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Introduction

The design of retaining walls in day-to-day practice is currently based on different calculation methods. If classical methods considering specific modes of failure, the elastic line and the equivalent beam are still employed for certain types of walls, it is mainly the subgrade reaction and the numerical methods which are most frequently adopted. The subgrade reaction method or spring method is rather well mastered and uncertainties mainly rely in the choice of the coefficient of subgrade reaction (DELATTRE, 2001 andMONNET, 1994).The numerical methods have the advantage of taking into account more accurately the soil behavior, the soil-wall interface and also the ability to consider multiple hydraulic conditions and various options for modeling support conditions. However, the results obtained by these methods still require to be validated by engineer judgment or others experimental results (physical model in centrifuge for example) or measured in-situ. The main objectives of this study were to define the influence factors of the commonly used design methods and the resulting uncertainties encountered by the practitioners. This work focuses on numerical modeling and analysis the behavior of a free standing diaphragm wall, made of reinforced concrete, embedded in sand, by the subgrade reaction method using the K-REA software and by the numerical method based on finite elements with PLAXIS 2D-v8.5 software. For both two methods, different simulations have been performed with non-loaded supported soil. For the first method, we are interested in analyzing the influence of the main factors affecting soil movement and instability of the retaining wall. These factors mainly concern the wall rigidity, the construction sequence and mechanical parameters of the soil. One key step of this method is the difficulty in evaluating the coefficient of subgrade reaction Kh on a rational basis. Concerning the finite element method, the soil is homogeneous and dry, its behavior is described by an elastoplastic behavior and MOHR-COULOMB criteria with two different values of cohesion noted C and angle of internal friction, the diaphragm wall is modeled by "beam" elements. The simulations were performed with different mesh sizes and reduction factors of the soil-wall interface. For the two methods, the analyses are focuses on the wall deformation, the bending moments and horizontal displacements. These results obtained, are confronted with other experimental and numerical results (GAUDIN, 2002). This paper summarizes the performance of this parallel formulation and results obtained from the simulation of this diaphragm wall. The computational strategy employed in this study offers practical approach for performing finite element simulations in day to day practice. 

Model used for the benchmark

Due to the great step forward achieved by GAUDIN, 2002 in IFSTTAR (Institut Français des Sciences et Technologies des Transport de l'Aménagement et des Réseaux) during experimental work on a reduced-scale model retaining wall, embedded into dry sand, to investigate its general behavior as well as interactions with a strip foundation , we have chosen this tests as reference for our numerical study.

Model description

The model wall reduced to 1/50 th scale, was constituted of AU3G aluminum, 2mm thick and 24 cm high, which thus represents a prototype wall 12 m in height (of which the first 10 m have been penetrated into the ground) with a product of inertia EI equal to 6.54 MN.m 2 (corresponding approximately to an Arbed PU6 type profile). The model has been placed in a rectangular container 1200 × 800 × 360 mm in dimensions. 22 peers of strain gauge sensors instrumented the central part of the wall. Measuring gauges gave directly the bending mo ment at the considered depth. Other instrumentation attached to the model allowed the determination, during the excavation, horizontal displacements of the wall, as well as settlement of supported earth. We note here that the centrifuge tests have been described in detail in [37].

Mechanical parameters of the model

The material used for this study is the Fontainebleau sand. This mono granular sand is commonly used in centrifuge or calibration chamber tests in France. It is fine and clean siliceous sand (GAUDIN, 2002), its shear strength parameters are derived from drained and undrained triaxial (compression and extension) shear tests having the following characteristics: (KN/m3) = 16; c (kPa) = 2.60;  (degree) = 39.40. For the diaphragm Wall, an elastic law has been adopted, characterized by an elastic modulus E = 22.350GPa, having an equivalent thickness of 0.152m and height of 10m.

Subgrade reaction coefficient method

In the first phase of this study, numerical simulations of this free-standing diaphragm wall were performed using the subgrade reaction method. These simulations were made using K-REA software for modeling and analyzing the behavior. The calculation is based on the determination of the active/passive earth pressure coefficients. The literature suggests three main methods to determine these coefficients; namely COULOMB, RANKINE methods, CAQUOT-ABSI and KERISEL tables. The subgrade reaction coefficient calculation can be made by the three methods of BALAY, SCHMITT formulas and the CHADEISSON abacuses. To find a better combination between these so-called calculating methods and subgrade coefficient determination methods, a preliminary comparative study was conducted. This confrontation with the computation results of numerical calculations, allows choosing of binomial methods, one for active and passive earth pressure coefficients calculating and another one for the subgrade reaction calculation. Once, the best combination between these methods is determined, we have proceed with simulations to study the behavior of the wall which gave the results shown hereafter.

Results and interpretations

The results obtained from the different simulations as shown in the table 1, figures 2, 3 and 4 below, suggest the following main conclusion:

It appears that the combination of the two separate methods of RANKINE and KERISEL tables with CHADEISSON abacuses, gave results very close to those obtained in centrifuge experiments for the test labeled A01 (GAUDIN, 2002).The maximum bending moment estimated at 121kN.m/ml, is also coherent with the experimental result with a slight difference for the maximum horizontal displacement estimated of 37and 37.10 cm close to the 37.85cm value obtained during experiments. Also, the BALAY formula with RANKINE method gives maximum bending moment estimated of 121kN.m/ml and in the same way maximum horizontal displacement was estimated of a 37.9cm very close to 37.85m. The SCHMITT formula strongly underestimated the results for the three methods, due to higher reaction coefficient. However the others methods give a close subgrade reaction K h . Hence, this coefficient from SCHMITT formula is greater than those from CHADEISSON and BALAY methods. That is to say for example 400821<52238<58411 for C=2.6kPa. 

2. Validation on experimental results

For the second stage of the computations, the first combination using the CHADEISSON's abacuses and the three methods is chosen in order to validate the experimental results. Various simulations are designed and performed to verify the convergence of calculations during the stages excavation to reach experimental heights 5.73m and 5.83m corresponding to the respectively noted experimental tests A01 and A02 (GAUDIN,2002). We present here only the results obtained by combining of the RANKINE method with the CHADEISSON's abacuses as it is illustrated according to figures 5 and 6 below. 

2.1. Interpretation and comments

The main conclusion drawn from these computations are that:

(a) As, the two heights of excavation (5.73m and 5.83m) obtained during experiments are correctly verified, the diaphragm wall behavior is also correctly transcribed and it is generally consistent with experimental observations;

(b) The values of maximum bending moments are conform with experimental results and form part of the ranges of experimental values but they are underestimated at the beginning of excavation and especially for the first four stages;

(c) Maximum displacements corresponding to excavation heights 5.73 and 5.95m, having respectively values of 27.20cm and 33.6cm, are underestimated of less than 20% and 32.80% of the experimental results (34cm and 50cm).

Although, this method of subgrade reaction coefficient appears able to transcribe the wall behavior, it seems limited to estimate accurate lateral displacements.

Numerical modeling of the freestanding diaphragm wall using finite element method.

The numerical modeling of the retaining wall was performed using the PLAXIS D.V8.5 software. The ground was modeled using elastoplastic model with MOHR-COULOMB criteria; the diaphragm wall was modeled by "beam" element and not massive element as it has been used by GAUDIN, 2002. There is place to note that the numerical model dimensions replicate those of the prototype structure and not the reduced-scale centrifuge model submitted to 50g acceleration. The geometrical dimensions chosen for this model, are those advised for modeling in plane strain of an unsupported excavation with the maximum sizes (CHEANG, 2008).These dimensions remain smaller than those established by MESTAT, 1997 who recommended a distance behind the wall of greater than six times the excavated height and a depth underneath the wall equal to four times the excavated height. The horizontal displacement for the vertical boundaries of the numerical model is nil (u=0), as well as the vertical displacement along the lower boundary (v=0). Four different kinds of meshes from coarse to dense were used to insure the reproducibility and minimize the divergence of the results. The computations are performed by stages excavation with a height of 1m except for the two or the three last stages according to the simulated cases. This height is fixed according to the convergence of calculations or the height of desired excavation-(Figure7). The reduction factor of interaction soil-wall (R inter ) has been chosen equal to 0.80; 0.88 and 1. 

Calculations and results

We present only here after, the results obtained by the simulations performed to verify the convergence of calculations during the phase's excavation until reaching the height of 5.83m obtained during experiments. In the following figures, the inserted abbreviations below are used. 

Interpretation and comments

The main results drawn from these computations are like following:

(a) The experimental height of excavation (5.83m) is correctly estimated.

(b) The diaphragm wall behavior is correctly transcribed and it is over all in conformity with the one observed in the experimental tests (Profiles of the horizontal displacement and bending moments).

(c) The profiles of displacements at the head illustrate clearly the level of embedment length which is located between 6m and 10m. Indeed, the deformation affects only the party above the bottom of the excavation.

A. For a zero soil's cohesion

For soft contact (R inter =1), the values of maximum bending moments are underestimated in the case of "Coarse, medium and fine" meshes. In the three cases, the differences do not exceed 6%. As against, in the case of a dense mesh, a light over-estimation has been recorded (about1%) and more is dense the mesh more the computed values are overestimated. Indeed, for a sliding contact (R inter <1), it appears that the values obtained according to the mesh type has a little influence on the results but the interaction coefficient of reduction directly affects the retaining wall behavior. In the other hand, the values of maximum horizontal displacements are ranged in an interval from-11% to 7% compared to the experimental result. However, for soft contact (R inter =1), the values are underestimated from-11% to-6%.

B. For a nonzero soil's cohesion

The maximum values of bending moments range in an interval of (-51 to-45%) when those for maximum horizontal displacements range also in an interval from (-71 to -60%) compared to experimental result. In the same way, more the mesh is denser more the underestimation of the results decreases. The elastic modulus and the interaction coefficient of reduction have little influence on the computation results.

In conclusion, for a soil cohesion "C=0kPa" using a sliding contact (R inter <1), the computation results are satisfactory and at least two results are consistent with experimental results. However, for the cohesion of the soil "C=2.6kPa", the results are strongly underestimated whatever the type of contact.

Confrontations of experimental results with numerical calculations

The confrontation of numerical results and experimental results allows to compare the performances of each of the two methods and to define their application. For this purpose, the various profiles of maximum displacement and bending moments resulting from the two methods are gathered and shown in figures10 

Interpretation and comments

The results obtained by numerical calculations Num 1 (reaction coefficient method with K-REA Terrasol) and Num3 (MEF using CESAR LCPC software more accurately), describe correctly the behavior of the flexible wall especially in the embedment length. Both computations produce bending moments in good consistency with experimental results below the bottom of the excavation and they are slightly underestimated above the bottom of that excavation. However, these moments are quantitatively underestimated by numerical calculations Num2 (MEF using PLAXIS software), see the shift observed on drawn profiles. On the other hand, numerical calculations Num1 and Num2 estimate properly the horizontal displacements at least to the height of excavation (He = 5.83m) while they are overestimated by numerical calculations Num3.

Conclusion

It emerges from this parametric and comparative study the following conclusions:

(a) For each excavation stage, a very good consistency was found between the calculated values and the values recorded in experiments; this observation is valid for the retaining wall behavior, lateral displacements and bending moments. However, it was noted a slight overestimation for maximum excavation heights compared to the experimental results.

(b) About the methods used for estimation of the experimental excavation height, the results obtained are in good agreement with the experimental results. However, it is observed an underestimation of the results of bending moments especially in the first four stages and overestimation beyond the fourth stage. Similarly an underestimation of the horizontal displacements is obtained for all stages except the last one.

(c) The finite element method with a zero cohesion, seems more powerful and it gave closer results to those obtained experimentally especially for the first four stages. At the time, the subgrade reaction method with RANKINE's theory satisfied similar slightly results but in paradox like finite element method (MEF), the results are strongly underestimated for a zero soil's cohesion. Unfortunately there is no explanation of this contradiction between the two methods.

(d) The results obtained are in good consistency with those made by Yap et al. (2012). Indeed, the comparative results show that in terms of distribution and magnitude of active earth pressure, RANKINE's theory possesses the highest match to the PLAXIS and CESAR-LCPC analysis and also it has the highest compatibility to finite element analysis among all theories.
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 1 Figure 1.Indicative distribution by type of works of publications dealing experiments in centrifuge (After Corté, 1986)
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 3 Figure2. (a) Bending moments and (b) horizontal displacements profiles obtained with k h derived by the 3 studied methods (K1 BALAY, K2 SCHMITT and K3 CHADEISSON)with KERISEL and ABSI' s tables.
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  Figure5. (a) Bending moments and (b) horizontal displacements profiles obtained with k h derived by the combined methods (RANKINE and CHADEISSON)
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  Figure8. a) Bending moments and (b) horizontal displacements profiles versus heights of excavation with E soil =10Mpa, C=0kPa and R int =0.88
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 1011 Figure 10. Comparison between profiles of bending moments (a) and displacements b)for different heights of excavation
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 2 Table2. Properties of the soil layers and interfaces.

		E ref (MPa) ν	Cref (kPa)	 (°)	Ψ(°)		R inter
		10	0.275	0 or 2.60	39.40	16.70	0.80,0.88 or 1.00
	5.2. Properties of the diaphragm wall				
	The diaphragm wall is modeled by elastic beam elements. The properties of reinforced concrete are:
	D (m) = 0.152; E (MPa) =22350; ν=0.3; H (m) = 10.			
	Table3.Compared results of numerical simulations			
				Maximum	Calculated		Maximum	Calculated
		R inter	Mesh type	bending	result/experimental	horizontal	result/experimental
				moment	Result (%)		displacements	Result (%)
	E=10MPa	1	Coarse	(kN.m/ml) 112.8	94%		(cm) 34.11	90%
			Medium	115.54	96%		33.73	89%

26. DASHTI S., HUSHMAND A., GHAYOOMI M., MCCARTNEY J.S., ZHANG M .,HUSHMAND B., MOKARRAM N., BASTANI A., DAVIS C., LEE Y., HU J.,2013," Centrifuge modeling of seismic soil-structure-interaction and lateral earth pressures for large near-surface underground structures.", Proceedings 18 th International Conference on Soil Mechanics and Geotechnical Engineering, Paris. 27. DELATTRE L., 2001, "Un siècle de méthodes de calcul d'écrans de soutènement:I.L'approche par le calcul-les méthodes classiques et la méthode au coefficient de réaction. "Bulletin des laboratoires des Ponts et Chaussées n°234,pp.35-55. 28. DENICOLA A., RANDOLPH M.F., 1999," Centrifuge modeling of pipe piles in sand under axial loads." Geotechnique, Pp. 295-318. 29. DENG L., KUTTER B.L., 2012," Characterization of rocking shallow foundations using centrifuge model tests." Earthquake Engineering and Structural Dynamics, Pp.1043-1060. 30. DIVALL S., GOODEY R.J., 2012, "Apparatus for centrifuge modeling of sequential twin-tunnel construction." International Journal of Physical Modelling in Geotechnics, Pp.102-111. 31. DOBRY R., ABDOUN T., 2001," Recent studies on seismic centrifuge modeling of liquefaction and its effect on deep foundations." Proceedings of the 4 th International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics, San Diego, California, Paper No. SOAP -1, Pp. 1-30. 32. EL NAHAS A., BRANSBY M. F., DAVIES M.C.R.; 2006, "Centrifuge modeling of the interaction between normal fault rupture and rigid, strong raft foundations." Proceedings of The International Conference on Physical Modelling In Geotechnics, Int. Society Soil Mechanics And Geotechnical Engineering, Hong Kong Univ. of Science and Technology, Hong Kong, Pp. 337-342. 33. EUN S.I.,TAI H.K.,2004,"Lateral Earth Pressure Acting on Underground Retaining Structure in Clay Ground under Embankment Based on Centrifuge Model Tests.", KSCE Journal Of Civil Engineering, Vol 8, No 4 , Pp. 387~396. 34. FARANSKI A.S., AND BALDRY J.A.S., 2003,"Uplift resistance of buried submarine pipelines: comparison between centrifuge modeling and full-scale tests." Palmer, A. C. et al. Geotechnique 53, No. 10, Pp. 877-883. 35. ITTICHAI B., TAKEMURA J., 2015" Observation of Ground Movement with Existing Pile Groups Due to Tunneling in Sand Using Centrifuge Modelling." Geotechnical and Geology Engineering, (Ed) Springer International Publishing Switzerland,Pp. 621-640 36. GABRIEL C.A., SITAR N., 2013 "Seismic earth pressures on retaining structure in cohesive soils." Technical Report Department of Civil and Environmental Engineering University of California-Berkeley. 37. GAUDIN C., 2002, "Modélisation physique et numérique d'un écran de soutènement autostable, application à l'étude de l'interaction écran-fondation. " -Thèse de doctorat, Ecole centrale de Nantes, France. 38. GAUDIN C., GARNIER J., HORATIO POPA., LUC THOREL., 2005, "Modélisation numérique et physique du comportement d'une paroi de soutènement. ", Bulletin Des Laboratoires des Ponts et Chaussées, France, Pp. 85-106. 39. GAUDIN C., VLAHOS G., RANDOLPH M.F., 2007," Investigation in Centrifuge of Anchor-pipeline Interaction." International Journal of Offshore and Polar Engineering (ISSN 1053-5381) Copyright © by the International Society of Offshore and Polar Engineers Vol. 17, No. 1, March 2007, Pp. 67-73 40. GAJAN S., KUTTER B.L., PHALEN J., HUTCHINSON T., MARTIN G., 2005, "Centrifuge modeling of load-deformation behavior of rocking shallow foundations." Soil Dynamic Earthquake Engineering, Pp. 773-783. 41. GAJAN S., KUTTER B.L., 2009," Effects Moment-to-Shear Ratio on Combined Cyclic Load-Displacement Behavior of Shallow Foundations forms Centrifuge Experiments." Journal of Geotechnical and Geoenvironmental Engineering, Pp.1044-1055. 42. GONZALEZ L., LUCAS D., ABDOUN T., 2008," Centrifuge Modeling Of Pile Foundations Subjected To Liquefaction Induced Lateral Spreading in Silty Sand." The 14 th World Conference on Earthquake Engineering, Beijing, China. 43. GONZALEZ L., ABDOUN T.; DOBRY R.; 2009," Effect of soil permeability on centrifuge modeling of pile response to lateral spreading." Journal of Geotechnical and Geoenvironmental Engineering 135, No. 1, Pp. 62-73. 44. GULER E., GOODINGS D.J., 1992, "Centrifuge models of Clay-Lime Reinforced Soil 45. Walls", Geotechnical Special Publication n°30, Borden, Editors, ASCE, 1992, Vol 2.New Orleans, Louisiana, USA, Pp.1249-1258, 46. GULER E., OCBE C., 2003," Centrifuge and full scale models of geotextiles Reinforced walls and several case studies of Segmental retaining walls in turkey.", Emirates Journal For Engineering Research, Vol. 8, No.1. 47. HAO Y., XIANGWU Z., XUEFEI W., 2014," Seismic Centrifuge Modelling of Offshore Wind Turbine with Tripod Foundation." Journal of Energy and Power Engineering, Pp. 470-475. 48. HUSHMAND B., SCOTT R.F., 1988," Crouse C B. Centrifuge liquefaction tests in a laminar box." Geotechnique, Pp.253-262. 49. HAUSLER E.A., 2002, "Influence of ground improvement on settlement and liquefaction: A study based on field case history evidence and dynamic geotechnical centrifuge tests". Ph.D. thesis, University of California, Berkeley, Chap.5, 271. 50. HAYANO K., MORIKAWA Y., FUKAWA H.; TAKEHANA K.; TANAKA S.; 2013, "Centrifuge Model Tests and Finite Element Analyses on Seismic Behavior of Quay Walls Backfilled with Cement-Treated Granular Soils." Int. J. of GEOMATE, March, Vol. 4, No. 1, Pp. 442-449 51. HENRY L., HOE I., LING M., 2012, "Centrifuge Model Simulations of Rainfall-Induced Slope Instability journal of geotechnical and Geoenvironmental engineering." American Society of Civil Engineering, (ASCE). 52. HORATIU P., LORETTA B., 2010, " Using Finite Element Method in geotechnical design, Soil constitutive laws and calibration of the parameters. Retaining wall case study Technical University of Civil l engineering of Bucharest, Romania. 53. JABER M., MITCHELL J. K., Christopher, B. R. and Kutter, B. L. (1990) large centrifuge modeling of soil walls, Design and Performance of Earth Retaining Structures, ASCE, Geotechnical Special Publication No. 25, 379-393. 54. JIAN-FENG C., SONG-BO Y., 2009," Centrifuge modeling of a geogrid-reinforced embankment with lime-stabilized soil as backfill on soft soil." Bulletin of Engineering Geology and the Environment, Pp. 511-516. 55. JIN.S W., KIM N. R., KIM D. S.; 2011, "Reproduction of piping failure due to the permeable layer using centrifuge test." Journal of Korean Society of Civil Engineering, Vol. 31, No. 1C, Pp.77-84. 56. JIN S. W., KIM N. R., KIM D. S., 2011, "Reproduction of piping failure due to the permeable layer using centrifuge test." Journal of Korean Society of Civil Engineering, Vol. 31, No. 1C, Pp. 1-10. 57. JUNEJA A., HEGDE A., LEE F.H., YEO C. H., 2010," Centrifuge modeling of tunnel face reinforcement using fore poling." Tunnelling and Underground Space Technology, Pp. 377-381. 58. KAMATA H., MASIMO H., 2003, "Centrifuge model test of tunnel face reinforcement by bolting." Tunnelling and Underground Space Technology, Pp.205-212. 59. KHEMAKHEM M, CHENAF N., GARNIER J.,RAULT G., FAVRAUD C., THOREL L.,2010, " Centrifuge Modelisation of Piles in Clay Under Static and Cyclic Lateral Load. " Journées Nationales de Géotechnique et de Géologie de l'Ingénieur JNGG2010 -Grenoble 7-9 juillet 2010 pp. 673-680. 60. KIM D.S., KIM N.R., CHOO Y.W., CHO G.C., 2012, "A newly developed state of the art geotechnical centrifuge in Korea." KSCE Journal of Civil Engineering, Pp 77-84. 61. KIM D.S., KIM N.R., CHOO Y.W., CHO G.C., 2013," A newly developed state-of-the-art geotechnical centrifuge in Korea." KSCE Journal of Civil Engineering, Pp. 77-84.

Abbreviations