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ABSTIIACT

Severe levee cracking was observed along a section
o£ a levee in the SacrameRto Delta area of California.
An extensive proqram of geotechnica~ -~nvest~gat~o. and
treatment was performed. The results of the investiga-
tion point to the danger of considering only
equilibrium factors of safety for highly deformable peat

£ore orlt~ca~ stability Is i~cated.

X~TROD~CTIOH

3he~an Island liss %n California at the western
limit of the ~cramento-S~n Jo~quln Delta. Like most of
the delta islands, it Is predominantlM ~low sea
and protected by perimeter ~evees which were b~i~t
peaty soils. The levses were orlqlnally ~onstruoted
the ~868’s, Rnd have bee~ eslarged psriodi~ally ~s
ad~ace.t la~ subsided. ~n ~ecen~ years, the levees have
beel~ m~inta~ed to ~he extent possible given the limited
available funding, attd they are regularly inspected by
~he loc~l Reclamation District. The ~slaDd was ~looded
in 1969 ~ollow~ng a levee failure, b~t s~.ce that time
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The r;c:~nq ~amples were r0utiaei7 subjected to a ha- p~a~ is sho~n ~n F~gur~ 3, with the Jocat~on o~ sect. i0r~.

>ic labo~’ato~’y testin~ program o~ moisture/density A, C and D, borings, inclJnometers 5:~d piegoneters also

d~,t~r:,]n.~r:on and To~vane strength testing. In addltJon, shown. A database for Sectioa A was dewelo~,e~ firs~

~ul,..,:ted ~anpJes wece u:;ud f~r consolidation testJrlg and used fo~ analysis of the area, with data tnr Sectio,s

t’,,conso]idatud Undrained (~U) shear strength tasting, and D developed thereafter.    The three sections were

Direct :~i:.ple &he~r (DSS] testing was performed os one found %o be very similar, allowing data from all

~ample of peat a~,d on~ sample of the silty clay.    The to be co,sldered c~llectively.
field and laboratory data are introduced as appropriate
~n subsequent sections of the paper.

I
SUBSD£FAC~ COMDIT~ONS

Th~ levee~ of inte~’est are constructe~ along th~
no~her*: b.~nk of the Sa~ Joaquin ,River, which flows in a [ ~ ¯

deep ch~,,,,el on an ~1 ignment ’which has probab,y been ~e[-
~ /

:~I~,.rman l~;[an:l e;oi/ p:of~le.    For present purposes, that "~~~ ¯ .... ~ ............ I .... ~ ~-+ %

~;and st~-at’Jm below approximate ~l -70 ft {N~VD).    Pore ~[ :,~
.~

:~,    ~%~ ¯
water he.~d ~levat~ons ~n that stratum appear to relate

~c!r,seiy ~0 the river surface elevations, suggest~]~g that I

~buv,: the ~and i~ a L~yer 0# silty clay, most proba-
bly ~ay M~c] laid down as the sea leve~ rose fol/ow~ng the Figure 3 S~te Plan of Main Crack Area

J.~st ]cc. Age. The clay stratum is on the order of 20 ft
thick ar,,~ overlain by peals which. [,~ their l~at~ra] Figure 4 presents the profile through the levee

£t~l.e, ore up to about 40 ~t thick and extend to the ~s- Section A, in~ludlng t~e subsurface soll strata. A thick

]~r,(l s~ufa,:’e.    Upw.~rd seepage occur& thl’oug~ the clays levee [[II is apparent, overlying interbedded silt~ and

~:,~i l~eats fr,~:, ~he a,-tes~a~ conditions in the un<~erly~ng pe~ts beneath the levee ~r~st and t~uught to be old

~:anS. with seep ~ater typically drained off, uollected, ral levee deposits, which grade into thick peat deposits

~nd pumped out of the island via a series of dlai~age be~atb and beyond the la~dside be~. A silty clay

d~tches flowing to a pumping station, posit beneath the peat then underlies the entire site,
above a deeper stratum of sal]4y soils. A toe ditch

Dune~th the levees, the natural soil profile is sod- present o~tside ~e
i~ed by the <.onsiderab]e weight of ~eveu f~l, with re-
:-ultant s~ttlemeut (up to 20 to 30 ft) of the original

The i~oreased depth of levee fill to landside o~ the

p,.at surface, accompanie~ by peat strengthening.    The levee crown is notable.    This c~araoterlst~c was eve]%
~eve~ ft!~:~ are typically composed of peat, d~’edge mate- more apparent in Sections C and ~. It is thought to

~ia]~ (s~no. :;%l.t and clay) a~ sandy fill, with the fleet i~creased compressibility of the peaty so~IS

,:~o~,~ o~ the study levees usually consisting of re]a- compared to the natural levee depusits. The likely cause

tively cie;~[~ sand.    [n son,e locations the levees als0
of th~s sit~at£o~ ~ that the nature] levee at the higher

opposer ~o he l.ocated Uire,:tly cver natural ~evees of the
levels would typically have experfel~ced air drying and

San JoaquiD River, which are indicated by ~ayers o~ silty
stiffening during the deposition pz0cess (see diso,ssion

materia[ wtthin the peat stratum a~ by h~gher material
below). Thus levee f~ling on the landside of the na~u-

stv&ngths. ?hese ~latural .levees appear gener~lly to be
~’al levees would have cause4 greater compression of the

of ve,’y [~mite4 lateral extent, gradin@ into the normal s~bsoil~the leweeand~rown,exper~e~edwhi~b a~arsm°re settle~e~t~o ~e located than ~il~[S]directlyat
hn[ck @eat st~’at~m beneath the levee berms.

~ver the hi~hest area 0f the natura~ levee soils.
The investigation and re~ned%atios concentrated on

:hr,:e inStL’~,me]~t.ed ~ect~oss ac~oss t~e levee.    A site
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(Borings At, Cl and DI} is p~esonte~ in ~ig~re 5b.

~_ ~,~___~=.~ .,,
much h£gher vertical effective stress profile applies at

......... -.~-i[[.. ~ ~ hi.gher prestress values are a~so evlden~, with so~
""" .......

[ ~
the values fallln~ very considerably above the

~,~ .~’~= . stress ii~e. These very high values are not co~s~sten~

J ~;~ ........ i ....... ~ ~ occurred under ~he levee Loads. [~stead the~

.................. "~- ............................ -,, ~ possible explanation for this situation li~s in the pres.-
eoce of n~t~r~l levee deposits below th~ pr~sen~ levee
embankment.    Natural lev~es ~re subjec~ to drying
~trengthening, and depeRding on the frequency of. fi~Jng

’ and the bsight of the hanks, layers o~ highly

r’igure 4 Soil Profile at Section A idated ~terlal ~y have formed in the study area.
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re~3azdir,g so~t st~e~th~, ~nd tlpp~ bound oa~umpt~Ons re-
cefleet~ng reduced tl~ickness of levee ~iL~. Figure
presents th~ sa~e ~o~.~parison fo~" th~ u~d~,ad~d virgin

SHEA~ HTRENGTH ~SESSHE~ pro~e {Boring~ A4r C4, ~4) and a~so shows the ~

Ar~ ~ndrait,ed strength model {or Lhe levee and (dUn-
usunlly much higher th~l~ t~,*~ S[JAN~EP pro~JJu. The ~ield

bility analysis of the lance, using t~e SHA~SEP process
typically ~-egui~e "covt’et:tion~ to yield appropriate

described by I.ad~ and Foot~ (19"14). The SHANSEP ~rocess desisn vai~es. A correutJor* ~actor of ~bout 2/3 would be

f~rst establishes dr, ~ppropr~ate no~a~ized strength for
required to y~e]d the S~[AMSEP strengths, within the

appl[cat~on to eac~ so~l, using the fact that the
exacted range for the present soils. ~n this case, the
S~SEP data hmw~ bee~ estimated ~sing an asst~med

undrain,~d strangt~ (Su] of a no~ily consolidated cohe-
sive so~l very often bea~’~ a constant relationship to the

vertical e~fsotive ~tress profile of ab~t 600

verti,:al effective stress (,vcl’ of the soil. The rel~-
throughout the peat, to include the .effect b~ su~f~ce

t£nnship su!~vc is therefnre a constant, called the
dryln~ [see Fiaure 5b).

"norsa I ized strength. "     No~l ized strengths obtained
frn~, DZ£ tests are often appropriate values {oz" the ~ta-
b~lity eva.tuation o~ levees a~ embankments.    For t~le ............

~-~.~z ........

puofile~ at ~ppropri~e locations, to yield undrained .... -
:;IDl’~il~tb (~U) profiles, This procedure was applied for

’ i
strength p~les "were t~en compared wJ~h other strenq~                                                         ~’~                                  _
da~ to assess th~ ~easonab]eness of the va]n~s obtained.                                             *o    -           "= ""     --- - "         "~

"/’he restllti~g colapari~ons are s~own lr~ Figore 6. ,~,                                      ~        "~’~"
~,.,I     ’ ..... ~.~ ~’~*"             [ ....... ~. ~,.,i*~    ’"~

<L~ta.. "l’he Po~al~e was used to obtain a quick indication
LEOaRD

SiVeiy. ~[~dva (19S6) {de~t~f~ed }~m~tations of the test

strengths ,~nd t:hei~" variabilitM. Figore 6a shows that
t{~e SHANSE~ data fall at the upper end of the range of Based o~ %he above, ~he SHAh’SEP ~trengtb v~lues were
Torvane data in the pe~ts and si~ts and usually withi~ judged t~ represent a reasonable basis [oz design,
the body of the Torvane data i~ the silty clays. The UU seems ~kely that the T0rvane dat~ ~veresti~te

~ere ~eiect.ed for laboratory testing (in o~der to avoid then seems probable that this Torvaae tendellcy tot-
~ests un uilt s~mples, whLch have little val~le). Figures strength overestlmatio~ gi~es way to a siight

.~. the, A2~ C2, D2 and the A3, C3, D3 offsets, levols beneath the levee embankment, possibly reflect~*~
cespect~vely. Figure 6b again shows Tor~a~e data lying at~ increased sample disturbance e~fect with the Tol’vane,
below the SI]~SE9 strengths in the peats and above and plus the increased presence of silt wltl%%it ~he pe~ty
below the .SHANSEP values in the clays, wh~le Figure 60 layer. However, to ~void the poss~bi]it? of
shows the T0t~ane values to be generally above the
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ing strengths b~lo~ the levee ~mb~n~e~t, the values used <:row~ reduced the safety faotor to 1,15. None of the
i~ the peat for stabi~Jty an,~lyses were reduced slightly dicated factors of safety are such that m~or instability
from the SHA)~SEP val~es, wo{lid be expected, p~rtlcular~y in view of the conserva-

tive approach used to select shear strengths. Factors
The next stage ~ the ~tab~l~ty assessme.t was the safety c~ose to unity would generally be expected

devel~pment of streagth contours withJ~ the ~oundation g=-oss shear fail~re will
so~Is for the Section A levee cross section. Based on
standard correl~tJo.s, fill material strength properties
of C~0, ~=30° were also selected. By usi~ the strength ,

~ ......~ontours to divide the foundation soil Int~ zones of
assumed ~nifot~ condlt~ons, the stability model 0f figure ....... ~ ..... ~~ ~£v~e~,~t .~:/--
7 was then obtaiDed, x~ ~..

~AHOS

/

CORREC~ZVE ACTION
Fzgure ? Stability Model

with the placement of ~n 80 ft :.:~de, 2 ~t thick,STABILITY ANALYe~S
~ sand be~ to the [andslde of the toe ditch below the

Stabil~ty was analyze<I for a aumher of conditions i levee. The toe ditch was then cleared and a toe drain
~si~q the above desc,’ibed strength profiles, which are ~ formed jn it. A connecting f[{l ~’as ~,ext placed sver the
co.si,Je~ed to be generally conservative. Tr, e {actor of " dr.ain to connect the new bel’m to the original herin.
sa{ety f~- the pre-existing ~evee configuration was ca]- a thin dressing of material ~arried onto the o[’iglnai
,-ulated ~s 1.26.    The increase in stability resulting berm to fill in low spots. Wet £pots nn tl~e
fi’o~, p[az:irlU an 60 [’t wide, 2 ft thick berm oat;side the berm due to seepage tArough the eii~b:~nkmenz wure .zlso tn-
to~ ditch, plus a fill c~nnectinq this aew be~ to the dD~dually drained. Other th~n the use of clean sand
c~l~jina! berm was investigated. It resulted in a faCtor the toe drain, p~us localized ~se o£ drain rock wra~d
cf safe:.7 ut 1.~6. These analyses and the critical ~ta- in filter labrlc at localized seepage area~, ~he ~ill
bility surfaces are su~mazized in Figure 8. Addlt~on of ter~al was all a s~Ity sand obtained ~rom dredged ~.,.ite-
a further 2 ft of f~l! over a width of ]6 ft at the levee r~a~ previously st~kp~led on the
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~’hJle t.h~se constr~cc~on activities ~ere p~oceed~ng, DBtO~TIO~the sit.~ ~nvestigati0a. testing and analyses described
earlier "~ere ~nderway and the inc]i,omaters were i~-

The stabl].~ty analy~es a~d observed fieldsta)le~ an.~ mo~,Liore-~,     qbe ~nc/inometers ~nd~cated
strongly suggested that the levee distress was not thelateral ieformations 0n the ~rder of one or two inches hi
result of a c[assi~l limiting eq~]i.b[i~m slope stabil-the vi~gir, peat ~nder the new be~ but no ongoing move-
i~ fa~i~re. The problem appeare~ instead to relateme~t.s w~re measured in the levee crest ~d original herin,
defecation of the peaty foundation soils, whichClack ~,o~,itor[ng a[o~tg the levee e~nkment also indi-
known to be highly deformable a~ creep susceptible.cared that movements had slowed ve~ substantially. ~ig~re 9 dem0nstrat~s tb~s characteristic by
the ~eformation mod~l~s values measured in ~he DSS

At that stage the levee was j~dged to be ~ela~ively o~, the peat. and the silty clay, with ~u]us values forstable, Dased o~, both the stabil~ty analyses and f~eld
variety ~f cohesive soils. Generally, so~is withob~5~a~iof~s.    Tt was therefore decided to restore the m~dul~ are more deformable (and probably mole creepl~vee embankment.    This process involved two steps, the
ceptible, see Foott and [~dd~ 1981). ’~’he peat has byf~f~t belr, g to compact the e~ankment back together at the.lowest modulus of ~II the soils (note the. loqar~thmi~

th~ crack locations, atte~" which the full freeboard and vertical axis is F[g~]re 9).l~vee crown ~id~ h were restored,     in performing this

,~-.n~~.work, it. ~’as recognize~ that the ~at soils could ,3e~or~l
. .excessively, resoltin~ in levee cra~king, ]ong before ,a;o % k. " -.. ...... ~;"’~ .....

,:r~tica] limiting equilibrium stability ~on4itions (i e.
’~-.~k~-. --.. ~ .....

.... ::_~ .-~__the i~*c/inomet:~s ~ere carefully mon~tore~ th, ougno~it the
,

’~ ~ ~%
’~

e~,,,luated ~ith a .~ie~ to ceasin9 filling activ[ties or
~ ~’~ % "i~

The levee embankment was ~ompacte(l ~sing an Essick
.9~ ~"~k    "" ~g" ] : "    ~2~"’.~ ""VF-S4"£ v~bratj.,g ~heep:~foot roller towed behind a 06 .’;--~.q~" "’

¢:t’awler tractor, ’~/~ic~ provided a substantial vibratory ] ~---"~ ......
compactive effo~’t ~ith exce~len~ mane~verabl]ity, it was

,~ ,,,,_./~ ...... ~.~.. .....
tudin~l ax~s above al~d parallel to a crack, ~he crack

~ ..... ~-~
would clo.&e a;Z~ bee[ in a very satisfactory manner.    By
this p~ocess the levee cracks were sealed and ~he in-
tegrity of the levee embankment restored.

Figure 9 Direct Zi~ple Shear Modulus Va}ues

The levees were next s~lrveyed and areas and amounts Ac~ordi~lgly~ the levee behavior was analyzed Dsi~g~f freeboard de£~cieney noted. Starti,g f~rst at an area
deformation m~el to. assess possible causes o[ the 0h.extending 200 tt o~ each s~de o£ Section C, the freeboard
sa~ed cracki~ and th~ effectiveness of the correction.~’a5 restored by placlnq up to 2 ft of mater~a[ on the
The defecation analysis use4 a fln~e difference com.-~evee crown, which was also widened significantly to pro-
purer program, F[AC [itas~a Consulting Grip, 1989),vide the ~tandard 16 ft crown w&dth.    The Section ~
a simpl~f~e4 mode] of the fou~ation ~or~itions bene,~t~incl~Jlometer~ ~ere monitored ~aref~lly duri;%g this fil~
the levee. The foundation so~l stre~Lhs were s£:;0~ :pJa(-ement, but no z~lbs~r/ace movements were obse~ed be-
those developed for the stability ana]yse~, and Dz,nea[.h the~ crown or the original herin.    The cx’ow~ was
stress-~tr~in reiation~hips were used. %glzh thisthereupon restored to f,tL~ design grade through the en-
tionship, the soil becomes very "soft" (i.e. exited:elt~[e area, ~ith no s~gnlficaat movem~f~ts ob~erve~ in any
low ~odn]us) when ~ts shear stress exceeds itsn[ the crown or berm ~clinometer~.
strength. Th~ important initial l~o4u[us ~iues for
soil 4eformat~ons were selected t’rom the DSS dale,
give peat m~l~s values significal~tly lower ~han
silty clay, which ~ ~urn had lower values the, the leve~
fill. Figur~ 10 shows the m~el and pa]’ame~ers used





OISCUeBION OF ~EV~ ~C~N~ P~O~A The observed ~rackln9 phenomenon m~y be ~re re~s0n-"
~bly explained by co~siderlng the highly de~o~abl~

The ,:r~:k~ng pr~>blom addressed in ~he Shet’man Island creep susceptible nature 0f the peat soils present be-
Threatened [~vee work is (~n important pheBome~a which may neat~ and to the lai%dslde o( the }eves embank~,t. The

f0uadations. In this section, the pote~tial causes and ca~tly less than those required to c~use l~ilure,
appropriate correctio~ are discussed. The p~rpose is [o conventionally adeguate stahi]Ity factors of safety are
~;ummarize the Info~atios learned on this project so Jt not a guarantee against excessive deformations a~
w~l be readily a~a~able for future appl~cat~o~s, eral ~v~ments of t~e peat mate~ial~ with resultant

~rackin@ of the overlying fill. This situation Is par-
t£cularly a~ts when fill Is placed over vir~ln

~, ~/*,~,(, ,~ to c0~solldate a~ strengths(,.

; o~ .~/ , ~ A likely explanation of the observed cracking
" - -~ " therefore that the pre-existing laves had suf(era4 set-

~~~ ~i~
~’~

"’~
tlement and latezal movements of the underlying

~"
--~i~ ~

~e~ts has a net result similar to adding levee load.
" " - .......... (Water table lowering wa~ pa~ti~lar~y 1 ikely to have oc-

~urred ~ear the main area of ~ra~king, where

,," usually dry conditions. )    The peat detor~cio~

~ stsrt at the levee ~os ~nd profess into ~he
~,,~n ~rea. Reports of cracking of ~he landside slope of l~v..

ass at time of drought are ,lot uncom~n and prob~b~y are
Fiqure 12 Deformations at the Crack Area £req~ently due tO this cause.

One hypothesis for the ebse~ed levee cracking was Once cracked, the levee fi~ wo~Id tend to act as a
that it represented the iniBi~tion of a llmiting e~ilib- ser~es of adjacent blocks o~ soil on ~ so~’t b~se, and
rium shea~ fa~re. The rap~d decision to construct a relat~v~ movements (e.g. as ~ heavy blo~zK settles end
new mad wlder levee be~ was made to stabillz~] the levee heaves up a lighter adjacent block) ~o~Id be e~pected.

ticipat[~d high tides would apply additional destabilizing movements, whioh might explain why discovery o~
load on ~.he levee. Assessing levee stability against a caat cracking followed a period of high t~des a~ the

first steps in the geotech~cal engineering work. Param- ma~n area of cracking.
stars were conse~-vative]y selected for these materials. ¯
Nevertheless, the analyses showed that the ~t~al levee The greatest immediate danger followine cracking
,:onf~guratio~ did not have stability taetors of safety be the possibi~ity ot river wate~ perme[[atlnq the
]o~ enough to explain the ob~ei’ved cracking as being a system to flow freely through it, ~tentially
f~ilure condition. A stability failure would furthe~re channels an4 ultimately washing o~t the [sues. Seai}:,-
tend to "compress" the levee, whereas the observed behav- the cracks is therefore ~ pziority. With a sandy
!o," inv(,iv~d "stretching" the levee to prod~co the th~s can be do~ effectively by v~bratory ccr.lpaction.
ob~erved ~:er[~.s o[ tension cracks. Stabil~ty ~ailure was though it shuuld first be ~scert~ined that ~th
therefore not judged to be a realistic explanation for and l~al levee stabilities are adequa%~ and that
the observed cracking, ized [iguefaction under vibratory loads is ,or a problem

or can be manage~. Trea~ing a te~ency for recurre~,~e
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~he cr~ckJng then ~equ~re5 tAat the tendency for l~t~L’a~
defornotLo]~s of the pea~ be reduced. Th~s ob’j~<:tJve can Foott, R., and ~dd, C. C., ~198~), "Ondrsbmd

peat ~i.e. by increas~n9 s]ope ~tabJJlty /~ctors of Geotechnical E~gineer~ng Div~slon, A~CE, VoL. I07, No.~;dfety) ~nd/or by ~t~en[~g th~ peat.    [~oth these p~o-
~TS, August 19~I, pp. I0~9-1~94.,x.ss~::: I.~’;,i,:ail.y require addil~g more Load outside the

]eve~ ~~,~, whi<:h will typically result In additional ~et- Itasca Cot~sulting Group~ (1989), "F~C, Fast ~gr~ngian
tle~:,e~5 (,t the peat (which m~y itself ~ a problem) and Ana~y&is ~f Continua 92.2" M~nneapoI~s, aL,u~esota.
may trigger ~dditio;,al l~teraI movement. The m~sh cost- ’ ’
,.f~ective zoLutio~ sho~ld therefore be est,,blUshed o~ ~% ~dd, C. ~., arid ~o0tt~ R., (19~4) "Ne’~ l)e~ign Proced~-e
~:ase-by-c~e basis.    O~,~:e adequate stabli~ty is estab- for Stabil~ty of Soft Clays," Journal o~ the Geotechn]~a~fished, th~ uest course of action if fulther cracking oc-

}’ng~neeriBg Division, ASCE, Vol. 99, G3’ "l, 197~, pp. ?6~-

Landva~ Arvid, (~986) ".In-Situ Testi~g of Peat." ASCE
SORRY                                                                                      ]n-situ L986 Conferenc~ Proceedings. Vicksburg, VA.

Thir, Daper has described how a major prohle~ |~-
relying l~w~ (:racking or~ She~n island developed, was
inve~D:igated: and corrective act[o~%s were taken to miti-
gate its effect., q’he cracking was addressed by widening
the beams to increase l~ee stability, closing the cracks
using vibratory compaction, and re-estab~ish~~9 the levee
crown. The cause of ~he cracking is thought to be ~efor-
matrons of peaty f~un4ation so~Is, probab~ related to
extended 4:y~ng of the ~s~and interior due to the drought
and changes ]n farming practices.
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APPENDIX - UNITS CONVERSION

in. = 2.54 cm
ft = ~.30~8 m
Acre = 0046.9 m2 = 0.40469 hectares


