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The stage construction of seven high embankments on soft clays on the north shore of the St. Lawrence Valley has provided an excellent opportunity to check the applicability of the concepts of limit and critical states to the analysis of the behaviourof clay foundations. The construction pore pressures have confirmed the development of a significant consolidation in the initial period of construction. The consequences of this consolidation on the behaviour of the clay, in particular in terms of available strength, and on the method of stability analysis have been found entirely consistent with the general model proposed by Leroueil, Tavenas, Mie~~ssens and Peignaud. It is suggested that the so-called 6 = 0 analysis based on the vane shear strength corrected according to Bjerlum gives the minimum factor of safety and may be too conservative during stage construction. Effective stress analyses are shown to be more representative of the true stability conditions, and they have been successfully used to accelerate the construction of the embankments. La construction par etapes de sept grands remblais sur des argiles molles de la rive nord du f l e ~ ~ vSaint-Laurent e a fourni une excellente occasion cle verifier I'applicabilite des concepts d'itat limite et d'ktat critique B I'analyse du comportement des fondations argileuses. Les pressions interstitielles observees durant la construction ont confirme I'existence d'une consolidation importante au debut de la construction. Les consCquences de cette consolidation sur le comportement de I'argile, en particulier en ce qui concerne la resistance au cisaillement disponible, et sur les methodes d'analyse de la stabilite ont ete trouvees entierement en accord avec le rnodele general propose par Leroueil, Tavenas, Mieussens et Peignaud. On suggere que la methode dite c$ = 0 basee sur la resistance au cisaillement mesuree au scissomktre et corligee selon Bjerrum donne la valeur minimum du facteurde securite et peut &re trop pessimiste pour une construction par etapes. I1 est montre que les analyses en contraintes effectives sont plus representatives des conditions rCelles de stabilite, et qu'elles ont ete utilisies avec succes pour accC1Crer la construction des remblais. Can. Geotech. J . , 15,283-305 (1978)



Introduction The evaluation of the stability of embankments on soft clay deposits has always been a problem of major interest to geotechnical engineers and researchers. In recent years, much attention has been paid to the evaluation of the stability of fills built in a single construction phase. The use of a total stress, or 4 = 0, method of analysis connectcd with undrained shear strength values obtained from in sit~lvane tests has been widely accepted. However, based on the analysis of a number of accidental failures as well as on an impressive series



oE test fills built up to failure, the shortcomings of this method have been put in cvidence particularly by Bjerrum (1972). As a result of the continuing research effort on this problem, thc necessity of empirical corrections of the results of Q = 0 analysis, as proposed by Bjerrum, was at first confirmed (Pilot 1972; Dascal et al. 1972); however, thc theoretical justification of such corrections was questioned, and othcr approaches to tbe + = 0 analysis were then proposed (La Rochelle et al. 1974). More recently, Schmertmann (1975) has even questioned the use of total
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stress approaches to the analysis of stability problems in clays and he suggested that more consideration be given to methods based on effective stresses in spite of the practical difficulties noted by Ladd (1975). Surprisingly, little attention has been given to effective stress analyses in the evaluation of accidental or test failures, so that the relevance of this method has yet to be firmly established. In spite of these problems, the evaluation of the stability of embankments built in a single phase can presently be carried out with a fair degree of reliability and economic designs are possible. The situation is quite different when stage construction is necessary for high embankments on soft clays. The method already discussed is applicable to determine the geometry and stability conditions of the embankment at the end of the first construction phase. However, for the design of the further stages, two major difficulties arise in the determination of the increased strength produced in the clay foundation during its consolidation. In preliminary design, the rate of increase of the vertical effective stress P,.' has to be evaluated from the consolidation theory. Unfortunately, this is done only with great uncertainties, owing to the difficulties in measuring properly the coefficient of consolidation C, of the clay and in defining the true boundary conditions. Thus, in situ pore pressure measurements appear as a necessary control of the design assumptions during construction. The gain in undrained strength C,, produced by the consolidation under an increased effective vertical stress P,! may be evaluated by two equally accepted methods. Having recognized that the relationship between C,, and the consolidation pressure is unique for a given material, one can determine the value of the ratio C,,/P, for the site under consideration. This ratio, obtained at various depths from in situ vane tests and from oedometer test results, generally varies between 0.2 and 0.35. Its local value may be used in conjunction with P,.' to obtain the new strength of the clay at any stage of construction and consolidation. Another approach is by means of the so-called measured in consolidated undrained triaxial tests. Knowing the initial cohesion Clloand the corresponding consolidation pressure PC, the cohesion C,, produced by a consolidation to P,! is obtained from C,, = C,,,,



+ (P,.' - PC) tan +c,,



, T h e new undrained strength profile, obtained in this way at the end of each consolidation phase, is



used in a 4 = 0 analysis to determine the geometry and stability condition for the next stage of construction of the embankment. In general, this practice has been satisfactory inasmuch as instability problems have seldom occurred. However, in situ measurements have shown that undrained strength increases were not systematic, and the possibility of a temporary decrease of C,, during consolidation has even been suggested by Lefebvre et 01. (1974) on the basis of laboratory tests. I n the framework of the present methods of stability analysis such a decrease in the undrained shear strength of the clay should result in a corresponding decrease in the safety of the embankment so that delayed failure could be possible. Yet, no clear case of 'long term' failure has been reported in the literature. This apparent discrepancy might be associated with a lack of understanding of the true behaviour of the clay and points out the necessity of a careful analysis of the phenomena that develop during construction in a clay foundation.



Schematic Behaviour of a Clay Foundation The concepts of limit and critical states proposed by Roscoc et al. (1958) and the YLIGHT (Yield Locus Influenced by Geological History and Time) model developed from these concepts by Tavenas and Leroueil (1977) have proved helpful in the analysis of the behaviour of clay foundations. Natural clays occur in a more or less overconsolidated state itz situ. At a given depth, the mechanical behaviour of the clay might be completely characterized by its preconsolidation pressure PC, its void ratio e, its compression index C , and its recompression index C,, and by its effective friction angle 4' in the normally consolidated state. In addition to being representative of the minimum effective strength available in the clay, 4' has also governed the stress conditions during the deposition and consolidation of the deposit since, as is well known, KO -- 0.9 ( 1 - sin 4'). The void ratio e and the preconsolidation pressure P, are the results of the combined effects of stress history, aging, thixotropic hardening and possibly cementation, the indices C, and C,, being also a result of the same phenomena. Roscoe et al. (1958) have shown that the stress boundary between the overconsolidated and normally consolidated states in a clay at a given void ratio, represented by P, in oedometer test conditions, is a unique surface in the stress space, called the limit state surface. They also showed that the strength of this clay is unique
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at large strains; on the other hand, the critical state Co remains practically unchanged owing to the minimal variation in void ratio during this process. Leroueil et al. (1978) have used these concepts to interpret the variations of pore pressures observed during embankment constructions in clay foundations. Based on the analysis of 30 case histories, they established that a significant consolidation develops during the early stages of construction of an embankment, owing to the initial rigidity and the associated high C, in the overconsolidated clay. As a result of this consolidation the effective stress path under the center line of the embankment is such as OP (Fig. I b ) . At P, the clay becomes normally consolidated; its rigidity and thus its coefficient of consolidation C, are considerably reduced so that further loading occurs in undrained condition. The limit state theory implies that, during undrained loading, pore pressures are generated at such a rate that the effective stress condition remains on the limit state surface of the clay. In the present case this surface is the new Y,, corresponding to the normally consolidated state of the clay and the effective stresses will thus follow Y,, between P and Co where complete failure of the foundation will occur. Leroueil et al. (1978) have shown that the variations of the observed FIG. 1. Limit state surfaces i n intact and n o r m a l l y con- pore pressure with the applied embankment loads solidated natural clays. were entirely consistent with these principles for for given values of e and +', thus defining the so- all considered case histories. As a result they have suggested some consequences of these effective called critical state. Tavenas and Leroueil (1977) have shown that stress variations during construction on the meththese concepts could be applied to natural clays ods of stability analysis and on the strength to use provided that the phenomena occurring during in these methods to arrive at a proper design of deposition and consolidation of these clays were cmbankments. The design and construction of the Berthierproperly accounted for. In particular they showed that the KO stress condition that prevails during ville-Yamachiche section of the A.40 Highway on deposition and the combined effects of aging, thixo- the north shore of the St. Lawrence River (Fig. 2) tropic hardening and cementation result in a limit provided an interesting case for the application and state surface with a shape similar to Yo (Fig. l a ) . verification of these principles and suggestions. The critical state for such clays with a strain soft- Seven overpass structures with 8.5-9 m high access ening behaviour is within the limit state at a point embankments had to be built in stages on soft clay such as Co, on the 'large strain' effective strength deposits similar to those encountered under the Berthierville embankments described by Samson envelope of the clay. The initial study by Tavenas and Leroueil (1977) and Garneau (1973). Four of the seven overpass had indicated that the limit state surface Yo was structures, identified as B, C, D and E on Fig. 2 time dependent. In addition, a recent investigation are considered here and it is the purpose of this by Brucy (1977) showed that the shape of Yo is paper to discuss the behaviour of the foundation partly due to "structural effects" in the clay: when clays during the stage construction in terms of the consolidating the intact clay just beyond P, these generation of pore pressures, the variations in uneffects are destroyed in the now normally con- drained shear strength and the stability conditions. solidated clay; the new limit state surface assumes As a result, the validity of the concepts developed a shape such as Y,, (Fig. l b ) , i.e. coinciding in its by Tavenas and Leroueil (1977) and Leroueil upper portion with the effective strength envelope ec al. (1978) will be demonstrated, enabling the
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FIG.2. Location of investigated sites.



formulation of a general procedure for the evaluation of the stability of stage constructed embankmcnts.



Description of the Sites Between Bcrthierville and Yamachiche (Fig. 2 ) , the new section of the A.40 Highway runs through lowlands along the north shore of the St. Lawrence River and Lake St. Peter. This region is characterized from a geological point of view by very thick deposits of soft clays formcd in the Champlain Sea, during the period extending between 12 000 years and 8500 years before present. Following this period, the region was first covered by the post-glacial lake Lampsilis (Prest 1970), and later progressively assumed its present deltaic configuration. During these stages stratified deposits of clay silt and sand were formcd in soft or brackish water. The geotechnical investigation at the sites of



the various structures between Berthierville and Yamachiche has confirmed the existence of the two types of deposits under the ground surface, which is nearly horizontal at elevation $6 m. At all sites, the deep marine Champlain clay extends over a thickness of 53-73 m above the bedrock or a thin layer of bottom till, which are encountered at elevations varying from -60 to -80 m. The upper limit of the marine clay is remarkably horizontal at elevation -6 m. This deposit is very uniform in its properties: the natural water content varies around an average of 6 0 % , the liquid limit is of the order of 75 % and the plasticity index is about 50% over the full extent of the deposit at all sites. The undrained shear strength measured by field vanc tests increases linearly with depth with average values of 40 kPa at elevation -10 m and 80 kPa at elevation -30 m; the sensitivity as measured by field vanc is of the order of 10-15. Consolidation tests have shown that this clay is
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slightly overconsolidated, the measured values of P,. - Po' varying between 0 and 7 0 kPa with an average of 30 kPa. The CJP,, ratio is thus of the order of 0.29. Above this homogeneous marine clay formation, the lacustrine and fluvioglacial deposits are somewhat variable from site to site. In the western part of the region, at Rang St-Georges and Rang d u Fleuve (Fig. 3 ) , the upper part of the deposit consists of a thin layer of weathered silt, clay and sand down to elevation +5.5 m, a very soft silty clay layer extending to an elevation varying from 2 to 0.5 m, and a stratified deposit of silty clay and clayey silt with local seams or discontinuous layers of silty sand. T h e soft silty clay between elevation +5.5 m and $0.5 m has a water content of the ordcr of 8 0 % , a liquid limit of 70% and a plasticity index of 5 0 % ; its undrained shear strength is about constant and equal to 12 kPa throughout the layer. The stratified deposit encountcred between elevation +2 and -6 m at Rang St-Georges and between elevation $0.5 m and -6 m at Rang du Fleuve is well identified in terms of its natural water content, liquid limit and plasticity index, but its undrained shear strength exhibits a continuous profile with the strengths of the over- and underlying clay formations. These surficial deposits appear practically normally consolidated with an overconsolidation P,. - Po' of the order of 1 0 kPa. In the central part of the region, at Rang de la Concession (Fig. 4 a ) a 2 m thick layer of loose to medium dense silty sand is encountered a t ground surface. Under this layer, at elevation $4 m, the stratified silty clay and clayey silt deposit contains very little sand and becomes more clayey between elevations 0 and -6 m; it presents a water content and a liquid limit of the order of 5 0 % , a plasticity index averaging 25% and an undrained shear strength with a minimum value of 2 0 kPa at elevation 0, increasing with depth under this level. Finally, at the eastern end of the region, at Rang du BrilC (Fig. 4 b ) , the stratigraphy is similar to that encountcred in the west but the silty clay layer between elevation +5 and $0.5 m is less plastic, and it has a smaller water content of 60% and a higher undrained shear strength of the order of 2 0 kPa at elevation +3 m. These deposits have probably been submitted to a preconsolidation somewhat greater than in the western area, P,. - P,, being of the ordcr of 20-30 kPa. The C,,/P, ratio in these surficial deposits will be discussed later.



Design and Construction of the Fills The lowlands o n which Highway A.40 is built are frequently flooded in the spring and it was nec-
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essary to establish the finished grade of the highway 2 m above the original ground surface. As a result, all overpass structures had to b e raised and access embankments with heights of 8.5-9 m were necessary. Considering the low undrained shear strength of the foundation clays, such high embankments could not be built in one sequence and the stage construction method had to be used. Design Method Based on the usual assumption of undrained behaviour of the clay foundation during each short period of fill placement, the stability of embankments during construction is commonly evaluated by means of a + = 0 method of analysis. For the initial construction, the maximum height of fill compatible with an acceptable factor of safety, taken equal to 1.3 here, was determined by such a 4 = 0 method using the undrained shear strength of the clay measured by it2 situ vane tests. The computed factors of safety were corrected as proposed by Bjerrum (1972) to account for the differences in the shear strength, measured by vane test and actually available under embankments. For the analysis of the stability during subsequent construction stages, the use of the + = 0 method was continued. The new increased undrained shear strength produced by the partial consolidation of the clay foundation was estimated on the basis of local values of the C,,/P, ratio. In the present case, an average value of C,,/P,. = 0.27 was considered representative of the different clay deposits and was used for all designs. In order to evaluate the undrained shear strength available during each construction stage, the vertical effective stress P,' had to be known. Although an initial estimate of the variations in P,', C,, and the resulting permissible construction schedule was made on the basis of a one-dimensional consolidation analysis, it was considered necessary to check the actual progress of the consolidation by means of direct pore pressure observations. A minimum of 3 o r 4 pore pressure cells were installed in all foundations as shown in Figs. 3a and 4b. Furthermore, for the embankments located in the western area of the region, multiple construction stages could be anticipated and it appeared desirable to check the actual magnitude of the increase in undrained shear strength under these embankments in an effort to optimize the construction; in situ vane tests were thus carried out under the fills during construction. Geometry and Constr~~ctiotz o f the Embankments T h e requirements of the Ministry of Transport of Quebec called for the beginning of construction
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FIG.4. Geometry, foundation conditions and instrumentation - Rang de la Concession and Rang du Briil6.
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FIG.5. Variation of the factor of safety with the height of fill placed in the first construction stage.



of the most critical fills at Rang St-Georges and Rang du Fleuve in 1972, in view of a completion around 1977. Othcr embankments were to be built later, starting between 1973 and 1975. The stability analysis had first indicated the necessity of providing all embankments with lateral and frontal berms. The height and width of such berms had initially been selected at 2.4 and 15 m, respectively, for all embankments. However, the height was later increased to 3.0 at Rang du BrQlC and Rang de la Concession to take advantage of Ihc higher strcngth of the foundation at these locations. The stability analysis of the initial construction sequence was carried out for various heights of fill, with the actual berm geometry and with a unique slope inclination of 2 : l . The modified Bishop method was used for all computations. The strength parameters were taken equal to 35" for the friction angle of the compacted fill material, to 30" for thc loose silty sand forming the upper foundation layer at Rang de la Concession and to the vane shear strength profile obtained by in sit~i tests at each site prior to construction, and were corrected according to Bjerrum ( 1972). The variations of the computed factors of safety with the height of fill are shown on Fig. 5. The low initial shear strength at Rang St-Georges and Rang du Fleuve results in low factors of safcty, which become rapidly less than the permissible minimum



value of 1.3. On the other hand the higher strength at Rang du BrQlC and the uppcr silty sand layer at Rang de la Concession have an obvious beneficial effect, the computed factors of safety being nearly sufficient to consider a construction in one stage. As can be secn on Fig. 5 the maximum heights at the end of the first construction stage, compatible with a factor of safety of 1.3 after correction according to Bjerrum (1972), are 4.7 m at Rang St-Georgcs, 3.8 m at Rang du Fleuve, 7.1 m at Rang de la Concession and 8.2 m at Rang du Brfild. However, the actual construction schedule was affected by non-technical considerations so that the heights of fill actually placed during the initial and subsequent construction stages have varied, as shown on Fig. 6. As of Novembcr 1976, the embankment at Rang du BrQlC was practically completed and within 0.5 m of its final height at Rang de la Concession; on the other hand, owing to the accumulated settlements about 2 m of fill remained to be placed to bring the embankments to their final grade at Rang St-Georges and Rang du Fleuvc.



Construction Pore Pressures The systematic control of pore pressures during construction was considered an essential part of the design of the embankments. The foundations of all fills were thus instrumented by mcans of 3 or 4 Gloetzl-type pneumatic pore pressure cells fol-
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FIG.6. Schedule of construction of the four embankments.



lowing patterns such as those presented in Figs. 3a and 4b. However, in order to develop a clear understanding of the pore pressure distribution, the foundations at Rang du Fleuve and Rang de la Concession were equipped with complementary instrumentation consisting respectively of 12 and 14 Gloetzl (pneumatic) and Geonor (vibrating wire) pore pressure cells, as shown on Figs. 3b and 4a. Systematic pore pressure observations before, during and after each construction phase have allowed the analysis of the setup of construction pore pressures. Pore Pressures under the Center Lines of the Fills Figure 7 shows the variations as a function of the embankment load A ~ of H the excess pore pressure AU at various depths under the center line of the fills at Rang du Fleuve and Rang de la Concession. The variations of Au are in agreement with the general model of pore pressure generation proposed by Leroueil et al. (1978), the principle of which is presented in Fig. 8. At the beginning of construction, the clay behaves as an overconsolidated material with a high C, and a significant consolidation develops to produce values of the pore pressure coefficients r,, or B of the order of 0.4-0.6. As a result the effective vertical stress P,' increases and eventually becomes equal to P, when AU,' = ACT^,,,.^,' = P, - Po1. At this point the clay becomes normally consolidated and any further



construction at constant effective vertical stress has a resulting value of r,, or B equal to 1.O. As indicated on Fig. 8, the horizontal distance between the actual hu = f ( a y H ) curve and the Au = AyH line, which is equal to the effective vertical strcss, should, for loads in excess of A w ~ , (represent ,~~, the overconsolidation pressure in the clay at the level of thc pore pressure measurement. Analysing Fig. 7 one finds a preconsolidation difference P, - P,,' of the order of 10-15 kPa at 9 m depth at Rang du Fleuve and of the order of 25-35 kPa at 9 m depth at Rang de la Concession; these values are in very close agreement with the results of oedometer tests. The model of pore pressure generation proposed by Leroueil et al. (1978) implies that the rate of pore pressure buildup during the construction stages subsequent to a first consolidation period must be such that r,, or B is equal to 1.0. Such a pore pressure behaviour may be observed on Fig. 7b for embankment loads up to 100 kPa; it was also observed for embankment loads up to 120 kPa at Rang St-Georges and for all construction stages at Rang du BrQlC and Rang dc la Concession thus confirming the validity of the model of Leroucil et al. However, during the final loading stages at Rang St-Georges and Rang du Fleuve (Fig. 7b), the pore pressure increase was less and corresponded to r,, of the order of 0.5-0.7. These reduced values of r,, may be associated with the narrowing of the fill crest, and mainly with the
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FIG.7. Variation of the observed pore pressure with the applied embankment load.



and had settled 1.4-1.6 m when the phenomenon developed. Because of this arching the total stress increase induced by construction would be reduced under the center of the embankment but additional stresses would be thrown onto the toes of the fill. The pore pressures observed at different locations (Fig. 9 ) under the Rang St-Georges cmbankment would tend to confirm the validity of this assumption: although the r,, distribution is normal for the load increments up to 6.5 m of fill, for the last construction stage, rcduced r,, develop under the center line whereas increased r,, occur under the slope and the berm of the embankrncnt. This observation, which has an important influence on the analysis of stability in effective stresses, \vould need to be confirmed by more detailed investigation of the pore pressure behaviour under other embankments. change in total vertical stress Am,



FIG.8. Principle of the pore pressure generation model proposed by ~ e i o u e i le l d.(1978).



development of non-uniform stress distribution in theffill when it is deformed by the settlements of the foundation. This effect of the settlement of the foundation on the stress distribution at the base of the embankrncnt has been evidenced by Parry (1972). Indeed the fills where the reduced r,, were observed had been in place for 3-4 years



Distributior7s of Pore Pressures ar7d r,, Factors Under the embankments at Rang du Fleuve and Rang de la Concession, the instrumentation for pore pressure measurements was sufficient to allow for the determination of the complete pore pressure regime. Figure 10a shows the lines of equal pore pressure (isobars) under Rang de la Concession on July 6, 1976. A similar result was obtained at all stages of construction undcr the two wellinstrumented fills; by analogy and considering the
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FIG.9. Distribution of the r.,, coefficient at various stages of construction of the Rang St-Georges fill.
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.FIG.10. Distribution of the pore pressures and r.,, coefficient under the Rang de la Concession fill.



local stratigraphy and the limited number of pore pressure observations, isobar networks were also established at various stages of construction of all fills. On the basis of such networks the stability of the embankments could be evaluated by means of effective stress analysis at any time. In order to predict the stability of an embankment before increasing its height, it is necessary to predict the pore pressure after construction. Although the method proposed by Leroueil et al. (1978) applies below the center line of the embankment, the only reliable method applicable to the entire foundation consists in determining the distribution of the r,, = au/a.,H factors during each construction phase and using this result for predicting thc pore pressure setup during the next construction stage. Figure l o b presents the iso-i,,



observed under the Rang de la Concession fill. The high r,, values under the berm, far away from the zone of load application, should be noted. A similar pattern was observed under all embankments, indicating total stress variations different from those predicted by the thcory of elasticity or a significant effect of lateral spreading of the pore pressure by consolidation-like phenomena. In view of the strong influence of such pore pressure patterns on the effectivc stress stability analysis this phenomenon deserves further consideration in future. It is beyond the scope of this paper to analyse the dissipation of pore pressures between construction periods. It should only be noted that pore pressure dissipation did occur at all times and locations, leading to increases in cffective stresses as shown on Fig. 7b.
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C,,. undrmed shwr Strenalh. kPa Observed Variations of the Vane Shear Strength In order to check the validity of the design ,~ssumptionsconcerning the gain in undrained shear strength resulting from the consolidation under the embankment loading, it7 situ vane shear tests were performed by means of a Nilcon vane under the centcr line and the berms of the different embankments. In addition, a reference vane profile was determined in an unloadcd area near each site. The periods at which these tests were carried out at the four sites discussed in this paper are insand before and after selllement dicated on Fig. 6. I I At Rang St-Georges, vane tests were performed in June 1973, 400 days after the beginning of the construction, whcn the fill was 6.0 m high, and again in September 1975, 1130 days after the beginning of construction, when the fill was 7.4 m high. The average initial vane shear strength profile and the shear strengths measured in June 1973 and September 1975 are shown on Fig. 11. The rntttal vane shear strength increase in strcngth is evidcnt in the upper 12 m overage of 4 profiles shear strenqlh under 6 . 0 of the foundation. The shape of the C,, profiles ., vane metres of f111,4CC days after beqinnmg of construction suggests that the stratified silt and sand layer vane shear strength under 7.4 between elevation 0.5 m and 2 m had a draining metres of ftl1,1130 days after effect in the foundation. The effects of increased times and embankment loads on the shear strcngth are obvious, confirming that thc development of FIG.11. Variations of the vane shear strength under the consolidation in the clay does result in an increased shear strcngth. The magnitude of the increase in C,, center line of the embankment at Rang St-Georges. could be compared to the change in vertical effective stress at elcvation $4.2 and -3.0 m, where values of C,,/P, before construction and C,,/PVf pore pressures were measured. Before construction at the time of the vane shear tcsts are given in C,,/P, were computed from the results of con- Table 1. solidation tests; after construction the vertical effecAs shown in Table 1, in all cases the consolidative stress was obtained from the computed vertical tion under the embankment load has produced a total stresses and the obscrved pore pressures. The reduction in the C,,/P,' ratio. In order to check if resulting C,,/P, and C,,/P,' are shown in Table 1. such reduction was systematic, the C,,/P,' ratios At Rang du Fleuve, vane tests performed under were computed at all possible locations under the the 5.8 m high fill and the 2.4 m high berm 830 seven fills. In each case, the initialvane shear strength days after the beginning of construction also evi- and thc P,, measured in oedometer tests were used denced the gain in undrained shear strength caused to compute C,,/P,. before construction; the simulby consolidation under the embankment loads, as taneous observations of C,, and the pore pressures shown in Fig. 12: the vane shear strength profiles during construction were used to obtain C,,/P,' assume an isochrone-like shape, influenced by the corresponding to thp, prevailing embankment load. draining effect of a stratified sandy layer between The results are presented in Fig. 13. The initial elevations +0.5 and -1.5 m ; the strength increases C,,/P,. decreases from a maximum of 0.4 at 1.5 m are more significant under the high load of the main depth to an average of 0.26 at 6.0 m in the upper embankment than under the lower berm; no plastic and probably slightly weathered clay; in the strength increase is observed below elcvation -7.0 intermediate low plastic silty clay (IP = 2 5 % ) m where little settlement has developed. The varia- down to a depth of 13 m, C,,/P,. varies between tions in the C,,/P,' ratio could be estimated at 0.23 and 0.29; in thc lower plastic marine clay elevation $3.5 m under the center line of the fill C,,/P,. increases slightly with depth to an average and at elevation $3.7 m under thc berm, where of the order of 0.29 at 24 m depth. After conpore pressure observations were available. The struction, the computed C,,/P,.' are generally lower
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FIG.12. Variations of the vane shear strength under the center line and the berm of the embankment at Rang clu Fleuve. TABLE 1. Variations of the C,,/P,.' ratio C,,/PVf
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NOTES: 1. Obscrved 400 days after start of construction. 2. Observed 1130 days after start of construction. 3. Observed 830 daya after start of construction.



than the initial C,,/P,. and they vary very little with depth, between 0.21 and 0.26 around an average of 0.24. From thcse observations, it may be concluded that the consolidation of the clay to vertical effective stresses in excess of the preconsolidation pressure produces both an increase in the vane shear strength and a decrease in the C,,/P,.' ratio. From Fig. 13, it appears that the reduction of CJP,' is strong in plastic clays with a high initial



29 5



C,,/P,, but is limited in the low plastic clays; the final CJP,' stems to vary little with the plasticity of the clay. Furthermore, from the observations at Rang St-Georges, the reduction of C,,/P,' appears to occur rapidly during the initial stages of construction and probably as soon as P,' exceeds P , , the ratio C,,/P,' remaining constant during i'urther consolidation. An exact interpretation of the strength measured by it1 situ vane tests is difficult because the effectivc stress conditions at failure are not known. However, published evidence, for example by Bjerrum (1972), and the common observation of a strain softening bchaviour during the test suggest that the vane strength is representative of the intact clay structure. The corresponding effective stress condition should thus be located on the initial limit state surface, at a point that remains to be defined. The shape of the limit state surface being imposed by the geological history, thc C,,/P,. ratio representative of this shape is also imposed by the history of the clay deposit as noted by Bjerrum (1972). It has been demonstrated by F. Brucy (1977) that the limit state surface is strongly deformed when the clay becomes normally consolidated; as shown in Fig. lb, this deformation results in a reduction of the strength and thus of the C,,/P,' ratio. The pore pressure observations have confirmed that the clay in the foundations of the embankments become normally consolidated during the early stages of construction. The observed variations in C,,/P,' (Fig. 13) could thus be explained by the above-described phenomenon if the limit state surface of the intact clay presents a shape similar to that of Fig. l a . The limit state surface of the intact clay has been determined on undisturbed samplcs, obtained at 4.5 m depth at Rang du Fleuve by means of a 20 cm diameter overcoring thin wall sampler developcd at Lava1 University. The method used is the same as that describcd by Tavenas and Lcroueil ( 1977) : it consists of ( 1 ) a series of consolidated, undrained triaxial tests with pore pressure measurements (CIU) to obtain the 'strength portion' of the limit state surface as we!l as the peak strength envelope of the nornlally consolidated clay and the 'large strain' strength envelope, ( 2 ) a series of v , ' / ~ T : , '= C't triaxial consolidation tests, as well as (3) oedometer tests to obtain the 'volumetric portion' of the limit state surface below the Mohr-Coulomb envelope. Figure 14 presents the results of these tests. They are typical of natural clays in eastern Canada, the shape of
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FIG.13. Variation of the CJP,.'ratio under the embankments.



FIG. 14. Effective stress path and limit state surface from triaxial tests at Rang d u Fleuve.



the limit statc surface being identical to that shown in Fig. la. Since this surface is well above the Mohr-Coulomb envelope at large strains, the effects of consolidation shown on Fig. l b will also apply to the limit state surface of this clay. Consequently the observed variations in C,, and C,,/P,' can be related to the modification of the shape of the limit state surface of the clay when it bccomes normally consolidated. It might be interesting to note here that a similar bellaviour has been observed under embankments built on a variety of clays. Analysing the test embankments on a normally consolidated plastic clay at Sk:k Edeby in Sweden, Holtz and Broms (1972) report a systematic reduction in the ratio of C,,/P,': the initial values of C,,/P,,' (the Sk5



Edeby clay is rcportedly nor~nally consolidated) varied from 0.22 to 0.28 around an average of 0.26; after 14 years of consolidation under the embankment loads, the observed vane shear strength C,, and effective vertical stresses P,' resulted in C,,/P,' varying from 0.21 to 0.25 around an average of 0.22. However, as was the case for the A.40 embankments, this reduction in C,,/P,' was associated with an increase in C,,. Under the Saint-Alban test section B (Tavenas et al. 1974) a slight increase in C,,was also observed 2.5 years after construction in the upper 3 m of the foundation, but the C,,/P, initially equal to 0.26 was reduced to C,,/P,' of 0.21. On the other hand, at a site near Ottawa, Canada, Eden and Poorooshasb (1968n,b) h a w noted no variation in the vane
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shear strength 3.5 ycars after the construction of an embankment: at that site the or[ginal values of C J P , in a clay of medium to low plasticity were probably of the order of 0.28 (based on the scattered P,. measurements values of C,,/P, from 0.23 to 0.33 may be computed); based on the data presented in the paper, thc C,,/P,' after 3.5 ycars vary betwcen 0.16 and 0.20. A similar reduction in C,,/P,' without significant vane strength increase has been obtained under a 1 2 year old embankment on the Eastern Township Highway southeast of Montreal: in the clay with a plasticity index of 4096, the initial C,,/P,. of 0.32 were reduced to C,,/P,' of 0.24 but the vanc shear strcngth was essentially unchanged. Thus it may be concluded that the consolidation of a clay foundation under an cmbankment will result in most cases in a modification of the shape of the limit state surface of the clay and in a corresponding decrease of the C,,/P,' ratio from initial values of C,,/P,. of the order of 0.25-0.40 and variable with the plasticity, the geological history and other featurcs of the intact clay structure, to values of the C,,/P,' ratio varying much less with the clay propertics and generally of the order of 0.1 8-0.25. This decrease occurs in the early phases of the consolidation process, probably as soon as I-',' exceeds P,. Together with these reductions in C,,/P1,the vane shear strengths havc becn observed to be larger or in some cascs equal to the initial strengths measured in the intact clay; however, it is possible that a reduction in C,, develops momentarily when the C,,/P1 ratio is reduced in the early phases of consolidation.



Evaluation of the Embankment Stability During Construction As already noted, the initial dcsign was based o n total strcss analyses, taking into account the increases of the undrained shear strength produced by the consolidation of the foundation clay. However, by the end of 1975 it appeared necessary to accelerate the construction process, and it was decided to check the stability of the cmbankment by means of effective strcss analysis. T o this end thc effective strength parameters of the clays were determined in the laboratory and a complementary instrumentation was installed at Rang du Fleuve (Fig. 3 b ) and Rang de la Concession (Fig. 4 a ) . A s a result, a t any given stage of construction the stability of the embankrncnts could be determined by means of a total stress method based on the vane shear strength measured under the embank-
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ment and of an effective stress method using the actual pore pressures.



Total Stress Analyses Thc total stress analyses of stability have been carricd out by means of a computer program using the modified Bishop method, and accepting vertical undrained shear strcngth profiles of different shape and magnitude depending on their location under the embankments. In all cases the strength of the fill, represented by a friction angle of 35", was assumed to be fully mobilized. T h e variations of the factors of safcty with the height of fill during the first construction stage have already been discussed. They were based o n the vane shear strength of the intact clay and corrected to account for Bjerrum's vane strength correction. During construction the new factors of safety were estimated o n the basis of thc new shear strength measurements made under the fills; as discussed later thc vane strength correction proposed by Bjerrum (1972) was considered not applicable in these cases. A t Rang St-Georges, vane strength measurements were made in Junc 1973 when the fill height was 6.1 m and in September 1975 when the fill height was 7.4 m. The factor of safety could thus be estimated for the diffcrent heights of fill using the strength prevailing before and after the construction. T h e different factors of safety arc shown as a function of the cmbankment height in Fig. 15. T h e increase in the factor of safety caused by the gain in vane shear strength is very important betwcen the initial condition and June 1973 but it is much less between June 1973 and September 1975. This may bc explained not by a variable magnitude of the gains in the vane shear strength, but rather by the location of these gains in the foundation. Indeed, at the beginning of construction, additional loads are imposed o n the entire arca of the embankment and its berms. After consolidation under these loads, increases in P,' and C,, thus develop throughout the cntire foundation; the available shear strength is increased along nearly the full extent of the potential failure surface. On 'the contrary, in subsequent construction stages only the main embankment is built up, so that the increases in vertical effective stress and thus in undrained shear strength arc limited to thc central area of the foundation, i.e. to a small portion of the potential failure surface (see Fig. 1 6 ) . Consequently, to take full advantage of the stage construction process it would b e desirable to also increase the height of the berms after thc first
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FIG.15. Computed factors of safety fill.
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period of consolidation so as to produce increased strengths along the maximum possible length of potential failure surface. As can be seen, the overall increase of the factor of safety produced by the gain in vane shear strength over a period of 3 years is of the order of 0.6 at a fill height of 7.5 m, i.e. very significant. As of December 1976, the factors of safety corresponding to the prevailing geometries and vane shear strengths are of the order of 1.25 at Rang St-Georges and Rang du Flewe, 1.4 at Rang de la Concession and 1.55 at Rang du BrGlC. The small factors at Rang du Fleuve and Rang St-Georges, less than the originally selected minimum of 1.3, are considered acceptable in view of the observed settlement and pore pressure behaviour as well as of the results of the effective stress analysis. Efective Stress Analyses Peak strengths corresponding to a Mohr-Coulomb envelope defined by c' = 0 and +' = 28" have been given by CIU tests on the normally consolidated clay (Fig. 14). At large strains the strengths measured in CIU tests on both normally consolidated and overconsolidated samples correspond to the same residual strength envelope, which may be defined here by c' = 4 kPa and
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FIG.16. Potential failure surfaces from analyses - Rang St-Georges fill.



+



= 0 and c',



= 28". To obtain a conservative estimate of the factors of safety, the stability analyses were made using c' = 0 and +' = 28". Stability analyses in effective stresses require the knowledge of the pore pressures in the foundations. As already noted, two types of instrumentation for pore pressure observations were available. From the observation in the well instrumented foundation at Rang du Fleuve and Rang de la Concession typical pore pressure distribution patterns were defined (Fig. l o ) , which were then used to extrapolate the limited number of observations under the other embankments. In this way complete pore pressure distributions could be defined under all embankments at all stages of construction, based on the corresponding observations. The results of the stability analysis in effectivc stresses at various stages of construction of the four embankments are shown on Figs. 15 and 17. At Rang St-Georges (Fig. 15) the factors of safety corresponding to the June 1973, September 1975 and November 1976 situations vary between 1.9 and 2.1 and are much higher than those obtained from the total stress analysis. The condition is quite
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FIG.17a. Con~putedfactors of safety - Rang du Fleuve.



different at Rang du Fleuve (Fig. 17a) for the June, August and November 1976 situations: the factor of safety from the effective stress analysis is initially of the order of 2, i.e. 0.3 above the result of the 4 = 0 analysis but it decreases rapidly during the 1976 construction period, to reach a minimum value of 1.35 only slightly above the factor of safety computed in the total stress analysis. This difference in behaviour between the two embankments may partly be due to the different quality of the pore pressure distribution. It is more probably associated with the marked difference in the rates of construction: at Rang St-Georges, the increase of the fill height from 6.1 to 8.3 m was achieved in three stages over a period of 750 days thus permitting a significant consolidation, in particular under the lateral berms whcre the excess pore pres-



sure remained low; on the contrary, the construction of the Rang du Fleuve fill from 5.8 to 8.0 m was achieved in two stages in less than 140 days, resulting in a limited consolidation and in high pore pressures, in particular below the berms. Considering the position of the potential failure surfaces (Fig. 16) and the resulting importance of the pore pressure regime below the lateral berms and the toe of the slopes, the important differences in construction duration and pore pressure dissipation are sufficient to explain the computed differences in the factors of safety. At Rang de la Concession and Rang du BriilC, the pore pressure regimes have been favourably influenced by the higher preconsolidation of the clay. As a rcsult, the factors of safety from the effective stress analysis are 0.2 to 0.3 greatcr than



Can. Geotech. J. Downloaded from www.nrcresearchpress.com by Curtin University on 06/09/15 For personal use only.



CAN. GEOTECH. J . VOL. 15. 1978



I



l



l



FIG.17b. Computed factors of safety
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those obtained from the = 0 analysis in spite of the rapid construction sequence, the better drainage conditions at Rang de la Concession resulting in higher differences.



Discussion The concepts of limit and critical state, which have just been applied successfully to tlic analysis of the variations of the pore pressures and the vane shear strength under the A.40 embankments, might servc as a basis for the development of a rational approach to the design of stage-constructed ernbankments. T o this end it is first necessary to establish a clcar picture of thc variations in effective stresses and strength in the clay foundations.
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Effective Stresses and Strength Variations under a Stage-constr~tctedEmbankment Consider the case of an embankment built in threc stages on a slightly overconsolidated clay. Figure 18 shows the corresponding total and effective stress paths as well as the relevant strength characteristics of the clay. During the first construction phase, the tota1 stress path is such as OA. As shown by Leroueil ci a/. ( 1978), and as confirmed here, a significant consolidation develops at the beginning of construction, so that the effective stresses increase rapidly along O'P' and the clay becomes normally consolidated at PI. During a further increase in total stresses up to point A, pore pressures are
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FIG. 17c. Computed factors of safety - Rang du BrGlC.



generated so as to maintain the effective stress path on the limit state surface along P'A'; this normally occurs at constant effective vertical stress g,.' = PCt with a pore pressure coeficicnt r,, = 1.O. This type of bchaviour was observed under all embankments of the Berthierville-Yamachiche section of Highway A.40. As shown by F. Brucy ( 1977), the initial limit state surface is deformed when the clay becomes normally consolidated at P', and the new limit state surface is such as P1F,,'Ro' (see also Fig. l b ) . The strength of the intact clay, as obtained from UU or CIU tests in the laboratory or from vane tests in situ, is thus reduced to values corresponding to the large strain Mohr-Coulomb effective strength en-



velope. In this process, C,, will rcmain less than the initial strength as long as the effect of consolidation on the effectivc stresses is small, and C,,/P,.' will be permanently reduced to a value representative of the new shape of the limit state surface of the normally consolidated clay. If the first phase of construction werc continued beyond the height corresponding to the stress conditions at points A and A', failure would be initiatcd at Fo' on the Mohr-Coulomb envelope of the normally consolidated clay. Further load application associated with the strain-softening behaviour of the clay would result in an effective stress path FolRo' following the new limit state surface of the normally consolidated clay down to point Rot cor-
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FIG.18. Total and effective stress paths under an embankment built u p in stages.



responding to the residual strength and probably the critical state of the clay; C,,,,:,,, would be the strength mobilized at complete failure. The magnitude of this strength at failure has been analysed by Mesri (1975). Associating the correlations proposed by Bjerrum (1972) between the plasticity index and the ratios C,,/P,,' and P,./P,,' as well as the empirical vane strength correction factor, Mesri has shown that the strength pC,, = C,,,!:,,, available at failure under an embankment was nearly independent of the plasticity index and of such effects as aging and could be related to P,. by pC,,/P,. equal to 0.18-0.23. These values are remarkably similar to the ratio C,,/P,' of 0.18-0.25 measured by vane tests under embankments. It might thus be hypothesized that the strength correction factor p proposed by Bjerrum (1972) accounts essentially for the modification of the limit state surface when the clay becomes normally consolidated. The actual construction sequence corresponds to the interruption of construction at A, A' for a period of consolidation, which results in an effective stress variation A'B'. During the next loading stage BC, the effective stresses will stay on the new limit state surfacc produced by consolidation under the effective stress condition at B' and they will follow B'C'. The second consolidation period will produce a stress path C'D' and a corresponding new limit state surface D'Fs'Rsl as well as a new critical state at Rsl. If the embankment were then to be built up to failure from the situation D, D', the stress paths followed up to the initiation of failure would be such as DF, in total stresses and D'F,' in effective stresses, with a corresponding pore pressure factor r,, = 1.0. Failure would be initiated at F2'; the development of strain softening under imposed total vertical stresses



would necessarily result in an increase of the mean total stresses along F2R2 and in a very marked increase in pore pressures, with I.,, much in cxcess of 1.0, to produce an effective stress path such as F2'R2'. The principles of limit and critical state imply that the limit state surfaces A'Fo'Ro'and DIF,'R,' are homothetic and entirely defined by the respective values of the vertical effective stress and the effective strength parameters of the clay in the normally consolidated and residual states. As a consequence the C,,/P,.' ratio will remain constant and equal to the reduced ratio representative of the unstructured, normally consolidated clay during all stages subsequent to the first consolidation period. Simultaneously the vane shear strength will increase continuously from its momentarily reduced value, obtained when the clay becomes normally consolidated. Therefore, depending on the magnitude of the consolidation allowed before vane tests are carried out under an embankment, it will be possible to measure vane strengths smaller, equal to or greater than the initial values of C,,. Both the above dcscribed variations of C,, and C,,/P,' are consistent with the field observations. It should be noted though that the strength really available at failure, and thus significant in design, will continuously increase with ongoing consolidation from its initial value C,,(,:,,,.



Evnluatiorz of the Methods of Stability Analysis The results of the stability analysis in total and in effective stresses may be evaluated by considering the stress paths followed up to failure in the foundation clay (Fig. 18). At any given point in the foundations, failure is initiated when the effective stress condition satisfies the Mohr-Coulomb criterion of the normally
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consolidated clay. Subsequent strain softening develops until the residual shear strength C,,O:, is reached, the strength reduction from F' to R' being associated with a strong increase in the pore pressures. Two factors of safety may thus be defined at any stage of construction prior to complete failure: 1. The effective stress analysis using the large strains effective strength parameters, or the conservative c' = 0, +' values for the sake of safety, and the actual pore pressures prevailing in the foundation will produce a true image of the stability condition. 2. T h e minimum strength available in the foundation being C,,,,:,,a stability analysis based on this resistance will yield the minimum possible value of the factor of safety. This residual strength, probably corresponding to the critical state of the clay, is the extremity of an effective stress path. However, it appears to b e a unique function of the effective stress acting o n the clay prior to the beginning of the construction u p to failure, i.e. of P,. in a single stage construction or of P,' in multiple stage construction. This effective strength thus has all the usual attributes of an undrained shear strength and may b e used as such in a + = 0 analysis. This residual strength may be estimated from vane test results in the intact clay corrected according to Bjerrum (1972) from uncorrected vane test results in the normally consolidated clay under the embankment during construction, from the correlation to P,. or P,' proposed by Mesri (1975) or from CIU tests on the overconsolidated clay carried out to large strains. T h e strength available in the foundation being higher than the residual strength at any time but at complete failure, the factor of safety computed from the effective stress analysis will be necessarily higher than that obtained from the + = 0 type analysis using the residual shear strength; this is consistent with the results reported above. HOW ever, at complete failure the two analyses will yield the same value of F S = 1.0 if the local pore pressures are correctly measured. Figure 19 shows in principle the variations of the two factors of safety: before local failure is reached at any point in the foundation, the two factors of safcty decrease at a similar rate with the increasing height of fill, the difference between the two factors being a function of the differences between the reference strengths at points F and R ; using the more representative cffective stress analysis will lead to a significant increase of the permissible height of fill as shown o n Fig. 19. When some points of the foundation reach local failure at F, increased pore pressures



FIG. 19. Variations o f the factors o f safety with the height o f fill.



are generated and the available strength decreases along F R ; as a result, the factor of safety will dccrease rapidly towards 1.0 at complete failure when the entire foundation is in the residual state. I t would be obviously dangerous to build up embankments to such height that the factor of safety would be in the F R zone (Fig. 1 9 ) since the actual margin of safety in terms of height of fill would be very limited. The limited experience presently available indicates that the discontinuity in the variation of the factor of safety occurs at a value less than 1.3. A n additional control is provided by the observation of the pore pressure parameter I.,, or B, either of which assumes values much in excess of 1.0 when local failure and strain softening develop.



Conclusions The observations of construction pore pressures, vane shear strength variations and stability conditions in the clay foundations of four embankments built in stages, along with the use of the YLIGHT model of clay behaviour proposed by Tavenas and Leroueil (1977), have led t o some important conclusions.
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1 . Owing to an initial consolidation the clay becomes normally consolidated during the early stages of construction of an embankment. 2. T h e passage from the initial overconsolidated state to the normally consolidated state produces important ~nodifications of the characteristics of the clay. I n particular: (i) The structure of the clay resulting from the combined effect of aging, thixotropic hardening and eventual cementation is obliterated. (ii) The shape of the limit state surface of the clay, representative of its structure, is modified, the strength of the clay being reduced. (iii) The initial ratio of vane shear strength to preconsolidation pressure, C,,/P,,associated with the shape of the limit state surface of the intact clay is reduced to a new Cl,/P,' ratio, which seems to vary little with the type of clay. T h e vane strength correction factor p, proposed by Bjerrum (1972) probably represents the magnitude of the deformation of the limit state surface of the clay when it becomes normally consolidated. 3. With the development of consolidation the limit state surface of the clay keeps its new shape and is homothetically displaced with the increase in effective stresses. As a result, the vane strength will increase, the ratio Cll/P,.' remaining constant and equal to its new low value. I t is suggested that Bjerrum's p correction factor should not be applied to the strength obtained from vane tests carried out under an embankment during consolidation. 4. The strength available at failure under an embankment may be obtained from C I U tests on the overconsolidated clay carried to large strains, from vane tests in the intact clay corrected according to Bjerrum (1972), from vane tests in the normally consolidated clay under the embankment or from the correlation with P,. proposed by Mesri (1975). When used in a + = 0 type analysis, it will lead to the minimum possible factor of safety of the embankment at any stage of construction. 5. T h e only way of obtaining an estimate of the true stability condition at any stage of construction is by means of an cffectivc stress an2lysis using the actual pore pressures observed in the foundation and the large strain effective strength parameters c', +'. However, for increased safety, the parameters c' = 0, +', obtained from the peak strength measured in C I U tests on normally consolidated samples may be used. This approach will lead to increased permissible heights of fill during stage construction. However, care should be taken not to initiate local failure and strain softening in the foundation clay; this may be achieved by keeping the factor of safety in effective stresses in excess of
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1.3 or preferably 1.4 and by observing that the pore pressure parameter r,, o r B does not exceed 1.0. The use of this approach on the BerthiervilleYamachiche section of Highway A.40 has resulted in a significant accelcration of the construction schedule of seven important embankments.
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