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SYNOPSIS: 

Presently available analytical techniques were used to 

achieve an unc.erstanding of the observed behaviour of Atchafalaya 

test sections during and shortly after construction and to 

develop modelling techniques for the evaluation of alternative 

designs. The characteristic behaviour of the test sections was 

identified and successfully modelled by finite element stress 

and deformation analyses and by stability analyses. Measured 

pore pressures agreed well with those calculated, but pore 

pressure analyses gave little insight into test section 

behaviour. Careful analysis of the foundation soil prdfile 

was an important factor in the success of the investigation. 

The usefulness of the methods of analysis was evaluated and 

different methods of stability analysis compared. 
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INTRODUCTION 

Three te·st sections were built along the Atchafalaya flood 

protection levees in Southern Louisiana, U.S.A., in 1964/1965 

to investigate the perf~rmance of new levee de.signs. The 

sections were~ thoroughly instrumented and their :performance wa·s 

monitored during and after construction. Various methods of 

analysis are used to study the basic behaviour of two of these 

test ~ections during coristruction and the usefulness of the 

various methods is evaluated. 

TE!ST SECTION HISTORY AND MEASURED PERFORMANCE . 

Construc!tion of f.lood protection levees to form the 

Atchafalaya Basin floodway, part of the Mississippi flood con­

trol system, began in the 1930s. In the south of the basin a 

stage construction technique ·was used because of the deep, soft 

foundation clays, and construction progress was very slow. In 

1963 .the design flowline through the floodway was raised to 

allow for the effects of siltation. It. then became clear that 

more rapid construction progress was required in the southern 

region and so a new type of levee design was developed. This 

involved, an :_nitial construction stage of large berms with a 

small crest, to be followed by a final crest lift after 

qpnso~idation ~ad strengthened the foundation clay. 

The two test se~tions of interest, called Test Section II 

and III, used this metl:lod o.f construction to give respective 

design factors of safety of 1.1 and 1.3 at the end of the first 

stage of construction. They were built over existing levees 

alqngside thE~ G~lf Intracoastal Waterway navigation channel, 
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each test section being 1500 ft long and abutting the other. 

The design and measured performance of these test·sections is 

described in detail by Kaufman and Weaver (1967). 

Fig. 1 shows the Test Section III design and foundation 

conditions and indicates the construction sequence used. The 

original ground level shown was between El. +3 and +8 ft rising 

to El. +17 ft at the existing levee. The water table was 

generally just below ground surface. Test .Section II was very 

similar, but with smaller berms. It is shown in Fig. 2 along 

with typical instrumentation installed at three stations in 

each test section. This figure also shows typical centerline 

piezometer data obtained for the test section and Fig. 3 shows 

typical deformations measured during and after construction. 

The data for Test Section III are very similar, although the 

movements were not so large. 

The pore!_pressure measurements indicate that very little 

c6nsolidation occurred during and shortly after donstruction 

so that the t:est section behaviour during this tiine was 

essentially t:he undrained response of the foundation to the 

applied loads. The behaviour of both test sections was char­

acterised by large lateral deformations which occurred during 

construction and continued long after construct.ion was com­

pleted. These resulted in excessive centerline settlements 

which rendered the performance of both test sections inadequate. 

Lateral deformations for Test Section II can be seen in Fig. 3 

in which the large movements which occurred after the end of 

construction (May 1965) and the shear def~rmations betw~en El. 

-20 and -40 ft, are particularly noticeable. This zone of 
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large shear deformations is the region where most of the lateral 

movements were generated, the overlying material tending to 

move as a block. Itt is also the region where most of the post-

constrqction 11 Creep'' deformations occurred. These shear 

deformations must.have been associated with the formation 

during construction of zones of highly stressed soil, and 

~nderstandin9 the presence of these zones is considered to be 

the key to understanding the behaviour of the test se~tions. 

OBJECTIVES AND COMPONENTS OF THE STUDY 

The test section sites w~re very thoroughly investigated 

prior to construction, the test sections were extensively 

instrumented, and the foundation soils have been the subject 

of a major laboratory testing program (USCE, 1968; Duncan, 

1970; L~dd et al., 1972). Thus the test sections represent a 

valuable opportunity to evaluate present analytic~! methods with 

little likelihood that inaccuracies and uncertainties in the 

input data or measurement of behaviour will yield misleading 

results. 

Tbe objE~ctive·s of the study were to apply the most ad-

vanced available analytical techniques to investigate the 

behaviour during construction of Test Sections II and III, in . 

. order to: 
.·t 

(1) Achieve a :Qasic understanding of the test section 

behaviour; 

(2) Develop modelling techniques which might reasonably 

be used for the evaluation of. alternative levee designs; 
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{3) Eva.luate t~e analytical techniques themselves, and 
' 

particula~ly their applicability to the very soft, creep 

susceptable, highly plastic Atchafalaya clays. 

The Normalised Soil Parameter (NSP) Concept and the Stress 

History And ~~rmalized Soil Engineering ~roperties (SHANSEP) 

method (Ladd and Foott, 1974) were used extensively in the work, 

which became one of the major case studies used in the practical 

development of these techniques. 

The study involved investigation of the·geology of the area 

and the stress history (overconsolidation ratio profile) at the 

site, followE~d by the selection of appropriate ·soil parameters 

for use in the. analyses. Finite element models of the test 

sections werE~ then developed and used for analyses of deforma-

tions, stresses and pore pressures. Various stability· ·analyses 

were also made and the results of all analyses were then 

combined to 9ive an interpretation of the test section behav-

iour. Finally the experience gained with the methods of 

~nalys~s was evaluated. 

Details of the work are presented in Foott .and Ladd (1973). 

GEOLOGY OF THE TEST SECTION SITE 

The Atchafalaya Basin lies wholly within the Mississippi 

Valley formed during the last ice age when the sea level 

dropped seve~al hundred feet. Subsequent rise in the sea level 

led to the depo~ition of a thick bed of sand and gravel·in the 

bottom of th.Ls valley, followed by a layer of plastic clay as 

~he hydraulic gradients of the Mississippi River were reduced. 

This clay is over 100 ft thick at the test section location. 
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The Mississippi River has occupied ~everal routes through 

the valley during tpe period of clay deposition. Along each 

route, natural levees and adjacent backswamp deposits were 

formed until the entire river course was elevated ·to the point 

where a preferential route became available. The Atchafalaya 

Basin (see Fig. 4) was formed in about 900 A.D. by the joining. 

of the natural levees of two of these routes. Initially only 

the Red River flooded into the Atchafa.laya Basin leaving 

characteristic red and dark brown deposits. This situation 

~nded about 1500 A.D. when the Mississippi River broke into the 

basin and joined with·the Red River to form the Atchafalaya 

'·,1 River. SubSE!quent. sedimentation has been very heavy to give 

the present-day situation shown in Fig. 4. 

Fisk, Kolb and Wilbert (1952) inves~igated the clay soils 

in the Atchafalaya Basin and found them to be all backswamp 

deposits at the test section site. These are sedimented in 

shallow pondE~d areas formed behind natural levee~ by flood­

water and the¥.tend·to be laid down in regular horizontal 

layers over large areas. Fig. 5 shows the data from a boring 

at the test r;ection site. The dark brown layer of peat at El. 

-24 ft is the lowest layer of brown material in the profile and 

it probably corresponds to the period when only Red River 

deposits wer(~ laid down in the basin. It is apparent at the 

same elevation in all borings outside the existing levee and 

it also appears in borings made through the levee, but at a 

lower elevation. It is.indicative of regular horizontal virgin 
.•l 

deposits throughout the test section area, these deposits being 

'consolidated and vertically displaced beneath the existing levee • 

.. 
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Also not.iceable in Fig. 5 is the dramatic increase in 

natural water c~ntent and plasticity above the layer of brown 

peat. Krinit~sky and Smith (1969) studied backswamp deposits 

•'• in the Atchafalaya'Basin and identified three main depositional 

I .. 

environments: lake, well-drained swamp, and poorly drained 

swamp. All cLre composed ··"largely of highly plastic CH clays 

but the poorly drained swamp gives the highest plasticity and 

the well-drained swamp the lowest, with lake deposits inter- · 

mediate. It i~·· likely that this upper layer is poorly drained 

swamp materictl corresponding to rapid sedimentation and 

frequent flooding from the Atchafalaya River. ·The underlying 

materials are~ from lake and well-drained sw~rnp environments. 

Other than this high water content layer and the underlying 

dark brown pE~at layer, there is no regular layering apparent in 

the visual classification boring logs.· The soils below the 

peat layer a1:e therefore ~thought to be. relatively uniform 

deposits laid down by the Mississippi River before the formation 

of the Atcha~alaya Basin. 

SOIL PROFILE AND STRESS HISTORY 

Prior b> any levee construction at the site, the entire 

area was le~!l at El. +1 to +2 ft. Levee construction since 

the early 19.JOs consisted mainly of excavating material from 
·:;.,t. i,t 

··the adjacent waterway to form the levees. This gave the 
; ;.·I, 

Qr,iginal gro11nd profile shown in Fig. 1. The site investigation 

·. program for the test sections· consisted of five borings at each 

~·of six stations through the site. In each case the borings 

·'·· 
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were located at the levee centerline and at 105 and 180 ft 

offsets to each side of the centerline. A major ·laboratory 

testing program gave Att~rberg limits, natural water content 

(wn}' total un~t weight (yt} and Uncon~ined (U} an~ Unconsol­

idat.ed Undrained (UU} strength data for each boring. Field 

Vane (FV} tests were also performed adjacent to each boring. 

Analysis of t.hese data showed that borings at the same offsets 

exhibited the:. same trends and values at each of the six stations. 
'I 

It was furthe!r found that these trends and values were sub-

.stantially the same for all th~ lOS and 180 ft offsets. These 

?ffsets we·re all outside the existing levee and it seems they 
·.! 

were indicative of the virgin soil profile prio~ to any levee 

. construction. 

Fig. 6 shows bands of wn' 'Yt and FV data encompassing the 

~verage lines drawn for each 105 and 180 ft offset. The 

occurrence of such well-defined bands testifies to the regular-

ity of the foundation soils and is also indicative of some form 

~f detailed layering in the profile. rt·can be seen that below 

El. -40 ft tite trends in the 'Yt and ~V data generally match each 
, 
.other very closely -while the reverse trends are seen in the wn 

data. Thus around El. -SO and -80 ft there are high values of 
. ··~. ·, 

· :Yt and FV st::engths and low wn values, with the opposite 

·occurring at El. -65 ft. The likely explanation for these trends 

.~s that they correspond to variations in overconsolidation ratio 

~. (OCR) throug~ the profile, an increase in OCR typically being 
. \ 

accompanied by an increa~e, in yt and FV values and a decrease 

in w . Geologically·, this would suggest a change in depositional n 

. . ~~ . 
·"~· . 

. r. 

· ... ; ': ~:. . 
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environment w~th an increased amount of desiccation when the 

ground level was at the elevations now-exhibiting overconsolid-

ation. 

Thus it is likely that layers of overconsolidat~d soil 

were present in the profile at approximately El. -so and -80 ft. 

To evaluate t.his possibility further_,;) a detailed study of the . : 

~tres~ history of the qite was made. :The average vertical 

effective ove~rburden stress (a ) profile at each boring offset vo 
was determine~d ·from y t and pre-construction pore pressure qata. 

The maximum past pressure (avm) data for each offset were also 

plotted and again it was found that the data from each of the 

105 and 180 ft offsets showed the same trend with depth. To 

reduce the scatter in the values of ovm' many of the original 

oedometer test data (USCE, 1968) were replotted as stra.iri vs. 

log.vertical stress using the same plottin.g scales for all tests. 

Fig. 7 shows the resulting avm data ~long with the values from 

later tests run at-M.I.T. on samples from a nearby borehole. 

Also shown is an average curve throug·h the data and the a . vo 

profile for 1:he 105 ft _ floodwayside (FWS) borings, which is 

very similar to the profiles for all 105 and 180 ft offsets. 

The effect of recalculating the data was to reduce the scatter 

but with ver~t little change in the average values indicated by 

the original data. Accordingly, the average curve shown on the 

figure was considered to represent the ~ variation with depth .vm 

in the virgi~ soil profile. This revealed o~erconsolidated 

layers which correspqnd~d well with' those indicated previously. 

These layers were assumed to apply throughout the test section 
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foundation area, except where previous levee construction had 

added significant loading •. 

Beneath the levee centerline, previous construction had 

raised the a values above the a profile shown·in Fig. 7. vo vm · . · 

Thus the soil in that. region should be normally consolidated 

except for a drying crust. This was found to be the case when 

a data f-rom the centerline borings were recalculated and vm . 

compared to the a profile. vo 

SOIL PROPERTIES 

The properties ·of the test section backswamp deposits were 

investigated in the site investigation testing program (USCE, 

1968), in a series of special UU tests reported by Duncan (1970), 

and in a tes1:ing program conducted at M.I.T. (Ladd et al., 1972). 

As noted earlier, the NSP Concept and SHANSEP were used 

extensively 1:hroughout the investigation. The NSP Concept 

derives from the empirical observation that, for many clay 

soils, samples with the same OCR but with differe~t consolidation 

stresses yield strength and modulus results (when sheared in 

the same type of test) which can be normalised to give constant 

values for all consolidation stresses •. Thus, for a specific 

laboratory test, values of s /a (undrained strength/vertical 
u vc 

effective consolidation stress) can be obtained as a function 

of OCR and applied to other consolidation stt"esses. Similarly, 

values of undrained modulus (Eu) can be normalised with respect 

to su for a given stress level, type of test and OCR. The 

SHANSEP method uses the NSP Concept in analysis by applying 
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normalised scil parameters from appropriate consolidated 

laboratory tests to the in situ effective stresses and OCRs. 

This allows many of the effects of sample disturbance to be 

overcome, sir..ce these effects reduce with increasing consol-

idation. The~ laboratory tests are also chosen to model the in 

situ stress system as closely as possible, thus including 

undrained strength anisotropy in the analyses. Practical 

experience with the use of SHANSEP had indicated that the 

results of Direct Simple §.hear (DSS) tests yield normalised 

strength parcLmeters appropriate for stability analyses involving 

long flat fal.lure surfaces, and normalised modulus parameters 

which seem te> be reasonably suitable for finite element analyses 

of similar le>a~ing situations on plastic clays. This latter 

is a purely E~mpirical observation, but as shown by D'Appolonia, 

Poulos and Ladd (1971), moduli have-to be selected empirically. 

The soil parameters used for the analyses were s ja as a . . . u vc 

function of OCR for plane strain compression, DSS and plane 

strain extension tests. Also required were values of E /s as u u 

a function of stress level from DSS tests, K (coefficient of 
. 0 

lateral earth .pressure at rest) as a function of OCR, and pore 

pressure parameters. 

Fig. 8 :>hows s /a versus OCR from consolidated-undrained 
u vc 

DSS tests. Based on a comparison of test results from normally 

consolidated samples, these data were multiplied by 1.08 to 

give plane s·train compression values and 0. 92 to give plane 

strain extension values. Fig •. 8 also shows values of E /s at u u 

different st:ress levels based on average data from normally 
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consolidated DSS tests. In this figure, stress level is shown 

as ~q/~qf (in~rernent of shear stress applied, 6q, divided by 

the increment required to cause failure, 6qf). These data were 

used throughout the finite element analyses, the variation of 

modulus with OCR being small enough within the existing range 

of OCR values to be neglected. K values were obtained fr6rn 
0 

laboratory te!sts and found to agree well with those publ.ished 

by Brooker and Ireland (1965) for a soil of plasticity index 

(PI) = 40-80~;. Considerable variation in pore pressure parameters 

was found for the vario.us types of consolidated-undrained tests 

and it was not possible to select any average va~ues for general 

use in the analyses. However, a range of values was identified 

for consideration in pore pressure analyses. 

The datct presented in Fi9. 8 were obtained from the M.I.T. 

laboratory tE~sting program which used samples from below the 

upper layer of high-water-content material described previously. 

Specific tes1:s for this material were not perf.ormed. However, 

data from the USCE (1968) testing program indicated that the 

same normalised parameters applied to both this upper material 

and the underlying soils, and so the data of Fig. 8 were used 

throughout the profile. 

DEVELOPMENT OF FINITE ELEMENT MODELS 

The fin.i.te element models used the FEECON program (Simon 

et al., 1974), a versatile program with a capacity of 500 

elements and nodes. It allows both bilinear and hyperbolic 

stress-strain representation of up to 25 different "soils" and 

inclusion of embankment stiffness. The program allows modelling 
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of the test section loading sequence, but it contained no 

provision for re-evaluating the yielded zones in the foundation. 

Thus, once an element was classified as yielded, it remained so 

classified for the rest of the analysis, even though with a 

complex const.ruction sequence such as this (see Fig. 1), sub­

sequent adjacent loading will often result in a decrease in the 

shear stress acting on an element. This problem was overcome 

by modifying the bilinear option of the program to enable it to 

re-evaluate t:he yielde4 elements and restore them to an un-

yielded classification (and thus ascribe to them the much 

stiffer, unyielded properties), if the next load increment 

would result in a reduction in the element's shear stress level. 

With this modification, it was possible to correctly model the 

construction sequence with the bilinear method of stress-strain 

representation. 

As noted earlier, very little pore pressure dissipation 

occurred during construction and ~o the end-of-construction 

situation represented an essential~y undrained loading of the 

test section foundation. The practice developed for finite 

element modelling of undrained loadings is to use a value of 

Poisson's ra;:io (v) close to 0.50 but still keeping the term 

l/(l-2v) discrete. Also, the bulk modulus (K) of the soil is 

kept constant at all shear stress levels. This represents an 

attempt to model the high and constant bulk modulus which is 

characteristic of an undrained soil, within the limitations of 

the finite element formulation. For the test section analyses, 

a value of vi (v. •t• 1 > of 0.47 was used along with a 
~n~ ~a 
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corresponding vy (vyielded) of 0.49970 for the bilinear 

representation. However, the value of .v was found to be im-

portant and analyses were also made with v
1 

= 0.49, vy = 0.49990. 

The first stage in d~veloping the ~est section models was 

the preparation of the su profile through the test section 

foundation. This ·was done using the SHANSEP method by applying 

the normalised strength parameters selected above to the stress 

historie~ developed earlier. This involved the evaluation of 

avo and crvm values at points throughout the foundation, cal­

culation of t.he OCR (a /a ) at each point, and multiplication 
vm vo 

of the corresponding su/crvc by that value of crv~·to give su. 

The resulting· profile is shown in Fig. 9, with discontinuities 

at El. -45 and -70 ft corresponding to the top of the over-

consolidated layers. The values shown are for the plane strain 

compression stress condition, the computer program automatically 

ad~usting the! value for changing stress systems. 

The next: stage involved the development of a finite element 

grid and division of the .foundation into the 25 different "soils" 

allowed in the program, each considered to have constant 

properties throughout its zone. The models were developed for 

use with the bilinear option of FEECON. Due to the wide 

variation in undrained modulus with stress level (see Fig. 8), 

a procedure \las developed to select an initial modulus for each 

"soil" based on the average stress level in the "soil" at the 

end of construction. This involved a preliminary computer run 

tising estima~ed initial moduli to evaluate the average final 

stress level for each 11 Soil." The modulus corresponding to 
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that stress level was then sel~cted from Fig. 8 and used for 

that "soil" in a further computer run. After two or three 

iterations of this selection process,·the final stress levels 

showed little change from one iteration to the next and the 

correspondinc;r moduli were used for the analyses. 

The finite element models also required input of initial 

stres~es. On the basis that the in~tial ground surface was 

generally quite flat, the models were established using the 

initial stref;ses which would exist with a horizontal ground 

surface. For this condition, the initial stress level is given 

by (Davis and POtilos, 1968): 

1 - K 0 

2su/ovo 

where the appropriate· su is that for the plane strain com-

pression oondition. 

Both K and s /cr in this expression are functions of 
0 u vo 

OCR, and so a characteristic value of initial stress level for 

each OCR was calculated, ranging from 0.635 at OCR= 1 down to 

zero at OCR == 3 to 4. A value of a was developed for each vo 

"soil" which gave the appropriate initial stress level for its 

OCR, and thin value was used throughout the "soil." 

DEFORMATION AND STRESS ANALYSES 

The basic deformation and stress analyses used bilinear 

stress-strain representations and vi= 0.47. The highly stressed 

and yielded :~ones are shown in Fig. 10 and the undrained 

lateral deformations are compared to the measured deformations 

in Fig. 11. Results at the end of various construction stages 
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(see Fig. 1) are shown and the construction stages themselves 

are indicated in Fig. 10 by the amount of test section material 

shown in plac:e. 

The end-·of-construction lateral deformations agree 

reasonably WE!ll with the measured values, particularly in the 

shapes obtained, although there is a tendency for underestimation 

of the measured values to floodwayside, especially with Test 

Section II. The lateral deformations at the end of phase 3 of 

construction are also in reasonable agreement with those 

measured. However, the predicted deformations for this inter­

mediate construction stage should only be considered qualita­

tively, since the moduli used in the analyses were selected 

for the end-of-construction stress levels. 

The yie:_ded and highly stressed zones shown at the end of 

construction. lie generally in the El. -20 to -40 ft zone where 

the large lateral shear strains were observed in the foundation 

materials. ~~hese same shear strains are clearly apparent in 

the lateral deformations predicted by the models. Thus it 

seems that the basic models represent the. measured test section 

behaviour reasonably well, although with a tendency to under­

estimate the lateral deformations to the floodwayside. 

The models were then adapted for use with the hyperbolic 

stress-strain option of FEECON. This option automatically 

adjusts the modulus of each element based on its individual 

stress level, and so it served as a check on the modulus 

selection procedure developed for the bilinear analyses. It 

was not possible to model the construction sequence using this 
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option but it had been observed with the bilinear models that 

very similar end-of-construction.results were obtained whether 

or not the ccnstruction .sequence was represented. Therefore 

it was considered that by applying the test section load in 

regular increments across the full width of the test section, 

the hyperbolic option could be used to· investigate the end-of­

construction situation. Hyperbolic relationships were developed 

which correspond to· the modulus-stress level relationship used 

for the bilinear models (Fig. 8) ~nd analyses were made using 

input data closely corresponding to that for the bilinear~ 

v = 0.47 analyses. 
I 

The results of these analyses agreed quite well with the 

bilinear model results. The lateral deformations were very 

similar, indicating the suitability of the modulus selection 

technique used for the bilinear representation. The highly 

stressed zones w~re also reasonably similar, both showing 

highly stressed material between El. -20 and -40 ft although 

with some di~ferences of size and precise location. This 

variation results from the greater flexibility of the hyperbolic 

model which, by assigning a modulus appropriate to the precise 

stress level of each element, avoids the over- and under~stiff 

elements whic:h inevitably result in the bilinear model from 

assigning an average modulus for use throughout each "soil." 

In both test sections, the variation became quite significant 

beneath the floodway'side toe dike,· the hyperbolic model for 

Test Section III indicating only a small highly stressed zone 

and that for Test Section II indicating none at all. This is 

a region of large change in stress level from one element to 
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the next and the reason for the discrepancy was the need to 

apply over-stiff moduli to a few elements as part of the bilinear 

averaging process. In such cases the bilinear model can and 

did yield misleading· results. 

When a ~I value of 0.49 was used in the bilinear models, 

a major reduction in the size of the yielded and highly stressed 

zones was obtained, particularly to the floodwayside. This was 

accompanied by a large decrease in the floodwayside lateral 

deformations although the landside deformations were relatively 

unchanged. J~n an~lysis using vi of 0.495 resulted in further 

changes of the. same type. Hyperbolic models c·orresponding to 

these. vi. = 0. 4.9 bilinear analyses yielded similar results and 

Fig. 12 compares the results of hyperbolic analyses for Test 

Section III using vi = 0.47 and 0.49. 

Investi~ration of this vi effect showed that change. in vi 

had little effect on the vertical stress incremen~s predicted 

by the models but a large effect on the horizontal stress 

increments and hence on the final shear stress levels. This 

in turn affects the size of the highly stressed.zones, the 

moduli used and the lateral deformations obtained. The physical 

reason for this is the lower compressibility associated with 

an increase in vi. Thus when loaded vertically, the less 

compressible material tends to move out laterally more strongly 

than does th•~ more compressible, low vI rna terial, so generating 

larger horizontal stres~ increments. This effect is more 

noticeable beneath a wide loading than beneath a narrow loading, 

for the horizontal stress increments are themselves larger 



- 18 -

beneath the wide loading. This explains why the effect is more 

pronounced beneath the wide floodwayside test section slopes 

than beneath the narrower landside slopes. 

It is not possible to say which vi value is ·fundamentally 

the more correct. Exarninationof the bulk modulus values assoc-

iated with beth vi = 0.47 and 0.49 indicated that either could 

be appropriate for the test section foundation assuming just a 

slight amount. of consolidation or incomplete saturation. Also, 

small variations in the values of s and K used in the analyses 
u 0 

can affect the results iri a similar way to varying vi. Thus a 

hyperbolic analysis with s values reduced 10% and v = 0.49 
u I 

increased the~ highly stressed zones .and lateral deformations 

to give results similar to those obtained with vi = 0.47. 

There are two additional factors which would.influence the 

model predictions and which are not included in the models. 

The first of these involves the assumption of K conditions 
0 

throughout the foundation and the associated neglect of initial 

horizontal shear stresses. The original ground profile was 

quite flat, hut some horizontal shear stresses· certainly were 

present prior to construction, particularly near the existing 

levee. If included in the model, these would have caused more 

yielding and larger lateral deformations. Approximate stability 

analyses of, the pre-construction profile indicated that the 

floodwayside was less stable than tpe landside,- and so this 

effect would be more noticeable on the floodwayside. The 

second factor cbncerns creep movements. Large creep deform­

ations were observed after the end of construction, particularly 
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on the flood~·ayside of the test sections and especially at Test 

Section II. The mechanisms giving the~e creep deformations 

must have cau.sed significant movements by the end .of qonstruction. 

They are not included in the models but were the subject of a 

separate investigation by Edgers et al. (1973). 

Thus, it must be recognised that the models themselves are 

not perfect c·.nd that an empirical content is unavoidabl.e. 

Absolutely correct values of the input parameters cannot be 

obtained and all factors influencing the test section behaviour 

are not included in the model. However the results obt·ained 

from. the various analyses do lie within a fairly well-defined 

band. Quali1:atively there is relatively little variation in 

these results, with their concentration of highly stressed 

zones and large lateral shear strairts in the El. -20 to -40 ft 

region. This was observed·to be the major behavioural character­

istic of the test sections. It is a very pronounced feature 

in all the results and so it is most unlikely that uncertainties 

and inaccuracies in the model are seriously affecting the 

fundamental =~ndications of the test section behaviour which are 

obtained. 

Having accepted an empirical content in the models,. it is 

appropriate i:o select parameter values which ·collectively give 

gopd results. On this basis, the VI= 0.47 b~linear models 

described above, supported by similar hypei;'bolic analyses to 

check the end-of-construction yielded zones, are thought most 

suitable. With .judge~ent, it is considered that the techniques 

used to develop them could be applied to similar analyses of 

Atchafalaya clay foundations. 
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PORE PRESSURE ANA~YSES 

Closed system piezometers were installed at three stations 

in each test ~ection, the piezometer tips being located as shown 

in Fig. 2. linfortunately no tips were located.in the deep 

overconsolidated layers. 

Pore pressure increments were predicted using FEECON, which 

calculates the increments. by means of the Henkel (1960) equation: 

where a and k are pore pressure parameters, 8u is.the pore 

pressure increment, and 8a t and 8-r t are increments of oc oc 

octahedral normal and deviatoric stress respectively. These 

two stress· changes can be interpreted in turn as an increment 

of hydrostatic stress and an increment of shear stress. 

Based on the experiences of H6eg et al. (1969) and 

D'Appolonia, Lambe and Poulos (1971), the basic predictions 

were made wi~h a and k values of zero, giving 8u = 8a t• oc 

Using the bilinear model with v
1 

= 0.47, increments were cal-

culated_ corresponding to the end of stages 2, 3 and 4 of 

construction. The results are shown in Fig. 13, along with the 

average mea~11red increments. A plot of the end-of-construction 
I 

predicted da·ta compared to the average measured data on July 1, 

1965 is also shown. This was six weeks after the end of 

construction and it corresponds to the highest measured pore 

pressures, the post-construction increases presumably being the 

result of creep movements. As can be seen, the use of 8cr t oc 

generally re:;ulted in quite good prediction of the measured 
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increments, although there is a tendency to overestimate the 

measured values near the surface. This is probably indicative 

of some consolidation or incomplete saturation in this region. 

There iE very little consistent ind~cation of sizeable 

pore pressure increments due to ~T t• The reason for this oc 

became clear after ~Toct was calculated for various locations 

in the founda.tion. In all cases it was found'to be very small 

compared to t.a t, this being a consequence of the very wide, oc 
relatively one-dimensional, test section loading. Thus the 

shear in~uced pore pressures were prqbably minimal when compared 

to the hydrostatic increments. Also, if significant strain 

softening had occurred in the foundation, it would typically 

have been accompanied by additional, sizeable ·increments of 

pore pressurE! due to· load transference associated with collapse 

of the soil Btructure. The absence of such measured increments 

indicates that no large strain softening (and therefore no 

progressive failure) occurred, at least in the soil around the 

piezometer t:_ps. 

Hoeg et al •. (1969) noted that a break in the por~ pressure 

vs. embankment elevation relationship was obtained when the soil 

around a pie:~ometer tip experienced yielding. Knowledge of the 

embankment elevation at which this break occurs can be used to 

deduce inforination regarding the in situ s and initial stress 
u 

conditions. An attempt to use this technique was made by 

e_xamining the~ centerline piezometer data obtained during the 

placement of the test section crest material (stage 4 in Fig. 1). 

However, no Ineaningful results were obtained from.the analyses, 

which for suGcess would require a more detailed measurement 
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program than that employed. (Note: The test sections were 

constructed ~everal years ·before this method of analysis was 

developed.) The inability to separate out creep induced pore 

pressures and the effect of placing additional material in each 

construction lift to compensate for settlement, are thought to 

be the principal reasons for the lack of success. It is also 

possible that: this technique is not applicable to such plastic, 

creep susceptible soil. 

STABILITY ANALYSES 

The principal stability analyses were undrained circular 

arc analyses· using a foundation strength profile developed 

using SHANSEP with direct-simple shear strength parameters. 

This strength profile was ·identical to the plane strain com­

pression profile of Fig. 9 except the strengths were multiplied 

by 0. 9 2 to convert them to DSS values. The re.sul ts of the 

analyses are presented in Figs. 14 and ~5, showing contours of 

factors of safety plus the minimum values and their corresponding 

arcs. Test Section II is seen to have factors of safety of 

approximately unity on both slopes, but with the value for the 

lands ide slope some .6% higher than for the floodwayside slope. 

The values for Test Section III are generally 10% to 15% higher 

than those of Test Section II. The critical surfaces of Test 

Section III are similar to those of Test Section II but there 

is an additional region at the floodwayside toe dike which is 

shown to be most critical. There is great uncertainty regarding 

the accuracy of the factors of safety obtained in this region, 
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since no borings were made at this offset and the strengths 

are based on the ge~er~l construction and geological histories 

of the site. However, a large amount of material was placed 

in the toe dike of Test Section III and it is very possible that 

this region was indeed the most unstable part of the embankment. 

The factors of safety obtained from these analyses are 

thought to be generally appropriate, although they may be 

slightly too low. Five months after construction, the floodway­

side of Test Section II was observed to be on the verge of 

failure, with longitudinal cracks in the crest and large lateral 

deformations. A factor of safety of about 1.0 would seem 

suitable for this slope. Similarly, the large lateral creep 

defor~ations of Test Section III would indicate a low factor of 

safety such as was calculated. 

Effective stress circular arc analyses using the Simplified 

Bishop method were also made, using c = 0, cp = 24° for the 

normally consolidated soil and c = 50 ps.f, (j) = 24° for the over­

consolidated layers. These values are based on the results of 

the M.I.T• testing program (Ladd, et al., 1972). The pore 

pressure data were obtained from the highest measured values, 

extrapolated through the rest of the foundation using values 

predicted by FEECON with ~u = ~aoct• The· factors of safety 

obtained from these analyses were very much higher than those 

from the undJ:ained analyses and they are considered to over­

estimate the in situ stability by between 20% and 50%. The 

cri;tical surfaces, however, were similar to those for the 

undrained analyses. The main reason for these high values is 
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thought to be the difficulties associated with obtaining 

precise pore pressure data throughout the foundation soils. 

Morgenstern-Price effective stress analyses of sliding wedge 

surfaces similar to the critical surfaces from the Simplified 

Bishop method, were also made. These agreed well with the 

Simplified Bishop circular arc results. 

To investigate the use of unconfined (U) and triaxial (UU) 

strength datcl 1 circular arc undrained analyses were made for 

the floodwayside of Test Section III using. the original design 

strength profile developed from such dqta (USCE, 1968). The 

factors of f?cLfety obtained were some 30% higher than those 

obtained with the SHANSEP strength profile.· They are considered 

to overestimate the in situ stability due to overestimation of 

'the in situ strengths· by U and UU tests, as discussed in detail 

by Ladd and Foott (1974). 

The u and UU strength profile for' Test Section III had 

originally been analys~d ~sing the undrained sliding wedge 

method (USCE, 1968). Comparison of the results of equ~valent 

circular arc:> and sliding wedges showed that the arcs gave 

higher factors of safety. A series of Morgenstern-Price 

und.rained analyses of sliding wedge surfaces was made to 

resolve this difference. The factors of safety obtained agreed 

well with the~ circular arc values and indicated that the sliding 

wedge method of undrained analysis underestimated the factor of 

safety of a trial surface. This underestimation was small for 

long surfaces but became much larger (25% to 30%) with short 

deep surfaces. It is thought to be .due to the neglect of 
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inter-wedge ,sliding resistance in the sliding .wedge method of 

analysis usee. 

Finally, the method of undrained analysis suggested by 

Bjerrum (197~:) was used. This applies a correction factor to 

the factors c,f safety-obtained using field vane strength data, 

the correction factor being a functionloflthe P.I. or the soil. 

For the Atcha.falaya clay with an average P.I. of 70%, the 

correction fa.ctor is 0. 70. Use of this method again gave results 

which significantly ov~restimated the in situ factors of safety. 

However, the location of critical circles was very similar to 

those obtaine!d from the SHANSEP analyses and u_se of a correction 

factor of 0.~·0±0.05 would have given reasonably good results. 

This value mi.ght be developed empirically for use with the 

Atcha£alaya clays, but it should not be relied upon uptil it is 

supported by additional experience. 

Table 1 presents the minimum factors of safety obtained 

from these VcLrious analyses. 

INTERPRETATION OF TEST SECTION BEHAVIOUR 

It was e~arlier concluded that the most important aspect 

of the test section performance was the large lateral shear 

strains which occurred between El. -20 and -40 ft and the 

highly strese:ed zones which must accompa-~y them. Understanding 

these was considered to be essential to an understanding of 

the test sect:ion behaviour. 

Useful insight into the presence of these zones has been 

obtained fron1 ·the study. The basic reason for their presence 

is found in t:he .results of the stress history analysis which 

I 
I 

I 
I 
) 

I 
j 
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revealed the presence of overconsolidated layers below El~ -45 

ft through most of the test section foundation, and of an over­

consolidated drying crust above El. -10 ft. These layers have 

both higher strengths and lower initial shear stress levels than 

the intermediate normally consolidated material. Thus the 

increment of shear stress required to cause an. undrained shear 

failure in the normally consolidated soils between El. -10 and 

-45 ft is considerably less than that to cause failure in the 

neighbouring material. This is the basic situation which leads 

to a concentration of the highly st~essed and yi~lding material 

in the·El. -~!0 to -40 ft zone, with associated high lateral 

strains. 

The~confinement of the ~igh lateral strains to this 

·distinct zonE~ is indic~ted by analyses of· deformations, stresses 

and stability. Fig. 16 compares the results of these analyses 

by plotting critical arcs from the stability analyses along 

with the yielded and highly stressed zones and the lateral 

deformations. These results are seen to be compatible, with 

good agreement between the critical arcs and the yielded and 

highly stressed zones and reasonably·good agreement between the 

critical arcs and the zones of high lateral shear strain. 

However in these results it should be noted that only one 

critical arc was tangent to El. -45 ft and similarly the yielded 

zones are generally well above El. -4 5 ·ft, although the highly 

stressed zon·as do usually extend down to that elevation. From 

this it foll·:>ws that the test section geometries and the strength 

variations within the normally consolidated material, aiso 
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played an important part in determii}ing the chara<?teristic 

behaviol:}r. 'rhus all of these factors must be considered in 

evaluating the performance of levees constructed on these soils. 

E:VALUATION OF THE METHODS OF ANALYSIS 

In eval~ating the usefulness of the methods of analysis · 

and particularly their applicability to the soft, highly plastic 

Atchafalaya clays, the following comments apply. 

The soil profile and stress history study yielded essential 

data regarding the presence of the overconsolidated layers in 

the foundation clay. This information evolved from analyses 

of the maxim~~ past pressure, field vane, unit weight and water 

content data and from the geological.history. No indication 

of the presence·of these layers was obtained from u and UU data, 

probably due to the effects of sample disturbance (see Ladd 

and Foott, 1974). Evaluation of the stress hist.ory was 

facilitated by recalculating the maximum past pressure data by 

replotting the consolidation test results as strain vs. log 

stress using the same scales for all tests. 

The use of SHANSEP was essential in developing both the 

finite element and stability models, which are believed to be 

fai;r.ly reliable. The relative success of the finite element 

analyses provided further empirical support for the use of 

direct simple shear (DSS) modulus data, even with this very 

low-modulus 1\tchafalaya clay. A method of selecting moduli for 

bilinear stress-strain relationships based on final stress 

levels was developed and found to give similar deformation 
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results to tr..ose obtained usi~g hyperbolic relationships. Use 

of bilinear relationships did, however, result in some dis-

tortion of tte yielded and highly stressed zones. The value 

of Poisson's ratio used to represent undrained loadings was 

also found to be. important, particularly beneath the central 

portion of a wide loaded area. 

Undraine~d pore pressures were modelled quite acc-urately 

using ~u = ~c t• The lack of a noticeable pore pressure oc 

component dUE! to ~T t was probably caused by the fact that oc 

~T t was very small compared to ~cr t• Very little insight oc 0 • • oc 

into the characteristic behaviour of the test sections was 

obtained fron1 the pore pressure analyses, and it is considered 

that monitoring pore pressures would be of little use for 

controlling construction with.this $Oil, although SUCh data 

are required for consolidation analyses. 

Undrained circular arc analyses using DSS strength data 

in a SHANSEP profile were found to be the most appropriate for 

the test sec1:ions, further supporting the use of DSS data for 

this type of analysis~ Use of U and UU strength data in this 

case gave too high resu~ts. Also use of the undrained sliding 

wedge method of analysis was found to underestimate the factor 

of safety, this becoming significant with short, deep, failure 

surfaces. E:Efective stress analyses gave factors of safety 

which were w1ch too high, perhaps due to difficulties in getting 

sufficiently accurate pore pressure data. Finally the Bjerrum 

{1972) method of using field vane strengths with a correction 

factor was found to give·factors of safety which were too high. 

However use of a lower correction fac~or gave quite good results. 
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It is concluded that the available methods of analysis 

collectively gave a good representation of the observed 

behaviour, especially regarding the fundamental mechanisms. 

With judgement, it is considered that they could be applied with 

confidence to the evaluation of alternative construction tech-

niques in the Atchafalaya region, using empirical data and 

correlations from this study. 

SUMMARY A~D CONCLUSIONS 

The performance during construction of two flood control 

levee sections founded on a deep deposit of soft backswamp clay 

was thoroughly analysed.regarding urtdrained stability, lateral 

deformations, excess pore pressures, and zones of local 
\ 

yielding. The first step in the analyses was development of 

the stress history of the·soil deposit, which identified 

overconsolidated layers that strongly influenced the overall 

behaviour. Normalised soil parameters, such as undrained 

strength, undrained modulus, and K
0

, were measured in the 

laboratory an a function of overconsolida.tion ratio. These 

data were thr~n combined to. compute the· soil properties required. 

for limiting equilibrium and undrained finite element analyses. 

Total s~ress circular arc stability analyses based on 

consolidated--undrained direct simple shear tests gave reasonable 

factors of s.~fety whereas analyses based on unconfined compression 

tests and fi·~ld vane tests (with and without Bjerrum's correction 

factor), erred on the unsafe side. Effective stress analyses 

using end-of-construction .Pore pressures also gave factors of 

safety that ·,o~ere too high. 



- 30 -

Undrained finite element analyses correctly located the 

zones of maximum shear strain which were fundamental in 

governing the overall behaviour. 
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MINIMUM FACTORS OF SAFETY FROM STABILITY ANALYSES 
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SHANSEP strengths using ; 1.03 I 0.97 I 1.14 1 ..L • ..L, \.Luo. ...... u ~..Lvt'~l 
~DSS data ~ ! 1.06 (toe d1ke) 

0 

Circular arc, undrained with 
USCE (1968) strerigths from U 
and UU test data 

Sliding wedge, undrained with 
USCE (1968) strengths from U 
and UU test data 

Circular arc, effective 
stress 

Circular arc, undrained with 
FV strengths and 0.70 correc­
tion factor (Bjerrum, 1972) 

Circular arc, undrained with 
FV strengths and 0.50 correc­
tion factor 

1.54 

1.54 

1.10 

1.56 (main slope) 
1.28 (toe dike) 

1.30 

0.93 

1.93 

1.73 

1.24 

1.42 

1.26 

1.74 (main slope) ' 
1. 20 (toe dike)-

1.46 (main slope) 
1.22 (toe dike) 

1.04 (main slope) 
0.88 (toe dike) 
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APPENDIX - NOTATION 

a = pore pressure parameter 

-c = cohesion 

DSS = direct-simple shear 

E = u undrained Young's modulus 

FV = field vane 

K = bulk modulus of compressibility 

K = coefficient of lateral earth pressure at rest 
0 

k = pore ~ressure parameter 

NSP = normalised soil parameter 

OCR = overconsolidation ratio 

PI = plasticity index 

s = undrained shear strength 
u 

SHANSEP = stress. history and normalised soil engineering properties 

0' = unconfined compression test 

uu 

a vc 

a vo 

Aaoct 

AT oct 

= uncons.olidated undrained compression test 

= natural water content 

= total unit weight 

= vertical effective consolidatio~ stress (laboratory) 
\ 

= in situ vertical effective overburden stress 

= maximum past pressure 
I 

= pore'pressure increment 

= octahe~dral normal stress increment 

= octahedral devi~toric stress increment 

v = Poisson's ratio 

vi = initial Poisson's ratio 

vy = yielded Poisson's ratio 

~ = slope of Mohr-Coulomb failure envelope 
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