the model basis (Derkx et al, 2006). The same sand air pluviation and pile driving processes, as for impact tests, have been used. Density control process has been repeated for the same density index (ID = 86 %). Figure 1(b) shows the seismic test setup. Sensors have been used to record the horizontal soil particle accelerations in different depths.
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(a) Lateral loading
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Figure 2. Lateral impact and seisim test setup and measuring instrumentation



A typical time recorded head pile loading is show on figure 2(a), the frequency recording is given on figure 2(b). The maximum obtained force was 3600kN for approximately 10ms duration (prototype scale). The frequency content of the head dynamic loading is up to 180Hz.



(a) Time record



Figure 3. Lateral head pile loading : time and frequency recording



The seismic input was a 30 cycles sine sequence with 2 cycles ramps at 90Hz model -2.25Hz prototype with a total duration of 0.3s model- 12s prototype. The amplitude was 18g model -0.45g prototype. A typical recording of this event is given on figure 3.



Figure 4. Seismic input signal characteristics



2. Typical set of recorded responses The time histories of the pile cap displacement and acceleration for the impact loading applied to the cap are given figure 4. Pile head displacement and acceleration reach respectively 22mm and 1,40g. 66



Cap movements records are given in figure 5 for the seismic event applied to the pile with its cap. They illustrate the fundamental difference between these two series of experiments: the impact response in a free damped oscillation shed light the damped frequency of the cap-pile system in interaction with the soil while the seismic response is a forced response.



(a) Acceleration



(b) Displacement



Figure 5. Pile cap movement record under horizontal impact loading



Seismic head pile displacement and acceleration recordings are representative of the artificial shaking generated by the earthquake simulator in figure 5. Pile head displacement and acceleration reach respectively 87mm and 0.56g for 0,45g shaking amplitude.



Figure 6. Cap pile acceleration and displacement for seismic experiments



3. Analysis of the experimental data of Inertial and kinematic interactions



The distribution of the maximum pile bending moments along pile is a first derived result than can more directly influence the design of piles. The moment induced by the inertia forces are called hereafter the ‘inertial component’, and the moments caused by the soil displacement are called the ‘kinematic component’. The inertial component is evaluated from the lateral impact loading at the pile cap (Test A). The kinematic component is evaluated from the seismic test using a cap-less pile (Test B). The combined interaction is then from seismic test with pile equipped with a cap (Test C). Figure 20 shows profiles of the maximum bending moment at each depth form tests A, B and C. The distribution of the bending moments indicate that the primary portion of large bending moments moves downward from the pile top to the pile tip from test A to C. Note that these three profiles should not be directly compared in quantitative terms as the tests could not be “normalized”. However, tests B and C can be compared as the seismic input is harmonic acceleration sequences of the same amplitude.
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Figure 7. Comparison of maximum bending moments along the pile for Test A, Test B and Test C



In Test A, the maximum bending moments are large at the pile head. In test C, the moment is large from the pile tip to the pile head since the apparent soil stiffness decreases from depth to surface because of the soil displacement and the soil confinement stress. This also can explain why the inertial component extends deeper than in Test A. In the combine interaction, the inertial component can be considered to extend from the pile head to 6m deep. The kinematic component can be considered to extend from the pile tip to the pile head. Test C: the instance of peak ground displacement may coincide with the instance of peak inertia force. In fact, they are most often in phase as demonstrated by Tokimatsu (2005). At a depth of 6m, the maximum seismic bending moment with superstructure (Test c) is twice that in seismic test without superstructure test (Test B) indicating the important role of the inertia effects of the superstructure. It means, therefore, that the effects of the soil displacement and the inertial forces tend to be in phase. The increase of the bending moments with depth between test A and C suggest that soil motion induced kinematic loads dominated the pile tip response. 4. Conclusion Seismic and impact tests presented in this communication showed that this modeling approach can contribute to analyze separately the kinematic and the inertial interaction. Results of the model tests indicate that the pile bending moments near the pile head are greatly affected by the inertia effects of the structure. The influences of these inertia effects go deeper in the pile with the soil displacement in seismic events. It can be noticed that, for an input seismic frequency at 2.25Hz is below the estimated resonance frequency of the soil column (4Hz) the effect inertial is prevalent in the surface layers, the inertial and kinematic interaction are in phase and affect simultaneously the pile behaviour. The two effects act in the same direction thus amplifying the deformations in the soil at mid depth as well as in the deeper layers. 5. References DERKX F., THOREL L., CHAZELAS J-L., ESCOFFIER S., RAULT G., BUTTIGIEG S. (2006). Dynamic tests and simulation of earthquake in the LCPC’s centrifuge. Proceeding of 6th International conference on physical modelling in geotechnics. Hong kong. NG, Zhang & Wang. pp. 181-186. HAJIALILUE-BONAB M (2007) An electromagnetic horizontal impact device for centrifuge testing. International Journal of Physical modelling in Geotechnics N°, pp1.
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EFFECTS OF PARTIAL SATURATION ON THE BEHAVIOUR OF A COMPACTED SILT Francesca Casini ([email protected]) Institute of Geotechnical Engineering, Swiss Federal Institute of Technology Zurich, Switzerland



ABSTRACT. The effects of partial saturation on the behaviour of a compacted silt was investigated. In the first part of the work the compatibility of the experimental data carried out at Università di Napoli Federico II to investigate the effects of partial saturation on the volumetric behaviour and on the initial shear stiffness of a compacted silt with a Bishop Stress Modeln (BSM) were discussed. In the second part of the work the results of a centrifuge model of a shallow foundation relying of a layer of unsaturated soil and submitted to axial load for different water level were discussed. The tested material is an eolian silt from Jossigny, East of Paris. This work was done with the support of MUSE network. The objective of the work was to represent a foundation of 1.5 m in diameter on a 15 m soil layer. 1. Introduction The results obtained at Università di Napoli Federico II of a compacted clayey silt (Vassallo et al. 200/) were reinterpreted using a Modified Cam Clay Model extended to unsaturated conditions (Jommi 2000, Tamagnini R. 2004). The model predicts correctly the influence of Sr on compressibility also for tests which included compression stage and, then, wetting drying cycle (Casini et al. 2008). The state of partial saturation play an important rule on the behaviour of a shallow foundation at failure. The objective of the second part of the study was to provide experimental data on the effect of suction (unsaturated soil) on the behaviour of a shallow foundation and to validate numerical results for the case of a foundation relying over a layer of unsaturated silt and submitted to axial load for different water levels. In order to keep as much control as possible over the conditions of the problem, a reduced model of the foundation was builted into a centrifuge. The material studied is a low plasticity silt remoulded. The model was prepared for static compaction, controlling the speed of displacement and read the force by a load cell. 2. Modelling of experimental results with a Bishop Stress Model The tested material is the Po silt: a clayey-slightly sandy silt representative of the materials used for the construction of the embankments on the Po river (Italy). It is classified as inorganic silt of medium/high compressibility. The classic Bishop equations for the effecrive stress is adopted: V ' V  u a  S r (u a  u w ) (1) where V ij are total stresses, u a is the air pressure, u w is the water pressure, G ij is the Kronecker deltaѽҏ, F (Sr ) is a weighing parameter which can account for the effects of surface tension. In this work F (Sr ) was assumed equal to Sr. The evolution of the scalar internal variable p’c (overconsolidation pressure) depends not only on the rate of plastic strains but also on the variations of degree of saturation:  c unsat bp'c Sr (1) p' The integration yields to the equation: (2) p'c p'c sat ˜ exp[ b( 1  S r )] b is a new parameter that controls the rate of change in pc' caused by variation in Sr. The hardening is so regulated so as irreversible give it development of the plastic volumetric strains (evolution of p’csat) so as reversible by change in degree of saturation. The model requires a hydraulic constitutive relationship describing the water storage mechanism. The retention curve Tw =Tw(s) obtained upon an imbibition process differs from that obtained upon drying (hysteresis) (Figure 1a). Equilibrium at a given suction may be obtained with different Tw. The two main curves are linked by scanning curves that can be linear or not. In this study the equation proposed by Van Genuchten (1980): Tw
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is used, where Tw is the volumetric water content, Twsat is the volumetric water content under saturated conditions and s is matric suction. All the available experimental data from equalization stages for all triaxial and resonant column tests together with the adopted water retention relationship are repoted in figure 1b. s
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Figure 1. Water retention curves: (a) relationship adopted; (b) experimental results versus adopted WRC.



The performance of the model was verified for tests included a compression stage and, then, wetting-drying cycles as test MP07 reported in figure 2. The predictions of the model are in good qualitative and quantitative agreement with the experimental data in terms of specific volume changes plotted versus mean effective stress.



Figure 2. Test MP07. Experimental data versus prediction in p’:v plane: (a) prediciton in p ': v plane (b) in



T w : s plane and (c) in p': (1  S r ) plane.



3. Centrifuge modeling of a shallow foundation on a layer of collapsible soil The tested material is a low plasticity silt with clay. Jossigny silt has a liquid limit wL = 32.3%, a plastic limit wP = 17%, 25% of particles less than 2 Pm and a unit weight of solid particles Js = 26.4 kN/m3. Saturation tests Ten tests in a oedometric standard cell were performed at various initial void ratio and water content w=13%. The samples was statically compacted at target dry densities. The stress path followed was a compression stage until to a Vv = 200 kPa (one test until a Vv = 100 kPa) and a saturation phase. It was done in order to reproduce a stress path follow by an element of soil in the lower part of model, and to understand its behaviour when it was connected with water. In Figure 3a it was reported the results in the plane e-logVv. When the initial void ratio lower also lower the reduction in volume induced by saturation. The collapse” for saturation disappear for a e0 15



Liquefaction Potential Classification Non-liquefiable Low Moderate High Very High



Table 1: Liquefaction Potential Index Classifications
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3. Selective Results Results showed that 60% of sites are liquefiable according to the deterministic method and that corresponded to 50% based on the probabilistic methodology. This indicates that both methods yield comparable results, however the deterministic method tends to slightly assign more sites to the liquefiable category as compared to the probabilistic one. Generally, most of the liquefiable sites were consistent in identifying a critical layer between 3 to 8 meters having a thickness of 4 meters up to 10 meters. This layer corresponded to values of FS between 0.4 to 1.1 and PL of less than 0.6. This soil layer consisted of fine to medium sand with traces of silt and characterized by low values of penetration resistance (Nm of 13.0 ± 6.6) and high potential to liquefy. Figure 1 shows the relationship between PL and FS results. It is shown from the figure that there is high degree of consistency between both methods as low values of FS correspond to high values of PL and vice versa. In addition, it could be anticipated that the value of FS of 1.2 corresponds to a 50 % probability of liquefaction, which assures the degree of conservatism provided by the deterministic simplified procedure. 1



0.8



PL



0.6



0.4



0.2



0 0



0.5



1



1.5



2



2.5



3



FS



Figure 1 Relationship between FS and PL for New Damietta City



LPI was used to spatially identify the soil potential to liquefy in the area under study. LPI results were incorporated in a point-based GIS format that could be easily updated and interpolated across areas that lack geotechnical information. Figure 2 shows the liquefaction susceptibility hazard map of New Damietta city.



Figure 2 Liquefaction susceptibility hazard map of New Damietta city
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4. Conclusions Liquefaction assessment of New Damietta city was performed using different methodologies. Firstly liquefaction was analyzed on a sample scale (i.e. at each SPT test depth) using deterministic and probabilistic approaches. The purpose of this method was to try to identify a critical layer (layer of low factor of safety and/or high probability of liquefaction) through the whole area where liquefaction is highly expected to occur. Results showed that the types of sediments most susceptible to liquefaction are the saturated sand deposits that are located at depth between 3 to 8 meters. This method is very useful for liquefaction mitigation techniques where liquefaction layer depths are needed to be precisely identified. The second manner of liquefaction evaluation was based on calculating an integrated value along the soil profile given by liquefaction potential index “LPI”. The capability of LPI to describe the spatial variability of liquefaction potential for a certain region/city has made it a valuable liquefaction measure for application in GIS. Creating an interactive liquefaction susceptibility hazard maps using GIS is very useful to determine geographically the locations of high potential for liquefaction in the area under study. The hazard map of New Damietta city showed that the eastern parts of the city tend to have a high potential to liquefy as compared to the western parts. This would help developers and designers to take necessary precautions to minimize risks against life and property within these locations. In addition, hazard maps created by GIS could be easily updated with new datasets. 5. References Cetin, K.O., Seed, R. B., Kiureghian, A.D., Tokimatsu, M.K., Harder, L.F., Kayen, R. E., and Moss, R. S. (2004). Standard penetration test-based probabilistic and deterministic assessment of seismic soil liquefaction potential. Journal of Geotechnical and Geoenvironmental Engineering, Vol. 130, No. 12, pp. 1314–1340. Iwasaki, T., Tokida, K., Tatsuoka, F., Watanabe, S., Yasuda, S., and Sato, H. (1982). Microzonation for soil liquefaction potential using simplified methods. Proc. 3rd Int. Earthquake Microzonation Conf., pp. 1319-1330. Liao, S.S.C., Veneziano, D. and Whitman, R. V. (1988). Regression models for evaluating liquefaction probability. Journal of Geotechnical Engineering Division, ASCE, Vol. 114, No. 4, pp. 389-410. Seed H.B., and Idriss I.M. (1971). Simplified procedure for evaluating soil liquefaction potential. Journal of Soil Mechanics, ASCE, Vol. 97, No. 9, pp 1249-1273. Sonmez, H. (2003). Modification of the liquefaction potential index and liquefaction susceptibility mapping for a liquefaction-prone area (Inegol, Turkey). Environ.Geol., 44(7), 862-871. Youd, T. L., Idriss, I. M., Andrus, R. D., Arango, I., Castro, G., Christian, J. T., Dobry, R., Liam Finn, W. D., Harder L.F., J., Hynes, M. E., Ishihara, K., Koester, J. P., Liao, S. S. C., Marcuson III, W. F., Martin, G. R., Mitchell, J. K., Moriwaki, Y., Power, M. S., Robertson, P. K., Seed, R. B., and Stokoe II, K. H., 2001. Liquefaction resistance of soils: Summary report from the 1996 NCEER and 1998 NCEER/NSF workshops on evaluation of liquefaction resistance of soils. Journal of Geotechnical and Geoenvironmental Engineering, Vol.127, No. 10, pp. 817-833. Youd, T .L. and Noble, S.K., (1997). Liquefaction criteria based on statistical and probabilistic analysis. Proceeding of NCEER Workshop on Evaluation of Liquefaction Resistance of Soils, Technical Report, NCEER-97-0022, SUNY Buffalo, Buffalo, NY, pp. 201-215.
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MICROSTRUCTURAL CONSTITUTIVE MODELING FOR SIMULATION OF UNDRAINED SHEAR STRENGTH ANISOTROPY OF KAOLIN CLAY N.H. Minh ([email protected]) Research Associate, Dept. of Civil, Environ. & Geomatic Eng., University College London, London, UK M. Oda Professor, Dept. of Civil & Environmental Eng., Saitama University, Saitama, Japan



ABSTRACT. The microstructure of soils is, in general, anisotropic in both the “inherent” and “induced” senses described by Casagrande and Carillo (1944), which yield anisotropic responses for both strength and plastic deformation. The undrained shear strength of clayey soils, for example, changes greatly depending on the inclination angle T of the loading direction with respect to the consolidation plane. A tensorial quantity called the fabric tensor is incorporated into the classical plasticity framework to deal with the effect of inherent anisotropy, which eventually leads to the proposal of a constitutive model. The model shows that the effect of inherent anisotropy lead to a monotonic increase of undrained shear strength with T, which agrees to some extent with the experimental data of normally consolidated Kaolin clay by Kurukulasuriya (1998). Furthermore, it is shown that anisotropy in the undrained shear strength of Kaolin clay is caused not only by the anisotropy in shear strength parameters, but also by the anisotropy in excess pore water pressure development. 1. Introduction Anisotropy of soil is produced by preferred orientation of constituent elements, such as particles, voids, and contact surfaces (Oda, 1972). Studies on the microstructure of Kaolin clay (e.g., Kazama, 1996; Kurukulasuriya, 1998) have shown that platy clayey minerals tend to align their faces perpendicular to the direction of consolidation. As the result, the anisotropic microstructure may lead to anisotropic responses in both the strength and plastic deformation of the material. For example, Kurukulasuriya (1998) showed that the undrained shear strength of Kaolin clay varies with the inclination angle T between the consolidation plane and the loading direction in an approximately bilinear pattern, irrespective of the OCR value (Fig. 1). In order to simulate such a variation of the undrained shear strength, the effect of the anisotropic microstructure should be taken into account in a constitutive modelling framework. On the other hand, Oda et al. (1982) and Satake (1982) suggested that the preferred orientation of soil’s constituent elements can be quantified in terms of a tensorial quantity called the fabric tensor. In this study, a constant fabric tensor, which represents the effect of inherent anisotropy, is incorporated into the conventional plasticity theory, which eventually leads to the proposal of a constitutive model. It is shown that the proposed model can simulate a monotonic increase with T of the undrained shear strength of normally consolidated Kaolin clay, which agrees to some extent with the experimental data by Kurukulasuriya (1998) in Fig. 1. OCR
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Figure 1 Variation of undrained shear strength of Kaolin clay (Kurukulasuriya, 1998)
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Figure 2 Principal axes xD (D =1,2,3) of the fabric tensor and Xi (i =1,2,3) axes of the global coordination system
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1.



Theoretical development



In the case Kaolin clay, since the particles are platy, the microstructure can be defined by considering the spatial distribution of unit vectors n normal to their major planes. The fabric tensor Fij can be given as:



Fij



³



:



ni n j E (n)d:



(1)



where : is a solid angle equal to the surface of a unit sphere, ni (i = 1,2,3) are Xi- components of a unit normal vector n, and E(n) is a density function such that E(n)d: corresponds to the rate of the unit vectors oriented within a small solid angle d:. By definition, E(n) must satisfy



³



:



E (n)d: 1 , leading to



the trace of the fabric tensor Fii being equal to 1. Furthermore, since Kaolin clay is a transverse anisotropic material with its particular microstructure, the fabric tensor in Eq. 1 can be simplified as:



FDE



( F11 , F22 , F33 , F12 , F23 , F13 )
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(2)



where the indexes DE refer to principal axes of the fabric tensor (Fig. 2) such that x1 is the consolidation direction, and x2 and x3 are on the plane perpendicular to x1. Here r is a parameter called the degree of anisotropy, which is the ratio of F1/F2 (=F1/F3). If the microstructure is isotropic, r is equal to 1. A global coordination system Xi (i = 1,2,3) is also introduced in Fig. 2 for all the numerical calculations using of the model. In addition, T is defined as the inclination angle between the global horizontal axis X1 and the major principal axis x1 of the fabric tensor. The components of the fabric tensor with respect to the global axes Xi, could, if necessary, be calculated using the coordinate transformation rule of the tensor. Furthermore, in order to present the behavior of microstructural anisotropic material, Tobita (1988) and Oda (1993) introduced the concept of an imaginary modified stress tensor Tij in terms of the fabric tensor Fij and the conventional stress tensor Vij. The modified stress tensor can be given as:



Tij



(1 / 3) Fik1V kj or V ij



3Fik Tkj
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The scalar 1/3 is chosen so that the modified stress tensor Tij should reduce to the conventional stress tensor Vij so long as the soil is isotropic of which the degree of anisotropy, r, is equal to 1. Note, that the modified and conventional stress tensors resulting from Eq. 3 are not symmetric, which means that TijzTji and VijzVji. In the present study, however, we only consider the case of the common continuum modeling so as we can make use of the conventional plasticity theory. The stress tensors, hence, must be symmetric. As the result, the stress tensors calculated by Eq. 3 are symmetrized as follows:



Tij
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The modified stress was introduced based on the idea that stress should be defined referring to the contact surfaces because plastic behaviors of soils occur as a result of sliding and rolling of particles at contacts. In other words, the yield function and the failure criterion should be defined in terms of the modified stress tensor, rather than the conventional stress tensor. Yield functions for isotropic soils are usually formulated in terms of the conventional stress tensor Vij. Here, it is assumed that such a yield function can be generalized for microstructural anisotropic material by substituting Tij for Vij. In order to simulate the behavior of clays, it is widely accepted that we can refer to the well established original Cam-clay model by Schofield and Wroth (1968). In this study, we use a similar constitutive model proposed by Ohta and Sekiguchi (1979) for the simulation of Kaolin clay’s behavior, the yield function of which can be given as:



f where q
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0



(5)



(3 / 2) sij sij is proportional to the second invariant of deviatoric stress tensor, p is the mean



effective stress, O and N correspond to the compression and swelling indices, respectively, D is the dilatancy coefficient representing the effect of the stress ratio increment on the volume change of clay, p0, e0 are the mean pressure and void ratio at the end of consolidation, respectively. The yield function of Eq. 5 is given in terms of conventional stress for isotropic materials. To simulate anisotropic 88



behaviour, all of the stress terms are replaced by their equivalences as calculated from the modified stress tensor Tij. The yield function of Eq. 5 can then be rewritten as:
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0



(6)



where p , p 0 , and q are the equivalences in terms of modified stress. Similarly, the critical state line can be also given in terms of the modified stress as:



M



q/ p



(7)



where M is the modified critical state parameter. Following the conventional plasticity theory, the constitutive equation is normally given as the relationship between stress and strain increments as: ep ijkl
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ep e p p where Cijkl and Cijkl are the elastoplastic and elastic matrixes, respectively and, H v , H ij , H ij are the plastic



volumetric strain, plastic strain, and total strain tensors. Here, p 0 acts as the hardening parameter in this model with the hardening rule defined as:



w p 0 / wH vp
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(9)



Note, however, that since the yield function g in the present model is given in terms of modified stress Tij, the derivative of wf/wVij in Eq. 8 must be calculated as follows:



wf / wV ij
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(10)



From Eq. 4, wTij/wVmn can also be written as:



(1 / 3) Fir1G rmG jn



wTij / wV mn



(11)



The constitutive equation for anisotropic soils is now completed with the inclusion of the fabric tensor. The effect of the microstructure on yielding behavior appears explicitly in the terms of Fij-1 in Eq. 11. Note, furthermore, that the yield function of Eq. 6 is a function not only of the conventional stress tensor but also of the fabric tensor. If such a yield function is used along with the normality rule, the principal axes of plastic strain increment tensor are not coaxial with those of the stress tensor, but rather depend on both the principal axes of Vij and Fij. That is, the coaxiality in the classical plasticity model is not guaranteed in the present model. Gutierrez et al. (1991), for example, pointed out that noncoaxiality is one of the most fundamental aspects of granular soils. In fact, recent experimental evidence supports the noncoaxiality for clays sheared in the undrained condition (e.g., Lin and Prashant, 2006). 80
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Figure 3 Simulation of stress paths
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Figure 4 Experimental and simulated results on undrained shear strength anisotropy of NC Kaolin clay
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2.



Simulated results of undrained shear strength variation using the proposed model



A program code in Fortran language was written to integrate numerically the constitutive equation in Eq. 8 to simulate the undrained shear strength anisotropy of Kaolin clay. The undrained plane strain condition was implemented in agreement with the experimental data by Kurukulasuriya (1998). The e ep elastic matrix Cijkl and the elastoplastic matrix Cijkl were first calculated at the current modified stress point, and then Eq. 8 was solved to obtain the corresponding stress increments from the input strain increments. Figure 3 shows the simulated stress paths using different inclination angles T ranging from 0q to 90q. The following are clearly observed: 1) with increasing T, both the shear strength and the stiffness become higher, and 2) the isotropic case lies between T=0q and T=90q, which is rather close to the case of T=0q. Note that because the analyses were carried out under a constant volume in order to simulate the undrained condition, the stress path moves along a vertical line if the soil behaves as an elastic material. In the case of T=90q, the stress path moves along a vertical line in the early stage of shearing. The path sheared at T=0q, on the other hand, bends immediately towards the left, which is equivalent to the development of large excess water pressure in the undrained test. Figure 4 plots the simulated undrained shear strengths as a function of the inclination angle T and the similar experimental results of Kaolin clay. Both the observed and simulated undrained shear strengths agree fairly well, as long as T is in the range between 30q and 90q. The introduction of inherent anisotropy, however, is not sufficient to simulate correctly the observed variation of the undrained shear strength with a minimum at approximately T=30q. Minh et al. (2008), on the other hand, shows that incorporation of the evolution of fabric tensor (i.e., induced anisotropy) actually leads to better agreement between the constitutive modeling results and the experimental data. 3.



Conclusions



A constitutive framework is developed for the simulation of undrained shear strength anisotropy of Kaolin clay by taking into account the effect of microstructural inherent anisotropy in terms of a fabric tensor. The undrained shear strength anisotropy is caused not only by the anisotropy in shear strength parameters, but also by the anisotropy in excess pore water pressure development. Furthermore, the fabric tensor in the proposed model opens a way to incorporate microscopic results on the microstructure of material into the continuum modelling. 4.
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07.01.2008 - Outdoor extension cords should be marked with the letters "W-Aâ€� and a tag stating "Suitable .... If you do not have internet access, contact your.
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LUNES 24/08. MARTES 25/08. MIÉRCOLES 26/08. JUEVES 27/08. VIERNES 28/08. Segunda Semana del Compromiso Climático. 16:30
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compressible navier stokes equations plotnikov pavel sokolowski jan dbid 2gf1b 
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30 mars 1974 Alla Scuola Freudiana - Ecole Lacanienne de 

30 mar. 1974 - Dites-moi, comment est-ce qu'il faut que je parle en français ?est-ce qu'il faut que je fasse très attent
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COMMUNITY NUTRITION WORKSHOP 

18 jun. 2015 - Talk. Food! COMMUNITY. NUTRITION WORKSHOP. FREE! We grow great food, farms & farmers! ○ Read Nutritio










 


[image: alt]





Workshop Broadcast Depot 

15 jul. 2016 - Rob Ross. Moises Martini. Greg Chin. Josue Rodriguez. Teo Veras. Empresario Radial. Marcos Obadia. Consul
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Workshop - SOA und Standardsoftware 

Otto Schell (GM): Role of Business & IT Integration in Mid-sized and Large ... Thomas Baumgart (Oracle), Ulrich Buhrmann (Capgemini), Carsten Linz (SAP),.
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workshop program - SwissCognitive 

Wednesday April 12th 2017 Location: Accenture ... Location: Accenture - Fraumuensterstrasse 16, 8001 Zurich. 13:45. OPENING. Dalith Steiger und Andy Fitze.
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