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p/l£lcUCI1.-L p/l.061e/Tl.d. 
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~CIl.emen.:ta.l f.inLte elemen.i:. an.a.1!f.d~ w.L:th. non LineaJt, 
.d:Ut.e.<J.d-depen.den.:l:., i..ne.i..a-<J:Uc .doll 6eJw.v.Lo/l...7I}.e .doL!­

.dhl.e/.J.d-.d:buLi..n PCVWJ7Zc-tetW /l.erz·ui.A.ed. {.O/l.. :th.~e a.ri.a1!JA~ 
may oe ae:temn1.ned. (.Il..om lAe /l.e.dui.:l:..d 01- ;tAi.n.x.i.a.l ~om­

p/l.e/.J.d.Lon 1:.e.<Ji..d. 7lte P/l.Ope.tt:Ue.<J o{. tite iJi:t'ett..!a~e >: 
eLemen.:fA cute ex.p/l.(!4.d ed i..n le/lJ7'l..d 0/ a nonLinCCVt",' " 

.dhl.e.<J.d-dep en.den.:f., .d:Uz.e.d.d-JJ.4 pi.a.cem en:t /l..eI..ai:1.oMlUp. 

5 om e CJ..a./.M.Lca.-L 'm ei:Jwd-<J CUl. e a.l...d 0 /Lev.Lwed. i..n 

o~e.tt 1:.oe.dia.o1uA ;f.ite 6ClAM I-O/l. tite /l.eq,.uiJr.ed. .d:tud.JI • 

. Ap~!Lca:ti..on 0/ ill.e Cl11£.l.i..!ftLca.-L' p/l.Oced.iut.e.<J' de­
veJoped 1:.0 .dome .dpedf.i-c CI1..de .di:udJ..e.d .dlwwed. :tJz.a.:t 
:th.e p/l..ocedwt.e.d r;ave /l..e.du!.:&J i..n rJood a[}ll..eemerd:. w.L:th. 

tite /l..~ui.:I:..d 01- ex...i€lL6i...ve i..n.dhwmeni:.ai:i..on p/l.Of)lUllM 

on ill.e.<J e .d bt.uci:.Wl. e.<J • 
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i.ni..:ti.o.l. v oi..d. JW.i:i..o 

!foung.' ~ mod.ul..t.uJ 
i..nL:ti al. imtg.en:t _ mod.u.l.uA 
imtg.en.:I:. mod.u.l.uA 
un.Loadinf}-n.el.oa.d.Ln.g.mod.u.l.uA 
no/1J11l1.l. ~i:i..f./n~~ 1 .i.rden./ace el..emen.:l:. 
~AeoJl. ~il/./n~~ 1 .i.n.ien./ace el..emen:t 
ia.n.g.en:t ~Aea.Jl. ~i:i..I-/n~~ 1 i.ni.en./ace el..emen:t 
i.ni..:ti.o.l. imtg.en:t ~Aean. ~ilf.(.n.~~ 1 i..rd.eJt./ace el.emen:t 
coe(.f..Lci..en.:I:. of. pn.opon.:tiorwlilff bdmeen i.ni.en./ace 
i.ni..:ti.o.l. ~"-eaA ~i:i../-/n~~ arul. POWe.ll. {.unc.:tion o/- i.ni.eA.­

/ace noJUTKLl.. ~:bte.tJ~ 

coef./-i-ci..en.:I:. 0 /- pltO pon.i:i..ono.li..i:.y. b dmeen .i.n.:l:.e.tt.fo.ce 
i.ni..:ti.o.l. ~AeaA ~i:i../-/ne.tJ~ arul. poweJt. {.unc.:tion o/- mi.non. 
plU.n.ci..pal. ~i:tt~~ 
coe//-i-ci..en:t 01- lai:.eno.l. ean.:tlt pn.~~UA.ea.;t A.~i. 
coel-/-i-ci..en.:I:. 01- pMpon.:tiono.li..i:.y. bei:ween un.Loadi.n.f}­
A.el..oad.i..n.g. mo~ and. powen. . {.unci.i...on o/- mi.non. 
plLi.nci.paL ~:bte.tJ~ 

ex.ponen.i. loA. ~i:tte.tJ~-depen.den.:l:. mod.u.l.uA ltel.a.i:i.o~1up 
oveJt.co~o1..Lcl.ai:Lon Aiz.:l:i.o-

a:tmo.tJpAeJl.i.c pA.e.tJ~Ulte 
coltll.el.a.i:i.on /acton. 
Aon.L~onial. nodal f.on.ce 



veA.i:i.co.1 nodal. /olLce 
lz.ollLJ-Onial. ClJoJUi1.na:te 
vf!Jti:Lca1cooJUi1.na:te 
coe!-/-i-cien.i:. o/. .Lin.ecuz. i:1t€.lVTlO.i. e.x.part.di..on 
an~e 0/ wall. /ALc:tLon 
lLel.ai:.Lve nomnal.. dup1.a.cement. 
lLel.ai:.Lve ~lz.eaJL dup1.a.cemen.i:. 
ch.ang.e .in. pOlLe plL€.d~UIl.e 
/wJLi..J-0nia.1 ~iAo.1.n.. 

veJLi:i..co.1 ~Vzai.n. 
unil weL~ti. 

ufU,!:. weL# 0/ ux:Lt.eJL 
~1z.ervU..ng. ~:tnai.n 

pOM~on/~ I1.l1.i:i..o 

an[j1.e O/. i.n.:temw.1 /ALc:tLon 

ma.-jOIL p/W1.c.Lpa1.~iA.€.d~ 
e/.f.ec:U.ve rnajolL plLinc.i.paL ~iA.€.d~ 

. miJwlL plLinc.i.paL ~iA.€.d~ 
ef.f.ec.:li..ve nUn.OIL pl1.ln.c.i.paL ~iA.e.64 

pJLi.n.ci..pcd ~iA.~~ d.i..f./.eJLence a:t f.ai..l..wte 
hOJLi..J-Onia.1 ~iA.€.d~ 
ven.:l:1..co.1 4i:A.€.d4 

max1.mwn plWtc.i.paL ~iA.~~ di..//en.en.ce PILedi..c.:I:.ed. olf 
A!lpeJLDollc 4iA.e.6~-4i:.na.1.n. lLelati.oM/UP 
~1t'eaA ~iA.e.64 

~!teaJt ~iA.€.d~ a:t f.ai..l..wte /.oIL .i.n;ten./-ace element. 
~1teaJl. 4i:A.€.d-d on X.-If plo.ne 
-dltecuz. ~i:A.e4~ a:tf.ai..l..wte plLed.Lci.ed. b!fh.!fpettbollc 
10ad.-dup1.a.cemen:t CUIl.ve /-OIL i.n.:tett./ace element:. 
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(jIA'P7Cfl 1 

JN77?OI1J[1JON 

/Je.tJi..gn. 0/ a1:..emp01W.ll.ff excavation -duch. a.tJ blUleed, 

tiedrbad?, de. i..n an wz.ban a;z.ea R:.etg.uUt.e.6 a knowledffe v/ 

:I:Ae mvvemen.:1:.4 expec:ted io be caU-tJed bff ih..e excavai:..1..on i..n 

-dU/VZ.vun.din.f}. CUl.ea.tJ. 7JtCLdi.:ti..onaLLU, pll..edi..ci.i..on 0/ tlte movemen.i:.;tJ 

i..n AUch. c.cule.6 h.o.4 been made pUAel!f on tlte ba.tJM, 0/ ex.pe­

lCi..enee.1I owev eJt, tAe {.i.nLt.e element:.. 1:..eclz.ni.9;Ue ffi..Ve.6 U-tJ ,a 

1:..001 wfz1..dl. h.cw: i.ll.e capabi..l..i..i.i..e6 ioa1.1ow anal..!fLLca1 move­

ment.' P/l.ed.i..c.:UOM' 1:..0. be made.A Ltltour;Jz. -dome -d'iudLe.6 wlz.i..ch. 

have been. /l.epoJded plt.evi..ol,¥JiJJ -dug.f}e.tJ:t. i.lw.i. i.ll.e {.i.nLt.e 

,elemen.:t mei.lwd can be U-tJed io make -dui.ia.6le p/l.edi..c.:Uon.tJ. 

0/ iempolWA!/ excavation belzavi..olt, i.lz.e -d'ia.i:.e-o/-i.lz.e-an;i. .in. 

i.lz1...tJ a;z.€O. L6J not. well e.di:abwhed, and i.lz.e avai..ln.ble lue­

/W.l:wt.e o/-i:..en M) eonf.1Lc:!1-n9 and eon{.uAlin9 CUj) 1:.0 how -tJuclz. 
an anal.!IAUi -dtwuj)l 6:e ipeA/o:llllled and whe:i.h.en. Oft nair i..i. will 

pJ'Cov.uie' /l.e.Lin.ble PIl..ed1c.:UOM .• 

On tlte ana1!fil-ca1 -di..de,.u .;.;". pO-6-d.i..ble io f.i-nd a numben. 

01 di..!I-en.~ meilwriA U-tJed 1.0 -6imul.ai.e excavation e//ec:1:..6 
and Vall.LOU-tJ eOMi:Li.ui:.i..ve 1l20de1-6 employed io -d.i.muln.:te -doll 
bdULVi..OIl.. but. :tAe fI,.ue.tJlion of fww mudl. tiLe Vall.LOU.(J -601ui.i..on 

;/;ech.rU..rtue.tJ' al/ec:t til.e p/l.edLc1.ed belULvi..OIt. M-d; noi been 

aMwe/l.ed.On til.e plULci.i..ca1 -dule, tiLe enffi-nevz. wi--U f.i..rid. 
auiJl.O.tLi..lie.tJ of.:t.en poi.n.:ti.n.f} oui. i.lzai. d.wti..ng. iempo/UlA.!} exca­

val.i.on-6, til.e anal.!f1.i..ca1 p/l.edi..c-ti.On-6 a/l.e -6ubjec:t 1.0 wuU-tJi 

6 ecaUA e, (' 1) i..i. M di../-/-LeuLt 1.0 de/hz.e .() 01..1 -d uenffl.h. and 
de/-olUnalion pcuwmei.eM, and( 2) eOn-6hw.ci:1..on -6 elJuenee, wfz1..ch. 

a/-/eci.tJ 6e1w.vi..0/l. .()i..gnJ../-Loani.ly,M o/-i.en -6ubjec:t 1:..0 dULnfje 

awUn.fj eOn-6hw.c.:Uon, af-i-e/l. Ona..L!/4M M U-6uall!l comp.Le.ie. 
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7 ftutJ, on :!:h.e /)(ui-tJ of. boiA a.nalyiLca1 and p/l£Lc.;lLcal 

COMi..cL€..IU1.i:.i..OM', C!rU€..d:lLOM', can be ~ed a.6' :to Jl.OW i:.Jl.e 
{.1.nile e1elnen.i:. me:!:h.od -IJftould. be appLLed i:.o :lempolll1Aff 

ex.ca.va:U..oM and JI.OW ll.rdi.ab1.e i:.Jl.e' plt.edi..ci:.ed. 1l.€..dui.:t6. alte. 

J:t ,U, :th.e pUll.p0-IJe of. i:.J/.-U;, iJuz4-U :tv deal. will i:.J1.€..de 

f61J.€..d.tJ..OM" ~pec1../-1-ca.i.1.y. a.6 a..d.dA.e4~e.d :1:.0 ex.ca.va:UOM i.n 

cl.a.Y4, and :to pll.ovi..cLe a ll.eli.ab1.eutJe of. ill.e {.1.nile e1emeni:. 

meill.Od i.n anaJ.Y4'u of. :temp0lUVC.!f ex.ca.va:lLoM. 7lte Il.€..d~ 

01 ~e hLtdoll.!f -IJi:.udi...e& Aave been veJt!f lUJef.u1. and ex.pvz.i..­
enc€..d .L€a/U1..ed. /-n.om i:.Jl.em Aave became a g.ui...d.e 1.Ln.e /-Olt. 

i:.J/.-U; i.nvediigai:.Lon. 
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CHA'P7 {ft 2 

S77?(,SS-S77M!1N !JfjIAVjO'R OF FOUNfJA7JON SO!JL5 

2. t !lN7i7?OIJUC7!lON 

7iJie .6Vted.6-.6iAD.i.n. 6eAavLo/l. o{. ang tv-pe o{AoLl. deperuL, 
ma.i.JLI!.y on :l:h.e {o.ci:.O/l..6 .6uch. a.6;den..6w;, UJCLi:.e/l. conten.:t, .6Vw.c.­
':b.itt.e"dA.o.i.nar;e c.ond.i t.i On.6,.6imLi.n. concl} ti.On.6, d.wza.iLon o{. 
i.oadi.n.f}I".6iA.ed.6 lt1.Ai:.o/t!f-, con/hU-ng p/l.e.6.6~e,.6iAe.6.6 l.evu. 

9.n. lnmuj- ca.ded l.o.bom:d.o/Uj :le.td.d on .del.e.ci:.ed.' .doLl. "'peci­
merL6 gLve g.ood 1t.e.6ul.::t..4 U .d.i.nudai:.e iJie f.i-e1cl. con.d.i:I:LOTL6. 
(1)1ien. appn.opJdrde :le.6:1:.i.nf} p/l.oc.ed.wt:.e.6 0A.eU.6ed. :tJie .di:A.e.6.d­
.dhw.iA /l.ela:t.Lon ob:l:a.1.n.ed .in. i:lie l.o.boJW.:loA.!f could. /l.ep.lte.6 erd 

iJie ac:tuaJ. 1te.6 po~ e of. ;tfte .d oLL in :tJie f.i-e1cl..!l:l .i...d loun.cL 
ih.a:t :l:h.e .doLI.. beAavLoll:, OVe/l. a wMe llJJJ?g.e of. .tJUe.6.6e.IJ i...6 

non-llneaA, in.el.J:J.Alic. and depencLen;t upon :l:h.e ma~e of. 

c.onfiJU.!t9 p/l.e.IJ.tJWte.!l n ~ ch.ap:l~ a .tJ.i.mpLLf.i-ed. .tJi:A.e.6.6-
.6bw.i.n. /1..ela:t.LOn.6/up .i...d de.IJC/ti..bed. wlu..ch. i:rJ.h.e.6 i.n:lo accoun.:t 

:l:h.e norrL.iJt~ 1 .due.IJ.tJ-depencLen.C!f and in.e..lrulic1..:l:.JI o{. .tJoi.l. 
beJl.avi..olt p/l.OpO.ded. bJl'Clough..fF.L[J11A-e 1)' 

2.2' ANALY7!lCAL F(Ji?flVLA7!lONS FO'R 711t 57J1tSS-S7WN 
:"'"' 

EO'/AV!lOR OF FOUN!JA7!JON SO!JLS 
lPun.co.n. and C/U1J:'l.9i 1969} Il.ave' emplo!fed. i:wo JLeUz:J:.Lon­

.d1ti.p.6, in. iAei.It. {.o.mnul.a:l:Lon o{. .tJ:l:.tte.6.tJ~.dhuz.in. 6eliav1..oA: of. a 

.doi..l;~ tJie {MA:l one .i...d a non-l.i.neoA,.tJUe.6.6 depencLen:t. 6eJio.v.i..oJt 
rlwwtf} p~ load.i.n.g. and iJte' .tJecond. .i...d iAe ~anze beltavl..olt 
d.wu.nr; unl.oad.i.n.g. and. /l.el.oa.cLutg.. 
'P Il..i.mcvu; load.i.n.r;. 
71t1.A beAav1..o4. .L.tJ .tJiunul:o.:ted bJl I(ancln~ (196J)6J1 :l:h.e /l.elo.-
lion: 

E 
a 1-oJ = a + b (: . ,( 2. 1 ) 

in. wltLdl. 01-oJ .i...d iJl.e p/UJl.cl..pal. .6UetJ.tJ dLf.f.eA.ence: E .i...d iAe 
ax.i.a.l .tJ:!:m:z..i.n.:and. a and. b {V(.e COn-dia.n..t..6. 
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Figure 2.Typical Hyperbolic Stress-Strain Curve and Transformed 

Linear Hyperbolic Plot (after Kondnel·.~1969). 
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Crtuo.i:1.on (1)- mo.!f be JtetJ./UWJ1.r;ed. .in. ilte /OIUTl: 
E 

~~-= a+bE (51-(53 

.in. wh.Lclt iJl.e J..n.i.ett.cep:t at. E +.€}j a,.u ilte ltecipIWca1 of. ilte 
i.nli:..i.a.J.. ~eJd!. mod.ui.Ju and. ilte .<Jlope, b, .u ilte ltecipltOco1.. 

. 0/ ilte a.<J!Jlllp:to:te o/ilte A!lpeJl.bol..i..c CWtve, (a 1-a3J..I.fLf}UI'-e 2). 
. A:t i:./i.L4., .<Ji:o.g.e,1.:t could. be def.i.n.ed. an. empiJt.i~!f dueJl.- . 

mi.n.ed "/aLliute JUJ.il.o 1 /I 7?'f. ' a.<J : 

f?t= (a'-(53)/-. (2.3) 
" ? a1-(51 ul.:t . . . 
Kul!hDw!f (1969) fta.tJ' .<JAown :I:lta:t f?/ ~' commorJ.v about 0.85 loR. 
I1ll1Jt!f- .<Jow. 

Dunc:o.n and Chong. (1969) ho.ve dL//ett.en;/;i.rd.ed. equation( 2.1) 
and ilteJJ Iw.ve obi:a1.n.ed an. expll.€.<J.<JJ..on f.OIl. ilte ia.n.r;en.:i:. modul..u.<J: 

[ 
7?/- (a1-a3) l' 2 

C:t = 1-. - J _,e.i.. 
" ((51-(53) / ' (2.4) 

.in. whJ.:ch.· (Of-~)/ (u,-j).u, ilte .<Ji:A.e.6.<J level. wh.i..ch. can be 
def.i.n.ed, in. :te/UM 01 ¢and. c a.<J : 

---= 
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~ -K (!!.1) n; 
LUIl.- UIl. Pa (2.8) 

Pa 
wh.eJl.e : C 1..6 i:lte unLoadi.n.a mod.u.l.tu ,K and n G./l.e 

U/l. iT UIl. 

cofudLlJ'l.i.4, lOlL a gLven. 401.1.. 7 hi...tJ: /-o1Ull 01 efJuntJ..on L6 
i:lte 4ame a4 i:lte one whLdt I./XL.6 ohinl.n.ed loll. iAe i.rLi:tLal. 
:lan.f}en.:t mod.u.l.tu. Ho.Lubec (1968) and Ch.an.f} (1969) h.ave 
4/l.OWn i:h.ai:. ilie exponen:l:. n Ltli i:lte .Mme /on. cquai:i.onf 2.6) 
and C~Ofl. (2.8), bu:f. i:lte ya1.u.e of. K UA: L6 gA-eaieJl. :tha.rl. 
i:lte value o{. Km • 

. 7> AOced.wte Ot ~ 
7 h.e 4:t€4.6-4hw.i.n panmne.teJl.4 .i..n. i:lte 10ltJlllL.in.:tion deve­

loped by IJun.can. and Ch.an.f} (1969) aJl.e 4i:A.€44-depend.en.:t. 
7 h.L.t: ll.€4ul.:1..tJ i:1w.:t i:lte mocl.ul..u..tJ val.u.e 01' eadi. el.emen.:t .i..n. a 
p.n.i.:te el.emen.:t m€4h. could be d.1..11eJl.en.:t. Foil. a fjLven. .i..n.CIl.e­
men.:t, i:lte mod.ui.u.lJ, value Ltl eval.uo:ted loA. each. eLemen.:t .i..n. 

:t€./lJ1UJ. 01 e.x.L6:f.i.nf} 4:f.tz.€4.6€4. J t.fW.I.:lion maJl be ll.epWt.ed .if. 
i:lte . ch.anf}e .i..n. 4i:A.€44(!.6, w.L:th1.n. ill.e .i..n.CIl.emen.:l:. G./l.e i.aA.f}e Il.e-

: I~ . !, -
l.a:t1..vet.o iAe' 4i:A.€4~e,,', e.x.i.A:I:1.ng. wi:th.i.n. i:lte element ptt.ioA. , 

Zo' ex.ec.t.e6i..on 01 :tIte i.n.CIl.emen.:t. 
Dun.can. and Ch.mtf} (1969) h.ave developed a CIlil.€/l.i...on hJ 

coJi:lAol i:lte lUJe 01 CUll. Oil. C:t ,lxi.ded on i:lte max..i.nuJm pll.ev.i..olUJ 
va.lue 01 lot- OJ I. Foil. an./f va1.u.e of. "1- ~l€4.6 :th.an. i:lte max.i..­
mwn pll.evi..oLUi value, ilte mod.u.l.tu CUIl.,Ltl applicable,and loR. 
fDUJ value 01 cs1- OJ fiA-eaieA. :th.an. i:lte maxi.mum pll.ev.iolUJ value 
Ci:. . .i...6 applicable. . 

LabolUL:f.oJl.!f . expetz1.men.:l.d. /l.IJ.poded b!f IJun.can. and Ch.ang. 
(1969) h.ave .6h.own ;l:/ud i:lte pll.Opo~ed mod.ui..t.u· ll.el..idi..oMh.i..p4 
could pll.edi..ct. :tIl.e ac.:tuo1. .6i:A.e.tJ.tJ!-4i.n.a1.r, belw.v.i..oJt 0/ i:lte 
4ampl€4 t.o h.i..[j1t def}ll.ee of. aCCUJl.(Lcff. 
De:t.emni.JuJ.i:.Lon o{. fJaJUllTle.tf!./U' hom IJ.i..JZ.ec;/; Sh.eaJZ. and 
One-Di.meJUJi..onal. COMoLi.dat.1..on 7 €4U 

Fo/(;. long. :temn ~etJ, i:lte 4:f.tz.€4.6-~hw.i.n beltav.ioll. of. 
a 401.1. 4lwuld be de.temni..ned un.d.eJl. d.Jzrun.ed i:.e.6i:. con.dli:1..oM. 
/lJanJl c1..ayev- .6oi.J.A /tave a VeJl.ff low pemneabLLu.!f • 

. A 'f-ull.JI cUr.ai.ned i:.JZ.i..ax.i..al.. Z€4i:. on i:lte.tJe 40ili i:.aku· a 
veJl!f long. :ti.me, aruL .it. .i...6 not. le.a..tJ.i.ble. Foil. p/l.lJ.c:l:.i..ca1. Il.ead on.tJ 
;boo l.abolUL:f.oJl.!f :te.tJU .i..n. wh.Lch. .cbw.i.n.ed coruli.i.i on.tJ aJl.e emp1.offed 
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QAe UAed. 1.0 dei:..eJUn1.ne .lJoU fX1A011lei:..f!/t..IJ: 

1-DiAec:l SJi.eaJt 7e.tJ,iA::7o de1:.emn.iJte .cp imcl C" 
2-[ofUJol.idauon i:.e.tJU: loll. Km and n 

OiAec:l SfteOA :!:.~:!:.. 7Jie 1l.e.tJu.1.:tA o/. i:lie.tJe :!:.e.tJU lna.vi,be empl.o!fed. 

i.n. iJl.e IiUPeAbol..i..c equa.£Lon 01 Ouncan and Cll.OJ1.g. (1969/, ..6ud a.6 

:tJi.e..6e lte.tJuih p/LOvi.de ilte dai:a :!:.O dei:.emn.iJtei:h.e l11olUt. Coulomb 
..6ueng:th. pcuuunei:..f!/t..IJ, cp and c '. 
One-Oi.merL6i..orial. (ompll.e.tJ'.lJi..on 7 e4U. 7h.e ll.e.tJuiU 01 a one-di.men.­
-di..onai.. co/1.4olJ.da.i:.i..on :!:.e..61. Me .lJftOlJA1; i.n F i..gWz.e 3.A..6 ..6liown ,.in. 

i:h.e..6e /-Lr;wte..6,,:I:li.Ld 1....6 a plo:!:. 01 voi.d JULi:.i..o' Ve/l;4UA lo~ 
01 ellec:li..ve axA..al. p/l.(Ld.IJUA.e. 71Li..6 i....6 maiJt.l!f a ..6Ue.IJ..6-.lJ:lIw.i.n 
plo:!:., becaUAe a dl.OJ1.fje i.n voi.d A.CJ.:tLo lteplte.IJen.U a cluutfje, i.n. 

velt.:l:.i..ca.l. ..6:l1w.i.n, G, .ALw in. :tiie COfUJo.Li.d.a.:ti..on i:.e.lJi. :tlte 1.a:teA.a.l! 
..6Vt.€..6.tJ. clianfje at:. an!f-di:afje of.loac1infj 1....6 defJ.n.ed by. : 

I K ' a x:= 0 p (2.9) 
7I/i.e value of. K. 1ta4 been. ..6/tOWfl. by. Bll.oaRe;z. and Jltel.and.{ 1965} i.o. 

Ywqf w.i..i:.h. p1.cud:.i..cli:.LJ i.nd.ex: arul OVelt.cofUJo.Li.d.a.:ti..on JW.i:..i..o. 

2~3 SI7ltSS-SIWN f>A7WJJ{]tRS 

1 • 7! n.i.maA.y. Loadi.nft. 
Dluc1.ng. pn.iJnaA;y. loadi.n.g., ilie OVlVLCOfUJo.LLd.a.:tLOn. 1ULi.i..0 1..6 ~ 
,1.0 un.J.;t.u., and. i:h.e va1u.e o/. K 0 1....6 COfUJio.ni:.. FOil, p~ 1.oadi.n.g. 
:tlte con(.i.ni.n.g. plt.e.lJ4U1t.e lolt. a g.i..ven axJ.al!. ..6Ue.tJ..6 i....6 de/.i.n.ed.' 
by.: 

, I _ K I -K I a 3=a x- 0 p - 0 a 1 (2.10) 



1/ alulUJ ot KQ rna!f be dei.emni.n.ed /.oil.. an!! .601 .. 1' hom :th.e 1l..e.6uJ.u of. 
BJtook~ and JA..eland. (1J965) .Cctuai:.i..on (2.-11) def'.hte.6 a :W.n.fI·en.:l 

mcx:l.ul.u4 a:I:. :tIie .6ht.lUJ.lileve..l· CO/VLe.6poru:Lin.g.. i.o, K 0' .6hLe.6.6 corul.i..:l.i.on.6. 
- IloweveA, _ 1..1:. ~. a1.6o' pO.IJ4L01e .to 06:ta.i..n, va£ue.tJ., of. .i.n.i..;l:h:d i.an.~ 

fjeni:.. mod..uJ..u:t,: f-n-om -iJl.e valued at :l:a.n.f}enX. mod.uJ..uA ca.l.Cu1a.i.ed {Aom 

one - d.i.me.rv;i..on.al.' compll..ed.6.i..t:Jn. i.e.61. 1l..e.6ul.h~. 7/0· p.nd C i.. hom· Ci:. " 
eflruo.:l:.i..on (2.4) ~, .601ved tOA.. Ci.. ,fJl..vi..ng.:: _ 

Ci..=C1./ [1- f?t (CJ1_crJ)2] 2 
- (ot-'] ) t 

.6ub.6:I:.i..:I:.LdiJf} f.~ Ci.. (Aom ~u.a.ti.oit (2.12) 
2 - 2 

1+eo [ 2~o _ _ ] • [ 7l~ (<r1-~ ) ] t,.-- 1-7::i/f - 1- -
. .L - av ( 1+1\01· CJf-"j ) f. 

7Ilie .6i:A~.6 le'JIe1 d.wt.i.nf} p~ 10adi..ng. i..n a coMoLi.d.alion 1.e.6:t 

1....6 dei.eJUlli.n.ed: a.6 f-al.1..Ow.6: 

(2.16) 

5ub.6:Li..iu;f.i.nf} i..ni:.o :tAe - e~on. tOll.. .6UlUJ.6 leveL, eflruai.i..on (2 .5) 
tOA: -.CS1~(S,3 ' 1-K . 

0'"] (. K 0) 
cr1-Oj_ 0 (2.17) 

(01-6j ) = (J'J [ ion.L(45+¢/2)-1] + 2e'irm/45+¢/2) 

lIiiA·. expll.lUJ.iJi..on ~aJ} be .6,imp4-p-ed bJ} .6iJnplJ} i:a.kin.f} e' equal 1.0 

J-eJl.O ( dwU..n.f} plli.ma.n.y loadi.n.f}, lOA.. man!f rtO/lJ12al.1.!f eOMol..i..d.a1:.ed. .60LLt, 
:t:h..i.A i...6 :th.e ca.6e/ , an.d. :the ex.p1l..fi6.6wn. become./) :: 

1-K 
(cr 1-- CS3 ) t = 0 (2.18) 

- /(0 [ iml (45 + <P/2)-1 ] 

Jt.. can. be 4een :tluJ.i:.. :lJi.e /.JiJtlUJ.6 1evel. i..n a eon.()oLi.d.alion 1.lUJ1. no 

lonf}e/1.. dep e.n.dA upon' i:Jl..e _ mar;ni..f:.ude of. <Tj ,p/l.OV i..d.ed Xlw.i:. e' eflruai..d 
£.0 J-eJLO. - -
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7lie i.n} £ial. i:an.g.enX. mod.ui.u.d, 'can. be def,i.n.ed. by_ .tJub.tJ:/:.i...tu;l:..g. 

~.llI1.il..on (2.17) /-Oll. .tJilte.d.d level.. .iJtio e~on (2;12) I iAe 
Il.e.d uli i..tJ : 

t:l:. 
CL=----------~----~---------

1- 'At ( 1- Ko ) (2.19) 

. Ko { ian.2 (45 + 4>'/2 )-1 J . . 
J /. :th.e Il.eci..pll.ocal. o/- iAe denomi.n.ai:.o/l; 01 €.tJllail on (2. 19) .,u. 
dcito:l.ed. b!f f} I :I:JiU /ac.:tOIl; ll.epll.e.denU a colVtec:/:..Lolt :l.o be applied. 

:1:.0 C;t ;/:.0. obi:oJ.n. t.i.. • F LfjUlte 4 .tJh.ow.tJ CWl.v~. /-Oll.' :t.h.e COlCItec:tLon, 

IJ/-Oll. VCUt.L0u.61 value.tJ of-. ¢' arui Ko 1a.tJ'.tJwni.n.g. iluzi:. 'A{.= o.85.FoAt 
ilz.e g-en.vw.i. Ca.tJe o/- a .tJ:Ote.tJ'.tJ level.. o/- 0.5,:tJie coll:lLec:lu;n 
become.tJ: . 

(2.20) 

7iIuu,. /-0J(; mo.tJi:. nomnal.1j;. cOMO.Lidn.:ted. .doi)A, i:.Iie in.:ti.o.1 ian.g.en.i. 

m~ .u.l abou:!:. fuee :/:.i.me.tJ, a.tJ kg-e- a.tJ. :th.e value o/- i.a.nf;en.:t 
rruxiul.uA.,de:l.eJun1.n.ed f.n.am. a cOMol..i.r.lo.:t.i.n' :1:.6.6:1:.. 

Cl.ougli ho..tJ. applied. equa:tLon (2.19l ;/:.oj cOMoli.dail'on :l:.e.tJ:I:. 

A:.e.tJuih, and I~ /-ound iluzi:. :th.e exponen:l., n. ,a~ :t.h.e vG./l.i.a.:l:.LoIt 

.. o/- C L wliA OJ i..tJ /l.e/.ai;ed. i:.o lite CWLvai:.wte o/- ilz.e viAfJ1-n CWl.ve . 
. o/- :tIte e-log. p" plo:t.H.u f.inr.Luz.g..tJ ma!} be .tJWlunOA.i..J-ed a.tJ f.aL!-ow.tJ: 

"1;. Fall. an e-J.og. p" cwz.ve wli.i..ch. i..tJ concave do~~ 

hJpLcal. lOll; .dLli:..d and /.Jarui.6 , n'M le.tJ.tJ i:h.an. ·one. 
2. FOil; a. .td/l£u~J:.line viAg1n. CWl.ve, n.u ~.ua!- :to. 

. un..i.:l.g.. 7lie il..e.tJ u1t..Ln[} Kin value undeJ1J. ih.e.tJ e coru1u.i.of}- .u: 

2.3 cf 1+ eo ) 
K ---------m-

Cc Ko 
(2.21) 

wh.eA£. Cc .i..d, :t.h.e compll.e.tJ.tJ.i..on iJuLex. and. C .i..d a coMi:I:ln.:t 

r;Lven by. :tIz.e eftua:tLon: 

2 . 2 

c= ~- 2 Ko H: i_Y?{. (cr;-~ ) .J 
[ 1 Ko ( (5"1- OJ ) /-

3. Fo/l. an e-1o[} p" CWl.ve wludz. .i..d concave' uptixvt.d, :i:lIpLco..i. 

/-Olt .d en.tJLiLv e cla.fIA I n .i..d flA-ea:l.eIl. i.Iu:uz. one.'" 
. 2. Unloa.di.nfl-Y?e1oadi.n.fl. Cloug./z. h.a..6 .tJliown :thai:. deif!Allli.na­

lion o/- an un.l..oaclin.g." mod.uLu.t" value jAom :t.h.e Il.ebound CWl.ve o/-

-10-



a coMoiJda.ilon' :t~i:. dJ..//en.tJ' ~m ilie pn.acedwr.e Uded /o/l. ilte 
p~ loa.di.n.r; morlul.uA i.n. ih.e f-ollowi.n.r;IlX1.!f6: 
"1. 7lte i.n.cn.emen.:ta.1 clian.r;e i.n. ia:te/w.l .diA:.~.{} i...d no:t /l.ela:t.ed :to 
i:Ae i.n.cn.emen.:I:.aL c1Wn.r;e i.n. axi..a1 .di:A.~A' b!f K 0 i bid b!f an. i.n.CA.e­
men.m1 coe/./Lci..en.:f.. o/1a:te/l.l11.' ecud:li. pll..e.d.6WCe, Ko ,wlu..cA i...d no£. 

__ I ~ , . 
, elll.lLlA.. :to f\, e . 

2. 7lte va1u~ o~!( and K!::.. i.n.CIl.ea..6e will OVeIl..COMo1icLcd.ion 
1- 0 . 0 

JULi:.Lo i:luwug/wid un.1oad.Ln.r;e" 

. 7lte dL//eIl..en.ce between. K~ and. ~o dwun.g. wU.oadi.nr; 1...6, 

. LLlLudmd.ed .in 1 Lgwte 5 .A:t poi.n.i:. A , ilte .d1.ope 0/ ilte :la.nr;erU:. 

:to ilte unloacLi.n.r; ClU1..ve i...d K~ ,whL/..e ilte value 0/ K 0,L6· ilte 
.d1.ope 0/ i:lie .6ecn.n;;l &e :to ilte .M1JTl.e poi.n.::t. 71t~e vaJ..uu -aILe 
no:t erpuU. becalLde ilte ~ CU/l..ve do€4 ,ex:l:.ena on a .dJw.i..r;h.:t 
&e i:luwur/t ilte olLi..~e J n ~ CQ..d e, ih.e dw.n.r;e .in .l.a:i.eJZ.a1 

I !::.. 
!::.. O'x= K 0 !::"p' 

and ettrllO.i1on (2.12) can be ll..ewJtli:.i:.en. a.6' : 

7ilte value.d 0/ K:ma!f be deA.i..ved f-.rz.om Fi..gwz.e 6. 7w.u a p1.o:t 
0/ K!::.. V€/L.6lLd ih.e p1.a..diLcli:.tJ iJuLex and i..:t i...d wo a {.undion 01 
:th.e :ve.tt:cOllAjoildat.i.on tw.il..o (a/-:ten. Bll..OokeJt. and J/l.Wuu:L ). 

. 104 an. ·oveIl..coMoLidaUon JW.i:J..o 0/16 , .ilte va.luu /OA:. K: 
and. K 0 QA.e 1.0 and. 1.8 /l.e.dpeci:LveJ.v-. _ 

A1.:tliour;h. ilte value 0/ un.l.oadi.n.r; mod.uJ..Ll~' Iw..tJ .been. .a.d.dumed 
:to be iJuLependen.:t 0/ .6iAe.d~ If!:.ve1, ilte .dll.l1pe 0/ ilte Il..ebound. 
_ CU/l..ve ac:tualJ..!f vaJUe.d' .domewlud wWt ~:t~.6 level and a..6 a Il..e­

.6u.1.:t ilte d€.f}.tl.ee :to wh.i..dt Me modul.u.t, value depenr16 on a i i...d . 

. . ~omewlud exa[}fJen.a:ted. Clouil- 1liz.6 .61iown :I:luzi:. . by. e.xa.m1.ni..n.g. ilte 
beh.avLoIl.. 0/ a i:A.i.Jzxi.al .6pec1.men. .in Wh..i.dt ilte .6i1l..e.d~ level. u 
Il..edu.ced wh.i..1e t:lte con(.i.ni.n.r; pll..e.d.dUA.e U Iteld. COMimt:t., t:lte 
ll..ea.lJon /o/l. fAe . extJ.f}r;emz:ti..on come.6 {Aom ilte meilwd.' 0/ c.al.c.ula­
iLon, a.6 .deen. i.n. 1 i..[JWl.e 7. A:t ilte uppell.. poll..i:Lon 0/ t:lte 

-11-
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un1.oadi.n.[J .tJVLetJ:d-.ld.IWm CU/Lve, i.1te ianf}en.i:. moduLil4 , C1 ,.u 
-LQAf}eA ilian.. t3 • !In. a coMol.Jdaiion i:.ui. ~i:Ae ~etlL vaLue 
0/ mod.ul.uA·" .tJ~:to t1 I' i....6 de:i.emni.n.ed' (A.om i:h.e .i.n1 i)al. 
pond.Lo1t6 o/-:tJi.e lI.ebound Cl.Utve, wIl.eA.e 0"' j .u i!t.e IUglif!..(J;i. , 
and. :tJie' l.ow~ vaLue 01 modulUA , .tJ.iJrz.i.lcUr; J..o. tJ ' 1.A de:i.eA..­
mi.n.ed ai:., iJie olJieA;. end. 7ltil4, a va.JU..o.:li..on 0(. CUlL ,wlilLUj' 
de:i.e.ttmin.ed .in. :i:.h.L6 tnann.eJl.. will exfl.g.g.eJtO.i.e·:th.e ellec:t 01 
cr; on tWt .' ", 

!Ii:. con. be .been. /Aom F.Lgwt.e 7, C2 .1....6' i:h.e mo.tJi:. applWpn.i.a:l:.e 
vaLue :to /1.ep/1.€4 eni:. :th.e unl.oa.d...in.g.. mocl.ul.uA .AlAo a mod.ul.uA vaLue 
ma.!I be de:ieA..m.in.ed /Aom i:h.e /1.ebowul. cwz.ve 01 an. e-1..og. p' ploi:. 
b!f ca1.Cul.ai:.i.ng. a i.an.geni:. mod.u.l..t.u vaLue Ud.in.g. efJua ii on (2.24) 
at:. a veA.:l:.i..ca1. p/1.f!..(J.tJWte epm.L :to one-Jwl..1 01 iAe 0/lLg..Uw.l. 
p/1.eCOlUJol..i.clo.ilon pltf!..(J.tJWte. 7 Ite vatt.1J:L:t.i..on 01 C

Wt 
w.uh. 0) 1.A 

€4d:a6Lulted b!f a.tJ.tJwni.n.g. t1w.:t :th.eex.poneni:., n ,1.A :th.e .tJame , 
f.OIt p~ loa.d.i.n.g. and ~.And :th.e /1.elo.iloMItLp 6e;l­
ween. GlUt and (J' 3 ,1.A comp1.e:l:.ed' b!f .tJo1.v1.n.g e.t&"aii..on (2.8) 1M 
K a.tJ' / ... II .... ,~ : 
,Wt' ~ n 

K== : + (~) 
71w..tJ, will :th.e unl.oa.d...in.g. mod.ul.uA vaLue de:l:.eAJTli.ned 6!f 

:tA.Lt" plWced.wt.e,:th.e .in..L:ti.al. io.ngerd mocl.u1..tu. de:l:.eAJlli.n.ed 6!f 
equo.:t..Lon (2. 1'1) , :th.e cp I and c I vaiuf!..(J {Aom :th.e d..Utec:t .tJlteaA:. 
i:.f!..(JU, and. :th.e ~ca1. 10llPlUl.a.:tLon 01 IJun.co.n and. Ch.an.r; 
(1969) ,:th.e .tJUf!..(J.tJ-.td.luJ.1.n. /l.f!..(JpOMe 01 a .tJoLl ma!f be f!..(J:l:ab­
ililted Ud1.n.f} cOMol..i.clo.ilon and d..Uteci:. .tJlteaJl.i.f!..(Ju. 

2.4 SU/f!InA~Y 
!In ~, c1tapi:.eA..,:th.e .diA.e.tJb-.tJi:.no.i.n. bell.O.VLo/1.··ol .tJ0.u" 

1.lXJ..(j. /1.ev.Lewed.A- .tJi.mpll/i-ed .6Uf!..(J.6-.tJhw.i.n.. /1.el.ah' OMIi.Lp tJXJ..6 

df!..(JCJLlhed and a f}en.e.tta.1.. exp/1.f!..(J.tJ.Lon 10/1. ti:. tJXJ..6 obifLi..n.ed 
lOA.; p~ .Loa.d.i.n.g, and an. un1.oa.dJ.n.f}-/1.e1oadi.n.g mod.ul.tUJ, 
tWt ,tJXJ..6 deA..Lved /-0/1. un.1.~f}. 

Th.e anol.!JZi-coJ. 101lPlUl.a.:tLon. 01 IJun.co.n and.. Clw.nf} (1969) 
tJ.X:W explo.i.ned and .tJU€4.6-.6i:.1uLi.n. [XVWllle:i.€.Il.d dwu.n.g p~ 
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1.oadin9. andun1.oarli.n.9-/te1oadi.n.g. tueIl.e de/J-n-ed.. 70 do :t.h..i.A, 40me 
ci.a.d~cal. :ted:/:. p/tocedwt.e.d WeJl.e P/l.OP04ed. and :th.e neCe.d4aAff 
paN1DleXeA;,6, wette dlOLJen. J i. IWJJ been f.ound. i:.hrd,:th.e 1.n1..i:i.al. 
:l:.an.9en:1:. morlul.uA,:th.e un1.oar.Lin.9 m~,:th.e cp and c vai.ue..tJ 
wette-du.Ip-ci..en:I:. :1:.0 4i.mulo.:te i.h.e LJme.d4-4iAo.i.n. /te.dp0n-de of. 
a LJo.i.1. 
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Tab1e1.K and n values for clayey soils. 

SOIL TYPE C (-l~f) <P K N Rf 

0.74 6 23 0.32- 0.61 

Sandy C\a.y 
.0.67 4 75 0.44 ' 0.88 

0.81 18 Z80 ' 0.60 0 • .93 

S 'V 60_90 0.66 20 22.0 o~ z.?:> o . .90 

, 1.30 8 '40 0.2.0 0.84 

1.00 -13 120 0.0,9 0,83 

.. 0.80 Z 47. O.3~ O.BZ-

-1.50 2.4 350 -0. -15 0 • .90 

'1 • {O c- 100 0.27 0.83 

:1. ea.n C L 0.1 0.39 1 160 O.5~ 0.97 

-1 • {O 3 1.30 o. ~6 0 . .91 

S'" 85_90 -1.00 ' 16 110 0 . .94 0 • .91 

1.40 ~; . 61 0.11 O.?r 

1.00 3 3-7 0.37 0.65 
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CHArp7C~ 3 

LOAIJ:...tJtFO'RflJAI!JON B{jIAVJaR OF JNlt'RFI(f., fJ-f.jJJtN75 

3. t JN77?OOUCIJON ' 
J n oMi.eIt. .to p/l.edi..ci:. :l:h.e /l.elo.ilve d.up1.a.cemen.iA b eiJueen. 

i:.h.e .6iAuc.i:.wtrLl. ~eJt.i.a1 ~ me /-owuln.i:.i..on .6o.i..L6 O/l. /.ott. an.!J. 
oi.h.eIt. k.i.n.cLJ of. maf.eA.i.al.., il lIXUJ de6ue;L :to devel.op i.eclr.rt.Lqu~ 

:to. /l.ep/l.e6en:t. a -dpeci.al.. :type ot elemen:t. ,.dO co.lled. :fIte .i.n.:leJt­

/ace elemerd. 
Conven:l:.Lonal p.nu.e element. an.al.~ ~~ nodal. po.i.n£. 

d.up1.a.c.emend:. compai:i.b.i.Li..:bJ and do no:!!. aLLow /l.el.ai:i..ve movemeni:. 
be:l:ween. adj.ac.en.:l el..emen.i:.a·, even wIt~e: :l:h.e mai.eJUaJ. :bJpe6 a/l.e 

cli..6.6.i.rnLl.aA.. 70' allow (.on. /l.el.a.i:i..ve movemen.:l:..6· beiJueen. adjn.cen.:li. 
:two, di.men..6Loaali. p.nu.~ elemeni:A, yoodnzarr:, d. al., (1968) deve­
loped.' a one-di.m€lL6i...oil.a.l. el.emerd:. capab1.e ot undelt.r;o.i.nr; /l.ela­
live c.l.L.tJp1.a.cemen.i:..6 wltLch.· conneci:.e.d. :l:h.e adjacen.:t iuJo-di.men/.iL­

orw1i elemeni:..6. alOl.1lf} :l:h.e en:f:..iAe boun.da.A.!f beiJueen.. idte e1emen.i:..d. 
7lte .6lit/ne.d~ ot an; i.nd:.e.Jtf.ace el.emeidi. llXUJ ~i. cal.cul.a.:ted. 
b!l Yoodinan., d. al., (1968)J •. J:t llXUJ a-d-dumed i:lw.:t boih. no/UTlO.l.' 
an.d .tJltecut d..L4plo.c.emerd.tJ. VQ./l.!f li.n.ewJ.:v. alonf} :l:h.e lenr;:fJi of. 
iJie el.emen:t. 

lite p/l.Ope;d;Le.d {.on.' tfte .i.ni.e.Jt/ac.e elemen:t cOMiA:t of. a 
. nomnal. .tJi:.i.././ne.dJd, kit ,and.. a -dlteaAl .tJlitfn.e4-d,.. k.d. ,wliLcJi CUte 

/l.el.a:ted :to iJie COIlAe6pond.'i...nr; nomnal .tJi".fl.eu, (j n ,and .6ltean.i.nr; 
~iA.e.d-d, T ,ac.:tiJl.f} on ;/;iLe el.emen.:t b!f :l:h.e ~OM j 

k ~n=() .n n 

k~~4'= 7 

(3.1) 

(3~ 2) 

wltelt.e ~n u tlte aVe/W.r;e It.~ve nomna.1. c.l.L.tJp1.acemen.i. aCfl.O-d.6 
:tAe' el.emeni. an.d L\.. .u:tlz.e aVemJ.r;e /l.eLa.:li...ve .6ltean. d.up1.ac.e­
merd aJ..onf} ilte e1:nen:t. 7lte Ulti..:UJ of. Crn aruL7 (lite {.olt.c.e/ 1.~2 
and ilte unli:..IJ. of. kn arul k.6 a/l.e (..on:.c.e/ 1.~. 

F i..~e 8 -dltOW-d ill.eon..e:lLca.lXu pO./J~.Lbl!e mode6' o/. beh.avi..oA. 
f.on..' an. 'J.n:i:.elt.f.ace elemen:.iJ.. J n :l:h.e CM e ol i:Jie c.ombi..ned and 
compA..e6~i..onaL mode, ilie:two a.df-cic.end:. elem€J?;f.,o. oveJti.O.p, i:hL8 
oc.c..r.vt.:4. becaU6e comp/l.e6.di...ve .di.n.e6.6e.d' /l.ettru1Ae· c.omp/l.~.di..ve 
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n.el.o.ilve fup1.ac.emerd6 ac.Jt.O:d.4, iAe iJdVLfac.e el..emen.:t." FOIt iAe 
pwr.{J04e O~ anal./fdL6 , iAe e1emen.i:. 1...4 a.4.6umed. h; !w.ve J-VLO 

ilic.kn.~.4'. 

Sh..€.a./Lin.f} b eim.vLoA. o~ ;tAe. iJdtVtface el.emen::l:. lA, iAe 0l0.4:t 

.1.mpoJtia.rd:..mode,a.4 .4h..own .in Fl~ 8. 7h..e amoUlJ.i. o~ i:h.e Itelalive 

.6h..eaAJ cl.Ldpl.ac.emerd cuul .6h..€.O.A. .6i:A.e.6.6 i:h.a.:t devel.ope.6 on. an. i.n.:I:.eA.-­

(..ace e1.emen.:t dep~ upon.· ;1:Jz.e .61iewz.i..n.[} .6i.i../f.n.e.6.6, k.6 ,.IVuJi a 

. .6maL1:. .4h..eaA:iJt[} .6u/(n.fUJ.6'1 an· iJd€.ltfac.e· e1emen:t .6h'oul.d be f-nd-c.­
ilon1e.6.6·. !In 0JUi.~ h; A.e/l-ec.:t iAe appA.Op/Li..ai.e· .6i:A.e.6.4-d.i...6pl.ace­

men:t ciuvw.c.:te.n..i..6i.i..C.6 o~ ih.e iJdeA.fac.e el..emeni:., '.LiA pIl.OpeJd1..e6 

mwd .. be pA.OpeM.V- ch.o.6en. 

3 ~2 119PC7l!1Jf.!JC -i(JR!rYJLA7!JON FO'R SlIfjl(R S7(}FFNCSS 

Cl..ouglL (1969/ JUu .6h..own. i:h.a:t i:lie Il.el.ail..on. be:J:ween :tAe 
,.6heaA; ~iA.e.6.6 Cmd. Il.el.ai.i..ve fupl.ac.emen.:t QIL ih.e iJdeA.f.ac.e el..emen.:l 

I1J(JA non:-.Li.n.ecvi i.n f.olUlland depend.en.:t· upon ih.e TLOIUllal..' .6i:AU.6 on 

:tAe i.n.:I:.eA./'-ac.e. 7 h..e i..nf..J..uenc.e o~ ih.e. iJdeA.fac.e' /ALc.i.i..on i..n ih..e 
i.nCA.emeni:al... anal.!f.6Ld mUAi. be co/Ul..ec.i:l..!} A.epll.fUJen.:l:.ed~ . 7,1ut.6 an. 

• ana1.fP:1..c.al!. .6imul..a.i:£oTlJ 0/ :l:li.1...d beh.avi...on. IJJ(]...6 de.tJi...n.abl..e. 7 lie. dean. 
lte.6emblrmc.e o~i:.h..e .6h..eaA '.4ht.e.tJ . .4-I1.el.ai.i..ve cl..i...6pl..ac.emeni:. c.uA.Ye.d :to 

iJie h!fped;ol.Lc ~omn /-tJA. iJie .6i:A..e.64-.6:1:A.ai..n. beliavi...olL 0/ .60W_ 

.6U[}[}e.6i:.ed.. i:h.a.:t a A!/ptVtbolic. /01ll1U.li.ai:Lon. mi...r;h.:t be appA.Oplli.ai:.e 

lOA. :tAe i.ni:.tVtfac.e ch.Cvw.c.:teJLi...6i.i..C.6 aLI· well. Fi..gwte 9 .6ItOW.6 a 

t.upi...co..l. .6~ea.A. .6i:A.e.6.6-A.el.ai.i..ve fup1.o.c.emen::l:. c.wtve, ~Oll. an. i..ni:.tVt-, 

face e1emeni:.. 

7lte ltiJptVtbolic .61tea.JLi..n.[} .6hz.e.tJ.6 v€/t.()/Ld A.el.ai.i..ve fup1.o.ce­
men:/:.. CU/l.ve £.6, de.tJCJLi..bed.. Off ih.e {ollowi..nf} , e[}uati..on : 

7= 
.~.6 

a+ btl. 
.6 

wlttVte a and.. b all.e COM~ dependi..n[} upon' iAe llaughne.6.6 

(3.3) 

. cJta/UJ.c.:teA.i....tJilC.6 01 iAe i..ni:.eA.f.a.c.e and. ilte v~e 0/ no/lll1l1.l. .6i:A..e.d4·. 

cq;m.il..on. (3.3) 1T1IiV- 'be A.eivutan.f}ed.., £n.i.o a li.n.eaA. /o1ll1l aLI{ol1ow.6 : 

~.6 . bD.. _ = a+ '" (3.4) 
7 
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()---,.-~---,..----,.--.,o+-Noda r Poi ot 

"'+-...,..Ll-- One Dimensiona.l 
lnterface £Iemeni 

lk--~~t-.....t:;~-4-(>--2 Nodal points -

' .. ~o--l-,--Two Dimensional 
. Element 

Extension 

Compression Shear Combined 

Figure 8.Modes of Behavior of Int~rface Element (after Duncan 

and Goodman,1968). 
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· 7/1tLtJ 1-4 an ett.uail..on o~ a .6:bzci.# ./.;.me.. 7:lie i.Jw.n..6 /.o1U1Zed. ll­
neaA.. JivpeJtbo11.c pl.au ~0Il. .6ome :t.vPi..co.l.' 1.n;le.Jt.fo.ce i;f!.6;/A ~e 
.6/l.Own i..n. Fi..r;.wt.e 10. 

7 he cOM:I:an.:t a .in ett;ua.:l:.i..an. (3.4) i...6 /l.e.iLd.ed.. 1:.0 iAe i.n.i.:t.i.al 
i.a.nf}en.i:. .6:1:1..~(n.€..6.6 bff ~on: 

t {3.5} a= __ 

k.4.i.. 

And. bff /l.ecuvtfJAfJ-Utf} ett;uo.:l.i..on (3.4) .i..n.:f.o, :ilie ~oJU1l;: 
1 a b= ___ _ 
T .1 4 . 

J 1:.. ma!f be no:t.ed.. :tlu:d:.. a.6. .1.6 becomM la.JZ.g.e 7 appJUXlcliu 1..:1:.6 

a.6!fITlp1:.oJ:i..c val!ue:, 7 uLt' :l:h.e.Jt.e!O/l.e: 

(3.6) 

b=~ (3.7) 
Tul!.:t 

7lte /l.e1a:li.oMh.ip expfCe.6.6ed. by. ~uo.ii..OTM (3 .5) and (3.7} ma!! be 

IM'ed.' ::1:..0. dei:.emni.Jte k.6i.. a.nrL 7 u.li£ fAom :l:h.e :i:A.aJu!OlU1Zed· l.i..n.eaA. 
h!fpe.Jt.bol.i..c pl.oi.6 in FL~e 10 ,b!f eval.uaiinf} a and b. 

7ihe i.a.nf}en.i:. .61i~, .6:1:1..!(n.e.lJlIJ ai:. any. po1.rd on iAe h!lped:Jal.i..c 

CU/l.ve ina!! be ~owuL fMm e!Juai.Lort (3.4) b!f dei:.emni..n.i.nf} iAe .6l.ope: 

k aT 
d= = 

a.1~ ( a+b.1.,s) 2 

a 
(3.8)' 

B!f /l.ecJ./l;IUJ.J1!Ji..n.r; ~u.a.il..on (3.3) , an expll.e~J.6i.oro !O/l. .1.6 maff be 
oht.ai..n.ed: 

a7 
Ll~= __ _ 

1 .:. b.7 .' 

Sub,td:1..tld j ng. ili.e e.x.p1te.6'.4J..on;.6. ~~ a and o· hom ~ua.:I:1..aM (3.5)' 
cuul (3.7) : 

(7u1.:t)7 Ll .6 = ___ ~ ___ ;-
Ii, . (7 .. 1.1. - 7 ) 

.6L .lLU':. 

(3.10) 

Sub.6:1:i..i:..t.d.iff iJiee.x.p/l.e.IJ.6i..OflAJ ~n. a, b and .1.6 (A.t;m equail..oM 
(3.5) , (3.7) and(3~10) , /l.e.6pedi..ve1!f, i..n::I:..o ~uation (3.8) 
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Fon. t.h.e i.an~eJd .tJltea.tl.. .6:t.i..!/ne.tJ4 and .6impLLI!fLn9-, ilic lo,j.l.owi.n.9-
ec;ua.:ti..on ma!} be obi.tLi.ned.': 

, 

7ilie 1UJ.ii..0 bei:.weenJ; i:A.e CUJ!JDlpi:.o:t.i..c val.u.e 01 .tJlteaA. .6Ue.6,4, ail. 

~e, 7 u1i:.. ,and.. ilie. ac.i.uo..L .dloeaA!. .6UetJ.tJ ·.d (.aLlW1£. L6 

de(..i.n.ed. cu, ttl- • !Ju 1U1Jt~~ vaJU..e.tJ /Jt.om 0.84 i.o~ 0.95 w.U:li an 
aV€./tafje val.Ue 01 0.88. /iJien, epm.i:Lo~ (3.111) coul.d. be . 
aLten.ed a.tJ 101.l.ow.6 : 

71 Ld. a f.unc:i1-on. o.f. ilie nomna.l: . .tJUeu. oro tJi.e .iJt:l:.en.f.a.ce, an.I 

accomli.ng. :&J t:Jie lollowi.n~ ll.el.ail..imAh..ip : 

(3.13) 

(3.14) 

!J 1:. 1..6. po.tJ.tJiJJJ..e 1:.0 obia.i.n. a ll.el.ail..oMh..ip' be:60een. kd and.. n 

by .tJi.JnpJ..!} pJ..oi.i:.i.n.~ t:Jl.e val.u.e.tJ 01- R)),L V€.lll4Ud C1 n on J..of}-J..of} 
.tJcaJ..e. lite 1l.e.tJul.i.i.nfj ~uai:1..on L6 : 



:~ 

Asy m ptote = 7:"ult 

Rei otive Displacement .. As 

Figure 9.Hyperbolic Representation of the Variation of Shear Stress 

with Relative Displacement (after Clough,1969). 
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Figure lO.Transformed,Linear Hyperbolic Plots For Interface Tests (after Clough,1969). 



Cctrua.:i.Lon· (3 ~ 16)J def.i.n.·e6 a ~i.mpl.i..?Led, plU1.c.li..ca.l A.el.a:ti..On41iLp 
wlti..ch. de6 CJ1...Lbe6 :l:h.e nonl1.n.eCvv. I .6iA.e64i . dependenX, .6iA.etJ.6-d..i.A­
pJ.a.cemeni. beh.avLo/t 01 an. iJ1.:/:.e4ace el.emenX between. .6oU and, 
cOnCA.ei:.e. 70ial.. .6i:A..e6.6 no:l:.a.iLon h.a.tJ been UAed i:luwugiwui:. .in. 

iliJ...6, den:i..vt;dion, bid.. 1..1 iAe iJ1.:/:.eA.f-ace i...6 un.d.ett wa:l:.ett, :l:h.en. 
cst n .6h:ould.' ll.epJ.a.ce CJ"n • iA ~ua:Li..Of1j. (3.16) • . 

7ilte i..rdett-f-ace el.enzen.:l:. lo~n of. ~oodinart I d.. al..., 
(1968/ tlXLIJ.. iR.coll.po/UJ.i.ed .i.n;I;a i:li.e ~CA£lllen.:l.a1.. f-i.nil.e' el.emerd.. 
pIWfJA-011l' willl. i:h.e li!/peA.Ool.i..c .6h.ea.Jt .6:f.1l.e6.6~elo..ii.ve cli..4pJ.a.cemeni:.. 
Il.el.a:ti..On4/u.p developed b!f Cl.ou#- (1969/. Bec.auAe: i:lie' .6fteaJL 
.6:tLllne6.6 mutd; be: eval.uai.ed f.0A.: each. i..n.CA.emen£ ai :l:h.e .6ame 
Wne mocl.uJ..uA, vai.u(l.6. lOlL ih.e iJJJo-cLimeJWi..onal!. el.emen.:t6, wen.e 
ca1cuJ.at.ed. 

3.3 SIJtJ]/IJA'RY 

!In. ~, clw.pi:.eJfJ, iAe l.oad-def.o/Ul1a.:tLon. beJw.vLoIll of. i..n.i:.eJlJ-­
/.ace elem~, tJXLd o.n.a.J..LJ-ed. 7iAe' pIWpeJl.':lLed lOA. :l:h.e i..n.i:.ettf.ace 
elenzeni:. wen.e f.ounr.l 1:.0 be def-in-ed b!f a nolU11O..i...6:tLf./nU.6', kn 
. and' a .6h.ealt:; .6:tLf.f.ne.tJ.6. I k.d. . . 

!J 1:.. h.a..66een f.owui i:Jw.i; tJie .6h.eG.Il. .6.i:.Il.U.6 and ll.el.it:tLve 
cli..4pla.cenzen.i:. on an. i..rdeA.f-a·ce el.enzenX tJXLd nonl.i.ne.aA:. i..n. f.olUTl 
anddepenrlen.i:. upon ih.e nomnal.. .6iA.ed.6, on :l:h.e i..rdettf-ace (af.i:.ett 
Clough. I 1969). A fjeneJl.fLl.. .expll.ed.6ion tJXLd dell.i..ved: 1:.0 def.1.n.e 
ill.e .6hz.e.tJ.6~pJ.a.cenzen.i:. belw.v1..ollt 4 (lflJ i..rdeA.f-ace elenzen.f.. 

-27-



OlllfJ7fJl Ii 

fJ N!J 7 t ftf.jI'ffl7 frt7110tJ 

~.t !JN77<.OCUC7!JON' 

!in. oil/len: :1:.0 .dol..ve a .doLl .dhw.c:l:.wte 1.n.i.eJUJ.c.i.i...on p/l.ob1.em a 
meEwd mUAi:. be. capabl..e 01 .di.mu1a:l:.i.n[J: 

t. lite beh.a.vi..oll. 01 a .d!JAi:.em con:l:a.i..ni..n[J .di:.n.uci:.wuzl. eLemeni:.6 
2. !J ni:.eJULc.i.i...on bei:ween ilie .td.lwc:l:.wte and i:h.e .dQLl 
3. Compl..ex. .di:Auc.:l:.wr£ [Jeome:I:A.fJ. 
4. Y/l.avi..:I:fJ. 1..0ailJ.n.[J 1 1lJCLi:.en. pJl.e.6~UA.e 1.oa.cLi.n.[J 1 i:.empeJW.­

hute 1.oadi.ng 
'5. Andiolt and'.di:Jw:l:. 1..0aci6. 
6. No~eaI1.: I' .d:I:A.e.6.d-depen.deni:. .d~diN:Li.n. beAavi.o4 

Of :tILe .dOW 

7~ A~.L:I:Jza.I1.v- i..n.i.i:ial :.d:I:A.e.604 con.d.i..:t:J..OIUJ i..n i:h.e .60Li..d .• 
J 1 adopi:.ed. pIl.OpeM.g., iAe {.iAli:.e eLement:. mei:Jl.Od CfJ.nj 

acconwda:l:.e a1.1. i:h.e.6 e compiex.).i;i..u .• 

lite' ba.6u; (AIL J..h.e {.iAli:.e el..emen.::L me:t.h.od. Ju:u, been; de-4J-' 
. c:.n.;.Lbed by Cl..ough. (1960) • !In i:lie me.th.Qt}. 1 a continuwn L6 

ll.eplte.6en.:l.ed M an. OA.dembl.a[Je Of {.iAli:.e eLem~ a.6.6wned 1:.0 

be corutec.i:.ed. onl..!f at:. :t.h.e nodal po1.n.i:..6 l..oc.ai:.ed. aLon[J :l:h.e boun­
cla.m; Of tJie e:.Lem~. 7lte nodal.. poin'- d.i...dpl..acem~ {o} Q.l4e 
i:lie bMi..c univtOIOl1A' Of ilte .6!f'Ji:.em a.nd a.ic.e Jl.ei.D.t.ed if.o i:lte Plte4-

CA.i..bed. 'nodal /OItCe.6 { tp} b!f a fjene;wl. .6l:LIf.ne.6.6 mrdA:i.x JK] ... 
7/Li...6' ll.el..ai:.i..oMh.i..p L6ex..pIl.e.6.tJed. OA : 

(4 • .1)' 

lite fjeruvw.J.. .6i:.i..(./n.e.6.6 ma.iAi.x [K ] .i..6 an a.6./J,embl.a[Jeol :l:h.e .di:.i..//­
'n.e.d.6 O{. Hie i..ruLLvi..d.uoJ. {.iAli:.e eLemen.i:..tJ combi..ned. b!f a pll.oce.tJ.6 

. MOwn M a d.i.A.ec.i:. .tJl:L//ne.tJ.6 i:.ed~e. 501.vi..n[J {.oil. i:.h.e un­
Mown. d..i...tJplacemen.:Ld 1l.~e.6 .tJo.l.ut.i..on O{. i:.h.e .del:. Of .6i..rnul.:ta­
ne.oU.tJ, ettlJl1.i:.i..OM de.tJ CIl.i..bed. bg. equa:f.i..OTt (". 1). 7.Jii..tJ DpeAfl .. ii on 
'nece4.6i.i:o..i:.e.tJ., :l:h.e UAe O{. a h.i..fIt .6peed. compui:.eIl. bec.aUAe ll.eo.l..iA:l:i...c 
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.6!fdi:.em.tJ 'hJpi.C£J.i.4. i..n.vo1.ve .6eve.tUJ..l' luuuiA.ed d€.fJILeu ot /Aeedom. 
{,~JLi..urn. i..n. :tfte /J.n.U:.e el.emen.i:. me:tAod. 1...6 tUJ.6Wl.ed. on.'-g. 

/OA. :tfte nodo.1 poi..n.i:. {.oILCe.6. Locizl. ~ui 1.'i..61li..um corul.i..ti.On.6 along 
:llte bowu1oJr.Le.6 0/ :lite el.emen.i:. rna!! noi:. be .6ail...6fLed.. yeneJULily 
aW.6.6 el.en;eri.:I:. 60wul.cuu.e.6,onJ.V. fup1.acemen.i:. compai:LbLI..U:g. L6:. 
a.li.4Ll1U!.d, and di..M:.an::l:.i..n.u.U:u i..n .dUe.64, and. .6hw.i..n. wLLl OCC!Wl.. 

{,1.emen.i:. .d:uIf.n.~.6e.6' QA.e deJti.ved. on :tfte ba.6.u 01 an tUJ-
.6umed dLt,p1.acemen.i:.. palleJtJ1. wli:1U.n. an el.emen.i:.. Foil. iwo-dimen­
.61..onal. p1.ane el.emenh., Cl.our;Jt (1960) deJti..ved an el.emen.i:. .6:U.I/ne.6.d 
U.6i..n.g a l.J..n.ecuc. fupl.acemen.i:. f-un.c:Uon.7Ae tUJ.4umed dLt,pl.acemen.i:. 
pai:.i:.eAJt.d con:Vtol iAe numben. 01 node.6\ needed lOlL an el.emen.i:. 
becaU.6e :tfte numbetc 0/ node.6 11lU4i:. be COlUJ.ui:.enf. w.U1t :tfte degA-ee 
01 :tfte tUJ.dwned d.i...6pl.acemen.i:. palleAn, andl1lU4i:. be .6u/fLci..eni:. 1:.0 

i..n..6U/l.e dLt, pl.acemenh compai:i-b.J.lll.v. be:hoeen el.emenh. 
/I}O.6i:. common1..tj,:l:A.i.an[JU1.o.tt. oil. lLec:fan[JU1.o.tt. el.emenh G./Le U.6ed. 

W.i.LJon (1963) ~ .6Mwn :tltai:.' :tftemo.6i:. .6ail...6(.a.ci:.oiz.y 1Le.6~ /-OA. 
gen.eJULl. app1.1..co.i:.i.t;n 0/ :th.e /J.n.U:.e el.emeni:. meih.od G./Le obixLi.n.ed 
b!l U.6e 0/ ~e.tUJ..l el.emeni..6 compo.6ed 0/ an a.6.6emh1.affe 0/ 
i:A1.an.~ elemenh. 7iAe U.6e o/- :tfte.6e el..emeni:...6 QAe, de.6C/tLbed 
i.n. Appen.dLx A. 

Beca.U.6e rWde.6' 01- adjn.cen.i:. elemeni:...6 aILe COlUJi:lw.i.Jted i:.o move 
1:.oge:tlten., no A.el.a.:t.Lve fupl.acemen:l:..d rna!f devel.op be:hoeen el.emenh 

. i../ :ih.ey. aILe compo.6ed o/- dL/-/-eit..en.i:. ma.i:.e.JLi.oh. yoodman. e:l. al. , 
{ 1968/ developed an i..n.:t.en.{.ace e1emeni:. wh.i..ch. /-01lm..6 a cord:1.J1.OU.6 
c.orutec:f.i..onaloftf} ilz.e en:ti.tLe 1.en.[J:th. 0/ :tfte 60llfUiaA.!! be:boeen. a.ng. 
:two adjn.c.ent. :b.oo-dimen..6i..onal. elemeni:...6'. 7 Ae amoun.i:. 01- lLe1.a:U.ve 
d..Upl.acement. allowed. b!f :tfte i..n.:t.en.f.ace element. 1...6 a f-un.c:U.on o/­
tJz.e, .6:U./-f.ne.64e.6' tUJ.6i..9"-ed i.n. :ih.e nollI11l1l. and. irmr;en.t.i.a.l di..tLec:f.i..oM 
and tJz.e joi..n.:t. .6iA.e.6.6.e.6. 

C 1.ouilt (1960) i.n.iA.oduced .·:ih.e app1.1..co.:U.on 0/ :tfte fi.nli.e 
e1emen.i. me:th.od i.o' COni:iJ1.olu .6iA.uci.wie.6.A(..i:.eJt lli ailempi:. b!f 
ex;tenr1inf} iAe mei:Jz.od, a vaAi.ehJ ot comp1.ex. '.diA.U.6iwwl.,.do.i..l. and 

ILO~ meclumi..C!.d plLOb1.eIn.d !w.ve been.ueai:.ed, man!! o/- whick aILe 

de.6C/dbed b!f ZLenJ~ewi..i:.J- and Ch.eun.f} (1967). 

4.2 :JNCP/J!t,N7AL F!JN!J7C {,LfJifJ/7 7ff]IN!JQlJcS 

.7i/l.e ac:tual. COlUJ:l:A.uc:Uon. opem::ti:1.olUJ' could. be .61.mul.o..i:.ed .in. 
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one oit mOlt.e anal..!JZi-co.1. .d:tep-IJ'i.n.voJ..vi.n.r; clw.nr;e.6 i.n. 1oadi.n.r; and. 
r;'eomehuJ b!f p€jLf.olUTli.nr; an. i.n.CAemeni:n.J../.i.nli:.e el.emen:l:. meiluxL. 

7 Ite 1.JU.i:1.a1.. concLi.i:LOIUJ I pA.LoIt. 1:0 th.e beg.i.nni.n.r; of. ex cava­
~ I wen.e def.l.n.ed b!f an .1.n1.:ti.aJ!. 4'ia:t.e of. -IJi.Jt.e.dd.in each 
el.emen:l:. whettei:lte veJd:1..ca.Lef.f.ec:ti..ve .di:A.e.64U, crt ,WelLe e.l!JuoJ.. . 

':to ,i:lte ef.f.ec:ti..ve oveJthwulen. .dUe.6.4e.d;, and. i:lte lto!.a-on.:toJ.. ef.f.ec-
live .di:A.e.6.6e.6) ($1 " :' welLe de/hted cU,': ' ' 

. a',,=.KJI!f 

when.e /(0 .w. t.h.e coef.P-ci..eni:. of. lo.t.eJUJl. eaJL:I:li plt.e.64UA.e. 7 h.e -
1.JU.i:1.a1.. d.L.6pl.acemen:i:A and .dh€aJt .di:A.e.d.6e6 on h.oJd..~n:I:o.1. : and. _ 
veA..f.Lca1.. pl.an.u welLe a.6.6umed. :to be J,eJt.O, and. i:lte .6i:A.e.d.6e4 I 

~ arvl. d.L.6pl.acemeri;/:A· ctdc.ulai.ed {.olt. each el.emen:l:. d.wun.g. 
eVe/Uj.inCltemerdal. .'l..o<uLi.nr; .d:tep welLe cumulai.LveJ..v. .6upetzi..mpO.6ed 
upon i:lte 1.JU.i:1.a1.. .6i:A.e.6;6e./J',.6i:.1w.i.n.d. arul d.L.6pl.acemen:fA'. ;: 

70 peIL{.olUTl 1:Jte:.tJe G.JUJ.1..!fAe.6, ali :t.vP~: of. opemdi.on.6 .invol.­
ved .in i:lte ac:tuoJ. ;colUJhw.c:ti..on mU.6:t be .6i.mul.ai:.ed a.nal.g,:tLcal.l.!J. 
A:t i:.lt.i...d -IJinr;e becaU.6e l..oadin.f} i.n. f-i.ni-:te el.emen.:t anol.!f.6e.d con. 
orW; be A£plt.~eni:.ed b!f appLLcaiion of. f.olt.C:e& :to nodal. poi.nt:.6, 
il:. Wi1.4' n.ec~a.Il.fI :to .wnula:te eadt of. iAe vaJU.oU.6 :tUpu, of. 
l.oarLi.nr; by. appLLca;Uon of. i:lte J..oacl.d. :to nodnJ. po.i.rtt..tJ of. i:lte' 
f-i.ni-:te el.emen:l:. m~/t It.eplt.e.tJen.i:i.n.r; i:lte .6i:A.u.c:lUA.e (.6) and. .dUA.­
It.Owu:liJtf} .60Lt. 

'1.3· 2NC7?{JIJ{jV7'AL fJUiVA7tJON 

!lunJ.:op , /)Un.Can ~. Seed (1968/lW.ve .6/t0tJJl't :th.a:t exca­
va:I:.LO/t rna!f be . .6i.mu1a:ted i.n. :ilte f-i.ni-:te el.emeni:. md.iuxL b!f ap-­
~f) .6:I:A~.6~' :to :ilte boUl1.Cl.wt!f_ expo;'ed. by excavail.on. "lite 
£eclin.Lttrue wh.i..cli :iltey. empJ..ov-ed COMLd:t 01 de:lemni..n1.n.r; .6Ue.d.d u 
at. ilie bo~ :to be ,Clteai.ed' b!f excava.i.ian I co.1.cu1a..ii.nr; 
evdvaJ..en:I:. nod.a.1.' J..~,_ f.OIl). 1:Jt"e.6e .6hr..~.6~, arvl.' appl.gin.r; ~uaJ.. . 
but. oppo.6i.i:.e nori.tLl J..oad..tJ· :to :ilte f-i.ni-:te el..emeni:. me.tJh. BecaU.6e· 
iJie .6:lJt.etJ.de.tJ appLLedt.o t.lie excavai:i..on bo~ ~e ~llILl' in. 

magillude but.. oppo.6Ue .iA 4.L9fL .:to i:lie 1.JU.i:1.a1.. .6i:A:.etJ.6e.d~ , :tJie 
e~cava.:ti..oro bouiui.rvU; .i...tJ 'a.6.6W4ed ;/;0 be .di:A.e.tJ'.6-/-ttee /-ollow.i.n.g. 
excav~on. CJ..emenh· wlLLdi' QA£ "ex.cava:ted liOAe a.6.6i..9lLed. a 



mi.n.i.m.a.L .tdi.I/n€.6.6 , :/:.0' avoi..d· an!f i..rd:.€.IW.ii:/:i..on wLth. ih.e· 1tema1.n.­

detIJ. 01 i:Jie e.lemeni:.tt dwlii.n.g. excava:t1..on. 

A g-en.~ applli.cabJ!e :/:.ed~e !-o4J. de:i:.eAnt1..nJ. bowuioAv­
.tJUe6.d·e,&. CilllJ be developed 1UJi.n.g- am i..rd:.eJtpol:a.:tLon f.a.tUn.Ul!a io 
CDi.!cuJ..ai;e :(:lie bO~J .tJUE!.d.tJ e.tJ. 7ih.e iJdeA.po1:ai:1..om f.a1ll1Zl11LL 
ll.el.aie.tJ) ih.e Mown..- .tJUetJ\.detJ, a:I:. i:Jte' el..emen:l:. cen:l:.em6 1:.0.. :i:lie 

UJ'lh.n.own. .tJi:.Ite.6J6.e.tJ. d. iJie nodoJ.: P(}1.ni:..Ii, on i:Jie bQun.dtuuj. 01 i:li.e 
ex.cavai:i.OI'lt. On.e· 01 i:lte appJ:.Lco.bl1e mei:liotl o/.· explteli.tJJ..ng. iJie 

i.n.:I:.en.pol.i:d.i..on: {.un.c:tLoro .u a poJ.vrwmi.o1. 01 :!:.lie folUTl: 

uiieAJ.e (jiA i:Jte nod.a.1L .tJiAe.tJ\.d· :/:.tJI be i.n:I:.eA.polai:.ed, x and !f Q.l(,e 

:th.e cooml.i.rud:.€.6' 01- tJie nodaL' poi.iU:. and al"a2"a3 and aft. tl/£e 

i.n.:I:.ettpolah'.on coelf.i-ci.en.i:A • 
. 7.Ji.e eXCl1.vaiLon of- a rtua.cl.!ti.la.:teJr.a1 el..emen.i:. g-en.en.aLLu cn.eaie.6· 

f-OWll ~xCl1.va:l:.i.on bo~e.tJ , and ~uailon (q.3) co.n be UlJed 
:/:.0. det€AJTli.ne iRe .tJUe.6.6e.tJ a:I:. all. foUA. nodu 01 ilte el..emen.:l:.~ 

AL,Q I a compl.e:te .tJUe.6.6 d.i...6i:A.Lbuil.on ma!! be defhted on :tli.e 
boun.cl.an.Le.6 OAOurui. iRe q,uad;tLl.ai.eIULl/ el.emen:l:. b!l .tJiJnpl.!f a.tJ.tJUlTl-
.i..n.g. l.i.r}.€1U vOA.i.a:I:i..On.6 01 .6Ue.6.IJ €.6 bei.ween. i:JLe caJ.cul.a:ted 
nod.a.L .dUe.tJ.de.tJ. Fi..[J11Ae 11 .6h.OW.6 .6udt· a .6ue.tJ.d d.i..6:1:Ai..buiLon {.oIL 

. a flu.a.cbtLl.ai:.em:J.l e.lenzen.i:.. 70 .6iJnuln.:te ex.cavai:.1..on, i:Jt.i.A bound.atu; 
.dUe.6.d dui:Jz.iibuil.on .u U.6ed :/:.0 de:teJtJTli.n£ ilte' ~val.en.£ nod.a1! 
l.oacI..4 .. wlU.dt mU.6:/:. be appli.ed i.o i:Jie' boun.d.rut!l 01 ex.cavaii.on. 

!J n.' ottden. :/:.0- de:temn.i..n.e i:Jie nodal. .6Ue.tJ.d e.tJ; 01 an e.lemen.:lt.. 

1.0 be ex.cavded 1 i:J/A.ee.dW 01 ilie i..rd:.eA.poJh.;ti..on c.oelf..i-ci.en.:1:..6 
aILe cal.cul.a:ted/ (loll. (J x,(J a.nd. ~ )J UlJi..n.g. :tli.e kn.0tJJri .tJi:A.'fUJ.d~€.6' 
.i..n. i:Jie e.lemen.i:. :/:.0. be ex.,lva:l:.ed ~ i:Jte .di:.lte.lJ.de.6 .in. i:lut.ee acljacen£ 
e.lemen.:1:..6 .. 

. 7Iie wJm.oUJn· .i..n.:l:.eAfol.a.:tLon coelf.i-ci.en.:L6 Q.lte explte.6.tJed /-o4J 
a gA-ven. .d ;Ote.tJ.d", (j I a.tJ (.ailow.6 : 

(5(l)=a,+ a2"x,,+ a3 !It + aq x" !ll 

af 2)=0.1 + a2 X,2+ a3 !l2+ aq x2 !f2 

(J( 3)~a, + a2 X,3+ a3 !l3+ aq X,3 !f3 

(J(q)=al+a2 x,q+a
3 

!fq+aq x,q!lq 
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O]lczq~ I I I IT I jCYK 
'1J 

'I'IJ = YI -YJ 
YJK =YJ-YI( 

'(k'L '::'Yk -YL 

'I'Ll -= 'iL -Yl" 

)(J1. =- xJ-')(1 

XKJ = )CK-~ J 

XLI( -= ')(L -')(1( 

)( IL -;::: 'XI -')( 1. 

Note: All Strl'sses ond Grodierrts Assumed Positive os Shown. 

"Figure 1l.Arbitrary Quadrilater"al Element and Boundary Stress 

Distribution (after Clough,1969). 
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wh.ett.e cr ( 1),u· ih.e .6:Ot..e.tJ~ i.n. e1emen.i:. (1) ,(J ( 2)J 1..4 i:.Ii.e .6ue.tJ.6 

iJt e1emen.i:. (2), de. !J:/... L6. 01..60 pO.6.6i.h1.e, i:o ex.p1te./M i:lie4e 
~0lt.6. i.n. ma.:I:.!Ux fO/UTl (L6: : 

(4.8) 

wltett.e {(J } e ,u:. ih.e vec..:lon:. Of Mown .6.:fA.e.tJ.6e.6. {.oil. e1emen.i:.4 
1, 2,3 arid 4, [m] LtJ i:lte: eooAd1.na:l:.e ma.:I:.!Ux {.o1C. el.emen.i:.4 1, 2, 
3 aruL 4, aruL fa} .u. lite veci.oJr.. o~ i.n.:tettpol.ai:J..on coe//-LcLen;l:.d. 
Cqpa.i:i.an (4 •. 8) mo.!f be ex.p1te6.6ed 0-6.: 

7!ten ih.e .6:Ot..e.tJ.de.tJ, {cr} n ' at. each. node Of ih.e el..emen:t i:o be 
. exca.vat.ed. can be .601.ved D!f tMJ.n.9- .i.n.:l:.ettpol.aH..on coe//-LcLeni:A: 

. . 

(4.10) 

wlten.e [n] ,u' lite cooAd1.na:l:.e ma.iA.i..x. fOil. node4 !J , :; , I( an.cl. 
L • 7/te unlmown. nodo.1 .6me.tJ.6e.tJ:, (J.Jte Itel.rded. :to ih.e Mown e1.emen.i;. 
.6i:A.e.tJ.6e.tJ 0-6 f.al.l.ow.6. .. 

{crJt:[n ][m ]-1fcrJ" (4.11) 

7/u.,u 0-xl cr aruL r rna!f be def.i-n.ed. at. ih.e node.tJ: Of an el.emen:f:. 
i:o be e"ca.~aZed., ]{ :tetUM" o~ Mow.fl el.emen:t: .6:Ot..e.tJ.6e.tJ o~ i:lw.i:. 
e1.emen:f:. aruL i:lvz.ee a.r.L.jn.cen.i:. e1eme.n.i.4. 

Once :i:.h.e nod.cJ. .6:Ot..e.tJ.tJe.tJ IlO.ve been eval.ua.:ted., ih.e equi-vaLen:f:. 
nodal. ~OItCeA' rna!f be e.tJiabililted f-Olt ;/:/te e1.emen:f:. 0-6 . .6lwwn. will 
lte.6pec:f:. :to ih.ebowuiaA./f {}-I< o~ '-ilte e1emen.i 0/ ih.e flua.cldl.a.£e.ttr.d 
.6h.OllJr.t .in: ~e 1.1.'. 7lie ~va1.en:t veJdi.cal:.: nadaJ.. ~oltce a:f:. nocl.e 

J depen.r.l..4 oro ilie magn.i..i:ude 0/ ()'" a.n.cl l cd.. node.6 !J, 7 and K .. 
IJ. 11. • /. '.1 ' .j' _ II !f .. I "!!: J • 1,._ • .6.iJU} ;aLe pn1.nCLpA..e 0t- V.uu:utL<;.. WonJt , ana. 0-6.6LfJ1t1.Jr.9- .u.n.f!OA va..u-
a.£LOnA beiuJeen :tIi.e cal.cul.a:ted nodal. .6me6.6. val.ue.4 I iJte veAh..ca.1. 

fa;r.ce a:f:. node' J rna!! be expll.e6.6ed.M : 
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(4.12) . 

B!f ll.epea:tJ.n.1) i:hi.A opeJtai:1.on /-Olt all ve;d,Lco.l. and 1uvtL~n;:tal' 
nodal /OIl.Ce.6 an. wlti..i.iJt[f :f.lte 1l.e.6uiJ.an;t eq,uo.:I:1..oM i..n I17CLiA;i,x 

I-amn , :!:lie /-oll:owi..n[f etp.JO.ilan rnaff be o~:taJ..ned : 

. (4.13) 
.. I 

wlie.n.e {F In 1..4 i:lie 8xf ved.oA; conia.i.n.iJ1.f} al!l..' el..emen:t nod.o.1 10/1..­
Ced 1 [II] 1..4 an. 8';(12 rna.:bu..x de{.i.rwt[} €lemen.:t bo~ geome.iA.g. 
and {CJ'} It 1..4 a 1.2x.1 veci:.oll. 01- nodal. .tJiA~.6e.d. 7,J,.eex.pa.n.d.ed. 

1-0/UTl o/- :tlti.A expll.e.d-.tJi..on 1..4 gi-ven b~ eq,uo.:ti..on. (4.14) 1 on :tlte 
/-oJ.1owi..ng_ pag.e • F lte1rueniJ..ff , li:..w LlflJl.ectUJ-dOA.!f :f.q app4f all' 
eL# a/- tlie nocln.lL J..oacl4. def..Uted b!f ~ua:t1..on (4.13) becn.UA!e 

. ~va1..eJUr nodol. J..oad.t,., need' onl..!f be: appliLerl :to :t!tol6'e node.d 
wltLdl. OAe ccmmoro.:to· botll. an. ex.co.va.ied. aNI .i.JL:f.ac:t.'. €lem~ 

5 elec;/:ij;lUJ. o~ :tIie elmenh~ :to. be; UAedi:l:.o oh:l:01.n. :tlte .in:f..ero­

pt!)i..a:U..on; con.tJi:an.:l:..tJ 1..4 .tJomewlW.:t. altb.Li:A.a.Ju;. One' 0/ iJie eJ..em~ 
UAed .tJlwuld be i:lie' €lernerd'... /0/(1 wh.i..clV et?tuLvai..end:. nodnl. /-OJl;Ced 

all.€. b ehtt} co.l.cu1a:ted~ 7 h.e otJie/V i:llAee €lemen.:/:AJ .tJ/1.ould be Q..d 

neaJt: a.tJ po.tJ.tJi..bJ..e ;/:.0· ih.e· ex.cava:l:.ed eJ..emen.i. I bu:l no &ee 01-
:til.e 1-0UA-eJ..emeni:..6 . .tJel.ec:f..ed lnaff !w.ve c.en:f..etlA i:h.a:t. Lie on a 

ve/ti.1..cal. Olli. M/lL3-onin.l.. &e. !J I- tJrLd happen.tJ I i:h.e ma.i:A.i..x. 

[m] Deeame.d .tJi.n~ and no .6ol.utLon 1..4 po.6.6i..bJ..e. 
70 ob:laht a .6oJ..uf.i..on /.oil. i:ll.e ex.cava:l:.i..on 01- a .6ubme/l.ged. . 

el.emen:t I el-I-ewve .6i.A.e.6~. noi:a.ii..on .tJ11.Oul.d /tep1..ace:lrlt.e :/..0:!:J:Ll· 
-dme.d-d noia.:ti..oro tJl.Il.Oult· eLtua:tLOllA (4.. j) -t 4.13) • 

An exampLe· 01- i:li..iA pll.ocecl.wt..e .u, . .i..Ll..u.tJiAa.:l:.ed. oJ! C1.our;lt. 
(1969)' and'1...6 r;Lven i..n Fi..f)11Ae 12. lilie ex.co.va:LLon boundaA1f 
1..4 -deJ..ec:f..ed· ;/:'0' ll.ef.1ea (LV:. pO.6.tJi..b1.e combi.na.i:.i..oll.4 i:h.a:f.. rna!/­

OCCUAl. i..n a Il.eai. CD..6e (!toll.i..~ I vrvdLcn.J.. Qn.d. i..nc.l..i..ned. .6e[}­

men.:/.4· aite UAe.d/ • AlAo ; wLerpm.i.· .tJi..Je o/- me.61t el.f!JTle.nU a!te 

i..nc.J..uded. iJ7.::!:.0 i:ll.e rreome:!:./l_!l- QI- :tIie plWb1.em. 
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R~ I 12.(~t:t) YIJ 0 
ZOUl) 

0 )(1.L Yll 0 0 0 0 + )(JI 
2. (YIJ) 2. ()(ll) I I ~I 

2(XIL) 2,(YLl) 

RI I 0 0 0 0 + 'XJI. 0 Xll .. 1- YIJ 0 YLl. U
X 

'y Z(XJI) Z(YIJ) J 

Z(YlJ) 2 (XJl) (j" 

R~ I YIJ YJI( 0 0 0 0 Q XJL + XKJ O· )(K 
-+ 
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2,()(J~) 2. (YIJ) 

R~ I 0 0 0 0 XJ:I. of )(I(J 0 YIJ -+ . YJK 0 I I OY:x 
Z(XKJ) 2. (YJK) 

-{ 
2.(YJK) Z(XKJ) I 2 UYJ > (4JL 

R:t = 6 
0 '1JK . + Y(L 0 0 0 0 0 XKJ -+ XLK 

Z(YkL) 2.(x~ I I <TYK 

0 0 
2.(XKJ) , Z(YIJ) 

YKL I I <TyL. 

R~ I 0 0 0 XKJ -t Xu( 0 YIJ· + 
z(xu~) Z(YK~ 

Z(;<LK) I I !~I l(YKl) 

R~ I YLJ.. 0 YtL -J. 0 0 0 0 )ell 0 XLK -+ 
Tt.YJ l..{YLl) Z.{Xll) 

R~ I 
Z{XLIQ 2 (YKL) T~K 

0 0 0 0 XIL 0 XLi<. -t YL1. 0 YKL + 
Z(XIL) Z(YL1:)1 I T"lL 



-"'"" .... 60 
" u 
c: 
o 
~ 40-
a 
d 
.':! 20 -... 
-> 

o 

Horizontal Distance, ft 
o 20 
l 1 

40 60 80 100 120 
I I I I I 

140 160 180 
I I I 

I-. -T-· rr--r-r-'-,--
I -f--I-L--+_+ __ ' I -
I 

- -I- - .l - \- --
I I -

J I I \ 
I I I \~ -
~I 

FiniTe EI ement Mesh for Arhi-trary Slope 

l'lierpoloted Boundary stresses fo" One -.st~p E'lCcovo+ion 

e:-IOO,ooop~f, cy.,OOpcf' 
ry' ... 0.3, )(o=O.4~ 

,'001( f 

Equivalent Nodal Forces Actin9 011 E'xcavotion Bounda,..,)' , 

FIGURE l2.Example of Boundary Stress Reversal for Arbitrary Slope. 
(after Clou-gh,1969), 
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7 he ex.ca.vail..on l/X1..6 peA.{.oiuned .in. one cd.ep , :l:h.uA i:lte 
boun.d.wu). . .6U~~1 welLe equi.vaLer.d :to :lh:.e· a..6.6umed ~ 

.tdA.e.dI.de..6J , (J Ji= 'Y ~ anf- O";x:= O .• If! 'Y Ii ~ 7ihe ex.eava:fJ..on boundo.A.v-
· .d..t.A:.e.&.6e.6 am;[ e.q1U-val;.e.n.:t nodal!. J;cva.t:i.6 welte clei:.eJUni.ned a..6 .dhown 

.iJv F -4Jwte 12~ y~eai:.. acCWULcy. IJXL4 obi:a.i.ned a..6 a /tetJu1:t of. i:liLs. 
CIJULI.!JALIN . 

BecalM.e :tIl.e mai:.eA.i.aJ.. .in. F 1..~e 12 UJCl..d' .Li.n~ e.i.a..d:Uc, iilte 

.tJUe.6.6e.6\ ca1cul..a:ted b!f a :tJ~ee-.6i.ep ex.ca.va:Uon .6h.ou1.d. gi-llte 
i:li~ .tJame /te.6u1.t a..6 i:ll.O.6e gLven. bff a .6.in.g1e .6:tep. A compan.i...6~Jn 
or i:lie' Il.~ulh o~ a t:M..ee-.6i.ep and. one-.6i:.ep ex.ca.va.1:.i..on an.aJ.!fA1...6 
G.Jl.e .6/town i.n Fi..r;llAe 13. !J n fnO.6i. ~4 :tiLe elemen.i!.t1· a f}ood. a[JA>ee­

men:t 1...6 ob.6€.1tved. 71t€.lte e.x.L6i:..6 .6ome l.wtf}e di..~~(ljten.Ce.6 i..n i:.h.e 

· el'emen.U adjacen.:li.. :to ili.e ve.td:..Lca1LJl.OnJi...J-On.:fal! ex.ca.va:Uon 

howu:la.mi..~. 7 he' /t€CL6On. a~:tJte.6e di../I-(ljten.Ce.4. 1...6 :tIzo..:I:. a£ VeJl­

:Uca.J...-liollLJ-onial.. boun.d.cvr.Le.6 iAe .6i:A.e.6.6 e.6. G.Jl.e .6maLL' and. i:lt.e 

.6Ue.6.6~en.f..4 G.Jl.e l.wtrre. II belle/t .601u:Uon coul.d be 06-

i:ai..ned by Udi..ng . .6mail.'eJe elemeni:..6 .• 

4.4 !1NCRfi'1fft7!AL WA7fY. fYRtSStJRt LOAf)[}Ny . 

!J:t lA, V€.lty. i.mpod.ani:.:to .diInulrde :l:lLe e/l-eWI 01- cli.an.g.e.6 
· .in. l.IX.l.ZeJtJ. plte.6'.()W1:.e Oft a .6oil ma..6.6 becalMe. duuu}e.{J, i..n lI.XlZettJ.. 

· p~uA;.e p/UXl.u.ce i.r.ui./temeni:al! laad.i.ng. wJUclU may. ,ca.UAe cli.a.n.g.e.6 

i..n . el-~ec:Uv e .6Ue.6.6 e.6 and. al-/ed ilLe b eftaV 1..0IU 0/ i:h.e .6 all. 
A chan.g.e i..n uxd.eJti. p/te.dJ(JlUl.e on one .6Lde 0/ an i.mpen..v1..0UA . .601..l 

p/tod.u.ce boun.d.oA!f plte.6.6lUl.e load1.n.f} on ilia:t .6Lde on1..g. 1 . howevett 

on a PeA..v1..0UA mai:.eA.i.a.1-:tJtLtJ 1l.e.6ui..:t6 i..n developmenl:. o~ .6eepafje 

. :tItIl.oufjh. :tJie ma:teJl.LaJ... Clour;1t (1,969) 1wA' .6/town :tIzo..:I:. i:.h.i...6 :l:.!fpe 

o~ loadi.n.f} 1...6 ll.epll.e.6 en.i:.ed a..6 a -cluJt.lubut.ed load, wh.i..ch. iJl. 

f.-uu..i.e· e1emen.i. an.a,l!f.6u rna!} be ll.epll.e.6en.i:.e.cl a..6 a load di...6:f:.n.i.,.. 
· bui.ed et;;ualJ..y. i.o i:.h.e node./) 0/ each. elenterd. . 7 h€.lte!oll>e i..i:. 1...6 

.i.mpol1..i:a.rd:. i.o decLde on iAe appll.opll.i..a.i.e i.ype 0/ loading. 10/t 

eadt .60i.l... Fo~ eXf1Jllp.Le 1 :l£e appIWpJti1z:f.e type 01- l.oa.cl..In.fj I-o/C 

a c1a!f wWt low pemneabLl..i.:hf would depend upon tJie amoun.i:- 01 

· i:.i..me a.LJ..owed. ~o.a.:. .6eepag.e :to develop.: iJUwur;li :tIte .601..1', i:.h.U 
· meanA :tIiai. tlte JUde o~ loadi..n.[} AM i:.o be cOMi..cl€.lted • !J! :th.e 
.Loading. JW.i:.e1...6 Il.apLd and a .6:1:.ead!f .6eepag.e condU..i..on doe.6 no:t 

develop , ili.ec.Laff maff be ani!/-· ~ub1ede(£ i.o a bounda.ll.ff pll.e.6.6Wl.e 
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Figure l3.Comparison of Results from One-Step and Three-Step Exca~ation Sequences(after C}ough,1969) 



.~. On Me otJieA. Iiand. 1../- ilte loadi.n.g. ALlie L6 VeAff .dlow, 
ilie clay; mo.!! be loaded. by a ~bu:l:.ed. loadi.n.g.. 

7 h.e vOALa:ti..on o/- wa.i:.eJli. plte(ujUlt~ aJtOund. an. el'emen.i:. may 
be accounted /-0Af. i..n ilte loadi.rif} o/- a {..1..nil.e e1emen.i:. m~h by 
cOlLdi.deA.iJtg. :tAe· wa.i:.€/t. pltetJ.6Wl.e d1flfl.g.etJ at. each.· node o{. an 
e1emen.:t and fUJ.6'UIni..n.g. a .l.J.n.eaJ1.. va.;Ua;ti,.on 01- :!:lie wa:t.eJt p/l.e.6.6U1te 
clinn.g.e.6' be:hiJeen. :tlte nodol. po.ini:.tJ. An a.n.bi..i:Ao.A.!f ~etza1 
.dubj,ec;terl i.o l.J.n.ecuUv- vaJt!f1..ng. wai:.eJf. pltetJ.dUlte clum.g.e.6 on ead 
.6i.de i...d; .dAown i..n F 1..g.UJte 14 • lrh..L.d: l.oacLin.g. ..6h.own i..n F.i..~e 14-
.i...d. a .dpeci..al CCUJe 01- ilte bound.rvt.!I .di:.JtetJ.IJ l.oacLin.g. U.ded. {.ol'l. 
ex.co.vai:.i..on, i:.h.eJte/-oll.e ~llai:i on (4. 14) mo.!! be U.d ed. i:.o eval.uai:.e 
:tlte etp.ti-valen.i:. nod.a.1 {.OltcetJ • C9;ua:l:i..on (4 0 14) mo.y be .6J.mpli..­
(..i..ed. i:.o :th.e l-01.1owi..ng. /-O/UTl {.oil.. wa.i:.eJt pll.etJ.6U1te loadi.n.g. : 

~ 2(YL2) 2(YJ:;) YJ:; o· YL2 
x. 

71 2(X!JL) 2(X:J!l) X:J!l 0 X!JL 
!f 

71 YJ:; 2(YJ:/) 2(Y:JK) Y:;K 0 
x. 

7? 1 X:;J 2(Xll) 2(XJ<:;) XK:; 0 

u!l 

u:; 
!I 

7? - 0 YJK 2(YJ/(} 2( YKL) YKL 6 uf{ 
x. 6 

6 uLj 7? 0 XK:J 2(XJ<:;) 2(XLI(} XLJ( 
!I 

7? YL2 0 YKL 2(YKL) 2(YL2 
x. 

7? XL2 0 XLK 2(XL:/) 2(XLK) 
!f 

2{. ilte loading. on art e1em€ld:. .u :to be di..-di:.tzJ...bu:l:.ed fUJ a body load. 
:th.e Ao/tLJ-on:ta1 and veJt.ii..ca1 /-Oll.ce.6 l ·'G.Il.e .(Iwnmed. and d.i..vi..ded b!f I-0wr.. 
'B!f peJt/-olUTli.n.g. i:.ItetJe opeJU1.i:.i..oM: on ~n (4.15), ~.ua:l:.i..on (4 .. .16) 
.u ob:l:ai..ned : . 

1?j=!.. (YL9+YJJ) 
(YJ:;+Y:;K) . (Y:/K+Y/(L) (YKL+!/l.!/J 6uJ 

6u 
R 8 (X!JL +X:J!l) (X:J!l+XK:;J (XJ<:;+XLK) (XLK+X!JL) :J 6uK !f 6 uL 
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Figure l4.Arbitrary Quadrilateral Element and Boundary Water Pressure 

Distribution (after Clough,1969). 
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m.. toh..Lch. 'A x. .. aJl.e:tlte.l.oa.cU fu:btLbui:.ed £.0 eaclt nodal.. po.i.n.i. on 
:l:lte ."~. 

. '. F l..g-wz.e 15.dll.Ow.d an. example of. dUd:h.i.hui:.ed. :hJPe of. l!oadi.ru) 

aue ;la, a low~. of. fJAOund. wai:.en.. :!:able oro f.OUA:. elemen.i:A. A.6 
CC1J1; be .(Je(lJlJ i.n. i:lLlA f.i-[JWl-e I wIu.l.e i:lie wai:.eA.. plte.d.dWte clian.ge.6 
on;. eJ.emen.:I:A 2 and. 3 cute di..f.f.en.erd· I :tlte ad elem.end. 1.0adi-n.g 
Ld· i:li.e ~ame;n.ameJ..!f I f.OlUU v€A.:l:i..ca1! f-o.n.Ce6etptLvalen:t 1.0 

('Yw X. f,.l'emend. AlteaJI4 • FOil uem.end. 4 I al.i:h.ough. i:lien..e L6 a 
l..an.ge diange i.n. wai:.e.Jt:. plte~MU/te on all. .di.d.~ of. :tlte elemen.i:. 
:tlte.n.e .u nO. nei:. loadi.n.[} beClJ.lMe ilie e1emat:l:. ~I .dubjec:l:.ed :1:.0 

no cLi..f.f.en..en:I;i.a.1. wai:..e.n. pll.e4.dU/te clw.n.!}e6. 

4.5 NUIt1Eff? OF JNC...'RfJ'1CN75 7~tIl1!lRfJJ 7lJ 5J~}/jLA7iG fJ{j4VA7{)ON 

!l n p/UJ..c:ti..ce I ea.JtiJiJJJoM i...n.VQ1'v€..4', accompfulimerd of- man!! 
.(J;/;ep.(J d.wWu; a Il.eal. job. Fon. ex.ampl'e I ex.C£Lvai:i..ofL Ld /A:efltuen:tl.LJ 
aCc.onipJ..ulted. b!f .dUcce.tJ<6i..ve' l1.emova2. of. a numbeA1. of. l..a.!feJ1;4 of. 
.doLL' I w/u.CJi. mi..r;lti:. be f.i-f.:teen. :1:.0 i:./ii.;d..!f em. :tIz.i..Ch.. 7/tU<6' a 
115 m&e/t.dl depi:lr.. of- exC£Lvai:i..on l./tvolVe6' 50 :1:.0. toO .d~ 

l.oa.d.. i."u:fi.emen;;/:A;. 7/ie t,Ue: of. 50 ~ 100 i.n.CA.em~,f.o4. f-i.n.Li.e 

element .d~ of. ex.C£Lvai.i..OfIJ. U', no:!. de.tJ.ilw.bl.e ?wm a 

.di:an.dpoi.n.;t of. i:h.e i:.i.me' Il.~ed. f.C?~ cvmpui.eni an.a.l!f.dL6. 

!In an. economi..caL poi..n.i. of. vi..ew I i:h.i...6 .6hnul:o.:Uon. of. i:h.e6e 

cOMiAuc.i:i..on. opMll.i:.i..oM:wouLd be accompJ.:i.Alied' U.di.n.g. a muM 
<6~'eAi numbeA of. In.!le:Jl:.6 I i..i. mear:t.6 ilie UAe of. a .dmaLl.eJt. 
numb en.. of. .d:tep.d' .in :tJie an.a1..if6e6. 
C.l'04€rl Foiun 5ol.uii..aM. !Jf. /tomO!}en.eoU.d' .6oLl: con.di.iloM, aru:l. 
no UXJ.:f.eAJ level' clian.r;e.6' QAle i.n.voved i.n.' .dome .61.mpLe pn.obl.t?J11..6J I' 

i..i:. can. , be def.i.n.ed. .6ome c.lo.6ed. ./-OIlJ1l .6oi.u:tLoM :to ll.epll.e6en.i:. i:h.e 
'de/-Leci.i..ofLdJ of. i.n.CA.emen:fai. ex.cava:ti..on. 7lr.e mocl.u1..uA I G UKl.6, 
a.6.6umed :1:.0 Va.tlff will c.onf..uu.nfj pll.e.tJ.6Wl.e accoJUl1.n!} in i:h.e 

l1.elo.:t1..o!L6lti..p : 

(l.6 men.i:i...onned bef.otte. Cl.our;ll.. /iru. dei:.emni.n.ed i:ll..e def.'1.ec:t.Lol1.4, 

/-oIL man!f C£L.6 e6 and h.a..d pi.o:l:.i.ed .6ome CW1.Ve6. 7lr.e 1l.e6u.lU of. 
i:h.e4e anal.!f.6u, f.OIl; ex.cavai:J..on L6 .d/r..own i.n. F 1..g.wr.e 16,: i:lud:. 
.u i:lle vG./U.o.i.1..on i.n. eNtOM wi..ilt nwnben.. ot In.!f€..IUJ • 

...110,-

(2.6) . 
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Figure 15.Example of Water Pressure Loading on Pervious Soil Element 
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(after Clough,1969). 
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!Ii:. can. be ~een {.Aom F1..g.un.e 16 i:.h.cd iJie amound:. 0/ etUUJlt ~ 
a f.un.c;tLon 0/ .. a-i:.h.e numbe/l. o/lrLlfetl,,6 'U6ed iJt a ~ol.u:ti..on 

b-iAe ~iA.e.6.6e.61 lUJed 1:.0 col.cu1.a:te :th.e moci.uJ.Ju 
va1.ue' 

o-ilie vaJ.ue 0/ exponen:l:. n. 
Cl:ougli Il.lLIJ' developed fwo al.i:.f!.IUUl.ii..ve ~eU: 0/ CU/l.VU'. One 4e:l 

.u , b~ ed on a ~ vaJ.ue caLcul.ai:.ed' pJT.LoIt 1:.0 :th.e exec.ulion 
0/ :th.e iJtCILemen.i:. co.l.l.ed lite 1IfXL6;/;. ~Vt~.6e.ll'. 7lie .6,ecorui one ~ 
ba.ded on a mori.uJ.Lu. val.ue cal.cul.ai:.ed. (Aom ilte aVeMffe 0/ :th.e 
~i:.It~~'e.b {.Aom lite [XLdi:. and plLe.6en:1:. i.nCILemen.:i:.6, co.iled :th.e 
"avemzg.e ~:l:A.~.IJ~ II. !J i:. CLUt be .6.een. i.n. F l..g.wt.e 16 :tlw.i:. :th.e CWl.Ve.4 

,ha4ed upon ilte ave.n.a.ffe ~i:.A.~'./Je.6.' conve/l.fje molte Ilf1.pi.d.1t; :W :th.e 
~ lrLlfeA. ~o./.u;tLon /OIL /eweA. i.n.CA.emenh i:lum. ih.o~e lxuJed upon 
:th.e ptLdi:. ~iA.~.6~. 

!I I :th.e ave.n.a.ffe ~iIL~~e.6 aILe U6ed i.n. a fhU:te element:. an.a1J.~ 
ead i.n.ClLemen.i:. mU6i:. be ana1.LJJ-ed fw1..ce. 7Ae f..,i.M:f.. ~~ ~ 
peA.(.olUTled and i:ll.e new ~iIL~~e.d:, aILe obi.a.i.n.ed, i:lum. bff U6.i.ng. ih.e 
ave.n.a.g.e 01 :I:h.~e fwo val.u~ (:I:h.~ pMi:. and obi:ai.ned ~iIL~~~ ), 
an aVeJlO.ffe ~iIL~~ rna!! be cal.cul..ai:.ed. 5ub~et'J-Uen.i:1!f·, a .6econd 
o.ruU.lf4~ of- iJLe .6ame .i.n.cJt.emen:t. ~ peJt./oA.JlUl.£.l U6.i.n.fji.mPA.Oved 
vaLue..tJ 0/ mori.uJ.Lu. b~et!- on iJie new4J col.culi.d:.ed. aVeA.a.f}e .tdA.e.4.6e.6 

B!f do.i.nff i:lt.L.6 T fw1..ce ~. much. comptda.:ti..or.ulL' :I:i.me '~ expand.ed. lU 

~. U6ed. /Oll; a .6hu:Li..gli:I:-/.ollJJXJ.A.(/. i.n.CAemen.i:fL1 arw.l.lf4~. lIaweveA. I 

FLgwt.e 16 .6h.OW.6 i:lw.i:. i:lie lIavllf1.[fe .6i:A.e.6l.6" .601u:l:1.on [fen.eMily. 4~ 

q,t.tUte6 teweJt :t1w.n h.al./ :!:lie i.n.ClLemen.:U JL~ed b!f :th.e "pa.6:t 
.6i1L~.611 .6o.lu:t..Lon /Oll:. i:li.e .6OIn,e de9A-ee 0/ acCWU1.cy.. 70 ch.oo.6e 
wl!.1..di. appltOack could be applicable depervl..6 upon i:h.e de[jA£e 0/ 
accww.ClJ IT.i~ed~ 

Uie ex.ponen.i. n aha con.i:.lu:JJl.6 :/:lie numb~ ollrL!fetUI i:.o 

.lJi.mul.ai:.e :tJi.e ex.cavci£1..on pll.'()c~.6. 7i1i.e CWl.Ve.6. i.n. Fi..~e 16 . 

..dII.OW i.h.a:t :th.e· amounX 0/ tVUt.OIl.. vOAi..~, wWl.' i:li.e exponen:l:. value 

n. Foil.. IU..glieA. exponend. vak€;.(), 1 a fjA-ea:t€.4 nunz/;eJL 0/ i.n.ClLemen.i:.4 

a1te /l..equiAed' 1:.0 ob:l:ain. lite ..dame defY4ee 0/ accww.cy.. ClougA I1.cu 
.dh.awn iAa:t :l:h.e 1tea.tJ,0n: 0/ i:h.U clU:utg-u 1...6' /l..el.ai.ed. 1:.0 ih:e modu­
l.uA. value wluck becom~ molLe .d et1;.d.i.:tLve 1:.0 i:lie value of- i:ll.e 

minoll.. plti.n.cLp£e .diILu.6- w/iLdv, i.n :/:wu:t; , 1...6 deperuLen:t. upon i:li.e 
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Figure 16.Values of Errors iD Simulation of Small Layer Excavation 

For n:O.3,O.5,O.7,O.9 and 1.1 (after Clough,1969). 
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~i.J-eQf. Ez.e l.atff!.A:.tj tu.ed 1JLih.e pltoblem. lIowevetc. f.olt em. e./..ru:Uc 

ma.X.e:tt:.io.l! will a mocl:u1.u-lJ. val.Ue i:lia:t do€:.4 no;c. ~wq; w.i..i:li conf..i..ru.n.g. 

plte6.6Wte I' i:lie' val:u.e: o?ex..ponen::l:. I n I ,U. J-eJto " and. :tJi.e Cl./AVe.6 

i..n F LfJ1-l/4e 16 ~liow :!:lie .6oLu:ti..on (Ott CUl.!I num6eJU o{. Ln.C/l.emenh 
C()h;/4UponrlA·.:f.o Me: .timal!f.' in.!leJL. ~ol.uilon. 

/tILe llA.a9-e o{ CU/tvu .in FLf}W'-e 16 rnay be Lli..uA:l:Jw.i:.ed b!f an. 

exonzp1.e. !l noMe.JrJ.. i!.o dei:.f!.IUTli.ne i:lz.e numbeJU of. la.!f€AA /tequJ.A.ed' 
/-Q/Ti. an ex.ca.va.:ti..(}n i.n wlLi..di de/l-ec.:Uon.6 wLflti.n. 1d% of. :!:h.e value6 

ca.1cu1a:t.ed llAi.n.fj 1.a!feJUJ of- i.nf-i.nli.1!..6.i.ma..l i:liLckn.e.,.,,6 wee cOIWL­

d'en..ec/.' ~a.ZL6{.ac:tolt!l I i:lieeli~e~ mUA:t decide on i:li.e ex.ponen.:IL 

vaLue I n. and en.i.eJU i.o i:lie cluudi.. 1:.0. fjei:. i:li.e l1..equJ.A.ecl numbeA. 

of. 1.a.!feJUJ'. FO/li all. ex.ponerd:. val.ue o/- 0.7 J' fJ-ve and. /-oWd.een. 
la.!fetl;. ~01uli.oM' CUl.e lt~uiAed 101t ilLe a~e/U.u}e an.d. po~i:. ~hte.,.,.6~ 

lZ.epec.ii..ve1j; 1 and. iA. an econorni..ca.1 poind:. of. vLew i:lle f..Lve-1a!f€JlL 
~0h.d.i.()1W mUAi:. be d!.O~e.r:t;. 

fjwr.i.n;fj i:lJ.i...& .tJec.i:i...ort. I i:lie numbe.n; of- J.nC/l.emen.:1:.6 It.epWl.ed i.o 
.tJim.ulai.e ex.ca.va:tLOrt Jin..d been; cuw.l..!fJ-erl' and 40me CU/tve.tJ welte deve­

loped. Clougft Ii.cu .tJltown i:lz.a:e i:lie modui.u.6. vaJ:ue coul.d. be a./J.6umed 

i:.o be a IUltc.:I:.Lon 01 c,!,!-/lnJ.n9-. plte..d.6.wr.e I and rna.ki..nfj UAe o/- Li:. .tJome 
cLo.6ed /-oJVn .tJoJidi..OMJ couJ.d be ob:f.a1.n.ed. 

4 .. 6 AN(jI07l !lN57ALl.!A7)!lON 

. !l n omiem. 1:.0 ma.i.n.iai.n ih.e .6i.ai:.i...c e.ttui.l..i..blti...um 01 :tJie .tJ !f.6i:.em 

Olt 1.0 plteverd. ~e .6oU movemen.:iA wltLcft cou1..cl be OCCll/l.ed dUA:i.n.g. 

an ex.ca.vailon 1 ille exca.va.:tedCUl.€a. mUAi:. be .6omeh..ow 11..e.,.,:/:.Jw.i.n.ec/. • 

Anch.o/L Ln..tJi.a.L!.a:I:.Lon ,U a mo.6i. common way i.o du Lt i..n. pJt.t2c:f.i.ce r 

lilLe .tJ.i.JTu.da:Uon of. ancAolt:. .inAi:.a1!1a1:1-on can be ea.tJLhJ done i..n. 

i:1ie .i.n.CI1..emeniaL~.w btf UA.iJtg. a num6etc. of. 1ti..!J1-d one,..clunen­
i.i..0na.1. e1einenU wlti..di connec:IA.-i:lie {.ace of. i:lle wail' 1.0 t.lte anclio­
IlLLrJe. !In i:.h.e compu;/:.eIl;. ana1!f.6'u 1 iAe C/tO.tJ.6 .6eci.Lonal' CUl.ea and 
f.1ex.ww.1 .6:ti..I/ne.tJ.6 o/- ;tlte actu.a1. ancAolZ. e1emen.:t.. mUA1. be .tJpec.Lf..Led 

.i.n. ollfi.€A. 1.0 c.ompui.e i:h.e .6iAe.tJ.tJe.tJ i.n1 i:lie ball. e1emen.:t.. d.wWtfj i:.Ite 
w!toJi.e cma1!JAu. 7/te ~i:.. o.nd. 1a.tJi. nodal:. po.i..n:i:.6 o? ilte on&-climen-

.6J...onnJ!. bevc elemeni. mUAi. WQ be .iJpecifJ-ed. . . 

!l /- i:1l.e oilteAi Itod' ,U, PIZ.e:.tJ:br.e.6':.6 ed 1 iJi..U\ mUA1. be aho r;i-ven G..6 

CUL .i.n.put. .i.n.' iAe pl1..O~ 1 bu;/:. i:liLd doe.tJ· not.. appl!l :tlte /o/Cce w!u..cIr. 
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mU6:t be appLied ;/;0 ilLe /.ace o~ t.h.e waJJ.:. 7iJi.e p~e.6iA.'fUJ>d load 
1..{ app.li..ed"'~eJtve ;/;0 ob:ia1.n. ,.ilie ./d!.Il.u-6-L'aad. beJiaV1..04€}/ :ih.e: baA; 
el.ement. rl.wun.~ ex.cavai:.i..on. 7ilie 1!ai:tem one, wlLLdU muAit.. be r;1-ven. 
QA. a con.cen.:l:A.n.:ted' load at:. .lJpeci./J-c nodal.. po.i.n:1:.4 1.r.t. i:ll.e concen.-~J.I 
i:.Jw.;terl /-alLc7 opi:i..Q!1J cordn.J..Dtd.e:/J' d..ut.ec:t.J4J. to ilte belia.vi.oll.: 0/ i:lie 
./Joil. ./J'!JAi:.em wid.. Q.c;U. a.6 a Jl.e/d.IUl~[f l,ac:l:.ott. 

. !In. :tA€.' .i.n.t:Aem.end:a.ll anaJ..~, ./J~m 01 andi.oA. ~­
i:..i..on coulii' be p~/UTl.ecL veil:!!- c!..04e:l1J. :I:.oJ ili-e aduoJ!. C(Uj,e b!f 
dtQ(Jj6i.n.[f :llie applWpll:i.a:l:.e fUU1i6en. or ancli.olt ~ , .ilie P4e.IJi:.Jte.64eJ. 
L'oarU on i:Jiem anrl ilie mo.td:. converL1..en:.t [feom.e::btd..cal.. A:.epAi£.4enirLfikJn 
0/ :flie c.t24le, i.Jvcludi.n.~ ih.e Len:g;tJt 0/ ancli~ 1L0d.6 arul. ;tli~. ",Lope.". 
A:t~, poiJd., U LiJ U..6e/-ul.' ,Iio poiJd otd :ih.a:t iAe 1JzLlio.L /-LnLle 
el.emen.:!:. me.tJh. 01 t.h.e plLObLem "'/l.Ould.take .into account:. Me i.n..tJ:to..l-

. la:tLon 0/- one-d.unett.4i.ono.l. el.emenh. 

4 •. 7 5U/lJ/t1A'RY 

!In i:Aus, clw.piett, ih.e 6a.tJl...6. loll. t.h.e f-i.ni.;t.e el.emen.:!:. met.h.od 
IJXJ...tJ de.IJCIti..6ed. !lIiCILemen.iDl. f-i.ni.;t.e el.emen:J.. ie~e.tJ developed 
b!f CLour;Jt (1960) welte explfLined. and flie ba.td..c pa-nhl o{ i:.h.e·. 

/-LnLle el.emen.:!:. met.h.orl .tJU./Jli a-tJ. i.n.ClLemenial. ex.cavai:.i..on, i.n.ClLemen.­

i:.al. wa:l:.eA. pll.~U/l.e Loadi.n.~, ruunbeA. 01 i.n.ClLemeni:..6 1LlU!;uUt.ed. :to 
4hnu1.nJ.e ex.ca.va1:1..on aru:L andLOIl. i.n..tJi:o.ll.a.:ti.on weA.e de.tJCILi6ed and 
~ome clo../Jed /O/UTl. .tlo./.u;tLo1UJJ wette plLOpo4ed (a(..i:.eJt C.Lnu~,1969). 
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OIAif7fJ? 5 

CLAS5JC-AL D[589V tn[)IIODS OF FL{)<!J/3Lf., fj1'i?711 'Rt7A!JNJNy 

577?IJC7t/i?CS· 

5.1 JN77<ODUC7JON 

7ILe ~ounda:/:i..OnA ~4 mo.di:. .d:ltw.c:f.wte-<J cute e.dixLbi.L6hed below 
:th.e .dwr.(.ace 0/ i:Ae ~oun.d. 7/ten.ef.oite, i:lw.!! can. noi:. be COn.dhutc:l:.ed 
un:li.l. :tAe .doLl Oil. 1l.0ck above iAe ba.de Level. of.· iAe ~ound.a.:tLon.d 
Iw..tJ been. ex.cavat.ed. 

7 h.eA.e 1...6 no need i:.o .duppod i:.h.e .dwuwuru:lin.r; mai:.eJU..al. i..n. 

.dh.aLlow ex.cavail.oM Lf. ilz.€.Il.e ,U, ade.pm.:te .dpaCe-<J 1:.0 e-<JixLbLuIL 

.dlope-<J at. wlz..Ldt i:Ae mai:.eJUa.l.. can. .di:o.nd. 7 h.e .di:.eepne.tJ.d 0/ ilz.e 

.dlope.tJ .i...d a /-un.ci:Lon o!- ilz.e hjpe of. iAe .doLl, i:.h.e cLi.ma:t:1.c and. 
weai:h.fvt cond.i..i:i..On.d I tlte depilz. of. tlte cui:. and i:.iJne. 

In a cLaffey .doLl, i:1l.e ma>dmwn .dLope at. wJu.dl. tlte ma.:leJLi.al. 
can .dixLnd .L.d a f.und.i..on 01 tlte deptlt o~ tlte cui:. and iAe .dh.e.aA.J.n.g. 
1te.tJ.i...dixLnce of. i:1l.e .doLl.J f. tlte clay .i...d .d:/:i..!-f., .dome C/ULW could 
deveLop neaA. tlte 9A-0un.d .dU/l./ace.J f. i:11.e-<Je C/tJ1.d~ become f..i-iled 
will wai:.eIl.l :t1te 1t~.di:a.:tLc pll.e(,.tJUA.e ;i.educe.tJ tlte (.aci:.oll. o~ .da~ei:.!1 
and. mo.!! caU.d e .dlope /aLlwr-e-<J. Foil. iAe-<J e Il.ea.tJOM, b/lJl.ci.n.r; .i...d o~en. 

U.ded 1:.0 .duppod tlte .dMe-<J 0/ ex.cava:/:i..oM i..n. cla!!1 even. tltour;Jt tlte 

cia!! would. .dixLnd 1:.oi:.h.e nece.tJ.tJcutlj 1te.Lgh.:/:. w.L:tJwui:. lai:.etw.1. .duppold.. 
51Leei:. pLle ll.e.:ta.i.ni..n..g .. 1J.JO.i.U (J.It.e al.tJo an a1t.eJtJU1.i:.Lve mei:1l.Od 1:.0 .dLLp­

pold. i:.h.e .d1.de.tJ. 7 Led-back and andl.Oll.ed wa.l.1..6 cute al.tJo. cOMi.d.eIl.ed 

.in i:.h..i...d dw.pi:.€.Il.. 

5.2 BfjIAVJ(JR OF FL{J.!JBL[ &7<711 7?f..7AJNJN~ 577?IJC7lfi?t5 

/TJo.tJi:. 01 :tAe lI.e:I:a.1.rUn.r; wa1i...tJ cute capable olll.oi:ail.n.r; about. 

i:.h.e1..It ba.d e.tJ f-cvt. en.ouflt 1:.0 .da.:f.iA~!! ilz.e .diAa.i..n. 1l.~ui..A.emen.U /Oll. i:.h.e 

ac.i:1..ve .di:ai:.e o~ .dme.tJ.tJ i.n tlte /aLlwr-e wedr;e.7lte aci:.Lve ecur.:tlt PIl.e.tJ­
.dwr.e and. .LU li.neall. fu:bti..bu;Uon will depilz. .i...d i:1tei:.oM etvt..:th. 
pll.e.tJ.dwr.e w!t.Lch. ac..i..d aga.i.n..6i:. :t1te v/all. 
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Bui; i:.h.e ~ 0/ andtOll.ed bu1.M.ead..6 (F i..fjlULe 17a), bn.aced cu:I:A 
(Fi..[}Wl-e 17b) and :I:1..e-back c.ui:.6 (Fi..gwte 17c) coMLtd. 0/ membeJUJ 
w.uit ~rna.1.1. /-i-e'X.l.l.l1fLi. ~ghiU:.!f an.d i:.h.ey. aILe ~uppolded at. vcuU.OlUJ 
el..eva.:l:1..oM bi;. andtoll. Oil. ~i.Jz.J.J.h,. 

7lte c1uvw.c.i:.€A.i..4:1:1..c de/o/llTled ~h.aPetJ 0/ i:.h.e wa.JL, aILe ~h.own in 
Fi..~e 17 b!f claAJlted .LLnetJ.IJ.tJuaJ.1!f,:l:.h.e ;/;op de/ollll1lLi:i..oM aILe le.tJ.tJ 
i:h.ani:h.o.tJe co/Ut.etJponr.l..i.n.g. i.o tAe aci:1..ve J?anJUne Sio.i:.e, wh.eIl.ea./J i:.h.o~e 
ne.a.ll. i:.h.e boli:.om./J alLe9Aeai:.€/l..CoM~JJ.eni:1!f i:h.e magni:Wde 0/ i:.h.e 
€aA.i:lz. p4.etJ~U/l.e a9fL1 . .n.td tite wai.1.6 cLi.//eIl..tJ' .tJomeuho.i:. f.;wm i:.h.e aci:.i..ve 
eaJt.i.l1. pll.e.tJ~U/l.e, and a .LLnea.n.. cLi..tJi:.iz.Lbu.i:1..on w.uJi. cl.eptlt 1..4 noi:. va.11.d. 

7 h.e ac:l:ual. eaJd:h. pll.etJ.tJU/l.e afja.i.JuJi. tite /-i-ex.ihle wa..ll and .lh 

,~uppotW.n.[} membell..tJ depend on ilz.e ~0iJ... pll.Op€/l.i:i..etJ and a.iAo on i:h.e 

~eq.uence 0/ cOMiAuci:1..on. 7h.eA.e/0Il.e, i:h.e Pll.etJ.dW1..etJ lUJed /011. de.tJi..gn 
can noi. be dei:.emn1.ned by i:h.eoll.!f bui;, ~i..nce i:h.ey. aILe i..nf.l.uenced b!f 
i.h.e coMhw.ci:J..on oplVULii..oM,lllUAi. be mocLi.f-i-ed b!f ex.pell.i..en.ce and i:.h.e 
1l.e.tJ,uih 0/ Ob.d€/l.va:l:1..oM and mea.tJU/l.eme.n.:!A on f.u11.-~i..$-ed '.dhw.c.i:.UA..e.tJ. 

, , 

5.3 JJGS!JN~ OF SII(fJ 7>!JL{, 7?{)A!JNJNy WALLS 

7 Ite de.tJ.i..9'1 0/ .tJAeeJ:. plle 1l.eia..i.TLi.n.!} 'UXJ.il..d 1l.€.l{,.ui.A.e.d' .deven.a1. 
~uccetJ4Lve ope.n.o.:tLoM : 

a-fyalua.:I:1..on 0/ ilz.e 10ll.cetJ and J.o.t.e;wl. pll.etJ.tJU/l.e.tJ ilw.:t ad. 

on :th.e wa1..l.. 
6-Det.e.JUTLi.n.a.:I:on. 0/ depiA 0/ pLU.n.[j pen.ei:AJz:ti..on 
c-Compu.:f.a.i:1..on 01 maxJ.nuon ben.d..i.n.[} momen.i:. 
d-Compu.:f.a.i:1..on or ih.e ~i.Il.etJ.tJetJ and .tJel.eci:.i..on 0/ i:.h.e pLli..n[} 

~ec.i:i..on 

e-De.tJi..gn. 0/ i:.h.e andtollfL[}e .tJ!f.IJi.em. 
Be/oll.e ill.etJe opeAO.i.LoM, corL:fAoLLi.n[} cli.meJ1..di..oM mu.tJi. iJe 

dei:.eJUni..n.ed. 7lt.etJe i..ncl..ude tAe 1te1..~ti:.' 0/ ih.e'l.lXl.i.1, ih.e dAed[}e &e 
dc • .• 

(pn.iLlevell. WaLtt, 

Foil. modeJt.af.e 1te1..g}w, .tJAeei:. pi...LLng. i...tJ dALven. ;/;0 a ~u/f..ici..erd 
dep:th. 1.n.:I:o i:lte 9A-0tJ.TYi. i.o become f-i-x.ed a.tJ a vM.;/:..Lca1 ca.niLl.evell.. 

7 ~ type 0/ l!X1-ih ~uoJ.l.!f und€/l.[}o 1.a.A.g.e J.o.t.e.ttal. de/-i-eci.i.on.tJ. 



Si..n.e.e :th.e l..ai.fVl.a.l. AUPp0Jti:. f.OI1.. a co.n.i:Lleven.~ I.lKlil- comed {Aom 
paAA:.i..ve pl1..edAUI1..e ex.en.i:.ed on tAe embedded. poJdi..on, depfu 01-
penehw.:ti.on- can. be mo 1Li.gh. : :I:lU..A l1..edui.:t6 in. ex.Ced.d.i.ve Ai.I1..eA.deA 

arul ffLeJ.di..n.9-. A maxi.nuon of. 5"" me:teJtd Itei..~z.i:. .LA l1..ecommen.d.ed. f.01l:. a 
can.:I:Lleven.ed wall. . 

F .i..gUl1..e18 AIww.d tAe di .. td/l;JJl.dion of. €a.I1..:l:A pl1..ed.d'UI1..e a~i. 
a can.:I:Lleven.ed. wall.Wh.en ill.e 1.a:teno.L aci:.i..ve pl1..eA.d'U.I1..e, 7J.LA . 
appl..i..ed. 1;0;' xltemp o~, :th.e:mall, :l1te. p.l.1i.n.g. l1..O:l:a;{;ed abotd. b, 
mob.i..l..i..J1.n.ff pa.dA1..ve pl1..e.tJ.dW1.e above and bel..ow i.h.e p1..voi. po1.ni.. 

7lte :te/Ull (pp-pj .LA :l:h.e ne:t paAA.i..ve pl1..~AUI1..e,Pp'rni..n.u.4 :th.e adLve 
pl1..eA.6U11..e, p a • 

A:t poi.n:l:. b ,tAe ne:t pl1..e.tJ.dUl1..e .LA eq;ml. :to JeI1..O. lite ~fPUU1Z 
oaDe. ~epl1..~eni:..6 :flie ILe.duLii.nrJ. ea.A.1:lU pl1..e6.6UAi.e.Folt. :th.e ded.fgn. 
pUApo.d,e,.tite: CU/1..ve abe. .LA, ltep'1aced. b/f a .dhw..i..# &e dc./flLe 
10co.:l:.i:.mt ({4 pai.n.:t d J..4, ch..oAert io a.dl6lUte .dhdLc ett.uLLib/dum' of. 
~eA~~~. ! 

Can;;l:L/.eve!(. SIted. 'P:i..l.iJtft i.Jt Coll.eA.i..ve Soih, 

Sin.ce boiAill.e Ai.I1..enfPii, of. cla!l and i:lie .la:teA.O.1 ewdli 
p~AUAe dw.nr;e wWL i:.ime, ilie de.d1..9fl- of. AlieeiJ.. pL.Lln.g. i.n :iliue 
.dOW .i...d. complLcai:.ed..7tlie dep:l:.li of. penei:A.a.:l:..i..n and iJi.e p.il.i.nr; 
ALJ-e nuud .. .da.;/.L6f./f DodA exi..Ai:i.ng. and ~e p4.edA~e COrU:li..:ti.On.d •. 
Jmmedi..ai:.ei../f af.:ten. tAe Alied pLling. .LA, i.n6ia11ed, eatdli. pll.ed.dWte 
may. be ca1cul.a:ted.in t.e/UIlA o/- unr:Ln.ai.n.erl .di.ttenr;;tJt. pwwmei.et1..d. 7lte 
me:l:h.od. .i...d calied 'tP:OII' anal.!f.d.LA' .in wlLidi. a colie6i..on. va1ue, cl' 

equal' i.o .. one-lial.f. :th.e wiconf.i.ned compll.eA'o.d:i..ve .dil1..en.g.:tli, flu' 1...6 
i:.ak.en.. . 

F .i..~e 19 (af.:te.a. lien.g.Ji .dltowA' t.lte i..ni.;Ual pl1..e.tJAUIl.e· conditi..oTL6 
. f.(f}/lJ .dliee:Ji. P.i..LLn9- embedded' i.n. coli€4i..ve AOL/.. f.OIl:. i:.:tIJ ert:I:.iAe depi:ll.. 

S.i.n.Ce /(0. K = 1. wlirm. cfJ=O, iAe paA.dLve ecutill. pA.e.6.d·UI1..e on :th.e lef-;t. 
.J .I L 'P :1: ....... ' . b' . .d-.uLe 0 t- :m. e p"-"VU '"'if ..l...6 [JA-v~ . !P . 

(5 .. 1) 

(5.2) 
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Figure l7.Typical Patterns of Deformation of Vertical Walls 

of a-Anchored Bulkhead, b-Braced cut and c-Tie-Back cut (after 

Peck,1974). 

-49-



p , , , 
I 
I 

0 
1I:i''k *% 

\ 

\ 

(a) (h) 

Figure l8.Earth Pressure on Cantilever Sheet Piling (after Teng,1975). 
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Figure 19.Initial Earth Pressure for Design of Cantilever Sheet 
Piling Entirely on Cohesive Soil (after Terig,1975). 



y}ieJlje: Z=depih. beLow ilI.e oA.i..~· [jA-ound. .6Wt/-ace 

l1J,j2c=uncoro/i-necl compll.e.6.6.Lve .6hten.ffili 
'Ye= e/-tec:l:i..ve unJ..:t .6oU weJ..[;1i:t 

7ilLe' nega.:fi-v·e ,ea;d:}i; PIl.-e.tJ:.tJWt€. .o.J1;. ZentJJ..on. Jrone .i.A: .Lfjn.Oll.ed' beC£LlU.e 

idie 40,U: mo.!f. deveJ..op i:.ert.6i..on CIUlck.." 1.n. :lJi.e UppeJl. poll.i:Lon. Si..n.ce 

K a K p , Me ne:t. 1l.e.61.Ji:mtce on tlte le{.:t .6i.d.e 01 tlte wo.1J.. .i.A COn..6-

. io.n:f. beLow i:h.e dJr.edg.e l.i..n.e and.. L6 g.Lven. b!f : 

(5.3) 

. N~i:.e i:lw.:t., i:lteoll.e.i:.1.cal.4-, :fite wall.. will (.aLl 1.~ "'1/' .u gA-eai:.eJf.. . 

tJum 2l1Ju .7lte Iteir;ftt, H~ 2l1Ju ''''Ie L6 col.1ed i:h.e CJLi.:t1..ca1lteig.flt. 
FOIl.i:lte lowell. poJti:Lon,wheJl.e tlte pi.li.n.g. moVe.4 :to :lite A.i..[Jh.;t 

tJte nel:. ll.e.6iAi:an.ce iA gLven b!f: 

wltLcA .u LLI..t.u:l:Aa.i:.ed i.n F 1..fjlUi.e 19b • 7 he ne:t. pll.e.6.6Wl.e r./..U:l:AJ..builon 
L6 .6h.own i.n F L9fUte 19a : ilte poi.n.:i. d and.. fite pen.e.tn.a.i:.Lon depfit, !J , 
(lJl.e cftO.6en. .60 a.6 i:.o .6a.i:L.6~!f fite .6i:J:di..c ~It.i..um condl iLoTLd. 

7lte de.6L~ could be made lL61.ng. i:h.e pll.e.6.dWl.e d.ia.9Jl.Ol'l .dh.own 
1.n. F L[iUA-e 19c: 1.. e., b!f a.tJ.6wni.n.g. i:h.e fX1-.6.61..ve pll.e.6.6Wte on tlte A.i..# 

. .6i.d.e o~ tJte pLlLn.g. L6 ll.ep1.aced b!f fite concen.hw.i:.ed. Il.eac.ti..on, C • 
7 he depilz., Do ,.6/tOuld be i..n.CJl.ea.6ed b!f 20 i.o 1.;0 Pe.A.:cen.X. in ob:fai.n 
tJtei:.oial. de.6L~ depth. 01 pen.e.:I:AaiLon lL61.ng. ~ meiltod. 

5.4 /3'RA(fJJ CU7S 
lVlten. tJl.e de.,;:fit 01 excava:tLon ,~ceerU 5 Oil. 6 me:t.eM, i:lte lUe 

. o~ vettiLcal i:JJnbell. .6heei1.n.[) becomu, uneconomi..caJ.., and. oilz.€A. me:tJtO~ 

o~ .d/teeZLn.g. and. b/lO.ci.n.g. all.e common1!f emplo!fed.Accon.di.ng. to one 
pll.Ocedull.e 4:teeL' .dlieef. pUe.6 (Vte d.Il.iven all.Ound. -i:h.e 60undtut!f, tlten. 
flte .6oU .i.A lteJnOved {Aom ·:th.eenc1o.6Wte wale.6 and .6i:A.u::L6 (lJl.e 

.i:n.6 en.;t~. 
FLiJ.wte 20 4/1.OW.6 fite common1!f lL6ed .6lteei pUe.6.Jn FL[}Wl.e 21 

iiuo i.!fpi..cal CIW.6.6 .dec.i.i..on. o~ a b/lO.ced excavailon 1..4 .6h.own..7lte 
uxUU\ all.e commonllf 01 .6:teeL, and i1l.e .di:1ut:1:...6 mo.!f be o~ .6:teel. Oil. wood. 
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~t lZttt2iilZ~ 

(a) (6) (c) 

Figure 20.Types of Steel Sheet Piles Conmonly Used for Bracing Sides 
of Deep Excavations. a-Flat Web,b-Arch Web,c-Z Piling.(after Peck,1974) 
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A r lA 
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.,..,.,-

Wt'o'se 
Wale 

orowooo' block 

....... Sfr7Jf 
Sl!cf/on 8-8 

Figure 2l.Cross Sections Through Typical Bracing in Deep Excavations. 
a-Sides Retained by Steel Sheet Piles.b-Sides Retained by H-Piles and 

Lagging (after Peck,1974). 
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2i:. .w .i.mpold:an.:l i.o plWvi.d.e veJti:1..ca1. ~uppoll.i:. /Oll. 6/U1.ci.n.f}.7h..w 
mo.v be done by keepi.n.g. po~:l6 6enea:tlt iAe ~~i:.em 0/ bllO.ci..nf} :to 
i:.IlO.M/-en.. i.h wei...[llt:t io tiLe l111.deA1.!J1-nt) ~01.l. Oil. 6!! ~~Pe.n.rLbt9 
:th.e b/U1.ci.n.g. /!z.om 6eo.nu, ex.i:.en.r:lin.t) aCll.o~~ iAe :top 0/ tiLe cu;/;. 

!l f. tiLe wi.di:Ji 0/ a deep excava.i1..on .u ioo 9A-eai:. :to pemnL:t 
:t:h.e econom1..CaJ. ~e 0/ ~i:A.U.:t.4 aCll.O~.ci :fiLe en.:I:i.A.e excavai:.Lon, 
inclinedbllO.ci.n.f} may be ~ed (11..fJU"-e 22). 

/fJod<u. of FaLlwr..e .in. C1.a!f. 

f)wu..n.g. an ex.ca.va.:tLon,:l.:h.e uxz:I:.eIl. conieni:. 0/ :th.e c1.a!f could 
noi:. f..urd en.out;Jh. t1.me 1:.0 dw.n.g.e, Aen.ce und.Aai.n.ed Oil. cp= 0 con.d.i..il..OM· 
pll.eva1.l..A~ :l.:h.e deptiL 0/ tlte cui. i.n.CIl.ea~e.tJJ tile ~oLl ol.li..6Me :t:h.e 
wa.1.l.4. beluzV€.di like a ~UAchn./l.ge and. ca~e.tJ iAe ~oLl 6enea:tJr. :t:h.e 
excavai:.Lon :to /l..i../Je.:J / :th.e cui. 6ecome.tJ, 1.00 deep wWr. ll.e.tJpeci. 1.0 

i:h.e ~i:.Il.en.r;:tJr. 0/ tiLe ciay.,ilte /teave 0/ ilte 60i:.i.om Ina!! be lJJ1.con­
i:.Il.o1.lable, ~ei::t1emen.:fA 0/ i.h.e .lJWU1.owul.i.n.g. 91l.OwuI. ~lUl.f.ace rna!! 
become exce.tJ~1..ve and i.h.e bllO.ci.nf} ~!f6iem ma!! co1.ln.p~e. 

J n cl£J.!jA {.ai.l..wte.tJ 6!! 6 en.d.J.n.f} of wal.e.tJ Oil. 0 /- -6/teei:. pil€.d 
all.e ~unJ... 

&u e Fai..l.uIl.e Ot C u.i:..IJ i.n. C 1.aff 

7lte ~i:A.enr;ilt 0/ i.h.e c1.aff Iuu an. i.mpoll.io.ni:. inf.1u.ence on i.h.e 
beh.a.v1..oll. 0/ :t:h.e bllO.ci.n.fl . .IJ~iem and. :l.:h.e ~WUtOwuli.nr; -6oil.7/te 
6ecuti..ng. capac.L:OJ e.q;m.il.on be.IJi de.IJCIl.i..be.tJ" ilte ab.Lli...:bJ 0/ i.h.e 
./JOU 1.0 wWIA:!:mul. iAe ~U./l.cluut.g.e "/11 0/ ilr.e clay ou:l6Me i.h.e 
excavai:.Lon : 

(5.5) 

wAeIl.e, c6.w tlte unt:bz.a.iAed ~lteaJtlir.f} l1.~i...IJi.on.ce beloUl b~e level, 
N i....6 a COMi:an.i:. between 5 and. 6 M -611.Own i.n. F 1..f}UIl.e 23.B!! Il.l!­

~[Ji.n.ff ~l;uai:.Lon (5.5), i..i. .u pO~.lJ1..bLe io obiai.n an. ex.p1l.€.d~1..on 
/Oll. N c a./J 'YII / cb .Cxpen.i..ence h.a.IJ ~/town i:ho.i:. 1..t "III / cb M 1€.d~ 
i:ho.n abod 6, mov emeJtU , ot i/te blULci.n.f} .IJ~iem aru:l. heave 01 i.h.e 
cl.a.!f b.elow baAe Level a/1.e ~ma1.1..!J1 tJlLd vahLe l1.eacA~ about:. 8 
il'te movemen.U' 01 even a we1.1.-di!.61..[J11ed bllO.ci.nf} become i.ni.oLel1.abl!J 

i..aA.g.e. 
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Bracing placed in trench bel'ore 
excavafion of rtlmaining sad 

PorI/on ofreinforc~- \ 
concrete raff fovncicrfion\ ," -

-.J 
.'," " . .... '.' - '.. -

Shed piles 

Figure 22.Typical Bracing in Deep Wide Excavations (after Peck,1974). 
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Figure 23.Bearing Capacity Factors for Foundations on Clay Under 
~=O Conditions(after Skempton,1951). 
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Load..tJ on Shwh .in Cl.afL 

Jl ih.e bfUJe ~ia.bLl.U:.y. 01 an. open cu;t .in. clo.JI L6 adeq;.m.i.e 
tOll. aLl.. depf}".6 01 ex.cavai:£on,:l:.h.e ~:ltud Load..tJ con. be dei.emnin.ed 
fAom appaAeni. pll.~~wte envelop~ ~ltown .in F .LrJUAe 24. 7 Ite appall.enZ.· 
pll.~.6wte envelope depe.ru:Lt, on i:lte value of. 'Y /I / e, wfteAe c i..6 ih.e 

. aVeAJ:lge un.dAa1.n.ed ~/teaA;. ~:htenfP:h. 0/ i:lte c.l.aff al.on9-.6i.de ih.e c.u:J:.. 
· J I i:lte /U1.:f.Lo of. 'Y II / e 1...& Le.tJ~ i:.h.an. Oil. ~ i.o 4, ih.e eOIUl.~pondin9 

appcuteni. pll.~~wte envelope L6i fUJ ~h.own .in F .Lt}wte 25 e.J f. i:./z"u Il.O.iLo 

ex.ee~ about. 4,:l:.h.e ap(X1Aeni. pll.~~wte enve1ape mo.!f be· iJ:Jh.en fUJi .in 

i:Ae di.af1AODZ ~Jwwn .in F .Lgwte 25d, pll.Ovi.de.d :tlw.i. i:lte wi.d:tlt of. i:lte 
enveJ..ope L6 fPLeaiell. i:ltan i:lw.i:. .in F .L9llA-e 25 e. Oi:ll.eJUlJL6 e, ilte val..ue 
f.n.om F .i[JWte 25 e [}OVe/U1A~ Il.egrvzdl.~~ of.· i:lte value of. "III -; c. 

7lte di.a.~ .in F.if}wte 25d mo.ff be lUJe.d /-oil. val..u~ of. "III / c 
(L(j. flA.ea.i. fUJ 10 Oil. 12.0n i:lte oi:lteJI. 1u:uu1.,.if. "1/1 / cb ex.eeeri.d abou:l 7 
and ~ e (..a.Ll.wt.e L6 .i.mmi.n.en.i:., JAe ~:hud LoCJ.dtJ mt:L!f be much. ioA.g.~ 
iluUt i..ruL.Lcai.e.d bff i:lte di.afJA011Z.lIenee,i:lte ~ia.bUu:.ff of. ih.e bfUJe 

~ltoul.d aJ.waffd be .inv~i:Lr;ai.e.d be/oll.e an. ~:I:1.mai:.e L6 made 0/ iJl.e 
.6:htu:l l.oa.dA. 

Oi:ltell. C On4i.de.JW.i:J-OM 

7/te ~ei.i:l.emeni. 0/ i:lte pLle6 can be Il.e.dueed.if. ih.ey. can be 
· cUr.i..ven. /oil. enough. .ini.o a beaJt.i.n.f} ~ina.i.um. i.o develop .i:Lp. Il.~.uia.nee . 

at:. Lei.z..tJi. ectua.L i.o i:lte cUw.gdown /oll.ee.tJ calUJe.d bff .L:IA own wei..~, 
i:lte wei..g}d 0/ bll.ec..in[},.dwtdlOAf}e LoCJ.dtJ, ei.e ••• Folt i:lt~e Itea..dOM ih.e 
embedmeni:. o/- p.i.l.u. roo.ff be i.n.CA.ea.tJed be!foruL i:lra.:f.. Il.~ed even 

i:ltL6 embedmeni. depi:lt would appeaA 1:.0 be unn.ee~l/Jai..JJ.v. rJitea.i.. 
70 Il.eduee iAe f}eneAfJ.i. movemeni:A (J/ ilte bJULc..inf} ~ffdi.em, i:lte 

· ~i:/ud4; ~ftoul.d. be pll.e6:hte.tJ~e.d (L(j ~oo~ fUJ i:lte!f aJte ~tn.Lled. 
Abou:l 40 and. 70 peA.eeni. 0/ i:ll.e roo.x.i.nwl11: .~Vu.d Load.A all.e lUJuailU 
applied fUJ a pll.e.tJ:hte6~ Load. 7 he veA.i:LcaL rliAitmee between ~i:A.U.:I:.d 
coni.ll.o~ ilte: .i.ruvaAd lrden.a1. movemen.i:A 0/ i:lte: wa..1h, and COMeq,uen:tJ.:v. 
:th..e ~ei:ilemen.i. 0/ :l:h.e a.djo.eeni. 9fWund ~Wl./aee6.lIenee,.if. ilte move­
menU all.e iLI<ei!l i.o be ex.ce.tJdve,:l:h.e rliAitmce be:hueen ~~ ~h.oul.d 
be 1l.~:bU..ci.ed and ex.cavo..:f.Lon .lJhoui.d be pemni..lied i.o ex.i.end. no 

deepeJL i:h.an. nec~~aJtlJ i.o pemnU i.Ju!ia1.l.ali..on of. each. of. ih.e ~i.Itu.iA. 



Figure 24.Diagram Illustratihg Method of Calculating Strut Loads 
from Apparent Pressure Diagram (after Peck,1974). 

Clay 
Sand ~::4 lrH>4 

c 

0 . .25/1 ~.2511 

II 0.5011 
O.7SH 

().25/1 . 

a65;Hfon'(4)~~/ J 
10.20111 I. frll-4c.1 
• to • 
a4l"H 

(d) (b) (c) (d) 

Figure 25.Apparent Pressure Diagrams for Calculating Loads in Struts of 
Braced Cuts~a-Sketch of Wall of Cut~b-Diagram for Cuis in Sand,c-Di~gram. 
for Clays if'YH/C is less than 4,d-Diagram for Claysif'YH/C is greater 
than 4,provided th~t'YH/Cb does not exceed about 4. (after Terzaghi and 
Peck,1974). 
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~ 

In pl..culic c1a!f6, tlte veJti.1..cal.. fuhznce beiWeen ilte ~i:A.U:I:A 
~lwuld noi:. exceed 2c /:y I wltel1..e c 1-6. ilte aVeJW.f}e uru:Uw.i.n.ed ~h.eaA. 
~ht.enfJi:.h. 01 ilte c1aU /011. a depi.h. 01 abold. B /2 bel()IJI ilte level. 
01 ilte f.olloioi.n.f} ~hud, and B' 1-6 i.h.e w.i.rlth. 01' ilte c.u;/:.,.in. oJVi.eJt 
i:.o obiai.n. a'm1.rWnum veJti.1..cal.. movemen.i:. •. 

J n.cLin.ed. B/lJ1.ci.n.£,. 

In w.i.de ex.cava:tLOIUJ, CIW~.6-i.oi. b/lJ1.ci.n.f} ITlO.!f be impRLLci:LcoL 
aruI. i..n.cli.n.ed. bJW.c~ 011. 1U1.h.eA;.6J aA.e of-i.en UA ed.'P lte/eJW.b4, i:.h.e 
l..oad. i..il. :tJi.e m:J.k.eJl;.6 Lt, i:.tuuMleAlted :to a camplu.ed pold:..Lon 01 :tAe 
/ar.uuia:tLan/ F i..9J1A-e 22). OtltenwiAel' an I i..n.c.J.:.i.Aed. f.ooi:.i.i!tg. O./L "kLck~ 
bl!.ock", .6uppold.ed bU ilte ~oi..l. UAualJ..!; pll.ovi..d~ Me Iteaci:.i.on. 

7lie uli:.hnai:.e 6ea.A.inf} capacU!f or an i.n.cli.in.ed kLcheJft block 
(UfjlUte 26a}l can. be ~i1.mai.ed 104. ~a.i:J.uw.i.ed cla~. 7lie beaAi.n.r; 
capac.li:.!f. (.adoll. depen.d4. on tlte lllLiJ..o D t I B and ilte .i.n.cl.1.no.i:.i-on 

ex • V a1u~ 01 N c rna!! be obi.ai.n.ed /Aom f i..r;.wte 26b and tlte u1:tL­
mai:.e beaAi.n.r; ca'/>acU:.t; deieJUni.n.ed pwm, 

lIrd=c Nq . (5.6) 

7lte 10ltce dLafJAORl i.n. F.LfjWte· 26c .in.di..ca.i.~ iltai:. un.d.en. i:Ae 
.i.n.f1uence 0-/ tlte A£J.kelt load, ilte ~/teeii.n9 i:.end.4. :to move upllXLll.Ci. 
will lI.~peci:. i:.o tlte ~oi.l.' benea.:tJi ex.cava:tLon level, ~o ad.~e 
embedmen:t.. mUAi:. be pll.Ovi..ded. to It~.ui:. ilieuplLf-i.. lilte apfX1Aeni. 
pll>e6.4wr;.e cli.a.~. 1A Fi..~ 25 rna!! be UAed :to e.td1.mai:.e ;t}ie 

·/U}Il:i..$-Ond.ali. componen£.6 0/ i:lie JW.h.en. 1:.'rxu:l4. 

5.5 7j(jlJ-BACK CU7S 

A4 cut alle.ttJULi:1..ve' i:.o. CItO.6~'-loi:. blULci.n.g. Olli i.n.cLi.n.ed . .d~ 
":I!1..ebadu."alte of-i.en UAed.Fi..9lJfl-e 27 ~/tOW-6 a ZfIPi..ca1 lie-back 
~~i:.em. 710 buLLt a tie-bach, !to1~ alte' dJdll'edi..rti.o ilte .doll, an 
~emen:t .L6 f.olUTled. at. i:.h.e end 01 i.h.e Aol.e, i:.~lle n..e.i..nloltce­
men:/:..L6 placed arul.' ~nC/teted. iJd:.o i.h.e .1tole.fpch. tiebach .L6 
UAtKlij-!f pltui:A.~~ed be/olte ilte excavai:.i..on pltof}lt~,6ed. 
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Figure 26.a-Geometry of Kicker [flock for Inclined Strut,b-Bearing-Capacity : 
Factors for Kicker Block in Saturated Clay,c-Simplified Diagram of Forces 
Acting on Sheeting in Raker System:Pl and p2",components of active earth 
pressure:P ,passivepressure:T,tension in the pile to be resisted by up-p 
lift resistance of embedded portion:R,raker load(after Meyerhof,1953). 
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/lJotle.6 Of. FallWl..e 

Almo~i:. al!1!. ~. o~ i:..Leback bllJ2ci:.nf} ~~d:.em.6; !w.ve been. 
iIlie A.e6uil o~' i.nad~e an.cliollng.e. lili..i..tJ: liapperu wilen. i:lie ancli~ 
ILave: . been Ji;ca:ted 1:.00 cl04e fg ilie wa1!1!. 011:. tJie, .iJulJ..vi.tlua1!. an.-

. dt(f)1e6 !W.ve pul!1led otd,) etc • •• 

A.4 ilie ex.ca.va:I:.LOfl plWrJlte4.de.6 arv1 :tJie wa.1:l..6 move i.n,i:lie 
.6oLl' ou£tJide tJie c.u;t .6eid:l~. awl exe.J7L:l4 a dOWTluxlIui: ~ol1JCe on 
i:lte .6~i:.em.!J ~ :/Jie i1..ebac/i.d QAe :in.cLi.n.e,l' a.6 i.n F i..f}lUte 17 c,iJi.e . 
~oRiCe em i:ltem· arl..cU. J:.o. tJie dowflJJXl.A.(/. laa(i.on iKe UXJ.i..L6 .• IIen.ce,wlten 
ilie dep:fft o/-· ex.ca.vai1..tJn A.eaclie.6, 1:.0 ili rnaxi.muln cLep:tli, xlte capaci.:f.fJ. 

o{. tlie waJ.J:. could be ex.ceeded. lite 1l.e.6ul.:ti.ng. downuxvuL movemen:IL 
o/. :tlie pi..l~, ma!f de.6i:.1l.o!f ilie e/-f-ec.:li..vene6.6 (f)l :tlte lOWeAJ1l0~1:. 
andw/1A·.7iIi.e load. i.nilie 1({)llJeJt;. d.nduJIU. iA :!:lien. :lAn.nuJ1~ed. 
1:.0 .dome 01 ih.e uppem; andiott;.6,.2 /- iii'; uppettt an.ch.OA;.d cuce :i:luu; 
ovenl.oa.ded,..a fa.L/-uA.erna!f be 1..nili aierl .lIence,ad~ lip Jl..e.6.u­

iance 011. embedm.eni:; 0/ ilLe v€.Jd1..ca.l1 p.Ll.e6 U' ilie mo.4£ 1.mpoA::f.an.i. 

con;hr.olli.n.g. f-ac.i:olll toA.: ilie .4iab.i..1.J..h.J o~ a tieback .4~1:.em. 

~n~OA.tLfle· 

7lie l.a:t.emJl: movemenh a.6~ocj.a.i:.ed' w.i..:I:R ilie COfl.6i:.tw.ci1..on 01 a 

tieback. an.clioll.ag.e .4Jwwn: .in. Fi..9Wl..e· 17c ll.e6emble ilio~e 10Ai. a bllD.ced. 

etcIi . .4ftown .i.n. Fi..g.wte 17b .5i.n.ce i:.h.e vQ.lu'aii on 01 ih.e J.o.i.eMJ.l.. 
eaA.iA ptiu-6U/1.e enve1ope.6' ~ .. not. well de/-i.n.~ and. i:.h.e dtang.u· 

. i..n .di.ll.e.6.de.6' all.e :lime dependent. f-Oll. a cl.a!fey. .doLl, tlte 1.hn1..i:.ed 
ob.deJZ.vai:.i..orwl. daia avaLI.a.ble ~ i:.h.e orWJ wa!f :to make an e.d;/;bna:le 

0/ i:.h.e tieback i..oad..d.2 i.. i.ndLcai:.e.6 i:ha.i:. ih.e ftoll.i..JO/d:al. componen.i:.6 

o/- tlte andw~ rna!f be det€JUTl1.ned b!f a.6.6umi.n.g. i:lw.i:. i:h.e1.A. ftoA.i..JOn­
i!a1. componenU: all.e r;1-ven b!f i:h.e .. appall.en.:t pll.e.6.6W1..e di..a.~ loll. 

bll.aced cui:..6 (6ee F.i..fJUIl.e 25 ). . . 
7fte dtoi..ce beiJJJeen ilte UAe o~ JwILLpJ/l.i:.al 011. i.n.cLi.ned tiebadu: 

depeJU:LJ on .deve.AJLl f.ac:l:o~.!J! i:.h.e .6fteall. .6i.1l.en.g.i:h. 01 i:h.e .doll 1....6 

'tI'aIl.!fl.n.f} wi..i:1t. tite i.n.CA.ea.6i.n9- depilt, 0.It i..~ ilr.eJZ.e e:x.ui:..6 .dome 

no~ftom09eni..:l:!f i.n. ilr.€!. -{JoU--6iAa.i:a. in. i:h.e ~OIUTl 01 p<vt.iL~ 
ll.e.diAi:a.n.:I:. l.a!fen..6 at. a ll.ea..6ona.ble depi:.h. bel.JJw weakeJZ. ma.i.eJZ.i..a.L,,~ 
i.ncLi.ned andr.oll.afje.6 dw..v.i.ng. ilteiA -6uppoll.i:. /Aom ih.e· .6wng. ma.:te­

/l.i.o.l. mt1.!! be pll.e/eJt.able.On ilte oih.eJZ. 1I.O.IUi., a.6 mentioned bel0n.e, 
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\ 

-7---
Ground level 
while +iebock 
is /I]stolled 

Figure 27.0ne of the Several Tieback Systems for Supporting Vertical 
Sides of Open Cut. Several Sets of Anchors may be used at different 
elevations (after Peck,l974). 

I 

/ 

I 
I 

'-Bond hrllN~'f1 tlnmDranti 
soil col1$lot-r,.(f' ,,//pd/ve 
forighTof (f'otSh,d h~1! 011,., 

Figure 28.Limits beyond which the Anchorages .of Tiebacks must be 
located to avoid general failure (after Peck,1974). 
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1../ :th.e .tJ/z.ee:l:. p.u..e.tJ O/l. .daJ.di..ett p.u..e.tJ do n~i:. enaug. /l.e.tJLdi:fJ.rd. 1.0 

/l.e.diALc:I:. titei..lt. doUJrll()(J.JU/. movemeni:., i.h..e l..owett aiu:itoM .in .tJome 0/ 
.incLi.n.ed iJ..ebad?,d rnaff become inettec.i.i..ve. 

Anch.oM wlu..ch. cOMLdi:. ot .di.ee11l.OCi..tJ O/l. i:.endoM i.n.tJeded 

iJt .dma1.1-dLame:l:.ett h.o1.e.tJ arul' fPWui:.ed 1.0 i.h..e .dUppolLi1.nf} mai:.eA1.J:11. 
con. ea.tJU!f be i.n..tJial..led at. an!! i..n.cI.i.nati..on./tJolteoveJt, lrvtg-eJt 
d.i..ame:l:.€./l. anch.oM wliiten.l.wt.fjemeni:. Oil. bel.1t, at. titeiJt. enrU 1.0 

pltOvi..de i.h..e pulJ..-oui:. /l.e.tJLdi:a.nce, mu-dd:. be .tJO l..ocai:.ed i:ltai:. i.h..e: 
be1.l.A can. be /olUned i..n. colte.tJi..ve ma.i.~ i:.o IlO..ve a f}Il.ea.i:.eJt 
/l.e.dLdiance. 

In eveltlJ COAe, i.h..e ii..ebac.M mU-di develop. ilieiJt. andwlUl.fje 
w.uJLi..n lite .tJiab1.'e' .tJ0.u..6eJiin.cl i:lte f.n.i-l.uAe wedg.e i:h.ai:. CJJniAJ..­

bui:.e.d i:.o tite ac.i.i..ve ea;d}L p/l.e.tJ.dU/l.e on ilLe wal.J... F 1..gwz.e 28 
.dMw.d :th.e pOA.tJ1..b1.e dimen..tf.it:nuJ ot fiie wedfje.[/)i:tIti.J,. t1t.u wedgt!. 
a.tJ i.n.di.ce.i:.ed bff ilLe d.a.tJ/i.ed Lin.e, no· coni:JtJ..hui:.i..on f.an. :th.e anclwA. 
lte..6JAiance .dltould be a-d.tJumed.J n p/ll2c.i.i..ce, li:. Ld, p/l.e/e/lI1.ble 
wi..ih.i..n. :th.u JPne .incI.1..cai:.ed bff ilte cla.tJlted .line 1.0 back(.i..1.l. . 
lite anch.olL 1t01.e.d' willi .dome ma.i.eJti.al. ilw.i. will noi:. develop a 

bond be:iween fiLe anch.o/ll2ge mat.e.n.i.oJ.. and :th.e .lJUIl.Il.Oun.di.n.f} .IJ'oLl. 
Beg.olul :tile clrulted .line, anch.oM mu-di:. be [ptoui:.ed. (.cut enough. 1.0 

develop lite /l.ep.Wt.ed /l.e.lJLdiance bff bond. O/l. belled. anch.oM 1TlUdi. 
develop :th.e nece.d.6l1Aff beaAi.nf} co.pac1..:l.tJ. 

JI- pltOped.!f f}Il.oui:.ed, andl.Oll. Il.od.d, O/l. i:.enil.oM mu.lJi. develop 
an ul.:tUnai.e bond /l.e.tJL6iance wh.i..ch. L6 netJ.JU!f ~.ual. :to :th.e .lJltea­

Ili.nf} Ite.tJLdiance 01- fiLe .dwvr:oun.di.nfl .lJOW. 
!J n. mo.IJi:. C/UJe.d, li:. Ld p/ll2c.i.i..c.al. i:.o applff p/l.e.di:.!l.e.d.IJ /oltce 

1.0 anch.o~. 7lte ~.ui..pmeni:.. f-o/l. p/l.e.tJi:.Il.e.d.di..n.g can. be U.lJed {o/l. pen..­
/-o/lllli.n.f} pulJ..-oui:. i:.e.dU, i:.o dei.emni.ne fiLe uli:J.mai:.e capacLbJ of.. a 
rwrnbeJI.. 01- ahdLOM i:.o a-d.IJUIl.e .datei.ff 0/ fiLe de.IJi..gn..A (.acioJt. 01-

.lJal-e:tt; 0/ about. 2-3 mU-di:.' be i:a.ken i..n.io accouni:. ba-ded on :th.e 
Ite.dulh 01- pull.-ou:f. i:.e.dU, i:.o M.lJi..gn a de.di..gn. l.oad. i:.o ilie andwM. 

One 0/ fiLe pl1.i.n.cLpa.1. advani:o.f}e.d 0/ a i.i..ebad~blUl.ci.n.f} 4!f.di.em 
L6. :th.e ab.LLiJ:.v. at. low CO.di. i:.o bud. ea.dL andLO/l. at. lecud:. i:.o i..U 

expec:l:.ed woddnf} load. Bff i:h.L.d way fiLe /l.epaht. OIL ll.epirLcemeni:. 
0/ de/ec.i.i..ve anch.oM 'could be made and a pO.IJ.di..b1.e f!ai.l...un.e' b!f 
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.uw.depm.n.C!f 01 .i..ndi..v.i.dual. anclto/U! could. be " elim1.n.ai:.ed. 

P€./l.{.olUTlO.J'l.ce ot 7i.e-Back Suppod S,'/1i:.errzA 

7abl.e 2' .tJltow.tJ a i:.ec1uu..cal. de.6C1li.p:tLon 01 .deven tied~back 
~uppo/d:i.n[} ;'!f.tJ:l:.em (af-:teJl. CLou~,1975 ) .!In all ilte.tJe CQ.,de,d ilte 
ob.tJ€./l.ved beJULVi.OIt· 01 ilte .tJ:l:A.u.c.i.wte.6 iUL.tJ been Itepoded. 

!l i:. 1..tJ ob.6eJl.ved :tJw.:t ilte .tJow lte:l:a1.n.ed b!f' tied-back wal.L6 
vaJt.i..ed (Aom .tJen.tJ1.i:1..ve cln!l..6.;to .tJ~.Bui:. U mu.tJi:. be noi:.ed ilu:d 
none 0/ ilte waLL" WeJl.e cOfU:l:A.u.c:l:.ed i.n. pa.tz:Uc.u1wJ.v. di..lp-c.ull. 
.tJo.i...lA. . 

7 Ite me:!:luxi.6 01 col.cul..a.thuj. and Wit plte.6:f.1te.6.6 l.oa.d..tJ aILe 
. .tJltown. 1.n. TabLe 3. 7lte 1.mpoldon:/:. ob.tJeJl.vai:i..cJn 1..tJ :f.lta.:I:. a con.6MeMLbJ..e 
tt.~ei:.!f exLdu. i.n. ilte.tJe i:.eduu..qu.e.tJ. 7h.e, ma1.n ltea.6on 01 ilt1..tJ. i..tJ 

:th.a:I:. ilte .tJd:a.i:.e-ot-ilte-a.It.i:. i.n. . ilz1...tJ, CUtea. 1..tJ noi:. weLL-d.ef-.in.ed., 
7lepolti:.ed ma.x.1.mum' l.ai:.eNJl. and. veA.i:1..crU.. movemen:l..tJ 01 ilte 

tied-back wal..I..LJ CUte .tJlwwn i.n 7 abLe. '" .A.l.tJo .tJAown aILe i:.Il.e6e mo­
vemi!n.:l:..6, €Xp1te.6'.6ed a./J' a peJl.cen.iar;e ot ill.e wail 1tei.r;hJ.. F .LrJUlte 29 

I 

.tJltOW.6 ilte peJt.cen.i:.· vetz.i1..cal. movemenh pLailed on. ilte .tJe:I:.:I:.lemeni:. 
ch.a.A.:t dev1..tJed. b!f 'PecA 10It b/lJl.ced. excava:lLon..ll.Ail 01 ilte ltepOA-­
i:.ed .6 e:I:.:I:.lemen:l..tJ, QA.e loun.d w.Li:h..in. ilte $-One 1 on ilte clrrud., caLled 
ilte nii.nhnwn .tJe:tt1..emen.i:. 3-One.A/-i:.eJt ill.e.6:e f.i-ffUlte.6, U Iuu been 
con.cLuded :f.lta.:I:. ilte vM1.ai:i..oru, i.n. ilte IJXJ.iJ!. f-J-ex1..bi.J.Ltv. Olt plte­
.tJi:Jte.tJ.6 l..oa.rUI on ilte anclioM' did. noi:.!W.ve a .6'>ignLf.i-can:I:. i.n.f.l.uen.ce 
on i:.Il.e movemen.:1:..6 01 :tied-back waJ.L,. 

Anoi:..h.en. i.n.:I:.en.~i:1.n.9 common 6eh.avl.olWi. /-acei:. ltepoJt:l:.ed lolt 
<L!J. ::ti~back wa.lJ!. .tJ!jA:l:.em./J1 IJ)(L(j ill.e vaAia:ti.on 0/ ilte :tie Loacl.tJ 
a./J, ilte excavation pItflJ9Ite.6.tJed.!Jnea.ciL ca.tJe i:h.e l.oacI..tJ .in. i:..h.e. ::tie 
JUXl.4, deCltea.6ed .tJl.1..r;.Id1v. f.A.om ,i:lte.1.Jt. Pltu:l:Jte.tJ.6' vaLue'"a./J i:..h.·e, exca­

vai:.i..on IJ.J(Ld cui:.~ 

!l:t could. be .tJaA.r.L' tlw.J:. de.tJi.9'l- pltOcedwte.6 plte.tJen.il!f IUJed; 

loA. plte.tJi:.It~~ ~ loA.' :tie-bad~ wal.1.6 CUte fpLL:I:.e vaJLi.abLe. 
HoweveJt. movemen:l..tJ belu.nd. i:h.e.6e wa.llA /l..e~e.6.6 0 1 :tJie PIte.tJi:.Ite.u, 1 . 

l.oarl.d ltave been. .tJrnalJ... F .i.rwll.!I, ob:io.1.n.1.nr; .tJecwi.e anch.oJUL[}e in. 

.6~f.:t cl.a!f4 /w.d been. f.owul ;lobe di..tf.i-c.u1:t, anrl. addu:i..onal. .i.n.Ve6-

::ti9fL::tLon could. be U.tJe~;lo ma.i.n.:I:aJ.n. ilte .tJiabi.J.Ltv.· ot i:..h.e 
::tie-backAdwu.n.g. wltdLe excava:ti.on. 
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Table 2.~escription of Tied-Back Walls with OBserved Behavior 
(after Clough,1976). 

I?e/erence 
l1!lx. Wall/ltuSht 

7Yl'eU.ltrl/ 
£I/I"C. 

So;/s (H)- rt KIp. it. 7ype Rnchor".Je 

KQr'1' 60 Slurry .90000 Gro/J/~d /nlo DgntJe Sand-Fdl -
-trench rock. orp"'c :5;;1 

HQn$ur ./ IS Solc//er 17000 Fully Grou/~d 5 ;Itl' clo),- Shale 
i91;zod~;' PIle 'ie_rod 

1ft ....,(61 
8 ft. o.c. 

/(/zzo, t!!t al. .37 Soldier 1-/- plies SQ'/JoI- S;I/ 
pile. 

Shonnon I' 78 So/d;er 8700 Grouled 8ar Dense Santls- O.C. 
S-I:rQzer p;/e Ih Soil C/oys 

B wf. 35 
3 Ft.. o.c. 

Clou3h , 65 501c/ler 8700 Groulf"d 8ar o.c. Cla.y~ 
ei:. o/. pile. In $01/ 

8 wI 3S 
3't. o·c. 

LI" I 0t/jO'n 55 Solc/"er Grou led Ba r" Sana! Cloy - i=d/ 
pile Ih :S0;1 
;z. 15 (33] 

,Lorson elol. 50 Solth'er 32.000 Go rO/J/~d Bar D Ilnse Sand 
pile In ~oil 
1'1- bl' 81 
6 pc. o.c. 

Table 3.Reported Methods of Calculating Prestress Loads(after Clough,1976). 

Reference He -thod. 

kC7;OP Pucenla.!e of ,Qllowoble 
7i"e-~ot% Loo"- (.;zO_60°/') 

Hansur f /71/:ZOde/r 
.' 

,.c;t:- I'?esl Pr~SSl.Jr~s 

11Izzo, et ci/. ~chve 1'0 ,Qt_Rest 

5haa17on L slrll::zer .50"/. I1nchor Y,"elC/ Loqci. 

clouS;" Weber and 
L&tT71o" f 

7e rzo.Jhl·- Pt;>CK £"/"S (o.'! ;til) 

L. /u I Ou.!/ Qrt. 16 )( lIelJM Wall (In ;:).1/") 
I-/onna. I /'fo-fa/lona. ?rlO"ssures /lalfwQy 1.3 ~e~n 

;::Jt:.I,·ve and. At - Res/-
00$ fer/uIQn '- {7-i/(ord.. ;9c;';v.e pre:ssUr6S 
L.arsen, et 0/ •. Prt:'o;sur("$ ~~ IW"'ffn f1c I,·v~ 

o"a -4t - '<~rl 
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Table 4.Tied-8ack Wall Movements (after Clough,1976). 

Hoxin7um /fo.;(. Wall . S~fllem~nl A~ L crlera.1 £4 
I? e/e renee. 

I3dlli1d Woll Hovemel'}I 
~ -,to % 0- Ft.. Dlo 

Mansur f. Alizadeh 0.08 0.2" O.oS 0.// 

RIzzo) e-t. 0.1. 0.1,5 0.40 

ShO'nnon'; Sirazer 0.25 0.50 0.2.5 0.32-

C 10 ugh. ~t 0.1. 0.06 0;/0 0.10 0./5 

Liu.1 Ou.,Ycrz 0.05 0.09 o.OS O.O~ 

Larson, ef a.1. O.OB 0.16 0.08 0./6 

-63-



z 
o -
~ 

~~ z 0 
w>< 
~Lu 
Wu.. 
-,0 
r-I 
I-}­
Wa.. 
cJ)w 

o 
• 

o 

DISTANCE FROM EXCAVATION 
MAX. DEPTr-t OF EXCAVATION 

1 234 

\~ . 

Maxim'uN} % Settlement Reporied 
for Tied Back Wol1s. 

5 

~ 3~ ______ ~ ______ ~ ______ ~ ______ ~ ______ ~ 
~ 

Figure 29.Reported Tied-Back Wall Settlements (after Clough,1976). 
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5.6 ANCII07?fjJ E/JfJ(J{ffi/JS 

Anch.olted .dh.ee:t-pLl.e hulkh.erul.4. aJl.e {..;t~en.J:Lv. lUJed .in pod 

and f.ourU:lailon en~ee/li.nf}. 7lied e hulkh.eariA can be cl.J:ui.4J../1-ed 
i..n tlte f.ol..l.otui.nr; wag : 

1-1r1~ 1J.dea.. 
2-7t!fpe of. Anch.o/U1.[}e 

3-C0li.diAud:i..on 5 ~ence 
1-/!1ue.n.i..al..6 lJ.ded : 7.i.mhelli 5h.ed. 'filed aJl.e UlJed f.OIt :l:.emp01lr.L/Lff 

.dh.ee:l:.in~ Olt f.OIt oan:I:.Llev~ed ~h.olte pltO:l:.ectLon ~ of. 2-3 m 

h.e.Lgld. 
'Aei.n./-Oltced ConC/l.e:te5h.ee:t 'filed of. gAea:/:. 

va.ni..e:tv- o/- CItO~~ .dediolLd aJl.e UlJed.5i:.tuLi..r;/t:t Weh 'fLli.n.f} BaA. 
.u tlte mo.d:l:. eommorJ..!f UlJed. 'fltediA.ed.4i.nf} 0/ conC/l.e:te ./Jh.ee:l:.. pile 
Itei.n.f.oll.cemen:l:.. mO.!/- he an. advan.:l:af}e, edpeci.al.l!/- .in .ti\f!aJJJa.:l:.~,./J.ince 
C/U1.ck.Ln.g. o/- tlte conC/l.d.e .in i:h..e :l:.en.d.wn JOne Ld :tlt~eh!f "i.aA.f}e.4 
elhn.i.na:ted. and i:lte danf}eA.. of. CO/Ul.O.di..on of. iflie Itei.nf.oltcemeni. Ld 

deC/l.e.o...ti ed. 
5:1:.ee/. S/iee:/:. 'filed aA.e i:lte mo.d:l:. COrTunOrJ..v. 

lUJed, DeCD.UlJe i:ltev-:aA.e iJl.e mo.d:l:. economLca.1.jh.av.e a [}/Lea:/:. va.ni..e:tv­
of. CItO.d.tJl.dedionjaite .dill-I- enoug.h. :1:.0 he dALven wli:lwu:l:. buc.kLUtgj 
aA.e avai.l.a.bJ..e .in manff di..1-f.~~ combiJw.i:1..olLd :1:.0 i.n.C/l.ea..de tJXL!1 
./JectLonal. moduJ..J.u. 
2:... 7!1fe o{. Andl.o/U1.g.e : /1]O.d:l:. of. i:lte htouh1..e.ti ltepoJt:l:.ed Q.Il.e CD.1UJed. 

. by. wltOnf}' de.tJi..r;n. 011:. poon.J.v. colLdhw.c:l:.ed. anch.oll.O.f}ed. f i..f}Ulte 30 .dh.OW.d 

:tlte :l:.upi..ca.1.. :I:.'IPed of. andl.Olt.d. 
. 5i.n.gl.e /Jeadman. AncAon/ FLf}Ulte 30a) co~:I:. of. 

a til!JWd and. d.eadman. 
/Jouh1..e (Olt /1]olte) 7 i..e 'Aoc!. Anch.o/U1.f}e.ti( F i..~e 

30h-d) • 7 h.e Ite.o...tion :1:.0 UIJ e mOlte iJum. one Ld :1:.0 pltOv.i.de accepio.b1.e 
./Ji:A.ed.de.d i.n.i:lte .dh.ee:l:.-pile wa1.1.~ 7lte di...dadvanio.r;e of. :tJz.L, anch.o­

/U1.f}e Ld i:lte i.n.dependen:l:. !fLeld of. boi:h. tie /l.od-d. 7 hLd !fLel.d.i.nf} 
depend..d ITllLi.JtLu. on e1.cudi..c def.ollJ71.G.i:i..on of. :tlte /l.0d.6 and on :tlte 
den.di..:l:.fl of. ./Joil .in. {..;ton:!:. o/- i:lte andl.Olt. 7 h.e andlO/U1.f}ed .dltown .in. 
F i..flUlte 30c-d Q.Il.e pltef.eJt.ab1.e i..n. non.unJ...(..o1UTl: .doLl. c.onr1.U:i..olLd. 7 h.e 
:!:J..e Itod.d mUIJi:. be placed. a.d .dltown .in. FLf}Ulte 31 a will a ne[j4i:i..ve 
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min MAl. ";< 

~ - ~ 
'"'" W.l. I m';'W,I.. 

lurn.6uckl, ~ - ..... 
~,,- DAChb'- WtJ,// 

'tr s;'~,1 /,i/~ 

d) ~ 1-") 9) 

/II"'J~-........ L e 
en ..,,<0 W-J. , W.I. . -.~. 

mtI" 111./. -;;;::- CD -.... --=- :t 
ground or ~ ..... 
ro~ anchor 

• Figune 3D.Anchored Bulkhead-Structural Schemes (after Tsinker,1983). 

a) 

Figure 31.Placement of the Tie Rod (after Tsinker,1983). 



. .tJafj 01 abou:l:. 10 em i.o ILlUJud. 1.0. i:lte we.U;ld 0/ ove.ttl.!fi.ng. f..i.11-. 
AlAo, i:lteg. mo.!! be pl.o.eed in. p.i.plUJ, ~omemlw.i:. .l.wtfjett. i:lu:m. i:lte ex.pee­
:ted ~e:ttl.emen.i:. 01 i:lte f-LLl, O-d ~h.own. in. 1.igwte 31 b. 

• A-1 lI.LllTle 7!IPe 01 'P Lle Andto/W.fje (1 .ifJWle 30e) 
7 4clteboiaJr..Lol-l A.€.eonun~ :l:h.,u :l:.fIpe 01 an.dto/W.fje in. ~o!:t COmp4e.d­
~.i.hJ..e ~oLl wh..icli can. no;/; be lLemoved b!l dA~. 7wo' :ten..6.Lon pLlu 
(JA.e UlJuizlJ.!f pMvi.d.ed: lOlL eadt complLe.d~ion pile. 

Andtolr. 'P Llu (1 .i~e 30/). 7 h.e advan.:f.a.ge 01 :ilU...d 
. hjpe 01 anc.h.oll.O.g.e LtJ· ~l.mp1Lcli.I; o{ COTuJi:IUlc:l:1..on. 

7.d.i.nh.tUl. and Bw:Lin. have .tJz.own. :th.a:t ah.c1w1L pLle.d could have a 
~i..gn1..f..ican.i:. ellec:l:.. on .dltee:t pile I.IXLi1: dlUJ.ign.!J:t ~ been. {ound 
ilta.l:. Ili..~ j.oin.ed a bulhlteadl andtolL pile .d~tem wo~ ad· a Ili..gi.d 
f-twme, and. ~ 1Le.duli:A .in lLed.u.di...on 01 ben.cli.n.fj motnen.t. aci:i.n.g. in. 
ilte bul.Mead. 7/tL61 Iteduw..on depe.n.rU\ on ilte JULilo n=(!lf) u' (!If) 
wh.eA.e (!Jf) i..d ilte Ili..~ o{ an.dto~ pile.61 peA. mei.eA. o{ i:lte p 
bulMead JuJ. (!I{)b .i.d i/l.e 11Ji..~ 01 .dAed pile wall pelt mei.eA.. 
10.1(; n~10 ilte /C.ed.ud:1..on o{ ben.rli.n.f}- momen.:t i..d i.nA.i~P-ca.ni. bui:. 
i:h.e. veA..i:i.ool. componen.i:. o{ an.ch.olL {olLce i.o i:h.e .dlteei. pLle.d ~ 
i.o be cOMi.rl.eA.ed .in de.d.ign o{ ilte bulMead.. 

Soil and! OIL 'Roch. AndtOlL (F .igwte 30g.) COMLtJt 01 a .dUe.d.td.n.r; 
tendon {lLod OIL Ci1.bl.e/ wh..idt conJtec.:td, a fLx.ed an.dtOIL i.o a bul.kh..ead. 
Anc1w1L.d cuw. UlJual.1.g. .incJ.i.n.ed dow~, ~ ilte ven.:tLool. 
componen.:l:. 01- an.dtOIL loltce .into ilte .dh.ee:t pLle.Wh.en. ilte :/:i.e JLOd LtJ: 
p-xed' wWLin. ilte /LOch., ilte !J1-eld o{ ilte .6!f6tem will be epm1 to 
ilte ei.o..6:/:i.c e1onr;ailon. 01 ilLe tendon onl.!f and, ilteA.e{olLe will be 
ner;li-gLble: ih.i..6J LtJ called a "1li..g1.d an.dtOIL". 
3-CofLdi:tw.c:l:1..0n. Sep.ten.Ce.d. 7h.e two bO-d.ie hJpe 01 COMi:.A.ue:l:1.on. 
.6 equen.ce.d(JA.e : 

1-&ch.f-LLled COMi:tw.c:ti..on., wh.eA.e :th.e COMi:.A.udi...on. '" ~en.ce 
LtJ ",h.own. .in F .ifJWLe 32a LtJ:cLz.edgLnfj; .dh.ee:t pLle d.A..Lv.ing.iaJ}-ch.olL CoM­
hw.c:l:1..on.;and bach./.iJ.li..n.g.. -_ 

2-/JlLedr;.Lng COMi:lw.c:ti..on. (F.ifJUll-e 32b) ;.6h.ee:t-pLle d.A..Lv.infj,· 
eOMhw.e:I:1.0n. o{ anch.olL .d~tem;bach./.iJ.li..n.r; (.i{ll.eq;.Wz.ed) ;and 
dAedfJ.Lng.. 
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!J n F Lg.wr.e 32, i:h.e de/-leci:i..on of. i:h.e bulhltead in. boi:h. C£Z.tJ e.4 0/ 
i:h.e wal..L cOfl.,(Jhwc:ti..on Ld .IJ/town. W/telte, 

1 = a nn.i:J.vwJ.. .lJlope 
2=dJted.r;ed. Lin.e 
3 ~anclto/W.r;e 
4= bach.f.LU. 
5 =.dAeet-p1.1e de/-leci:i..on (.lJd:age 1 of. cofl.,(Ji.tw.ci:i..on) 
6=.lJAed.-p1.1e de/-lec:tLon. (.lJiar;e 2 of. coMhwci:i..on) 

SoU 'P lte4<IJWte 

Si..rice i:h.e .dlteei:.-p1.1e bi.tlNtea.dd1 aILe COfl.,(J.i.LLelted a./Jl II /-le.>dbl.'eil 

iJh.e pltObLeJ7Ld' i.n.voLved will tAemaILemoltecompL1..cai:.edi:lw.n.i:h.o.de 
o/It~ 1td:a.in1.nr; tJXLi.h. 

7 Ite .do1.1 plte4.dwte Ld tAe rooJ.Jt f.oltce ac:li.n.f} a~t. i:h.e 
.dlteet-p1.1e wai.l.. 7 Ite. marJFLi-i:mLeol i:lri...d. plte4.dwte deperuU, upon i:h.e 
plt!fdi.cal. pltOp€.lti:1..e.4 of.i:h.e .{J·o1.1 and. i:h.e ckuw.ct.eAJ of. i:h.e i.ni:.eIt­
ac:tLon of. i:.lte .do1.1 / .(J:but.c.i:.uA.e .IJ!fdi:.em. 

La.6·ebn.i.h. Iw..tJ e.4i:abiliAed. a ltel..a:tLofl.,(JhLp be:hueen. i:h.ede~ee 
of. .dlteei:. p1.1e /-le.xi..h.iJ.i..i.v., explz.e4.IJed a./J, 

p=1f / f,!J 

and i:lie Iteduci:i..on of. ac:b.iaLbenrLi.nr; momen.i:. a./J compaAed :to con­
ven::tLonaJ.. mei:h.od..d emplo!fLnr; ac:tLve pA..e.4.{Jwte a./J. a ba./Ji..c Load 
d..UiAi..builon. a~t. tAewai.l..llelte, "II/~ i:h.e Itei..# of. i:h.e wail 
fi.n. cen..i:i.meteAA), aNI I'I}}"= i:h.e lti.g.i cU' ty. f.act.OIt of. i:h.e bul.kh.ead 
(i.n. kf}-cm2 pelt one meteJt of. tlte waLl) .FLg..wte 33 .d/tOW.IJ i:h.e Itel.a­
:ti..ofl.,(Jh.i..p be:iWeen. i:h.e .{Jlteei!.. pLl.e.4 I de/-lec:ti..on, bendi.n.f} momen.:ld, 
and .{Jo1.1 plte4.IJwte (af.t:.eIt La./Jeb~) .!In i:h.e {..Lg..wte, CW1.Ve.4 1 iuul' 
4 lteplte4en.i. del1ec.:l:i..on and benrLi.nr; momen.:l:. f.OIt i:h.e bulMead. 
p= 0.55 i CwtVe.4 2,5 and 8 lteplte4en.i:. de/-lec.:l:i..on, beru:lJ.nr; momen.i:., 
and .{Jo1.1 plte4.IJwte /Olt i:h.e bu1Mead. p=2 .12 i CwtVe.4 3,6 and 9 
lteplte.6eni:. de/-1ec:ti..on, bendi.n.r; momen.i:. and .{JoLl. plte4.IJWl.e f.OIt i:h.e 
bul.hh.ead p=8. 2; and 7 lteplte4 en.i..6 benrLi.nr; momen.i:. detenm1.n.ed. by. 
lMin.r; a conven.:ti..onaJ.. mei:h.od (0tl 0 and 0rf2~).2?4J7?5/R6J7?7 
aILe Iteaci:i..on If.OItCe.4 COltlte.4poruLi.nf} :to b~r; momen.i..6 Itep-
It~ en:I:.ed. b!f CwtVe.4 4-7. 

-68-



a..) 

Figure 32.Construction Sequences: a-Backfilled Bulkhead, b-Dredged 
• Bulkhead,Heredity Effect. (after Budin,1979). 

a) 

o . 

1\ _-~~,.::.;...-=-.;;-. 

R ... /V\Ic';o... 
II" u.~ I." .... 
1I;,.8.~""'"", 
R?' 6.'1 kg , ... 
f. ,,32· __ J 

Y:LU= 

• 10 ~ ... ~ /(9',1," 
iTA7 

~/ /5.5 

c) 

-----
1'/.0.0 

Figure 33.a-Large-Scale Model Bulkhead Deflection,b-Bending Moment, 
c-Lateral Pressures. (after Lasebnik,1961). 
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Some o/- L0-6ehn;.iA14 p/1.J.n.cLpaL conc1UAi..OnA cute CLd /.OilOW4: 

1/~ BuJJdiem:L f.l-'exLbL/.ll.v- lw..<Jl a dAmna:ti.c e/./-ed on bend..Utf} mo­
ment:. aNi. /l.ea.c.i:i..on /'o/l.ce.'Reduc.i:i..or.L o/- bend.i.n.f} momen:lA i...<J ~pe.­

c.i.tLLlj; dAcAii..c in i:h.e lI.f1J1.f}e o/- p= 0.2~. Fwd:heA. inCA.e.a.<Je o/. 
bulfiAead.' f.lexi.hL/.ll.v- IUL6 no 4i..gni-{.J..cmd e/'ted on l1.educ.i:i..on 
0/ beru£in.g.· momendi.<J .• Ancliol1. /-ol1.ce /-OA.' Iti..ghL wa1.l..6 wUli non-!fLeld 
ing. ancftOilULf}e could. be 30-'10% lwtg.eI1. i:ll.O.n i:lta:l ddeJtJTZi.ned by. 
U4i.nf} CouJ..omb '4: 40U pll.~4UA.e ilteo!UJ •. 
2'. !tlte :iotal. ac:ti..ve pl1.~4UA.e a~ a f.l-exi.h1.e wall. u 
25-3(//0 4malleAt ilimrt Eia£ aci.ing. a~i. a A:i.# wall.. 
3. !In all. c:.a.<J~ inV~ii..ga.i:.ecl, UJirLen. di../-/-elten:l:. l.oc.a.:ti.0rL4. 0/, 
ancftolt:ti...e 1l.Oa. :th.e ac.i:1..ve p/l.e.<l4UA.e a~i:. :tli.e bul.Ntea.d 
above i..i:..d andl.onD.g.e neve/t I1t£O.cAed. i:lie' value of. pO-64Lve p/l.~.4U/l.e. 

"'.. !l:4. 1J)(J.;d' /-ound :tlW.it be.ruL.utf} l/lomen.:1:.6 arul anclto~ /-oIl.CU depen.r1 
on :th.e y.i..eJ.d. 01- ilie ancliolll 4!jAi:.em.YLe1d 01- ilie ancJioAl dee­
ll.ea.tJed ilie an.cfto/t. /-o/t.ce and ill.e bendi.n.f} momen:l:. at. bulJJtea.d 
rn.U:i..<Jpan and inCA.ea..<Jed· i:h.e ben.r:l.i.n[} momen:l a£ tJi.,e po.in.i:. o{. 
~lteei. pU~, f..i-x.L:bJ i.n:to i:h.e ~oLl. I , . 
5. Will vaJ..uu· 01- p~5.'6,i:lte: ancltQ/t gLel.d mo.y. noi.. Itave a 
.lJLr;nJ..{.J..c.an.:l el-/.ec:t on ilie ~h.ape· o/. i:.h.e ac:f.Lve p/l.~~UIl.e di.afpuzm. • 
7 Jie :ioiall. cutfla o/- an ac.il..ve pil.e..IJ~Wte on a f.l-ex1.h1.e bulAAead. 
will !fLel..d.' ancltolUJ .L.<J VeJtlj c1o./Je i.o :IJia;t ddemni.n.ed. b!l Coulomb".6 

i:h.eo/l.ff und'e.A.. vaAd..oU.<J' vaiue..IJ o/- 0 .11 eA.e 0= an.~e o/- puc.i:Lon. 
be:tmeen 40U' and. .lJltee:l:.. pUe .. 

n~L9ft Ot Anclto/t.ed BulJJtead..t, 

7ilteM. 0A!e :/:wo b'a.lJLc :i!lPe.(J1 o/- andl.Oll.ed.bulJJtead. de..IJi..f)I1-
p/GOced.uA.e.<J wh.Lcft (lAJe in conunon UAe' t.odaV-:: 

a- F/l.ee C~ Suppoll1i. /lle:tlf:od 
b- Fi.xed. COJd:Jt 5 uppo/ld. /11 e:tlwd. 
F/l.ee CCL.4ll:1t. SuppOAd:. /tJei:h.od i...<J b0-6ed on an. a.<J4umpiLon 

:IJio.:t i:.h.e 4o.Ui .i:.rdo w/U..clt ill.e .lJlteei. pUe u cUu..ven. i...<J incapab1.e 

o/- pJWduci.nf) an e/-/-ec:ti..ve ll.e..IJ.-i:.Izt:L1Jd. f.n.om pO-64Lve pJtu4Wl.e ;to 

i:h.e ex.ten.:t nece.<J40Aff t.o iJul.uce n.~ve bend.inf} momen.:t.7lte 
. 4ecoruL me:tluxL .L.<J bCLded on. ill.e O-6.IJumpUon ilw.:l:. i:h.e .lJlteei. pUe 

i...<J cUu..ve¥t deep enough. 40 ilw.:l:. i:h.e 40U ben.ea:IJz. i:h.e dAed.f}e 

li.n.e plt.Ov.ide.<J i:.h.e de/l-eaed .lJh.ape o/- i:h.e pUe w/U..ch. ll.eVeMe.<J 
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~ CWl.va.:lwte a.Z t.h.e poi.n.i:. 01 con.hto.f-lexJUL(!. and. becomu, vetdi.cal. 
7luM,:tIz.e bulMead aw a..6 a bui.Ll:. .... i.n beam .dubj,eci.ed to pO.di..ii..ve 
and netpi1..ve beruling. momen.:t.d. 

2r,. t.h.e CfUJe 011l.ei:t:J.i.n.in.g. .diAuci:uA.e.tJ, .doLl pll.e.tJ.dUll.e.u i:lte 

pldltcLpaL load ac.:tLn.f; a~i:. t.h.em.Si.nce mo.di:. 0/ t.h.e lime iAe 

.doLl.. l..4. not. Iwmog.en.eoUA, t.h.e cLei:.emni.JiD.i:Lon 0/ .loll pll.etJ.dWte iA 

.6omewh.a:t. d.i../p-cu1.:t.. 7h.e noMomOg.en.li:.!I 0/ .doU.tJ al.LJo a//ew iAe 

mech.an.i..un o{. .6oLl-.6·iAu.ci:.wte .i.ni.eJW.c:ti..on.A.6 m.en.i.Loned bef.oll.e, t.h.e 

.6iJ:d.e-o/--t.h.e-<Ud .in. ~ alLea Ld· noi. we.U.. e.tJi:o.bilih.ed., and. mo.6i:. of. 
iRe cLe.tJLr;ne!UJ .6:ti.ll. 1Le1v 'on pa..6i. p/lO.c:ti..ce. 

1J.dua1.1.!l1 bencLi.Itg. momen.:l and lLeac.ti..on 10ILce ac.t.J..ng. . .in. an an­
ch.OlLed bu1.hltead CIlJt be dei:.eJU7li.n.ed. bU; 

wh..eJle /l}D and nO aILe df!:.6Lr;n ben.di.n.g. moment. and cLe.tJLgn. Il.ead:.i..on 
/oll.ce ; /l}max. and na aILe tlte VaJ..u.etJl of. ben.di.ng. momen.i:. and. ll.eaci.Lon 
/-olLce obi:a1.n.ed. on a ba..6u o/- Coul.omb '.6 iAeolUJ o/- eaA.ih.. pll.e.tJ.dWte 

aci:i.n.g. a~i. t.h.e bu1Mead;and K/IJ and Kn aILe /aci.oll..tJ 1:0 obiD.i..n 
mOlLe OIL le.tJ.IJ' Jte.a..Li...di:i.c. vai.uu 0/ de.tJi..gn. bendi.ng. momen:t and. Il.eac-· . 
:I:1..on /-oll.ce. 

21. I1JCUJ /ound ih.a:t t.h.e vai.uetJ o/- K/I} and Kn depend. on i:h.e 

/LL~J 01 bu1.Mead., I1.f1.i.Lo n=!t1 / h.2 (.lJee F L9-lJA.e 32), yLe1.d. of. 
anc.lwll. .d!fdi.em, cLeJUJ.Li:.tf 0.1 10UJU1a:tLon .doll, and c.orul..Li:1.oM ClLetded. 

b!f bach/Ll1i-n.g. beh.i.n.d. a f-leuble anch.olLed .dlteei:.-pLle bulJJz.ead. 
7lte vai.ue.tJ lLecommended. bU Budi.n. (1979) lOlL K/Jpnd Kn . aILe 

~ven. .in. 7 able 5.7 Itev- aILe ba..6eil on do.:I:o. ob.deJlved {.A..om ;"etJuJ.:u, 
of. numeJlOU4' 1.wtg.e-.6ca.l.e and. p-el.d. ob.6eA.va.:tLOn4· 01 anch.oll.ed. 
.6h..eei:.-plle bul.kJr.ea.tl..6. 

7lte vai.ue.6 0/ K/fJ anrl Kn [Ji-ven. i.n. 7able 5 OA.dume i:lw.i:. i:h.e 
ac.:i:.urLl dLtdA.i..bui:1..on 0/ ac.ti..ve pll.etJ.6U1l.e aci.i.n.g. a~i. :th.e wal.1. 
1-.6 .6omewlud:. d.i../leA.en.:t iluzit :I:h.a:t cLei.emn1.ned bU i:h.e Cou1.omb :th.eoll.!I. 
7 Itev- a..6.6ume pO.6.6i..ble load concen.i:lw.:f.i..on a.Z i:h.e level of. ancltoll..tJ 
and pO.IJ.6Lble UJt~ !fLe1.d. 0/ adjacent. anch.o/lO.g.e. 
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l 

Table 5. Imprical Values of KM and:KR(after Budin,1979) . 

. 
».:11;. U25 71 >0.25 

h;s/ff .:;. hi K,., K~ K,., K~ 
(1) (Z) (3) (4) (5) 

1 0.6 l.65 0.S6 l.r 
1/Z. 0.65 1.6 0.6 1.65 
1/0 0.7 1.5 0.65 1.55 
0 0.74 1·4 0.7 1.45 

Table 6.Factors of Safety. (after Tsinker,1983). 

Load Cot\djt~n 

Part of bLJI~head. Normal E)Ctreme. 
(1) (2.) (.3) 

ShQe\:: pile 1.1-1.3 :\.05 ~1.1 
Anchor system 1.S-2.0 1.2-1.5 
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A.6 il can be .4een. .i.n 7abJ..e 5, i:lte A1..gi..i.1li.y. 01 i:h.e dted. pLle 
and pO.6.d.LbJ..e !fLei..d 01 anch.o/W.9-e WlMe noi:. i:aJ~en. .i.ni:.o accouni:. cl..uz.ec:tJ..u.. 
La.tJebni.k, on i:h.e ba.tJ1...6 01 h.i..d and oi:lteJt .6i:utl.Le.6, /ta.,t, .du9-9-e.6i:.ed 24 
i:.!fpi..cal. .6clteme.6 lolt ano.l.!f6u: of. ancltoA.ed 6ulMetJ.dd.7h.e.6e .dch.eme,t, 
aA.e .dlltfJlJJn .iJi Fi..rJUA-e 31t'.N e A.ecommeruU, U.6a9-e 01 S ok.ol.oV.dki. ' .d 
~n lOA. dd.enmi.na:I:1..on 01 i:h.e coel/.i..ci..en.i:. 01 [XLd.6i..fle pA.e.64U/Le 
K • . , 
p' 

1 + .d.i.n cfJ C04- ~ 
K ---------------p- . (5.10) 

1-41.n. ~ 

wh.lMe ; ~ =an~e of. .i.ni:.~ {ALcH..on 

~ = 0 p. + 0A.C4.i.n 0 1 .d.i.n ~ 
.i.n wluch. 0 p= an~1.e of. {ALc.i.ion beiJueen. .doll .i.n pa.6.di..ve JOne 

. and i:h.e bulkll.ead •. 
7h.e loilow.i.ng de.6i..f)lt pltOce.cI.uA.e 1...6 4u99-e.6i:.ed bJ!- La.tJebn.i.h. .­

"1.fJeJt.dli:.tJ of. /-oun.da:l:i..on ./Joll 1...6 e.6iabiliAed. 7 Ae .6oll coulLl 
be COM.i.d.lMed a.tJ "deJt.de" wWl. fJ>;o. 7, anrL "l.oo./Je" will fJ<o. 7.N eJLe 
"/)" 1...6 i:Jl.e A.el.o.:ti..ve .doll deJt.dil!f. . 

2.7> A.e.L.imi.ruvu; cal.c.ulo.:tLon U.6.i.n9- i:h.e {A.ee eaIl.i:lt .dUPp0Jti:. OA. 

/.i..xed eaAi:h. .dUPp0Jti:. mei:h.od 1...6. peILlolUTled..Ai:. i:JtLd .dia9-e, val..ue.6 of. 
Oa=Oand, 0 =31 4 ~ aA.e U.6ed..Bendi.n.9- momen.:t ob:la.i.ned. a.tJ a 1I.e.6ul.i:. of. 
PA.~ cal.c.ulo.:tLon./J aA.e U.6ed f.OIl. p/l.e.li.nzi.n.rvt!/ .del.ec:li..on 01 
./JAed. plle.di..J-e • 

. 3. 7/l.e. pll.el.1.m.i..nruuJ de.6i..f)lted bu1.Mead 1...6 i:Jz.en. .i.d.eni:.i../.i..ed will 
one of. i:Jz.e 24 .6ch.eme,t, a.tJ p/l.e..sen.:ted .i.n F i..[}Wte 34.7 Ae .i.d.en::I:1../.i..C.tJ.i:j.on 
1...6 done accoJUiht9- i:.o pll.el.1.m.i..nruuJ val.ue,t, of. lid" and np" and a.tJ.6wned. 
val.ue.6 of. liD" anrL "Ll". 7 Ae val.ue..s of. Ll depend.t, Aea.vi..l.!f onanch.oA. 
!fLei..d.Anch.oM ./Juch. a.tJ /LOci?' boi.:tA 0/1. pLled ./Jbw.c:f.wz.e,t, h.ave 1.0" be 
. cOMideJted (U lI.el.ailvuy. un!f1..e.l.d..ift.9-.0i:.h.~, Me dLf.f.elLen.i:. 1Wul.6 
of. anch.oll. I.lKl.i.1..6 011. f}Il.ound anch.oll..6 could be a.tJ.dwned. a.tJ !fLel.d1.n.9-
7/te vaJ..ue 01- "Ll" wo depe.n.dA on :tJie deJt.dli:.tJ of. a .doLl pl.aced. 
i..n {Aoni:. of. :tJi.eaJtci1.01t. 

4. hlie (.i.no1. cril.cul..a:tLon L6 i:hmt. unde/1.i:o.ft.en. U.6i.n.9- i:h.e value6 
of. 0 a and. 0 (U /Lecommended. bff F i..[J-llAe 34. 7 Ae ./JAape of. lJz.e pa./J./Ji..ve 
plI.e.d.6U/l.e ~[jAfPll wi..li be a.tJ Il.€conunended. bff; Fi..rJUA-e 34,. but. i:.h.e 
i:.oial.' aA.ea. of. ilie pa./J.(ji..ve p/L~ .. ,MUA.e d1..a~ /ta.,t, 1.0 be ~.ut:Li:.. i:.o 
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Figure 34.Design Schemes. (after Lasebnik,1961). 



ilu:d:. obi:o.1.n.ed b!f UAbu} tite conveni:1.;.on.alL me:tJiod 01 col.cu1a.-
ii-on will K dei:.eJUniJtecl b!f ~uo:l:} on (5. to) .li/te de.6Lgn. val!u.e.d 
01 beruli.n.r; ~omen:;t will! be op~ed lU1.n.g. ilie A.ec.amended.: va£ue 

0)1 Kin. 10m b~. w.UJi. p~4,LI ilie bu1.klieml. Ld· d"e.t,Lgn.et1 accolf.­
rliJtg. i.o) f.1xed e.o.Ad:JV .duppotd:. .dch.emed, iJie obiai.n.erl value 01 11(1.' 

coul.d.· be Il.ed.u.ced' b!f 20-25% (dependi..ng. on .doLL 10wu1O.i1..on d'en.4i..­
:tg/.A vaJ;ue o~ K1?, .u A.ecommende.d.;' ;/;0' be ~.ua1. ;to. 1..4 Iollt. un­

$fLel..din.9 ancftote:.6 01 I'bach./i.l.lled." bu1.Mi.eadl4i, a.n£l' 1.5 10m. un.­
!fLel..din.9 an~ I 01 "d.n.e.d..9ed"· bul.M.earui.lotf; !fL~9 andto4d 

a value 01 1{71'= 1 mud. be U6ed. /I . 

Since i:li.e aitdto/t.· .6!f6i:.ein Ld: i:ll.e mOI6£ .deruJli:1..ve ~ 01 
a bul.M.ead., [JIl-ea:l:.. ail.en:tLon mUAt.. be r;1-venJ 1:.0 li:..6" de.6Lf}4and. 
coMiAuc.i:i.on. 7 abl.e· 6 .dlww'& i:lte Il.ecommended" value.6· 01 f.-a~ 
01 .dale:bJ 101CJ. de.6i..gn.· 01 andwll.ed bulJdte.a.d.d.7fLu value wou1d.' 
depend on fite hnpon.h:utce and. de.6iAed.: dww.b.i.l..L:hJ 01 i:li.e .d:bw.c­

i.uA.e'. 

5.7 S/J/lViYl7lY 

Some cLcLtMLco.l. metll.Oc.l6 w€.Il.e Il.ewi..eved and. iAe belw..vLOIt 01 
l-l-exLbl.e eaAd:li· ll.e.:I:rJ..i.n.i.f) .6i:A.uc.iuA.e.6 tJJ(J..6 . ex.pl.a.ined~ 

lJeAi..gn 01 .d/tee£ pUe ll.e:I:~ wa.J:L, and a p/U1.di..col. 
de.6L[Jll.me:f.Jl.Od Ion c.a.n.i:LleveA .dlteei:. pLli.ng. .in colte.6Lve .6oili 
w€.Il.e pll.e.6en.i..ed.B/U1.ced cu:l:Al WeA.e e.xomiJl.ed~ and mode.6 01 {aLlwtuJ 
and. l.0a.cl4 on" .di.Itu:U; wen.e dei:.eJUTZi.ned. 7 Led-bach. CJ.d:A and. fit~ 
mode.d 01 {aLlwte, ad weLL lU, fitei.i:c. anch.o/U1.[}e .6!fdi.em.6 w€.ll.e .dlwwn 
anc[ pell.{.cmnan.ce o/. i1..ed-bach. .d!f.di.em.6 IlXLtJ g1..ven. depen.clLn.f) on fitti 
pll.ev 1..oUA Il.epoll.i.ed CClA u. 

7fte :bJpe.6 aruL COn.6i:A.udi..O/l) .d~.uence.6 01 fite ancAoll.ed bulk­
h.eac.l6 WeJLe de.6C/lJi..bed and' a de.6Lgn.. plWcedu.tr.e plWpO.ded b!f 
La.6ehni.k llXUJ [Ji..ven. 
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(IIA'P7[}1 6 

CAS[ 1/957f.JRY' 5711$[5 

6.11 2N7~0I1JC7JON 

7iMdj tLoru:zE..!h iJie de6i..r;n 0/ 1.empolW.lUJ 1Leii:Li..nhtg. wall' 
4i:Jw.c:f.wte..6' Ji.a.4 been /xued on 4emi..-empi..JU.coJ.. me::th.orl4 lMuoll..tJ 
4d:. in 1.emM of. i.Jie ~On4 0/ :tIte c.l.i:u41..cai! Coulomb Olli 

7?an.ki..n.e eaA.i:Ji; plLe..6'4UA.e :tIteon;i..etJ. 71tiA app/Waclt h.aA plWven 1:0 

be' 4a.i:..L.d/aci:.01UJ 10m 4i:Jw.c:tww.1!. de..61..fPt 0/1Leii:Li..nhtg. 4iAuci:.UA.e 
componeni.4 • Iloweve!t, evalua:ti..on of. ilte pIWbabLe d.L6pl.acemen.:l 
beh.av1..o/t of. /l.eia.i.n.i.n.t) 4i:Jw.ci:.UA.e h.aA been ba4ed on 1..ni.eApol.a­
iLon of. onLy. ob4€/CYa:f.i...ono.1 d.t:da..S1..nce ill.e Ob4lVtvai.1..0no.1 d.a:IrJ. 
~io.ng.e6 /Jwm 4i..i.e 1.0, 4li:.e, ill.e ex.i:Aapol.ai.1..on of. i.h.e6e /l.e..6ul.i-.A 
i.o eadi 4pec1..p-c p/l.obJ..em 1..4 VeIL!! dJ..f.P-cu1i.. 

Foil. ilie above meni.i...oned 1Lea40n4 ilie f!-Lni..:te el.emen.:l:. me::th.od. 
Q..6: an anal..y.i.1..coJ..! i.ed~e ilw:.:t 4eemi.ngltJ can p/l.ov.i.d.e a: mO/l.e 
/LeLLabJ..e. mean4 f.o/U eva.biOii.n.g. dJ..4pl.acemen.:1:.6 and /.wzn:Ldh.1..ng. 
-a ~iA.ong.eIL bQ..6e /Jwm ulz..Lclt i.o ex.hr.apoln.i:.e plVtf.olUT1QJ7.ce 1..4 ike 
De61.:too1. i:.o deal.' wi..i.h. i:.lie.de pll.ObJ..erM.7di.e plWtc1..pcil. ad.vanio.g.u 
of.:tIte f!-Lni..:te eLemen.:l:. meilwd. (lA;e iJW.i. ike 401..1.' and Me 4i./l.uC­
i.uA.e can be coMi..d.e/l.ed 1.ni.€N:Lci:.1..vwJ ~ illai. boik de..61..g.n 
L0ad.6 arul expeci.ed fupl.acemeni.4 can be 4i.m:lLed. 7JLIM, 1.Ae 

f!-Lni..:te element. metJz.od mak.e6 p044i..ble :to compalLe vGAi..oU4 4!f41.em 
de..61..g.M f.01lJ m1.ni.mi..Jhtg. d.L6pl.acemeniA wil.h..Ln. an anal.v£LcoJ.. 1lIl.iAeA. 
iluut an empi.A1..cal.. /-nmnewoM..Ai.4o, ili.e non/z.om09en.1..il..e..6 1..n ~oU 
pwwmei.e/UJ can be cOM.i.d.e/l.ed w!Jli [jA-eai.€./l; /ac.i.l.i.hJ- i.h.an wi..i.h. 
cl.a.441..ca1.. me:t/wr16 and ac.i.ua.l. COM:Uw.ci:.1..on 4€.ltuenCe6. can be 
accounied {.oIL.J It' /l.eceni. !!€.CJJl..6, many. appl.1..cai.i..oM 0/ i.h.1..4 1.eclt­

n.i.que Q..6 appl.1..edl 1.o i.i..e.c£-back and b/W.ced walJ.j; ho.ve been lLep0Il.'-
1.ed. 

6.2 /!JcS291ANfJ OBS[}/VA7!JON OF A 7{}fjJ:-/!IlCK tVALL, (jlS[ No~lI 

7iJie baM. of. Cal.1..f.o/lI1.i..a C en.:/;€./l;, ho.ve bei.n.g. C£JnAh:uci.eJ. .in 
5 eatil.e~ lUQ..6JUnfP:.on, COn4UU of. a 42-41.0"!l o/p-ce :toW€if. and a 
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Low-Jti.4e baM, b~.A paAJunf} .d:bw.c:lwt.e: edencli.n.f} cu' deep 
(u, .(Ji.x Level bel.!ow ~e, ex.i...<Ji.6 un.d~ Hie wlio1.'e. .4hw.d.wce. 

Bulti.nf} li:..d COr:r;.b:bw.di..or:t"an. ex.co.vai:i.on. o~ 24o"'X250'! .in piOn 
arul upi:.o 64 '1 .i.ro depi:li IULd been peJt~IUTled.. 7iJi.e· {.oundaii.on .doLl.. 
L4 1iL~ ove;r;colUoLi.dai:.ed cl..ag.A.(JoLrlLett: pile arvi plte.4iA.f!.4.6ed . 
£Le.-bach .(JJlAiem wL:tlt M man!f M .di.x ItOW.d o~ lie-backd lJXL4 emp­
LOifed. hJ; .(Juppod Hie ex.co.vai:1..olt.d. 

!In. ilti...tJ .(Jec:l:Lon, ilie ob.(JeJtved beJw.v.Lo/tt o~ :l:.h.e lied-back . 
wo.l;L .u pll.e.6en.:1:.ed bMed: upon :l:.h.e .di..ud.1..e.tJ made bff CLoufih.,lUebe.lt 
and: Lamond.,.1972.!ln. a.dtl.i.i-.Lon, i:li.e 1te.tJui.:t.6, o~ i:Joo- .detd.u o~ f..i.rU..:t.e 
ei..emen.i1. arw.J.jjAtU o~ i:lte waLl; aA;.e de.tJCJUbed. 7ilie ~i .(JeJlii.u 
weA;.e. concLuded by C£ougli bef.oill£ iJie wal.l'lJJ(L6 bULli.. a4·o. paJti.. 
o! :ilie oA.LfJhUJ.~[ de.tJi.n.f) .(J:I:.ud1!. /,Jill.' .decond .(Jw-~ weJte a1.tJo· COIU­

duci:.ed b!f CLougli af.i:.~ iJie' I.lX:lil. UJCL4 buLli.. i.n. an e~~ond:. i:.JD, 

.d.i.mu1.o.i..e. M: c10:tJei..Y.M pO.d.(Ji..bl'e Hie aci.ua1 CA)lt.di.Jw.c:l:i.on .de­
llJJ.en.ce.tJ • 

BotJi CfJ.2Ie.tJ alte A:.ean.aJ..Y'J-ed arui.' iJoo 6eJU..eA 01 f..i.rU..:t.e el.e-
. men.i.. ano.l.!f4~ WeAe peJt/-olUTled.JJi.u1:i.n.f} ;f}Le.tJE. o.n.alJf4e.6, i:li.e .do.LI:: 
and' .iJLL:l:.i..al:' c.m:uii iion.4 a./J wel.J. M i:h.'e cf!J/t.d:bw.c:fLon .(J~uence.6 

and' ilie f..i.rU..:t.e el.emerd me.tJlie6 aAJ.e iakenJ cu- i:li.e. olti..r;J.n.ah d'e..&­
CJtLbecl bf! CLougli.. liRe 1te:.d'uLu o~ i..h.e.tJe a.n.al!f4e.tJ welte gLven. w1.:I:h. 
i..h.o.de o! Clough. on. iJie .dame (.i..fjUlte.6 i.n. om:ieJU i..o .dee i..h.e /Le.duL­

i..i.n.f) 4J.i.mi.l.a.tzLt.e.tJ Oil. dL/ltUten.Ce.d. 
Rki...6 .(JeC:t.Lon..4 i.n.c.l.ud.i.nf}, U:I:.e i.n.ve.di:1..ga.:U.on, .(Joil ch.aAac­

ieA.i...6liC4 a/te OMed' OR. :tJi.e i.n.ve.tJi..L~(JfL.d, marL'e by CLougli.. 
Sileo Jnve4:ti..fJO!!=on. 

IAe .(Jile, .(JAown .iJt plan. .i.n. F i..[jUAe 351} COVeJted a cliff block 
aAetJ. i..n. 5ea:U1e. . 

Fi..~e 35 .dliow.dl • i..h.e· ei..gld bOlLirtfJA will :t1t.~ pLace.tJ. 7 All. 
.doLl. pltO(..Lle wh.i..ch. .u .dAown.. i..n Fi..[JWte 36 Cf.m..tJLJi:.tJ· o~ a 15 io' 
20 {.:t l.i:r!feA o~ d€/UJe 9AD-veJ:hj cl..a!f un.d~ b!l a depo.(Jil 01-
.(Jli~~J /J-A.dWl.ed S eati:l..e cl..aff abord:. 60 f.i:.. . t.JiLck.tV 0 .dd:.ai:.i..c wai:.eA. 
:l:a.bLe lJJ(L6. ~und at:. i:lie .(Jile. 

Soil CIwAac:teA:L6:li.C4 
. LaboJW.i:.o"1/ ie.tJu· on urul.i...diwz.h.ed .dampLe4 weJte concLuded. 

io c1a4ul-!f iJie .(Joili cuuL io d.ei..eJlJTli.n.e i..h.e..f.A .(Jlted.Jt .(Ji.A.en.itk 
and .(J:/:Jt.e.tJ4J-.(JhuLi.n. 6eliavi..om. 7 h.e mo.(Ji:. i.n.i..eJt4i..ve· ie4i:i.n.f) UJO...IJ' 
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Figure 35.Site Plan,Tied-Back Wall ,Case No~l 
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pfiAt/.allOled on tJie clD.!f beco.Ude.:tlie exco.vaii.on llJ(L(J con(.ined:.':to 
i:lt,u. ma:t€.!U.o.l.. 

lJ1tcoMoljd.I:J.ted,.~ed :l:.JUaxJ..al:.' ~u, cofLtjol.lr1aii on :l:.e.6U, 
K~ :l:.e.6U, Qnd' d.ut.ec:l:. -dheaA:.. i:.e.6Ul we/te concLuc:l:.ed i:o de:l:.e..;un1n.e ih.e 

-dVte..4.4-.tdArl.i.n. arul .dd:.lteJtg;l:Ji. cli.aAac:l:.€Jl.i..4i.Lu 0/ .6ea.il1e clD.!f. 
fJuC/tLp:l:.i..on o~ Sea.:Ul.e C1.o..!I-Seo.:I:.:I:l.e c1a!f Ld a -diL/f-I.-U-dWted, 
Va/l.ved,1.o..CludA.in.e clD.!f whi..ch h.a.6 been; OV~/L(Jol.jrlated b!l 
gLaci.al. .Lee'. 7 he becl.d.iJL[} dip vwt1..etJ f.;wm nervdj;. level::I:.o 
10-150 below ilie houJ-Olld:.al-. 7lie -dhw.c.i.wt.~ Ld· b/UJJ?en. b!l rwmeA:OlUJ 
4lteaAL a-one.6. wi..iJL. -dl.i..chen. -di.de.6 on ill.e eon.;;fo.cU. 

COMol..i.da:ti..on :l:.e.6U ./J/tow a pltecoMol.idaiion pll£.6'.dUA.e 01 15 
i.o20 £dl, and :tlie oVe/tCoMol.idauon 1l.O.:I:.i..0 (rJCRl van;Lu bdween 
4 and. 8.SiA.e.6~~S~ and. SuenfP:h. Cluvw.c:I:.~H..C,d o/Sea.ti:l.e 
cl.a.!f welte a.41 /oilow.d· .• IJrui.Jw.1.n.ed. belw.v.Lolt UXLIJ' coMi.delted i:o be.6i. 
f.i..:t lolr. ilie de.&Lgn., beco.lUJe ih.e corud:A.uc:l:.i..on i:i.me UXLIJ expec:l:.ed 
i.o be .dltold /l.eiLJ.:l:.i..ve :1:.0 ill.e coruoJ.idai1..on. 1lO.:I:.e.6 ob./JeltveJ. /-ole 
ih.e clD.!f.A :I:.oi:o.l. of. 47 ~ed :l:.e.6U· welte peltlolUTled..A hJp.Lco.l. 
~Ue.6.4-.d:f.Jw..i.n. CWl.ve f.n.om .duch a i:.e.6i:. Ld .dh.own i.n. F .Lg.wr.e 37.A.d 
can he .4een, each. i:.e.6i. -dpeci.men UXLIJ· conf.i.n.ed at ih.e oveA.bwu:Len 
-dhr.e.6.tJ. 0Jl.d. ~1ieaA.ed i.o f..a.i-J.wte.7.'o p/UJvi.de do.i:.a to def.i.n.e ih.e 
unl.oad~A.e1oad. /l.e.6porue, i.n. a numbeJt 0/ :l:.e.6i., ill.e -dample UXLIJ un.-

1.oad.ed and ill.en /l.el..oaded. belolte f..a.i-J.wte UXLIJ /l.eached. 
7 he ~ed. .dheaA. -duenfP:h. /O/l. ih.e c1a!l Ld taken. to· be 

. equal. to· 2. 1 u/. 71ti...6. val.ue Ld ohio.i.n.ed. bff .di.mplt; :fo.!W,.f) ih.e 
aV€/lD.f}e 0/ ih.e da:ta. avaLl.o.ble {.ole. ill.e -duen~ van.!fLnf} /-Aom 

0.55 ul to 3.75 ul. 
7 he .dUe.6.d--6i:Aa.Ut ClU1.Ve.6 welte eval.zta ted. b!l tlte i.e~e.6 

de.d ClLibed. bff fJuncan and Cho.n.9 (1970) i.n. oJUleJt. ;/!J) obio.i.n. i.nli:i.o.l. 
inn.9en:1:. mocl.ul.tu· val.ue.d and unl.OO.d.-/l.eLoad mocl.ul.tu- v.al.ue.d • . B!I 

:th.e.de :l:.e~e.6, ilie -dme.6./J--dVw.i..n. CU/tve on p!Wntvt!l l.oacLin.f} 
Ld·· a.d4UOZed. i.o be a lt~q1.o.. and tlte unl.oad-Il.el..oad h!fdi:.eJt.e.d,u 
Loop· Ld app/l.Oxi.ma:l:.ed bff a -dhw.i..# &e. 

7lte vaAi..ai:J...On-d01 ill.e .i..nli:Lal. inn.9en:1:. mocl.ul.tu and un.l.oad­
ll.eLoad mo~ val.ue.6 wil.lt eonf.i.ru.n.9 p/l.e.d-dWte a/l.e plaited on 

Lo9-Lo9 -dco.l.e i.o deJLi..ve tltei..n. {WtciionoJ. /l.ela:tLOn-dh..Lp.!l I tlte.6e 
vG.Jl..i.ai:.i..On.d: a/l.e app/l.OxiJna:l:.ed. b!l -dhw.i..# &e.d, tlte /ollowi.n.9 
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Figure 36.Soil Profile,Tied-Back Wall ,Case No.1 
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(6.1) 

t = 350p (a J) o. 55 
till. a P

a 

(6.2) 

7 liAee dJw.ined .dh.eaIl. :te.td:..IJ We.A.e conduet:.ed on cln.!f i.n. . 
omie.n. 1.0 deck ilte wal..L d~i..9ft /OA. d.n.ai.ned cond.li:i..oM.7Ite 
.di:A.en.gi:h. a:t maximum devi.a:tolf. .dVte.tJ.d· wa..tJ de(hted bff an angle 
0/ i.n.:tenno.1.. puc:ti..on 0/ 24

0 

will 0.35 :f..d/ co/te.tJi..on.7h.e /Le.tJL­
dual. .dh.eaJti.n.g- .di:lten.g;tlt wa..tJ de[.i.n.ed bff art angle 0'/ .dh.eaA.i.n9-

o 
/Le.tJ,uio.nce 0/ 20. 

!J ni li.a.l. S i:A.e.tJ.d e.d' i.n. S ea:U:1.e C1.o.!f~ 7 h.e coe/f..i-ci..en.i. 0/ eaJtilt 
pll.e.tJ.d UAe a:t NUJ:t, K 0' /-ott S ea:t:tJ..e clo.!j..IJ will e.tJ.d en.i:i.a.1.J.v. .Lde.n.:tL­
cal.. cluvw.et:.~;/;LC.d :to tAO.de a:t tAe .dUe Iuu been. .dh.own b!f 
Sh.w./ and Koch. (1971) :to be be:b.oeen. 1.4 and 1.6.C.dii.ma.i:.e.d 
0/ ilte Ko vaht.e.d Udi.n.g- tAe d..a:I:o. 0/ Bll.Ooke.A. and!Jll.elmuL (1965) 
.4ugg.e.ld .4hn1.l.an. vaht.e.tJ be:b.oeen. 1.3 and 1. 7 • 7 h.e.A.e/-oIf.t!., an. 
aveJtag.e vaht.e 0/ 1.3 UJfLd a.d.dwned. i.n. ilLe ~u 0/ ilte waJ.l.. 
.4!ft':ter:z. 
1Je.di..gn Anal.!I1e.4' 

U.dw:iily,:th.e de..dJ...r;n 01 ;/;Led-back. wal..L .d!j..IJ:teJM U ba.ded upon 
empiALca1.. ea.A.:.I:h.. pll.e.tJ.dUll.e rl1..a~ .dud a.d tAo.6,e .du9-9e..di:.ed b!f 
7 eA.JfZglU. and Peck (1967) .Btd,.dince ilte ava1i.a.b.le d..a:I:o. {.olt. ilte 
movemen.:f..d 0/ a :ti..ed-back. wal..L i..n an OVeA.COMoLida.i:.ed cln.!f U 
V'e.IUJ l.1.mi..:ted and :l:h.e expeJti..en.ce 1..4 me.ag-eA., i..i:. wa..tJdec.Lded i:.o 

a:ti:.empi:. :to anal..!f.de ilte wa1.l. o!/:,me.an.d' 0/ (...utU.e el..emen.i:. i:.e~e.d. 
7lte (...utU.e el..emen.i. anal..!f6e..d We.A.e de.tJi..r;ned :to .d0mtlo.i:.e :ih.e 

ob.deA.ved .6oll beltavi..oll.,:l:h.e .i.JLU:La.1 .6i:1te.tJ.de..d, and :th.e COn.6'i:Auei:.i..on 
Pll.Oce.tJ.6. 7 h.e .tJOLl behavi..oll. lJXl.4 .di.nwl.ai:.ed by a non l.i.neall. elo...6i1..c. 

appll.Oad de..dCAi..bed by Clough. and /Junam. (1969). 71LU meiltod 
a1.l..0W.d i:h.e· vG.lti..ai:.i..on 0/ .dh.e.aA. mod.ul..u.d w.i..i:lt tAe .6h.ecuUn.g. and 
conf.i.ni-n9 .di:A.e.tJ.6e..d .Ai:. i:h.e .dame ilme ilte hu1.k. mod.ui..u.d wa..tJ kep:t 
a:t a Ve.A.!f h.Lgh. vaht.e i:.o .di.nwl.ai:.e tAt!. i..ncompll.e.tJ.6LbLI..i..:t.J; 0/ ilte 
.dG.i:wW.:ted clo.y. 
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7 Ite fhU.:t.e el.emen:l:. me41t {.olt i:h.e de.ti1.gn ~:tudi..e4 I ~lwwn .in 
F 4wte 381lJXL6 dAmon. x.o accoun.i. lolt i:h.e plt~ ence 01 i:h.e waJ.1. and. 
:to al.l.ow loll. {.u;l:wt.e ltepltu'en:J:o.i:Lon 01 i:h.e vaAi.olL6 ex.cavail..on 
levw and tie;..back andw~,.A IlLffLd 6a.6e a.:l:. i:h.e bo:U.om 01 i:h.e . ' 

m~ lJXL6 ~~umed :to exLdi:. a.:l:. i:lte level. 01 {..Uui:. clo..!f-~and. 
con.i:o.ci:. an.d.. ilie wallllXLtJ~~umecl fixed at:. i:h.e boi:.t.om 01 i:h.e 
m~. 7 Ite ~oll above; i:lte Jt.igi.d lxue ,IJXLIJ, ~~umecl :to cort.dL6i:. onl.g 
of- Seat:;tl.e clo..V.7lte uppeA. d~e clo..!f lJXL6 n~ect.ed M a COM€/l.­
vaiLve d~ conwuti..enc.e. 7lte ~ame m~ t/XL.6 tuJed d.wti.n.g i:lte Ite-
~e41 0(. i:lte p/l.Oblem. 

7lte tie-back .loa.clA weJt.e ~i:i.ma.i.ed tuJ.ing i:lte 7 eJt.JO-#-'feck 
(1967) ltecommendOiioM. 

!In i:lte anaJ./f6e..6;, ilte ex.cavaiLon and. tie-back ~i:al.l.aiLon 
.4etJUence weJt.e .dmulo.:ted bU an .inCll.emen.ia1. loading i:.e~e.A4 

, a ~i:. ~i:.ep, i:lte ~oll uXu "ex.cava.:l:.ed":to i:lte {..Uui:. tie-back . 
level.,• i:luzn i:lte ~i:al.l.aiLon and pltu:I:A.e4~.ing 01 i:h.e tie-back 
a.:l:. ilw.i:. level. lJXL6 .dJnul.ai:.ed.!1n ilU...6 P/tOCU~1 iAe ~oil el.em~ 
.in iAe ane1tolt J-One W€A:e Iteplo.ced. bff el.em~' hav.ing i:lte P/WPeJt.­
tiu 01 conCll.ei:.e.Cpud and. oppo.6i..:te nodo.l.. po.i.ni:. .1.oa.d4 weJt.e i:kzn. 
applied x.o i:lte end o{. ilie ane1tolt and. a.:l:. ilie (..ace 01 i:lte wall :to 
~e i:lte elf.e.c:i:A of. i:h.e plte4:I:A.~~.ing 1..oad.-<S. 7lten, i:lte. conn.ec­
iLon between. :l:h.e ane1tolt andi:lte wall lJXL6 made bV conveltii.ng i:.o 
conCll.ei:.e ilte . ./Joll el.emen..i:.6 on a Line bei:ween. ilte ane1tolt and i:lte 
tie Itod UXJ..U:canneci1.on. 7 hi...6 ~./Jumed i:ho.i. i:h.e tie Itod 1.0 be 
9A-otded' oveJt L:U, f.uillen.g:I:h.. 7 h.i...d pltoced.wz.e lJXL6 i:h.en. Il.epea.i:.ed 
uniiJ../ i:lte f..Ln.al. level. 0(. excavation UXL61 1tea.e1ted. 

7 lter:i.u·con.:6i.Jw.oU6 ~o1.dLeIt pLle wall lJXL6 .dJnul.ai:.ed .in i:h.e 
anaJ.lf6u a./J. a con.ihutotL6 wall havinf} a 1-l.exwwJ.. ~ wlu..clt 
1JXL6: e.pud i:.o. i:lte ac.:l:.ua1.. wall. '" 

7lte numbeJl. of. el.emen..i:.6 tuJed f.OIl. i:lte It~U of. i:lte p/l.Ob­
, lem alte no:/:. e.pud i:.o' :l:h.o~:e tuJed i.Jt i:Ji.e arw1!fd~' of. Cl.ough.. 
'R~~I of. Fi.nli:.e clemen.:/:. /Je4i..r;n. S:tudi..e4 

'f 1ted.i..ci1.oM {.oil. del-l.ec:tLoM' and.' ./JiA.e.tJ~e.40 of. i:h.e wall and. 
i:lte ~oLlWelte ob:to.i.ned {.oil. ea.dt ~:l:a.[}e 01 excava:f.1..on.Fi..fjUlte 39 
-d1ww,6· a hJPi..co.1. exmnple 01 boun.druu.f ~plo.cem~ loll. i:lte .601-
cli..eJt. pile ~lf6i:.em bef.oll.e and. af.i.eJt. :/:.~i..on.i.n[} i:lte ~:/:. /tOw 01 
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tie-bach. anch.ol1.:4.!Jn ih.e f.,i.gwte boih. of. fite.d01.u:l:i.onA 01 Clour;li '.6 

an.al!JAe.d and 1l.ea.ruU.!f.de,d QAe gJ-ven.7lte d..L.6pln.cemeni:. pa:f.:l:.e/UUJ ap­
peall. COn4L61.eni:. will ol:MeA.ved 6elw.vi..oll. fJwm .di..nzLI..aAJ. exoova:li..aru., 
.al40 a [fOod.. a~eemen.i:. .u no1.ed. be::b..oeen litei:wo f..in.i-:te elemeni.4 
anal.!JAe.d. the maxiJnum In.i.emzJ.. movemen.i pll.ecLi.ci.ed. I1JQ..4 2 inch.u( 5 em). 
7lte 1.op 01 ih.e wail UX1A moved. do~ 1 inch.e (L6'a COn4equen.ce 
01 :l!h.e veJLilcal componen:i of. ih.e i:J..~ad< IO~Ce.d • 

. 7 he PIl.ecLi.ct.ed· rlLtd.ll.i..bui:i..an 01 net. l.a.i.eJW.1' ea!l.i:.h. pn.e6.dUll.e 
bef.qJ1l£ arul a(.i.~ 1.eruUonln.r;. ilr.e In.41. Il.OW 01 anch.olL4. {.olli boi:li 
ana1.!f.de.d ,UI .dhown. in FLrfUIl.e '-Io.No1.e i.h.a.Z. ih.e af}ll-eemen:t be::b..oeen. 
il1.e 6Olui:.LoJ1;,d 4- Clouglr. an.(1.' .doLuilolL6 011l.ean.al..!fde,d··L6 ven.y. tJOorL. 
7 he 4I11tlll. dLlleA.ence.d 01 ih.e.de. pll.ecLi.ci.ed .dhte.d.de.d come' {Aom ih.e 
unepm.l /UJITlbeA. 01 me.dh elemen.:l:.4. 

No f..a.LI.wz.ep;ne.d CZA.e pll.ecLi.ci.ed in bo:tlr. 01 ih.e an.al!f4e.d.OnJ.v. 
a f.ew el.emeJ7..iA nean.. i:lte i.op 01 :tlr.e wail f.a.Lled. in 1.en..6.wn. 

!l n ilr.e de..di..gn. 4i.ud.1..e.d. Clough. fto...6, .dh.own i:lw.i. LI :tlr.e anch.o.u 
o 

weA.e J;ocai:.ed 20 (.i.. belr..in.cl a l..i.n.e incl..i.n.ed at. 60 i.o ih.e hOILLJ-On-
:to.1.. a..nd ext.e.rul1.n.g. pwm 5. {l:. • . below ih.e i.oeol ill.e cu:l, ih.e Pll.e.d­
.dWl.e.d on ih.e wail would no1. be alleci.ed b!f ih.e pll.e.d.4UA.e bulb {A.om 
iJi.e anch.oll. Lf.4el./.A.uo, Li. mu41. be no1.ed iJw.i. ih.e wail de{.olU1rLi.i..oM 
would be ~eA.. LI ilie beo.JZhtt} en.rl 01 :tlr.e .601d.i.eA. pile IJXL6 1000-
1.ed in' ih.e :dand. 1l.O.i:h.eA. i:h.an ilr.e cln.!f. 
Ob4eA.ved Wall Beh.avLoll. 

lIr.e ob.6eJZ.ved beJw.v.w1t. 01 :tlr.e waillJXL6 r;.en.e.JU:J.1.4. in a9ll.eernen.i. 
wilJr. i:.h.ai.. pll.edi..ct.ed.HoweveA.,Clough. ltad Il.epotded i:.h.ai. ce.n.:fai.n. 

coru:/.i.;UoM a.6.6umed.. in ih.e de.dLgn. anal.!fdu, weJZ.e no1. mo..i:.ch.ed.. in 
. :tlr.e f.1.no..l de.dLgn. aruL con.6:bw.cf.Lon.71ie.de aA.e:ih.e 1.endon bundJ..e.d 
WeA.e no1. [}Il.oui.ed. bev-orul ih.e anch.olt. poJdLon .60 i:luzi. .ilie a.6.6umpi:.Lon 
of. conCl1..ei:.e lie ItfX'i..6 lJXL6 no1. COJVl.eci. and. .:tlr.e 1UUllheA. 01 ancMll. /l.OtU.4 
ad ed.. in COl1."tdAJ.lc.i1.on. IJXL6 6 i.n41.ecu:L 01 '-I. 7 lteJZ.eloll.e, a .4 econd .6 ei:. 01 
~e.6J ~1. be peJZ.{.oJUlZed.. i.o .6.i.nuJlai.e :tlr.e achuLl coruli i)ofl4 of. 
:tlr.e exoovai:.Lon. 

F L9UIl.e '-11 .6ltOW.6 ih.e ob.6eA.ved.. beltav.wll. 01 ilr.e wail.!l n 9en.eML!.. 
:tlr.e de.di..gn. anal..!f4e.d appean.. i.o have cl.O.6el.!f pltedi..c;led :tlr.e {.oJUlZ 
0/ ilr.e wail movernen.U.7lte boi.i.om Ir.eave arul wall bulr;e WeA.e .domewh.ai. 
le.d.6 :tJum e.di.i.mai.ed.S htee.i. .6 et.:Uemeni:. IJXL6 [}Il.eai.eA. i:lw.n. boilr. 
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Figure 40.Distribution of Lateral Soil St~ess. 
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· an.a1/fde.6: netJ.lt. ilte ex.co.va..ti..on.Ai. ;the i.op 0/ ilte wall. an .i.nuxvu:l 
movemen:t o/- abou:i. 2 .in.ch.ed' occ.wuz.ed, btd ;the ded4n anal./fde.tJ 
ll.edul..i:A .<Jltow an ou;/ux:uu:l movemen:t o/- ;the wall.. 

7 Ite valuai:i.on o/- mea.tJWl.ed anch.oll. i..ocuLd i-d .<Jltown .in. F 1..f}UIl.e 
42. 7 lte .i.n.L:t1.o.1 PIl.e.tJiAe.tJiJ.i.n.g. loarid weJt.e Il.e:ta.i.n.ed .in. all l..oad 
ceJ.1..., d.wr.i.n.g. ilte wh.ole ex.co.va:tLon.2t. I/XLtJ ltepoJt.i.ed b!f Clough. 
iJw.i:. i:A.L4. beh.avd_olt 1/XLtJ, COn.<Ji...<Ji:.en:t will t.ha:t. pll.edi..c:t.ed b!f :tlte 
f.i.ni..:t.e el.emen:t anal./fde.<J. 

7 lte iJ..e-bacA loarlt, CZlLe o{.:t.en been a con{.u6.i.n.g. [XULi. o/- :th..e 
anal.~ e.<J .Some .in.Ve.<Jii..r;a:t.LoM f It1a.n..6U1l. d. al. , 1970) h.ave com(X1Aed 
plte.<Ji.Il.e.<J;I)ed iJ..e-bacA loarlt" will :th.e de.tJi..gn. .<JoU plte.tJ.<JWl.e a.<J 

pll.Oo/- o/- :th..e acCWULC!! o/- :th..e .<JoU pll.e.tJ.<JWl.e :th..eoll.!I.HoweveJl., 
Clough. (1972) Iuu· .<JltOtJJit i:.h.ai:. no .<Juclt conc1u.<Ji.on can be dAmon. 
2/- a PltediA.e.tJ4 load. i...<J applied by a .<JltoJr.i.ng. .<J/fdi.em wh.i.ch. i..<J 

.i.n.h.eJt.en:I:.1y. .<Jiable (i... e., tiLe plte.<JiAe.<J.<J l..oad i..<J gA-eai.eJl. i.lw.n :th.e 
mi.n.i.munz pllO.c.i:1..co.1load. :to mai.n.i:ai.n. .<Ji:ab.i..1.il.v-),:th.e mea.dWl.ed 
:t.i.e-bacA load. on4 lte!l-eci..<J :th.e plte.<JiAe.<J.<J.in.g. load and i...<J'. noi. a 
me.o.4UA.e o/- :th..e mi.n.i.munz lai:.e.Jta.1 pll.e.<J.<JWl.e wh.i.ch. rn..4JAi:. h.ave deve­
loped .in. :th..e .<Jou.Clough. Iuu ltepoJt.i.ed t.ha:t. :th..e conc1u.<Ji.oM. :to 
be dJw.wn f.;wm. a conzpa..;tL6on o/- mea.tJUIl.ed and de.<Ji..gn. i..ocuLd CZlLe: 

1..;7lte anch.olt.<J mu.<Ji. be pi.a.ced /oA enough. beJthul. :th..e wa1.1 :to ef.-
/-eci.i.vel.!I .<JU.<Jia.i.n. :th..e' load., and . 
2-7 Ite l.a.:t.e.Jta.1 e.aJti:h. p~e.<J.<JWl.e coul.d noi. be an!! gA-eai.eJl. i.lw.n :t.h.a:t. 
mea.tJWl.ed. 

7lte ltepoJt.i.ed iJ..e-bacA anch.olt.<J "100.d'iJtiJl.[}/1 on .<Jome o;theJt 
pltOi-ecU a.<J :th..e ex.co.Ya.:t..Lon pll.Oceeded, mU.<Ji. Cl.Il.i..de (.;tom i.mpll.OpeJt 
.i.n.4:1:aJ..lo.i:Lon Olt anch.oll. f.a.iJ..wz.e. 
'j> 0.<J:t-{ on.<Ji:Jtuc.i:1..on F.i.n.i.:t.e C1..emen:t 5 :t.udi..u; 

2n :t.h.i..<J 4econd .<Jet. o/- anal.~e.<J,all ;the ma:t.enLa1.. pa;wmdeJUJ l 

weJte kepi. ~ i.o tile de.tJi.r;n anal..!f.<J e.<J • F Olt :t.h.i..<J an.a1!f.<Ji-d, a new 
me.<J1t I/XLtJ d..nmun. a.<J .<Jltown in F i.r;wz.e 43. 7 lte . ~ame me.tJ1t i..<J U.<J ed in 

ti/.e 1teanal.!lAe.<J o/- :t.h.e pltOblem,.in. oJUieJt :to com(Xllte tile 1l.e.<Jul..i:A 
will :th..o.<Je obia.i.n.ed b!l Clour;J/.o 7 Ite 1te..6ul..i:A o/- bo:th.. po.<Ji.-con.<Ji:.Iw.c­
lion anal.!f.<Je.<J CZlLe .<Jltown .in. :t.h.e .<Jame /J-r;wz.e /-011. ti/.e .<JiAe.<J.<Je.<J and 
fupi.a.cemenU.!Jn ~ new me.<J1t .6i.x. ltow.<J o/- anch.olt.<J weJte lUed. 
7 Ite .d~ence o/- ex.co.va:tLon and anch.olt plte.<JiAe.tJ4.i.n.r; alte .<Jltown 
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.in F LfJUA-e 43. 7/te l.OWe/l. .6and. "1a.y.e/l. .L.6 a.l.Ao :taken. i.n.i.o i.h.e me.6/t 

.in om:/.e/l. 1:.0 be.61:. .6.Lmul.ai:.e i.h.e ac:t.ual. .6oll beliavLoIt. 
An i.mpltoved .6i.mula:tLon ot i.h.e anclwlt l1XUJ al.Ao added..A 

one-dhne.nALorwl. bait e1emen.i:. l1XUJ iUed. 1:.0 connect i.h.e conC/tei:.e 
anch.t?1t 1:.0 i.h.e {.ace ot i.h.ewa1...l. 7/te.6e e1.emeni:..d aJte capabl.e of. 
.4U.6t:ain.in.g. onl.g. axLal. l.oadi.n.g., a.ruL ilte1A aIt€.O. l1XUJ pltOpold:1.oned 
accoJU1in.g. 1:.0 i.h.e C/t0.6.61 .6ec.i:.i..on ot 1:.endon bwull.e.6. 

7/te ob.6e/l.ved waLl. rnovemen.i:..6 a.6 wel.l. a.6 i.h.e 1te.6ui..:tA ot i.h.e 

i:J.uo f..i.ni-i:.e element. a.no..l!fde.6i ~e ~/town. .in. FLg.wt.e 4lt.!ln boi:.h. OJUL-

4f6e.6, i:.h.e pltedLcted def-olUTled waLl. .6luzpe .L.6 veIUJ cl.o.6e 1:.0 ilw..i:. 
ob.6eJtved.. 7/te .6mal.1.. d1./tell.en.c.'e.6 be:b.ueen. i:.h.e iwo pltedLcted. Ite­

.6ui..:tA aJtO.6 e /-JtOm i.h.e 4.iJniJl.ai:Lon ot anch.olt Il.Od..6 and. .6hw.c.:tww1. 
mai:.eJtial. pltOpe;dLe.6. 7/te waLl. detoJUTl(J.;/:)..oft40 atte oveJte.6:1:J.mai:.ed 
a.6 .6/town .in. F Lg.wt.e 44 • 

. 7/te. pltedLcted. t:i..U:lA.i..bu::tLoM ot net. 1o.i:.eJULi. eatti:lt plte.6.6Wte 
bef-olte1:.e.nALoni.n.g.i:.h.e f.i.-f.iJt ItOW ot anclwM atte .6h.own .in. F LfJUA-e 45. 
7/te i.JLU:i.al.. 1a.i:.eJULi. .6i:.Jte.6.6e.6 tOIt K = 1.3 a.ruL i:.h.e 7eJta-a#-Peck 

, 0 

de.6Lgn. plte.6.6Wte.6 aJte WO, .6/town. .in. i.h..U f-.4;wte. 7/te iwo lte.6ul.-
:Un.g. .6W ot f..i.ni-i:.e, el..emen.i:. .6i:.Jte.6.6e.6 aJte,.in. fl-en.e.M.l., much. lowell. 
tJw.n. i:.h.e o/LLgi-noJ. .6i:.Jte.6.6e.6, ex.cep:t a.i:. t.h.e 1:.op ot i:.h.e wall. w/teJte 
i:.h.eg. (J.Jte lLLg1z.eJt.!l 1:. can be .6een. ilw..i:. i:.h.e pltedLcted. f..i.ni-i:.e elemen.i:. 
plte.6..JWte.6 (J.Jte .in. g.ood af}A-eemen.i:. wUlz. i:.h.e 7 eIl.a-a#-Peck de.6Lgn. 
plte.6.6Wte.6 • 

. fJ.L.6CU.6..Ji..on o{.F iJLU:.e Cl.emen.i:. An.a.l.yAed 

A compa.n.i...6on ot i:.h.e f..i.ni-i:.e elemen.i:. .6i:.Jte.6.6. 1te.6ui..:tA tuli:A 
ac;l:ual. f.i.-el.d. l.oad data 1tILi..6e.6 .60me .i.n.i:.eIl.e.6i:.i.ng. poi.n.:J:.,(j. 

FLM1:., i:.h.e agAeement. ot 1te.6tti.Z.d obia1...n.ed' {Aom boi:.h. ano.l.!f.6e.6 
(Cl.oug1z.'.6 a.no..l!fde.6 and 1t~e.6) .L.6 pell.tect.A .6mail clwn.g.e .in. 

i:.h.e .6luzpe ot tlte f..i.ni-i:.e el.emen.i:. me.6/t doe.6 not.. a/tect i.h.e 1te.6ui.:td, 
. bu;t :I:h..i.A mu.61:. be done.· bff . taking. i.n.i.o accouni:. i:.h.e C!IlLti..cal. .6i:.Jte.6.6 

, JDne.6. 
Second, a de/J-ni.:l:1-ve J..nC/tea.tJe ot 1o.i:.eNLl.. .6oll .6i:.Jte.6.6 .L.6 no1:.ed 

a.i:. i:.h.e :t1...e-back l.eveh. 7/te .6 oll .6i:.Jte.6.6 .L.6 a.i:. .Li:..6 peak val..ue a.i:. i:.h.e 

tie-back l.oca:t1...on and. dAop.6 "bei:.ween.i.h.em. 
F i..nal.l.y., anclto~' plte.6i:.Jte.6.6i..nr; l1XUJ exce.6.dLve.A Iteduc:li.on ot 

abou;t 'ldio coulrl. be made on i:.h.e 1a..6i: two ItOW.d of. andI.OM.!Jn /-act, 
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Lt ~ been Itepolded :tlw.i:. i.n tlte ac:tua1. exca.vailon, iAe wa1.1. 
/oo:tJ..n.g-6 welte ~:tailed w.i..iltotd. plt~i:A~./Ji.ng, tlte wi. Il.OW 01 
ancAolt./J .A./J' a conci.uA.i..on,.Li:. mUIJi. be noi.ed i:ho.i. a veltff l.Lt:tl.e 
J..oad. h.ad.to be applied i.o tlte boi.i.om o! iAe exco.vai:J..cn io 
mai..n.i:LLin. iAe ./Ji:.abLlL:t.v- 0/ iAe walJ... 

7/z,U) can be ex.pl.ai.ned by onl.ff Itev.i..ewi.ng, iAe f.i.nli.e el..emeni. 
.d.It~./J ~ a./J' ./Jltown i.n F .i..fJWLe ' "5 .J n boih. anoJ..!f<' ~ , iAe ./J:hte.tJ~ e.tJ on 
iAe walJ.. bel..ow ill.e fLf.ill. ItOIiJ o! ancAolt./J1 welte neaJt to iAe .i.nli1.a1. 
ai.-Ite.tJi. cond.1..:tLon, wil:h. K 0 = 1 .3 • 71Li../J i.nd.i...cai:.e.tJ iAai. iAe mob~ 
JI2i:Lon 01 iAe .doll.tdA.engih.:.i...tJ veltff ./Jrnall.i.n. t.h.i..d JOne.7h.e 
con~i..on .i...tJ, ilU1.i., iAe lo.i.l!Jl.a.i. 1te.tJiAai.ni. need noi. be applied 
un:tLJ.. lai.ett.al. movemen.u pltOduce .doll biA~./Je./J i.endi.ng, i.owaAd 
:tiLe aciLve condi..£i..on. '. 

Conc..I.u.tJ.Lon.tJ 

7 Ite lied-bach. tJXLl.l. .d!jAi.em anal..!f'J'ed i.n iA.i...tJ i.nve./J:ti..r;a:tLon 
IJJ(Ld Con.tJ i:Jw.ct.ed i.n a h..i..flJ.y. ov MCOn.tJ ol..1.do.:ted clay. 7/te 1teanal..!f.IJ e./J 
01 ih.e pltOblem .dII.OW ilU1.i. . i:1te dl!.tJ.i..r;n .d:t.ur1.Le.tJ and. pO.di.- con.tJiA.uci..i..on 

~e.tJ pelt/OlUTled b!l CJ..ouf}lt WMe a g,ood appltOacA to plted.Lct. iAe 
beh.av.i..olt 0/ iAe .tJ!f./Ji.em.!J i. Iur..tJ been noi.ed :tlw.i. ;(:/te ob.tJeltvet!- beh.a-
v.i..OIt 0/ iAe .tJ!fAi.em llJQ..tJ bei.i.eJL t.hmt ex.peci.ed. I 

rILe plte./JiAe.tJ.tJi.ng, 0/ iAe ancAolUJ' .tJeltved to Itei.n/.oltce iAe 
p/l.e-e.xLtd:J .. nt} .dlteaJt plne.tJ i.n ilLe claff and. pltevent. devel..opment. 01 
i.aA.g.e lai.ett.al. de!-o/lJT1O.il..on.tJ.!Jn ille 1tean.a1tj./Je.tJ, iAMe wa4 no p0.tJ­
.tJ.i..bLLLi.ff to mea.tJUltei:1te andwlt J..oad...tJ, ilLfvte/.olte iAe p/l.e.tJilte.tJ.tJiJtg, 
J..oo.rLJ wlt.i..cA could be obiai.ned {.!tOm iAe f.i.nli.e element. anoJ..!jAe./J 
WeA.e noi. :taken i.ni.o accoun.t..Onlt), iAe nodal. poiJti. l..oad.4 devel..oped 
a.tJ a con.tJert-uence 0/ iAe andl.O/l. plt~i:Ae.tJ.tJiJl.t:;. We./4.e added to ih.e 
i.nC/l.emen.:l:a1.. ~e.tJ. . 

. 7lte f.i.nli.e element. meilwd make.tJ: ih.e compcurL6on 01 vaALotU 
:l:!fpe.tJ 01 wal..1 .tJ!f.IJi.em.tJ, anc!tolt l..ocai.Lon.tJ and wa1.1. depi:A.tJ pO./J.tJ.i..bJ..e 
ilwA a .tJa!e and. econom.i..ca.i.. de.tJ.i..gn. could be made. 

7h.e./Je ~e.tJ coula be tUef.uL wo a.tJ a mean.tJ 01 con:l:A.oJ.. 
clivr.J..nr; cOn.tJi:m.t.ci:i..on.Load lteduciLon.tJ iJt ih.e J..oweAJ lie-back.d and' 
i.h.e eLinz1..no.i..Lon 01 ./Jome £i..e-bac.k.tJ al.i.09-e:tJie/t· pA.OC!.uced C()Tt,6iAuc:ti..on 
econom.i..e./J wh...i..ch. mOlte ih.an' olf..t,ei. i.h.e CO:.6i. o! i.h.e an.al..!JAe.tJ.7ih.e 
po.tJi.-con.tJiAuCti.on ana.l..!/A.i...tJ. h.a.tJ, al...tJo· .tJh.own iJU1.i. even clo./Je.Ri p/l.e£li.cil.oIU 



could. be ob:l:aJ.n.ed bff pa!Jht9. mo/l.e a:l::ten:l:Lon :1:0 :!:h.e de:iaLl...d aruI. 
:tAe COnAi:A.u.c:!:J..on .d.~ence..6.·. 

7 Ite lteanoJ..!I~e.6 . .6Jiow :tiw.t:. :th.e ob.6eJtved belw.yi..olt 0/ :th.e waLl 
.6!f4:1:.em aruI. :th.e p/l.edLc:t.ed beltavi..o/l. (J.Il.e i.n. good afjAeemen.:t.Howeve.Jt, 
:th.eAe e:d ... ld . .6. di..//eAence.tJ bidween :th.e ob.deAved aruI. p/l.edi..c:!:.etl 

beltavi..o/l.. 7h.e.tJe di../~eAence.tJ can no:l:. be ea.d:i.l.ff ex.pl.ai.n.ed..!ln ei..ilteJt 
anaLJIA·f!..d'I:th.e con.:I:A..o.LLi.n.t) .6oLl paAaJTle:te/l..6 an.d. :til.e amoun.:!:. 0/ 
anch.o/l. p/l.e.tJ:!:A.e.tJ.6i.n.t} needed ~O/l. lied-bach wai..L", i.n. ove.n.conAoll­
da:t.ed. cla!f6 11ll/..d:l:. be CQ./Lef.ul.Ly e.xami.Jl.ed..!l :t..luu been .6ut}t}f!..d:l:.ed 
:tiw.t:. f.wdh..eA /l.f!..dea.tl.ch.' i...tJ nece.tJ.6aJU.J on:th.ue .6ubjec.i.tJ. 

6.3 7{jIJro'M~Y tX(AVA7!JON !IN' VA~VfjJ CI..AY-(A5c NO.2 an.d. 3 

7 h.e beliav1..o/l. 0/ lied-b~ch an.d. blULced. /l.ei:tLi.JLi.nt} .dVw.ciwr.u 
h.a.tJ, been. eva1ua.:t.ed {AectJuen.i:1y .tn /l.ecen.:t. ffe0.A..6, by U.6i.n.t} ilie f..i-ni-:.te 
el..emen.:t. me:tliod... like pU/l.{JO.6e 0~.:t.h.i.A .6iud!f lJ)(J..6. :!:.o ex.am1..ne iwo plW­
j.ed:.6 i.n.volvi.n.g. ex.cava:li...on ht:t.o Va/l.ved cl..a!f,:I:o gi-ve: :tJl.e 1te.tJ~ 
or:!:lie o/;.6€.IT..ved an.cl p/l.erl.i.c:!:.ed. 1t,e.tJui..:t.61 o/- :tiie PlLfji:. ~e.tJ. and 
:1:.0 /l.eanal..!fJ-e :ili.e.tJe p/l.ojed:..6 :1:.0.' .dee :!:lie Ve/l..6a.LL.ty. o/- :th.e, me:th.od. 
on :tiiLd· p/l.oblem.tJ. 7lie . /l.e.tJul.:f...tJ ~e gi-ven· Ln· :th.e .6ame f.i..fJWl.e.tJ :t.o 
Aave a PO.6.6i..bLli..i:.!f:":t.o compa/l.e :th.em w.i..:th. iJio.6e· obio.i.ned.. b!f Clough., 
It}wlpl'-!f and.. {I)oolwo/l.;l.lt (t975). 
'P Aloted /Je.tJC/l.i..p£i..OrL& 

(liSe N.o.2-11A~7F(JRf) fbJemen:t. COnAi:.Iw.c:ti..on /O/l.· a 10-.6:!:.oA.!fo/f..i..ce 
bui..l.J:Li..nt} i..n. Han;I;.!-(fuu:l .. Conn. /l.~ed ex.cavaZLafLd l up :t.o 30 f-t.. (9ml 
deeptJu,;,uglt f..i1.l!. and. v(LIived.. cl.a!f iJt:I:.o. gl.aei..aL :tLtJ..~!Jn :th.e ex:cava­
lion, a .LA de,c..i.d.ed.:I:o. /te.tJ:I:A.ai.it:th.e .6iJl.e.61op~ by a conven:ti..ono.l. 
"8ed..i.n.-7i!lpe·I1".6:1:.eeL II-heam., :li.mbe;u lat)g.i.n.t} UJtL!.:l. .6uppolded by pl1.f!.­
.6:1:.Jr.e.6.6ed :l:.end.on aJ'1!dtOIT;~: fPWu:!:.ecL i.n.;I;o wuLenl.!fl..nt} gl.acial. uLl~ 
F1..~e 46 .6ftOW.6 :fil.e plan. anrl.6ec:l:i..Oro vi..ew,J· o~ iAe excava:i:..i..on. 

"eleJO-g}ii..-'Pe·ck.hjpe eand:li. pl1.e.d'odWl£ dLtdA .. i..bui.u.on i...6. U.6ed. ;to 

detJi..gn. .:til.e .tJ!I~:l:.em. liAe un.dA.ai..n.ed.'.6/Le.a.n- .6:f:.1tent)i!li 01 :!:lie va/l.ved. cl.a.ff 
i...tJ. taken a.tJ 400, p.6.f. (20,. Jill m2) (ULrl a uni..:t. we..i..# o~ 120 pcl{ 1J900kglr) ) 
.L4. a.6.6i..~ed·:to, i.d:..lli .. e achm.J.j lUlltt}e' o~' undAa.i.ned.' .4d:.A.en.fPli.6 metU'l.IA:e£l 

i.n., :ti~e labom:z.i:.ol1.lJ tJ.J(Ld "'()o' p.6/--t2CJO P.d·/. 
Folt PWCPO~.e.tJl 0{. /l.e:l:.ai..ni.n.f} .6iAu.c.:I:.wte .6:t.udi..u,:tJi.e glaci..al. i:LI..1. 

tJ.J(Ld. COn.6i..de/l.ed . .6i.mi..l..aA:. :to :t.Il.e :li.1...l' a:t. BowLLne' 'P01..ni:. lLfj de.tJ CA.i..h ed' 
h.eAe1.n.. 



CAst. NO.3-f!1),(JL!JNt. 'KJ!JN7' COrLdbw.d:1..on 0/ a c.ooli.nf}-wa:l:.etlJ i.n.i:n.h.e 
. .d'.;bw.c:l:.uA.e M.dOci.a:ted. wWt. :tlte ovvu:JJ;. c.oruJ:Uw.c:ti.on 0/ a POWeA1. 
plan.:t at. Bow~e 'Poini:. i.n; lIaveA;.6vWw N .Y~, nec.e.d'>di..i:.ai:.ed. c.u:J:.ii.n.f} 

a 50 f.i:. (15 m/ deep ex.cavai1..on i:lUwugli f.i-U, 01tgmU-c. .dill, and 
VaAVed. c.la!f .{.n.i;o'[tla.cial. :ti.l.J..'.A .dJ.Ope ~ oc.ciul.ed. rlwWtf} :t.lte 

. open. ~.fl:t i:lt.i:.A :tiJne.' :t.lte bo:l::hJm 0/ i:.h.e e.x.cavai1..on h..ad been 
Il-eadl.ed. :to ei.eva:t.L.ol1:A' i.n., me /WJfl;ffe ,4 Pwrm -tlJ, :£.0 -20 • FoilOwi.n.[} 
:I:li.iA. f..ailwz.e, a numbeJl:.. o~ .tdabLLLJI1-lion al.:tenn.ail.Ve.d! wcute CO/t.6i..­
d~' .dUcliM flaileni.n.g. .dl.ope.d, c.eilul..rvt;. C.O//emlmn;6, -dl.wuuJ i:.n.encli 
waJ.!L, and b/l£Lc.ed -dlierdi.nfJ.7Ae' i.a:I:.:teJr. . 11KUJ'. ·.dei.ec.:ted a-tJ' be.i.n.g. mQ..tji!. 

viable i.n. :te/UTUJ 01' ava.i..liJ.61.e -dpac.e, p/lD.c:ti.c.al.li:.!f, and etJii.ma.:ted C.O-d:t. 
A-dl a f.i-.;rA:t -d:tep,:l:.h.e o/d~ c.u:t I1KUJ backf.i..lled. :to ei.eva.i:i..on -20. 
Sh.ed:. pLl~ tAen. wcute cL.n.i..ven and i:ll.e ex.cava.i:i..on I1KUJ cr.uvr;i.erI:to 
ei.ewLi.i..on . -45 b!f b/lD.c.i.n.f} and .dh.ee:l..Ln.f} wil.A :t.lte ~i.JW;t and wale4 
.d!fd.em . a-tJ /.1h.own i.n. Fi..g.wz-e 47.fl11 o/- ih.e.de mat.e.JUa.i..d, wcute weak 
eL:I:AeA: n.a.i:.wt.Ldl..y. OIL M a coruJ~,uenc.e o/- ltemoJ..di.n.f}. FO/l;de.d.Lgn 
pU/l.{JO./J e.d, an. ~ed -dh.ea;z. -di:.n.eng;tlt o/- only. 40. P.(J / (2 M/ m2) UXL6 

a-tJ.(J.LfJIled :to, iAe4e mat.e.JUa.i..d.On :t.lte ea.tJ:t .(J.i.de o/- iJl.e -dUe {.;tom 
el.evai1..on. -14 :to -30 i:lie c.lay. Juid 6e.ero cliAi:.wtbed. by :t.lte -dl.ope 
f.o.i-l.wz.e·. FOIL :t.ltU ltea-tJon, an. ~ed.' -di:.n.en.r;tJi €J/- 130 p.d / (6.5 kN/ TTl) 
I1KUJ U-tJed. i.n. de.d.Lgn /-O/L iJz.i...d Jone.7ll.i.a.xiiLl :te.di:.. 1te4ul.i:A: -dh.owed. 
iJia:t wu/.;w.i.n.ed -dhr.en;;zlt vaJ.ue4 0/ :t.lte wul..i..-tJ:/:.wJJed. . .(Jample4' 0/ vall:­

ved.' c.la!hl1.CU1.f}e f.;w.m 400.-120.0. P.(J/- (20-60 kV/m2/.Folt:t.lte .i.n.i..:t.i..a 
.' detJ.L;;a .(J:i.w:Li..e.tJ, iJ/..e law~i:. value,400 p4/- I1KUJ a-dJ6umed i.n. devel.opi.n.f) 

ea;d)i pILe4~U/.lie 10a.di.n.fJ.d. 
. . lite r;1ac.i..a.l. :ti.l.J.. 11XJAj. M.(Jumed :to have an. an;;J.e 0/ i.n.:tellrv:u..' . 

/Mel,Lorio/ 35°and a buognni:. unll we.Lgkt o/- 60 Pc./ (960 kr;ld). 
/J/l..O.iJted concLu:J..oruJ i.n. ih.e :ti.l.J.. wcute a-tJ.dUmed. FOIL :t.lte c.la!f, wu/.;w.i.n.ed 
beh.av.LolL t1XLIJ c.oruJ.Ldcuted,6ecaU-tJe iJl.e CO/Ul.e/.1poru:L.i.nf} la:tena1 -di:.n.e-tJ.6e.tJ 

welLe mO/l.e cA.L:ti..cal. :t.ltan :t.ltO-de loft :t.lte dAai.n.ed ca/.1e. 
S pec.L{.i.c SoLl 'P /l.Op€.ll.i.i..e.d 11:t (P /l.ojec.:t Si.:I:.e.d 

7/te/.1e da.:l:a a/Le obi.a.i.ned {r.om :t.lte i.n.Ve4i1.gai:.i..oruJ and 1.a6o/lD.-
. :to/l.!J :te.du./l.epoJt.i:.€d b!f Cl.ou[JA,11Jwlp!I and lVoo1.won.i.h..7h.e mO-di:. ilnpO/fr­

:I:an:t .(JoLl pa/lD.mei:.eM /-O/l. :t.lte /l.eiai.n.1.ng .(J:/:.n.uci.wt.e de.d.L~ QAe un­
d.Jt.cLi.ned .. and cUw.i..n.ed ./Jh.een, .(Ji:.n.enfPlL an.d de/-o.lll7KLi:..Lon mod.ul..L. 7h.e ,La­
OO/La,i:.O/l.!j i:.e/.1i:. /l,e.dulU .in..rl.i..cai:.ed. iJw..:t iJl.e Va/Lved cla!f4 at. each. .dUe 

Me /.1,LLglLi:l!.y OVeJLCOMol.i dated, wWt. OVe/l.coruJoJ...Lda.i:i..on Il.G.ii.O.(J i.n. 
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htiltelU1J'l.g.eol 1 :to 3. 7Aeg. /w.ve uruIAai.ned .d:Oteng.:l:lt4t ht ilte ALlTl.9-e 
of. 400-120(J p.dI,wi:lit.4 /a 1W.i:i..0.d of. aboid 0.10-0.25 and. .deruJ..-. u V 
:ti..v;i..;6Le;.d 01 (.;wm 3-5.!1n.i.t:ial iang.en.i:.mod.uLi C.i Uded ht ih.U .diudy. 
weA.e ba-d ed on. 600.d u.A i:.!fPicri1. (.Leld. vane i:.e/dlJt[} A.e.6u1..:i:..tJ OAe 
.dMwn. ht F irJl!Ae 48, lOA. ilte HG.ld:lom:l ex.CJ1.va.:tLon. 

F i.nLte c.lemen.i:. /lJodeLi.n.rl-HOAi:.{.om:l-(a-d e No.2 

7Ae .dame applWG.c1t 0/ Clour;ft,(J}wz.pftu. and. {J)ool.woldlt ,U Uded ht 

ih.U an.a1~e4. 7lte movemen.:1:..6 ht. {.;toni:. and. beh1.rul ilte wall OAe i:.o be 
pl1.edLct:..ed bg. f.1.n1..i:.e elemeni:. a.n.al..!f6e.4 whLc1t WeJ1..e peJ1..{.oJU"Tled will 
ilte pl1.O[pU1l11 5oU-5hw.c.i:., a [}en.f!A.l11... pwz.po.de PILO[pU1l11 developed by. 
C1.ougA and f4Jui.. lOlL a.n.aJ..,j4'u 01 -6oU-.d:bw.ci:.wz.e 1.Jti:.eJLac.i:..Lon. 

1neLuted .dplLin.g. -6uppoltiA l~CJJ.i:.ed ai:. ilte level 0/ ilte ac:/:ua.l 
:ti..e-bach..6 OAe Uded i:.o .d..i.muln.i:..e :tlte wall and ilte andl.o/lJJ.g.e .dffdi:.em. 
7 Ae mai.n. l1.ea.don 01 cLohtg. i:ltU ,U noi:. i:.o COMi:Ao1.n. lUl./Le.o.l..Ulic:ol1.v 
.t1te iuaJ..l.. movemen.i:..6by. a-d.dumi.ng. i:lw.i:.ilte wall and ilte lie-bachA 
i:.o . be con:ti.n.uoUd p1.o.ruut.. el..em~ • Bui:., il ilte lie.6 WeJ1..e a-d.dwned. i:.o 
be plLe.6en.i:. 0-6 p1.o.ruut. el..emen:LtJ, i:ll.e wall and. ilte anc1to/lJJ.g.e wou1d. 
.he connec.i:.eri. lLig1.d1.Lj ;to ead oi:.h.eJ1.. ;to plLevent:. i:ll.e movemeni:. OAOwvi. 

. ilte lie.6.7lte ax1.a1.. .dUIf.n.e.6.d 01 ilte lie.6 ,U 0-6.dwned i:.o be ih.ai:. of. 
t:lte ac.i:.ual. lie di..v.ul.ed by. t:lte AoILiJOn:t:a1 lie .dpac1.n.g..7Ae f.J.ex.ww.1. 
.dlilf.n.e.6.d of. .t1te p1.o.ruut. wall.u a-d.dwneri. epuz1 i:.o i:lw.i:. of. one of. 
i:lte -60i.d1..eJ1.. pUe of. :th.e ac:t..ua1 wall.. di..vMed by. ilte .doi.d1..eJL pUe 
-6 pac1.n..g.. 

F i[jWLe 49 -6ll.Ow.d, :l:h.e f.1.n1..i:.e el..emen.i:. me4A f.olL.:l:h.e iwo-liell. 
exCJ1.vai:..Lon. 7 Ae le/-i:. bounda.Jz.v. 01 .ih.U me.6A .u loca:l:.ed at:. i:.h.e cen­
i:.eIl.&e of. ilte eXCJ1.vai:..Lon wh..L1e i:ll.e 1Lir;ftt:. bourulrvuJ .u 10CJJ.i:.ed 
at:. a -6uf.f-Ldeni:. di...diance. 71LL.6 boiuul.amJ llJCUJ "loca:l:.ed by i:A.La.1 ht 

·om:lell. i:.o noi:.htfl.uen.ce i:lte. beh.av-iolL of. i:lte wall... 
One d1m~Lona1 '1.Jti:.e/Lf.ace elemen.i:..tJ OAe Uded on e.Li:.h.eIl. .dMe 

of. t:lte wall.. :to al.l.ow f.OIL lLea.l..ulic ·lLekdLve movement:. bei:ween ilte 
wall. and ih.e -6oU.Ad.h.e.6Lon .dhteng.:l:lt4 WeJ1..e a-6.dL9F'-ed :to i:.h.e 1.Jti:.eIl.­
(.ace elemen.i:..d €.f{!1O-l i:.o one-Iwl.f. i:.h.e -6oU .dlteaJL -6t:.JLeng.:l:lt4.Jn :l:h.e 
an.a1!fde.6 I

, a nonlineaJL el..a.dlic model of. DunCJJ.n and. Clum.g. .u UdeJ. 
i:.o .di.mulai:.e ilte .doU beJw.viol1.. 7 Ae model (u-6wne4 :tlw.i:. a-d .dAeaJL 
4h.e.6.de.6 i.n.Cltea.de i:ll.e .doU beh.av!-ol1. .u nonlineaJL, bid ih.ai:. upon 
a cLeCltea.de ht .dAeaJL -6:Ote.6.d€.d ht a -6oUe1emeni:. i:.h.e .doU beh.avLol1. 
.u ~:ti..c. FOIL -6a.i:.wta:ted cla!J4, i:.h.e l1.equ1Aed i.n.pui:..d f.OI1. ih.u 
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model. Me i:Ae i.nli:.i.o.l. imtfJen:I:. mod.ul.tu, i:Ae un.1oad-ll.eload moJ.u1u4. 
and i:Ae ~ed ~hten~ of. i:Ae -doll. 

COn..d:/:.Jw.cil..on -d'~ence.IJ oltAe wal.J.j. weJte. -d.i.mul.ai.ed a-d clo-de1tJ 
M" pO-d-di..ble 1:.0 i:Ae ac:tua1 COn..d:f:4u.c:li..on of. i:AetJXLil:a-d a1:temw.i:.e 

-d~encu 01 exeavalion and i..Mi:a.l.J.fJ.t1.on and. Pll.uhtU.6i.n.g. ot i:Ae. 
OIlciuj/U). Foil. 'each. i..nCltemen:l:. two UetULi:i..OlLtJ weJte peJtlolUTled i.o all.ow. 
loll. conveJtfJertce 01 i:Ae nonl.i.n.eaIl. 'mat.f!./Li..al. pIl.Ope.n.i1..e4 £0 i:Ae, valu€..ll 
i:ltaZ bui. COIl.ll.Upond t.o :t.lte -dht€..ll-d levelA exiAi:i.n.fJ i..n each. i..nClte­
men:l:..71LU L6 veJt!! .i.mpoll.i:an.;t i..n i:Ae Pll.l!..<jhte.d-ded tJXLil pll.Oblem wlz.eA.e 

, loadi..nfJ and. un.l..oadi..nf} OCCWl.' i..n a1t.emud.e c!fclu M a ll.uuLi:. 01 

i:Ae a1i.e/l.na.£ut-f} exea va:ti..on and. PIl.e.dhtl!..<j-di..nfJopetza.UolLtJ. 
SoU /T1at.e.tti..al. PaAmllei:.eJlA' and. !JnL:ti.a1.. Con.d.ii:i..oiu-7he t.i..ll bei.n.f} 
about 10 f-t., (3m) below i:Ae boi:.i:.om 01 ill.e excavai:.i..on i..n tAe ~­
Jed -deci:.i..olLtJ, lIXUJ :taJ~en M a 1l.i..fj1.d ba-d e. Foil. p/W.ci:.i..c.a1 PU/lfJ0.6 etJ, i:Ae 
VaA.ved cln.!f lIXUJ, ti..6Awned i.o have uni..101UTl pll.Opettii..u wWI. depi:A. 

· Fwd:h.eJt"i:Ae -dolllJJ(L61 aA-dumed 1:.0 be L6ohtopi..c and have i:Jl.e -dame 

'.dheaA. -dhteng.i:A i..n ex.i.ert.di..on arid. compll.e.d-di..on.An ~ed. .dheall. 
, -dhtenffill. value of. 400 p-df.. (20 kN/ m2) UXJ..d lL6ed.7lz.e i.nli:.i.o.l. i:mtfJeni. 
and. un.1oad-ll.el.oad. mod.ui..uA valuu lolt i:Ae norJlneall. -doll model 
Welte M-dwned 1:.0 be 600 -du .71LU value .u.: about :boo t.o 10Ull. i:.1.Jnu 

" f}Il.eiJ.i:.eIl. i:Jr.a.n i:Ao-de mea.dUll.edi..n i:Ae J.o.boJW.i:.oIl.!f.:ln -deleci.i..on 01 
:tAu muLtLpli..eIl. ll.e.Li..ance I.lJ(J..dJ pJ.o.ced on Iteceni. ex.pell.i..en.ce i..n Pll.e­

d.i..c;tLon 01 /-i-el.d pell.lollJ1?llll.ce i..n -do{.i:. cln.!f.6. 
JnL:ti.a1.. -dhte.d.5.e.d weJte comp~ed. i..ni.€./UTUJ 01 OIl "at. Itui." 

coricl..i..:i:..on wWI. i:Ae 1.a.:t.eJW.1 -dhte.d-d l!..<j, a' , dei:.eJl.ITliJted M a l' unc:tion , x.~' 

01 i:Ae ven.:ti..ca1 -dhte.d-d, a' , M'" !! . 

(J =K (J (6.3) x. O!f 

whell.e K 0 L6 i:Ae coel/-i-ci..en:I:. 011.a.:t.etw.1 eaA:t.h.. pll.e.dAUIl.e. 7 h.U coe/­
/-i-cLen:I:. woul.d.. be ex.pec:ted 1:.0, va/l.!f"wi..i:A ove.JtCOlLtJoLt.°d.a:li..on IlJ1.i:.Lo 

, i..n i:Ae Vall.ved. cl.a!f.A -di.Jnple vqke 0/ one lIXUJ U.6ed. i:AIl.ougltout i:Ae 
depo.tJU, "" 

'R e:,(UJ~-1I aIti.{.otVi.. Ca.tJ~ No.2 

F i..f}Wte 50 .dh.OW-d i:Ae 1te.dul.:!:A of.i:Ae /J.ni..:I:.e 'element:. ah.a1!fdu, 

loll. i:Jl.e iwo i:1..eJt e:x.eava.:t.Wn.A max1.mum 01 1000 01 J.o.t.e/W.l.. wail 
movemen:I:A G.Il.e pll.edl..ct.ed..Al.6o 4h.own .u i:Ae Ituui..:u 01 i:Ae an.ai.J.f6u 

pell.{.oltme.d by. ClowJA,/tJtutph!f aiul {J)ool.wotdJz.,lolt -d1i'100 and. .d,j 800p4/. 
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J:t liaLJ' been. rwi.edi:1w.:t i:h.e 6e4i. app/l.oxJ.ma:l:.i..on o/- wal.1 beltav1.oA.. 
, IJXLd ob:b:Li.ned. b!f UA1..n.g. a 1LLglten. val..ue {.Oll. ~ed. LllteaJl. Abten.~, 

EUUJ il meaM i:h.aZ. a fJA-ea:l:.en. modulut, val.u.e tJXJ..4 U6ed.7h.e compld.ed 
eaA.i:h. p/l.e.dAUAeA (J.Jl.e AltOwn i.n fi..f}Wte 51.!}i. can be Aeen. i:h.aZ. tAe.tJe 
/l.e.tJttl.:t..6 aJ1.e .ven.!f ci.oAe. i.o i:h.e conven:l:.Lonal.. 7 en.JO-tJti--7>ech. P/l.e..:JAUIl.e.tJ. 

F1.nlle. f)..emen:t /I1od.e1i.nfl-Bowline Poi..ni..Ca.tJe No.3 

7lte /-f-nli.e element. pll.ocedwz.eA empl.offed. /-O/l. ilte ana.1.~eA o/-
:th.e BowLine ex..ca.va.;tLon wette €4Aen.:ti.o.lJ..!f i.den:tLca.J.. :to tAoAe u.ded 
/-Olr; i:h.e IIG.I1.i./-ond a.n.a1.!f'Je6. 7lte cl.L/-/-en.en.ce LA ilu:d i.n. ih.i.A ca.Ae, tAe 
UXLI..l. lJJCL4 a Ah.eet:. pile wal.l. and Lt. 1lJ(U)' b/fJ1.ced /Ud:h.en. ilum. il.ed-bach.. 
Con.:l:i.Jr.Ou.d wal.ettA AuppoJl.i.ed tAewal.1 be::/ween. i:.h.e .6:1:/w.i:.d, EUUJ iAe 
pl.o.n.ruL wal..L. model. UXJ..6 a.tJAwned :to be appl.i..ca.bJ..e. 7 Ite APlti.n.g. AUPp01l.:U 
We/l.e UA ed :to Ai..rnul.a:t.e i:h.e b eJza;" 1..0/1. 0/ ilte Abtld..6. 7 1teJ..Jt Ail./f.n:UA 
wen.e :!:a.h.en. ~ :to :tJza:t 0/ iAe A:l:/w.:U dLv.i.d.ed ,bff A:tiw.i:. -dpaci..n.g.. 

7 Ite 404-e1emen.i:. /-f-nli.e e1emen.:t m€41t IlJ(U) lL6ecl. .in. i:h.e ~u. 
F.Lr;wie 52 AlwWA' i:.hL6 me6/t, .in.cl..ud.ln.g. .i:I:..6 bo~ coru1u:1.oM and 
AoLl i.y.petJ. 7.lte ,m~lt, a.liowed. /0/1. Ai.mul.a:ti.on o/- t./te ollLgJ..no.1 :topof}­
IlO.ph.!f o/-:tJl.e Aile (].A, welL a.tJ ilte placemen.:t o/- ApoLl aA.Ound. ilte 

",J..:te~ 7lte ~eA ll.epoJl.i.ed., bff Cl.ouglt,/fJwtph.!f and Woo1.wo:th. (J.Jl.e baAed 
on. a 423-eLemen.i:. /-f-nli.e e1emen.i:. metJlt and pe.n.f.ollIned af..:teJl. :th.e COM­

htucil.on tJXJ..4 compLe:l:.e. 7 h€.!f COven.ed. boi:h. ea...1i.-WetJ:t and. noll.i:h.-.6otdlz. 
axL6.Jn i.lt.L6 ll.ea.n.a.LflAetJ' only i:h.e non.i:JI.-Aouih. axi.AJ IJXLd COn.6i.d.en.ecl.. 

7lte COn.6:i:A.ucil.on .6ep.tertCeA Ai.mul.ai:.ed COn..6LA:led. o/- a Ae/U.e.6 
of. exca.vail.ofL6, and. bJl.(J.ce 1.nAi:o.l.J.o.i:1.oM'. 7 he blULce.tJ WeJl.e .6i.mul.a:tecl. 
.in. tite an.a1!fAe6 b!f mea.rrA' 0/ one-d.i.menAi..onal.. ball. eLeme.n.:fA conn.ec­
:l:i.n.g. i:.h.e :!:wo OppO.6i.n.g. ~. VeJl.il.ca.J.. COnAi:.Ao.i..n.iA WeJl.e adcLecl. :to 

tAe baM :to p/l.even.:t buchJ..i..n.g. 0/ i:.h.e bCllt. eLemen.i..6.fi.gwte 53 AltOW.6 
, iAe; COM;/;;Wcil.on A ~en.ce /-0/1. ilte noldh.-Aotdlz. axiA. 

SoLl /I1a:le.tUo.l.. 7>Q./U1.me:te/W-Bowli.n..,e 7>oi.n.t.7he me6h o{. 'ilte ~ed 

COMLA:t o/- TT1lLi..nJ.t; :!:wo AO.Li..tJ: ~cial. i:i.lJ.. and V(J.Jl.vecl. cl.o.!f. lhe r;1a­
ci.a.1. i:LU could no:!:.. be a.tJ4!umei 1lLg-id Ai.nce :th.e ex..oova:ti..on IJXLd 

crvvr.i..ecl. i.n:to li. ¢= 35; and. ~ubmen..f}ecl. urU..:I:. wei..g.kt 0/ 60 pc/ (960k9i ~ ) 
wen.e <L4.4i..f}'ted i.o i:h.e :ti.lJ...U.6.in.g. a. nonl.i.n.eaJt eku,:tLc 4.i.nwl..a.ii.on of. 
IJiutcan.-CIum.g., i:h.e 'i:LU liKU,iA.ea:tecl..!J n.i:ti.J:Ll i.ang.ent. mocl.ul.uA o{. "OO~ , , u 
poLA.6on /UJ.:ti..o value.tJ 0/ 0.4 and 0.49 (be/-o/l.e and a/-i.eIl. f.aL/.wte 
ll.e.tJpec:li.ve1!j) We/l.e UAed • 

. Foil. :l:h.e .6poil '{LLI.. and .6h.allow f.aL/.wte Jone, a AheaJl. .6iA.en.g;tJz. 
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o/- 130 p-d/- (6.5 kN/m2) UXL6 Q..6-d.i..r;ned.Folt :lJz.e ~:l:wtbed vQ./tved 
cl.a.!I,:lJz.epall.ame:f.e.Jl.,6 UAed Q./te:.6''u 800 p-dl (40 hi//m2

) jKo 1.0 and 
C. 600 .& .Folt Hte -dmaJ.l. a-one ollLi:'''~ /" duhutbed O/l.fJO.JU-c f.i-U 

'L U ~~ 
aNi.' cl.a!l wh.i..ch. UXL6 LoCf1.i:.ed 6elti.nd :th.e -doui:lt wail,a -dlteaJL -diA.en.~ 
01- 40 p.tJ I (2 JIj / m2)' UXL6 Q..6.tJ.i..r;ned. . 

7? e.tJul..i:4 ... Bowl.i.n.e 'P 0.1.n.:J:.. C (]..d e No.3 

7lte ob.tJen.ved and. p/l.edLci:.ed wall duplacemen.i..6 01 :th.e ;boo 

f.i-nli:.e element:. arwl..!fde.d pen.lo/lllled C1./l.e .tJltown i.n. F 4wte 54. 7lte 
iIutg.e lai:.eJULI.. movement:. 01 i:lte .tJ0ui:A WaJ.1 Iu:u been ob.6e!Lved;:th.t!. 
/l.eJ:LAon 01 :I:.ItL6 movemen.:l:. coulrl be/l.el.aied. i.o :th.e p/l.e.6en.ce 0/ a 

. ~e -dpoLl 6a.n.k. o/weak mai.w..aJ.. belWul :l:Ae wall. . 
7lte /l.e.tJul.i:..6. o/- bo:th. arw.i..!lA'e.tJ an..e noi. /-ound 1:.0 be .6a.i:L6/.ac­

i.oll!f lOA. :tAe-doLdA and noldh. ~.8a.tJed. upon :th.e /l.e.tJul.i.d 01 iJie 
/l.eannl..!fAe.tJ and i.h.o.tJe 0/ CLougA,/lJtutplty. and Woolwo/dlt, u h.a.tJ been. 
/ound :tho.i:. :tAe 1:.oe 0/ :th.e 40utA wall h.ad moved and :th.a:t :lJz.e .40ui:lt 

·llx1.LL UXL6' pUAJu.n.g. :tAe noA.i:ll. wall back i.ni.o :tAe .tJoLl.7Jle /l.e(]..tJon {.o/t 
~. behatl.i..o/l. .i...tJ :tAe {..a1.J.wt.e 01 :th.e tLLl .in f.;wnt. 01 :th.e wail :I:.oe 
CU -dll.Own i.n. F.L[JUIte 55.lJn{.o/d:unai.el.!f,U .i...tJ noi. p04.tJ.Lble i.o -dli.nzul.a£e 
~ beltav.Lo/l., beeaUAe i:h.e lruz..g.e /l.elo.i.Lve moveme.n.i:..tJ /l.eg.uiAed. bei.­
ween i:lte wall 1:.oe and. :th.e unde.Jt.l.!f1.nf} .tJo.;."W could. noi. be accomoda­
,ted .i..n :th.e f.i-nli:.e el.emen.i. me.tJlt. 

7 able 7 -.tJltow.tJ :th.e ob.tJen.ved. aru:L p/l.edi.ci:.ed .tJhu.d. lo~ (a{.:teJt 
CLouglt) .Oni.JJ, i:lte ~i. &ee 4i:.1ud:. levw C1./l.e .tJ1wwn .in i:h.i..tJ ZabLe. 
C Lour;Jt IuuL /l.epo/l.i.ed :th.ai. /l.ea.tJonabLe a[}A-eemen.i. UXL6 obia1..ned bei1JJeen. 
tlte vaLue.tJ 01 Lowen.. .tJiA.u:l:..tJ, but. at. :th.e f..uu,i. level,:th.e ob.tJen..ved 
val.u.e.tJ: wen..e mud h.i..g.lten.. appaAeni:l.!f due 1:.0 W/l.ackin.g. e/f.eet..ob.den..verL 
.in :th.e uppe/t wail movement. paile.Jl.,6.7Ite e.x.L6:ti..n.f} . .4JT1O..il d.Lll-eJtencu 
bei1JJeen. ih.e i:wo f.i-nli:.e ~e.tJ .could. be /l.el.ai.ed 1:.0 :th.e d.LlleJten~ 
ce.tJ .in .tJi.mul.aii.on. 01 .tJltoll.i.ng. -d!fdi.em.tJ 0JUi. ih.e un.~numbeJt 0/ 
me.tJA eleme.n.i:.IJ • . 

. !In Ezi..4J dtapi.eJt, ilut..ee ClUe ~1:.o1l.!f -d:tudi..€.d we/te cii.ed.arul. . 
/l.ea.nol.!I~ed 1Uhtg. :th.e .dame -doll panmne:f.eJt.6 and. COfL6:iA.uci..i..on .d~en­
ce.tJ 01 E1.e p/l.ev1..oUA a.nal.!fAe.tJ b!f. UAi.n.g. a f.i-nli:.e el.emen.i. P/l.OfJIUU1Z 
nmned "S0JL-S77<IJC7 711t tL/JC7<" devel.oped bff CLouf/z.,1:.o .tJee :tAe p0.tJ­
-d.L6LLu:.y. :/:.0.. U4e ELi..tJ· p/l.Og;wm .in -d.iJnLloA.. ca.tJ e.tJ • 
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Table 7.Strut Loads at end of construction,in kips(kilonewtons), 
Case No.3 (after Clough,Murphy and Woolworth,1975) 

Ob5eriled Predic fed. "vera fJ t!! 
Level Elrva fion CTveroye loads L.oads 

C / DlJ!lh',s .q no /y ~/S 7f~(lna/y"'s 

1 -15 180 83 100 

(800) (370) ( ~4S) 

2. -24- 310 31 z.. .300 

(1 ;:,80) (l,oSO) (o1,33S) 

3 -32 2.65 Zl8 eSO 
(1,1 SO) (910) ( 111 z.) 

~o .. -I/ .. uali ''''''''~' ,. ' .... r aclutd .slo'p~ 
., ............ .too .... I_ 
f . '.-": t :.' .' 

.;'" •. ': •• l 

',". ~. 

Figure 55. Predicted Failure Z6n~s-South Wall for Bowline Point 
Case No.3(after Clough,Murphy and Woolworth,1975). 



!l;/; Juu, been. /olJltCl. ilw.i:. a c1o.de p/l..ed.Lc:I:.i..on 0/ :th.e. ptUi:. 
beh.avLr:M. 0/ tlte ca.4e.6 l.lJ(L.6. ob:/:rLined..!li:. 1TllUi:. be al..t,o noi:.ed. :t.Iw.:t 
i:.h.e pll.edi.ci:ion.6 0/ bo:th. Clough. '.d ~e.d' and. /I..~e.6 weJt.e 
compJ..ei:.el.g. :th.e .dame:.' except:. . .dome l.i.:.u:1e dLlleJt.en.Ce.6 weJt.e (.ouruL 
due i:.o a dL/IeJt.eni:. ~n mei:ltod 01 .6/tolLinfJ .d!f6i:.e.rtU. lJAeJ. 
i.n. :th.e /l..eo..du..tj.6 e.6 • 

• f , 
! 

, i 
! 
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(jIAP7ffl 7 

FAC70'i6 AFFfL7JNy' 7fj11W1<A7?Y CXCAVA7JONS IN CLAY . 
7.1 JN77?OIYJC7JON 

!J n oJUleA. h> ben.e{il. {Aom tJz.e advan.io.g.u. 0/ tAe f..i.nli.e e1emen.i:. 
mdluxL i.n. ex.ca\llr1.i:i..o/tA: plUJbll!J'lU, tAe expeA.i..enced. de.tJi..grteA. T/ZU.dZ iLzke. 
CfL/Le 01 .4ome i.nzpo/dani:. f-aci.oM whA..ch. could con.i:lUJl 9"-ea.i:l.!f. tAe 
PILecli.c.:I:.ed. lLe.duliA. 71ie c.OMi...4i.eni:. lUaf}e and. lLe1i.able ~.I..u:ti.oM 0/ 
tAe f..i.nli.e elemeni:. mrd:h.od cou1.d be obi:rli..ned. b1J ~. wa.!f. 

7 Ae.tJ e /ac.i.olU' aILe tite .4i.Jnula:tion 0/ ex.co..vai:J..on, tAli. ",oLl mode1-
i.n.g., .4oLl p<LIWDlei.e:tu and. coMiAuc.:l:.i..on vaJti..abl€.4 • 

. 7.2 cFFf.{} OF !tJf]1I0IJ OF f.X(j4VA7JON 5!lfrlJLA7!lON 

/nO.4i. m~ lUJed. i:o .4hnul..ai.e ex.co..vaZi..on aILe d€.4i..grted. .40 
ilu:d tAe aci:JJal.. coruiA.uc.:l:.i..on .4etz-uence.d co..n be modeled..a.4 clo.4e1g. 
a.4 pO.4.4i..ble.An i.n.CIl.emen.:Wi. l..oadi.n.g. p/Wcedwt.e i...4 lUed. /OIL i:.lt1..6 
",.iJruJl.ailon.Cach. ac.i:uo.l. ex.c.avai.i..on .4i.ep, i...4 .4i.Jru.Jlo..ted b!f an ~va­
leni:. dui:.JU..bu;ted /olLce .4!f6zem wlti..ch. i...4 applied. i.o tJz.e ex.co..vaZi..on 
bourui.aA!f i:o lLed.u.ce .4iA.€.4.6U on i:lti...4i boundatr.y. to J-eA.O.7:lli 1-6\ PeA.­
/olUTZedb!f ~/01U1Zi..ng. tAe d..uiA.i..bu;ted. boun.drvuJ lcxuLin.g. i:o epd.­
",alent. nodal. /OILC€.4 and. ih.en app4J.n.g. ih.e oppo.ai..i.e 0/ ih.€.4e /OILCU 
to· applLopJti..ai.e nocI.aJ. poi.n.;/:A.Almo.6z aLI.. ex.co..vai:J..on .&bnula:tion Zecft­

nLqu.€4 lUJe i:hL6: g.enl!./lal applLOach., bu;t ih.€.ff di..//e.n. i.n. tAe mea.n.6 {.oIL 
dei.e.mni..nJ.n.r; tAe /-olLee .6!f.6i.em i.o be applied :to tAe ex.c.avaZi..on 
bowuia.;uJ. 

7Ae mdluxL P/LOP0.6ed b!f Clou~t and. IJunco..n i...4 ih.e. mO.6:tg.ene.JWi. 
/OIL low€./L omLeA e1emen:f..6 i.n. wlti..ch. 0n1..y. ih.e cent.eJL .4iA.e.tJ.6e.d 0/ tAt! 
elemen.i..6 'alLe known and ih.e bouiu:la.A.g. /OILC€4 T/ZU.dZ be co..1c.ul..ai.ed 
ba.t, ed on i:hL6 known .4iA.fUJ.4€4. 71t.L6 . plLOcedWl..e i...6 LLl...u6iAo.i.ed. i.n. 

Fi..f}Wl..e 56.7Ae aIL€O. i.o be ex.co..va;/;.ed .u ",!town b!f da..,Aed. l.i.n.e.d. 
Clough. and IJunco..n lLecorrunend ilzai. .6iA.€4.6€.4 on a .6egment. abc, be 
de:teA.mi.n.ed. b!f f..L:t:ti.n.f} a nonLi.n€O./L i.n.:t~n pol!Jflom.Lal. :to tAt! 
.4iA.fUJ.6e.tJ a:t ih.e cen.i:.e/t.6 0(. ilte /-0Wl.. e1emen:f..6 arljf1.cen:i. :to ih.e abc 
.6egmhd. 7 AlUJe elemen.i:.tJ aILe .a/tOwn .m F i..g.UA.e 56 a.4 1-2-3-4 • 
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J E" e aVdte,d Area ~ 1 2 3 4 - I nterpoloiion' 
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r
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.2 " 4 

Fi gure 56. Determining Boundary Stresses For Excava.ti on By I,f.'I.terpol at; on 
(after Clough,1972). 
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7hen, :tlte polvnornia1.. .i...IJ lUJed. 1.0 cal.cul.o.:te .lJUe6.IJU on ilte ex.Ct:Lvai:i..on 

. bound.cvuJ and ~val.en.:I:. nodal 10Il.ce6' OAe de£eJUni.n.ed. and applied. i.o 
:th.e boundo..tu;. in. ilte Il.~v€./UJ ed. ~ ence. 

71u...6 mei1tod h.ru been .lJh.own i.o be .lJa.i:.U/Lzci.oIUJ lOll a wide va.ll..Le­
hJol ex.Ct:Lvai:i..on.IJ, but. ilte 10Ult i.n.i.eA.pol.ation elemen.:l:.d mlUJi:. be cltoO.IJ en 
appltOplLlid..wJ when COIlJleA..6 Oil. fucon1:.in.ui.:ti.e6 in. mai.eJl.i.a.l..6 aA.e encoun.-
i.e.Jted.. .,1 _ 

,'r;' 

!J I a hLr;Jte.Jt 01lfie.Jt el.~eni. .u: lLd ed. (Linealt .lJiAai.n. Oil. above) 
.6Vtf!.,(j.IJe6: at. ea.clt node 01 an e1emen:t cauki beca.l.culrJ.i.ed.. 71u...6 al.l.ow~ . 

. diAeci. dei.emni.no.i:Lon 01 .6Ue6.IJe6 on an ex.cavaiLon boun.daA.!f.Howevelt, 
il Lt, ilteoll.ei:LcaLL!f MOwn :thai. ih.e6 e .6Ue6.IJ e6 aA.e noi. ll.el.i..ab1..e and 
iJu:Li:.. ilte mo.IJi. accwzai.e .6Ue6.6f!.,(j aile iAO.6e dei.emni.n.ed. at. .i.n.i.eA.i..oll. 
~.lJi.mt i.n.i.e.t;n-O-iLon poi.n.i..IJ. 7~ ilte de.IJi.A.abl.e pltOced.wte .u i.o cal..­
culrJ.i.e bounr./.a.Jc.y. /OI1.Ce.6 {Aom ilte i.n.i.eJl.i.on. poi.n.U.mana. (1975) IlfUJ 
pltOpo)'eda md:ltod 0/ :th..U h,;pe. I'he epU.val..eni. ex.Ct:LvaiLon bounr./.a.Jc.y. 
10Il.Ce.6 aile /ound, fOil. an ei..r;Jti. node Lt,opwzmnei:.l1.1..c elemeni.,a.IJ: 

whe.Jte: /lbnumbe.Jt of. elemerti:A whLc1t ltave a common boun.clruz.!f wi..:t.h. 
Uflex.caVat.ed. el..em~. 

[B] tidi.Aplacemeni.-.6i1u:Li..n. mai:A.ix 

{d J =.6Ue.IJ.IJ veci.oll. 
If}=veci.ol1. of. nodal. f.O/l.Ce.6 

7 he i.ni.e~ Lt, eval..uai.ed. numeA.i..call!f l.U1.n.g val.ue.d 0/ {(J } and 
[ B] at. ilte Sa-lUJ.IJ.i.o.n. i.n.i.e~on poi.n.U. 

F .ig.uA.e 57 .lJhow.6 . a pltOblem in. whLc1t a com~on of. boilt me.iluxl..6 
IlXLd made.7 he.6e OAe ih.e /Ce.6u1..if.tJ, 0{. i.lie f.i.n.i-%e e1emeni!.. ~Uo 

- U4.i.n.g ilie .6c1teme pl1.OpO.6ed by, Cl.o";'gA anti OUflcan 1011. l..owe.Jt ollfie;z. ele­
men.i.6 and i:lia:t plWpO.6Jed by, /lkma. f.0/l. h.i..glten;o;u/.e;z. el..emen.:l:.d. 7 he pltOb­
l.em I1XUJ an ex.cavaiLon i.n:I:n a fuea./l. ei..a.diLc ma.IJ.6 in. f.L;ui:. one and 
i:h.en; i:llAee' .diep.lJ.5in.ce i:lte med.ia u eia.lJJ:i.c, ilie pl1.ed..Lci.ed. belro.vLtJ", 
/Jwm ei..ilt€l1.- one olt.- fuee .lJi.e-p' an.a1!f.6e.IJ .IJ/toul.d be iJie .lJame.Clouf/z. 
and IJUflcan i.n. :t.h.ei.A. an.a1!f41-6 ltave U.lJed. a {OUA. node .i.lJopaALlllle:l:4i..c 

. elemerd. 

7lte pll.edi..ci:.ed .lJlzape.6' o/- def.1eci:.ed ven..:tLcal bounr./.a.Jc.y. /oil. bo:!:.lr. 
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Figure 57.Predicted Movements Using Different Excavation Simulation Procedures(after Clough,1975). 



iJuz.eeand. one ~i:.ep anal../fd.u. U6i.n.f} di..lleA.en:I:. pILOCedwc.e.IJ Q/l;e r;l-ven 
. i.n. F i..f}Wte: 57. 7 Iten.e ex.LtJu ~' di..lle.ttence6, in. :tIie' def.1.ec.£LofL4. 
a6:1:J:zin.ed b!fU6i.rtf} a /-OWU node .uopanomehti..c el.emen:t.,btd i:lz.e app­
lLoa.cJi of.· j?Ja.na. 1...6 peA.{.ec.:t.. 7 Iten.e/-o:ll.e, i..i:. .f.4, lLecommend.ed :!:lw.i. i.h.e 
i:.ecJin.Lque dev.eloped b!f ti}ana .tJltould be; U6ed in ex.cavailo';' plLobl.enw. 

7.3 CFF{[} OF SOJL /I1(J}/J(j3#y fYR(rtlJlJ'Rt 

7/ten.e aILe man!! mei:h.od.tJ /OIL mode1£n.f} .ld:A.e6.tJ~.di:Ju:z1.nbelzavi.olL 

0/ .lJo.Ll4 .tla.6i.i..e, norU.Lnean. e.l.aAi.i..e and. ~:to-pla.6i.i..e modw./uz.ve 
been empl.o!fed in t.h.e .d:tudi..e6o/ ex.cava.i:i..On.d. 

7 Ite non1i.n.ean. e.i.a..di.i..e model. all.ow.tJ i:lz.e .doL/..· nzod.ul..u4 .1:.0 be 
. . 

ad.fuAi:.ed coru.ui:.en.tJ.u will i:lz.e .dltean. .dUe6.6 l.evw· i.n. each. el.emerd. 
7 Ite /01UTl 01 i:lte .dVt..e.IJ.IJ-.dhw.i.n.' CWl.ve 1...6 a.d.dUDled i:.o be h.!fpen.boJ.i..e up 
:to /rzLI.wt.e, i:lz.en., iite .lJltean. nzod.ul..u4 1...6 lLedueed. :to nean. J-eJto. 7 Ite 
eio..tJi:.o-pi.a.6i.i..e model. a.d.dUDle.6 pi.J:J..tJi.i..e b eh.av i..OIL un.:tLl!fl..el.d.i.n.fJ ,. 
p~i.i..c de/-oJUTlO.i.i..on oeCUM i:lz.eJtea/.i:.en. upon {.wt.iJten. l.oad.in.g.. 

2:!:. ha.d been' .dltown iJU2i /o~ p~ctLoal pltoblem.d,i../ app~ 
plCi.o.i.e .doL/.. pQAJ1J1lei:.eJt.d can. be dtO.den., i.h.e i:.!lPe 01 .doL/.. modeLi.nf} 
i:.edtni..q,ue wLLl. no:!:. .lJi..fjfLL/J-cani:J..!f i.n./1.uenee pltedi..c.:t.ed beh.avi..olt'. 

II owev~ i..i:. i...d, hnpold:o.n.:t:to noi:.e i:h.a:t i.h.e magnli-ude6 of. i.h.e 
e.:I.tui.i..c madu1.i.. needed /om acc.ww.i.e modeLi.nf} o{. ob.deJtved' belzavloAi. 
(JA£; . .tJi..gn.i../J-cani:J..!f i.n.f.l.u.enced. bff i.h.e .doLl modeLi.n.g. :!:.e~e.!Jni,iiaL' 
irm.f}erd mod..ul.Ju, valUe6 Q/l;e needed i.o de(.i.n.e i.h.e .iJLLi.i.a.l. .dlope 0/ 
iJie .tJUe.d..6-.tJiAxLi.Jt CWtVe.IJ,i..{. a nonJ.ineiut. e.l.aAilc model. .u U6ed.~On 
ilie Oill.ell" Iiand., i.h.e ei.a..tJi:..o-pi.J:J..tJi.i..c model. U6e6 a .tJi.n.gl.e .di:A.a1..;Iz.i:. Line 
.d:Ute.tJ.d-.d~ f-un.ci.i..on un.i:LU.:. !fl..el.d.i.n.fJ i...d. lteadl.ed.1I eJte, i:lz.e .tJi:.Iu!.u-
.di:AiLi.rt cwr.ve up i:.o !fl..e1di.n.f} can. be lteplte.tJeni:.ed b!f a .tJecani:. modu­
i..U6va1ue.Clau~l.: IUlA ~ltown ih.a:t i.n. omieJt :to ob:f.ai..n. agA-eemeni:. bei:. .... 
ween ob.tJeJtved and. plLeiJ..c.:t.ed wa.1.l1.. de/-oItlTlai'.i..on.d' 0/ San F/l.CUl..6i-6co· ex.-

. cava.i.Lon .dltown i.n.', F i..[}Wl.e 58, two- dJ../-/-etLeni:. moduJ.,U,d va1ue.tJ G./l.e needed 
:I:.oltepll.e.6eni:. i.h..e :two dJ..lleJteni. .tJoLl modeLi.n.f} :!:.ecAn.Lct.ue U6ed .in. i:lti...6. 
pltoblem.An .iJLLi.i.a.l.' ian.g.eni. mod.ul.u.6 value /-oll.iJl.e Bay thud e9;uai. :to 
1200 . ~ . l1J(L6 U6 ed ~ 011. ih.e nonl.i.n.~ ela.6i.i..c model. wh..i.1.e a .d ec.a.nZ. u ~' . 
m~ va1ue o/- 360.d llJ(J..tJU6 ed /-oli ilie ei.a.tJi:.o-pi.J:J..tJi.i..c model.. 2 1:. . u 
can. be .d een :th.ai., i.h.e magnli-ude.6 o/- :l:h.e i.n.pui. mod.u1u..d va1ue6 /-OIL' ilz.e 

:I:wo .tJoL/.. model. wetr..e dLlleJteni. by a /-ac.:t.OIl. 01 10Wl.. 71ten.e/.olte, depen­
di.n.g. upon iJl.e .doLl model. emplo!fed,.be.6i:. modul.u.tJ vai..ue.tJ mU6:!:. be -ch.oo.decL~ 

-1113-



-t-
(1J 
ell 

q... 

z 
0 
r-« 
> 
w 
....l 
W 

o 

50 

100 

150 

WALL DE FL EeTION, inches 

4 :3 Z 1'0 , 
/ -

Note: 
1in :; 2.54 em 

Brace· 

RUBBLE FI LL 
-----------------

o 0 00BSERVED 

--- PREDICTED, USING 
NON-LlN1:AR ELASTIC 
MODEL. 

------ PREOICT~O, USING 
HASTO-PL ASTle 
MODEL. 

RECENT BAY MUD 

DENSE SAND 

OLD BAY MUQ 

Figure 58.Comparison of Observed Excavation Deflections to Values 
Predicted Using a Nonlinear Elastic Model and an Elasto-Plastic 
Model (after Clough,1975). 
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7.4 'P'ilOBL{JnS !IN Sfj.{[l{}N~ SO!JL (rfJ/I}{t fJA7lA/1J{}!fjl5 FOR IJt5JgI 

7/te' /UJJTl!:)(!/l. o~ p(Ul.(lJTl.de.JtA needed i;o .. deAciLhe a ./Jail. model:.. 1...4 

a /-wtcti..on. of. i:lte complexilJJ o{. ilie mode1;,i:lte .m0./J:t dedi..n.able mo­
del L6 :th.e one' w/u..ck need.4 a l...U:i:l..e ruunben; o{. pa;wme:teAA' ;/;0 be 
de{i.ned: :to ./J'.i.mula:te a /l.el.!i.a.b,le ./Jail bellLLv.i..olt~ 

lite nonl..i.n~ W.4UC fll£)d'eL A.eq.ui.Aed iJie' loilowi.ng. pcuuune:l:.eJe6 

i..1 i..:t,.i...tJ i:lte CQ..6e of. ilte uruiAa.i..ned Loading. 01 ./Jali,~a:f.ww..i:.ed. cI.a!fd; 
K -c.oelf..LcLen:t O{. lai.eJUJ.1.' ean:i:Ji, p/Ced./JlUt.e o ' 
5 -wul.n.o.i.n.ed ./JAeaA. ./J:bten~ 

U , ' e i.. -.i.n.i..:I:.1. :tan.g.en.i; modu1u..rJ, 
~ -urUoad-n.e1oacl moduuu L~ 
7? /. -CWl.ve /J-:I:.:I:i-n.g. pcuwmet:.etll ' , 

BecalUJe 7<llUJuo.iJ.J; i.../J, l1Jt eaAU!f def..i.n.ed con.tJian.i:. cuuL Gi.. ami. ellA 
aA£ i:g.pi..CalltJabout. e<t'ua,l in uruiAa.i..ned loading.,:th.e pa.;wmei~ 
.ieLec:li.on. p/Whlem Il.etiu.Ced :1:.0 fliAee valued K ,Sand ~ .• !l; :tJie 

'0. u l,..c. 1-
ci.rLU .i....d neaA:. nomna..J..4. coMo£i.da:tecl.,K 0 1...6\ a Itel.ai:i..veiv- ea.IJ!} de-
; , .... ed. con.tJi:rud:.. 7/1ie. deie.Jl.lTli.rla.ion 01 5 and. e. u ilte mo.tJi. eli/--
~.. 'u :.t.. 

/-i-cul.:t paA.1. o/- ilie ./Jail pwzmneien.. .i..den.:J.J../-Lcai:i..on.. 
7/1ie ded4;n ./J/teaA; .tJiAenfPll.' h.a...6. a ALgni-f.i-cant infJ-uence on 

pltedi..ci.e.d beJw..v'u'Il>.7Ifte elilf..LcuLti..u 1.ncltoo.4i..n;g. :tiie appltOpll.i..ai:.e 
value o~ S u. come' {Jwm imo: rrlai.n' Itea../JOn.tJ. "he. f..ut.6:t. one L./J, i:h.e 
.tJcO.:t:te.Jri. i.n i.e.tJi:. ll.etJuLt.t,.7lte ./JcalleA .i....d 1..Lh.eL!f in pan.i due ito' 

n.a.i.wta.l.. C£L1UJe.tJ a.tJ wel1.' ti6. expeJWnerdaJ:. Itel.o..i:.ed pltoble.rJUJ. 7lte .tJe­
cond. di..1f..LCJ..LUtj- .i...tJ in. evaJ..utd.i..on wlteiltelt on. noz a.iloUXlJtce .tJh.ould 
be made IOIt di.Ai:.wt6ance' e//-ecU' wh..i..clt would. lead 1:.0 .tJeleci.Lon 
o/- h.Lg.h.en. val.ue.tJ i:.h.an i.nclica.i:.ed b!f da:ta. 

7lie d.eie/U1Zi.n.a.il..on 01 ilie .i.n.i...:f.i.. i:an.g.en.:I:. modul.u..6 .i...tJ mOA.e 

di..1-f..Lc.ul..i i:lum i.h..e .6ft€aA .tJuenrflli, .tJ.i.n.ce d.a.i:a. "" co.:t:teJl: 1...6 :lypi..c0J.4. 
fYl.ea;te/t~ and dLtduA.banCe ~/le~. mOlte ./Jub.6imt:ti.al..7h.e .i..nCl1.ea.lJe o~ 
:fAe moc!.t..tJ..uA willI. i.n.CI1.ea.tJing. value 0/ Ah.ewr. ./J:Uteng;tA mi..g.h.:t. be 
expeci.ecl. Da./Jecl on f.un.dam~ c(}ncepu.Fo~ .tJoj.:t 'e/.o.VA,i:lte iJzi.:tjal. 
i:nn.r;eni:. val.ue/): deieJ7.JTLLn~ /Aom l.a.bollJl.i:.oll.!fi.e.tJi:. ll.edul..i.6 alte i.cx:J.. 

low Deca.UAe o~ di.A:f..wz.bance e/-/eci..tJ.7Jl.L6 de:tenmi.necl. va1..ued mU.IJ:i!. 
be cOlULeci:.e.d. 7 h.e wltong. CUJ.!JW12ed vaAJ ail OM· o~ moc1.ul..u.tJ val..u.e.tJ cn.n 

1.ead. :to irvtg.e di../~en.encetJ .i..n pltedJ..cied. Il.e.d ul:t6. 7< epoA.i.ed. ./Ji:.udLe.6 
and. A.etJul.i:.4 of. man!f l.a.boJULi:.o/l.Jf :GeAU poLni:. oid ilU:d:..l.a.ba/Uli:..o4!/ 
ba.6ed. mod.uJ..ud valued and .tJh.e.aA. ./Ji.A.en~ aA.e f.a;z. ;/;00 1.ow. 
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Bowline 'foi.rd and l/aJLt{.olliL ex.cavaUon...6 i.n. .tJof.i. c1a~ pl1.ove i1w.i:. 
i:lt.iA a.tJ.tJumpi:i.on LtJ col1.l1.eci:.. qbv 1..oUA''-!h U LtJ po.tJ.tJ1..b1.et.o. adju"di:. i:h.e 
mod.ul.Lu val.u..e6 obi:ahted. Pwm .tJi:o.rtda.A.:t un.dAa.i.n.ed iA.i.axlal. ;/;e..di:i.rtg.. 
But i:h.en :I:lte 1611e.tJi:i.on become..d, "h.ow much. h.i..~eJtJ", and %lr.e ClJlAjlUeJt 
TTZlU;/; depend upon man!f {.o.ct.oM, .tJucft . lUI i:.ype 01 c1a!f, amouni:. 01 ove.n.­
con...6ol.idaiLon 0/ i:h.e eli:L!f,.den.tJli:.Lvli:.tj 0/ i:h.e c1a!f and 9;uo.!.;tv- 0/ 
i.e.di. Pl1.ocedwt.e.tJ.A mod.u1u..6 va1.u"e blUled on 600 t.o 800.tJ .. eem.d t.o .u 
~v e l1.epl1.u en:fo.:I:i.ve p/l.ecli..ci:.ed moveme.rz:l-6. 7 h.LtJ va1.ue LtJ· h.i..r;A4. bM ed. 
on CLLde h.LtJ:I:.o1t!f .tJi:.ud.i..e.t1, but h.ow lJerte.JUJl. :th..i...d f.i.ndi.n-lJ LtJ /l.emai..n..tJ t.o 

· be .deen •. 
. 7 h.UA,:I:.o led f.uli!f con{.i.deni:. i.n. /J.ni-i.e demeni:. P/l.edi..ci:i.on...6, 

mo.!! no;/; be .tJai:L6{.o.ct.ol1.!f /O/l. an en.r;J.n.eeJt wi.:th.oui od.d} ii..0ru:z.1. meczn..d 
01 COI1.l1.O boltO.iln.lJ i:h.e /l.fi.d u1..:I:..tJ. 

7.5 rROBI.{jIJS !JN7WlJIJa,n BY CONS77?IJC7!JON' VA7dABL8 

C On...6hutci:i.on vOA1.o.bl.u /l.ep/l.e.t1 eni:. UJU1J1;/:i,.cipai.ed corwi:AJ.J.ci:i.on 
pA.Oblem.6 O/l. clw.nlJu wh.i..ch. a//eci:. ex.cavai:1..on beltav.iol1.. 7 h.ue eveni:..tJ 
a/l.e /l.ela:t.LveJ..v. common du~ to n.a.Z.un.e 0/ i:h.e :l:.empo/l.O.ll.!f ex.cavai:i..oTLtJ. 
7 h.ue a/l.ej 

1-7 h.e con:bw.c:I:.o/l. fo.1,U beJti.nd .tJ ch.edu1e O/l. ~ a paJt.i:i..cuiaA.. 
concep:l:.. UTUUOn.kab1.e and clw.nlJe.t1 i:h.e ~ettuen.ce 01 COn...6iA.uc:ii..on and 
even. :!:h..e .tJh.o/l.i.n.g. .tJ ffd:l:.em. . 

. 2-Sun.dlO..l1.lJe l.oa.d..d a/l.e pl.a.ced in l.ocnii.On...6 no;/; e:xpeci:.ed. 
3-7h.e :l:.empo/lO./tff ex.ci:Lva:l:.i..on pl.a.i:/o/UTl U oVeJtex.cavai:.ed be/ol1.e 

bllO.ce i.n..tJ:t:a.l.l.a:tLon. 

4-9mp/l.OpeJt 1.n..tJ:I:o.l.J..ai:i.n 01. anch.o/l..tJ. 
7 h.~e aru:l. man!f 0:!:h..€Jl. ./Jome:l:.i.mu .deemi.n.t;1!f .tJlTIa11. de.i:tJ.LU h.ave 

been I?fl,own :1:.0 modil!f ex.cava:l:.i..on p€Jl.lollJ71O..n.ce dAoAi:i..co.ll.!f • 
. ' An example .tJh.owi.n.g. i:h.e e//e~ 0/ one ./Judi i.n.ciJleni:. on/J.ni-i.e 

d~eni:. PI1.edi..c.:I:1..on-tJ ocCU/Uted i.n. 11an.:t/oIliL, C onn.ec;tLcut.!J:I:. Iu:u: been 
A.epoJt:l:.ed. :tIw..:t. r.LWu.ng. :!:h..e ex.cavation wh.i..ch. IJ.1fLd :1:.0 be made i.rdo .do/J:. 

· Va/l.v~ c1a!f, i:h.e .duppoJt:l:. .dffd:l:.em IJ.1fLd olli..~J i.n.i:.eru:Led :1:.0 be a . 

4l0i..r.LLeJt pi..1.eand l.o.g.~lJ UJOJ.J... 7 Ite uxdJ.. LtJ lied-back will two 1.e-
· vw o/i.n.cl.i.n.ed :l:.Le-bar:.lUJ andw/l.ed. i.rdo an u.nd.enl.!fLnfj :I:.LLl l.a.!feJl.. 
Howeve.JI., eaJZl.!f i.rdo :tlte p/l.O;jec:l:., iAe conhU1.c:l:.O/l. .tJouglti:. and IJ.1fLd . ~ed 

. ;boo ch.anlJu. 7 Ite /J-n..6:1:. one IJ.1fLd :th.e pl.a.cemeni:. 0/ a -6U11.duutlJe 1.00.d..d 
0/ up i:.o one m~e.JI. 01 f-LU.7lte -6econd. one IJ.1fLd :th.e clw.nfje i.n. anch.o­
/W.g.e .tJffdi.em .tJucft a.tJ a ..di.nfjl.e dea.dman. andw/l. ..dffdi.em could be UAed 
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Note: 1 in = 2.54cm 

DEFLECTION, in. 

4 2. 0 
I I I 

GLACIAL TILL 

(0) Original Prediction, Intended 
Design, Su = 400 psf 

I 

OE FLECTION, in. 
6 4 2.. 

J I I I I I I 

3 ft. Surcharge 

Tieback to 
Deadman 

. Varved. 
Clay 

GLAC IAL TILL 

(b) Predicted Behavior Changed 
Construction Conditions, Su =400psf 

Figure 59. Predicted Wall Deflections,Hartford Excavation,Showing 
Effect of Construction Changes on Pr~diction(after Clough,Murphy 
and Woolworth,1975). 
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in lieu 0/ ih.e duaL .i.n.cl.J.n.ed an.ch.O/l. .d!f61.em.C1.oug}t hru /l.epoA.i.ed 

:!:hrd. bff il.ep~ tlte f..i.nLte e1emen.i:. ano.l.yAetJ and ac.comod.a.:l:1.n.g. 
tlte ch.an.g.ed corud:.lw.c.i:i..on condi..ii on.d,:th.e p/l.edi..ci.ed maxi.JTzum wa1.1. 
def.1ec.i:i..on,a.d .dh.own 1.n.. F1..gwt.e 59,'u 15 CJn,a 100 peA.cerd 1.n..C/tetL6e 
oven.: :th.e o~~ p/l.edi..ci.i..on. 7/~, con.diA.uc.:ti..on vaJLi..abLe..d conhtL­

bui.e an. ad.d.J lional un.hn.own" e1emen.i:. wluue el/ew on behav1..o/l. 
can. Lead :to" i.n.a.c.Cl.I.IULi..e conc1.u1..on.d (.n.om f..i.nLte element. pll.edi..c.­

i:i..on.d. ". 
," 

7. 6 SI)/I1II'A'RY 

J n :tJti...d chap1.eIl., (.aci.oM a/leci..i.ng. 1.emp0lUlA.!f exco.vai.i..on.d .i.n 

.dof.:t. clo.!f lUeJl.e detJCA.i.1Jedj :tJl.e..IJe cvz.e, i:h.e me:th.od 0/ exco.vat.1.on .d1..­
muio.:ti.on,:th.e :bJpe 0/ .doi..1. modelLn[h .doi..1. pwwme:teJl..d an.d COn.diA.uer­

i:i..on .d ~eJtc.e.d. 

J 1. rnu..di:. be no1.ed :!:hrd. :th.e above men.i:.i..onn.ed (.aci.oM cvz.e :to 

be COn.di..den.ed a.d con.:bwili.n.g. pam:une:tett.d 0/ p~ .i.mpon.:tanc.e 
. dwr..Lng. tlte anoJ.JjAetJ 01 ex.co.vai.i..on.d;an.d eVeA.J.J .dmaLL ch.an.[}etJ on 
tltem rnu..di:. be /l.e{.1ec.i:.ed i:.o pll.edi..c.i:.ed /l.etJul.i:.6 .!JmpA.Ovemenh O/l. 

/l.eanol..!fAetJ ~i:. be made,1../ nece.d.dOA.!f. 
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CIIA'P7ffl 8 

CONCW5!JON 

A~ Iuu' been. Ll.i.Ju,iAai:.ed. :t.lwA {.ri;t, excavai.i..on i.n.~of.i. cl.a!fd 
. /l.~u a de:l:oiled. i.n.v~~n p/l.OrJA011l .in. o;uleIL :to be ~ol.ved. 
bff lM.in.!}·. a f-i.ni-i.e, e1.emen.i:.· arw.1.!fdu. 7 Ae expe.ll.i.en.ce 0JUi /l.epolded 
ClUe. 1Lu:to/l.ff~i:.w:li.u have been. lound. :to be VeJUj lUe!u1 :to obi.ai.n 
/l.ea.4on.abl.e p/l.edi..c.:ti..o~ i.n. ex.cavail..on p/l.Obl.erM.S.in.ce i:h.e ~i.ai:.e--ol 

. -i:h.e--a.A.i:. .i..tJ no:t well ~tabiliAed .in. :t.h..i...d OAea, adrl.i.i:Lon.al. CDJLe 
17UJ.,di:. be ~ven. :to ob:i.ai.n. a .MJ.i:L6f.ac:tolt!f 0JUi compl.e:te ~.i..tJ. 

A~o, i:h.e p/l.obl.em.6 .in.vol.ved. .in. def-uU-n.!} ~'oLl. pcuwme:teAA 0JUi 
coMi:Jw.ci:.Lon 4J~1J.en.c~· make "pWLe p/l.edi..c.:tLon" 0/ i:h.e beh.avi..o/l. 01 
i:.empolWAff 'ex.cavail..o~ by {.lnli:.e. e1.emen.:t an.a1.~.i..tJ vetUj. dLlP-c.ul.:t • 

. 2n ceA.iai..n. ~iancu i..:t mo.!f be po~~i..bl.e, bld .in. !}en.emzl. i:lt.u wLLl 
noi:. be i:h.e CLJAe.CiJJugft. 0JUi /lJana p/l.OvLde an ob~eJtvai:i..on.al. app/tOacA 
wh.i..cli obv1.ai:.~ manff 01 i:h.e lluui:.LoM~luww1i.n.g.. i:h.e "pWLe p/l.edi..c­
i:i..on" :ted~e. 7Ae p/l.Opo~ed mei:h.od COMUU 0/ i:h.e fal1.ow.in.g. 
~i:.ep~: 

1-7 Ae p/l.Oj.ec:t .i..tJ ~:tud.i..ed. CDJLef.u14. 40 ad :to pA.Oduce /l.ea.4on­
abJ..e. u:ti..mo.:t~ /O/l. ~oLl. p/l.Op..1.e and gA-ound. wai.eIL tabl.e l.ocai:.Lon. 
Labol1.O.i:.o/l.!f :t~u OAe peILlollDled on /l.ep/l.~en.Zail...ve ~oLl. ~ampl.u.An 

ex.pec:ted. co~i:Jw.ci:.Lon ~~en.ce ;U ~tabiliAed. 

2-1J~i.n.g. i:h.e b~i:. avaLI.a;bJ..e .in./-ollOlail..on 0JUi a /l.el.aJ:.LveJ..v. ~impl.e 
mode1., an .in.C/l.emen.:toJ.. f-i.ni-i.e 'e1.emen.:t ~u, .i..tJ PeA.lollDled.A ccep­
tabJ.u- COMeA.vail..ve ~oLl. (X1.JWIlle:teAA OAe empl.offed. .in. i:h.e an.al.~u. 
lite ll.uul.U 01 i:h.e ~ OAe v i..ewed ~ P/l.e.I.im.i.na.A.!f and. odubj.ec:t 
:to modLp..ca.:tLon. 
, 3-71le p/l.O-jec:t u· ~buunen.:ted ~o ilw.J:. def-l.ec.:tLoM 01 :t1te 

. wa.1..J.. ~!fI'i:.em and ~oi..l. ~od: can be m~WLed.J nili.al. excava1:.Lon i...d 

mo..cle and at. i:h.U odtag.e ~oLl. condu:i.olL6.and colL6i:Jw.c.i:..U:Jn odequen.C~ 
OAe eXo.mi..ned :to dei:.en.m1.ne i..1 anff ~w.nf}~ e.xi..4i:. /l.el.a:ti..ve :to i:h.o~e 

. CUJ~umed i..n i:h.e ana1Jj.6 ~. 
4-Foilow.in.g. ~i:.ep 3, a /l.ean.al.!I..6.i..tJ 01 i:h.e p/l.obJ.em u und.e/l.:fah.en. 

,i..I: 
a-SoLI. COrULUi.OIL6 O/l. cOIL6i:Jw.ci:.Lon ~et&uen.c~ OAe dLlleA.en.i:.· {.;tom 
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iJl.O.6e a.6.6wned .in. iAe oltLg).nol. anal.!f.6L6. 
b-7lte ob.6eJtved .6oll and wail delJ.ec.i:i.on.6 OAe dL/~e!Len.i:. f.;wm iAo.6e 

P/l.ed.i..ct.ed. 
5-!ln iAe /l.eanal.!JA1..6 I a.n.u-' c.ltf!.nfJed con.dli:i..on.6 OAe accomorlo..i.ed 

and .6oil padzme:teJt.6 OAe ~:l:.ed COn.6L6:1:.en.:I:. will tAe compa.A.i..6on 

O~ pitedi..ct.ed and ob.6 eJtved belw..v 1..0/l.1 e.[). 1 1..~ .i.Jz.1..;f;.ia p/l.edi..ct.ed de/-­
J.ecii.on.6 OAe :1:.00 .lwz.g.e, .6oll .6i1..f.(.nt!.tj,6 and! 011. .6i:ILeng:tA 1..6 J..nCltea..6ed.. 

Ad.juAdmen.:1:..6 .in. iAe panmne:tw OAe made un.:tLlan ano.1.!JA1..6 !f1-el.cLJ 
. afJA-eemen.:l:. willi iAe. eaJti.v. ob.6fJJl.ved. belw..vi..o/l.,and wlten afilteemen:!:. 1....6 

ob:f.ah1.ed .in. , tAe eaM.!I :tJi.a.[)e.6; iAe p/l.edi.cii.on.6 f.O/l. :l:h.e f...i-na1 .6i.a.g.~ 

.6h.oul.d /l.ep/l.uen:t acc.uA.CLi:.e valuu. 
6-COAef.y). conhwL 1..6 rnai.n.i:o.1.ned. dwdng. .6ub.6~en.:I:. COn.6i:m.tc.i:i.on. 

:1:.0 i..n.6U/!.e i:lta:I:. no {.wdJte!L devi.a:tLon.6 OCCUA:. .in. a.6.6wned .6oU condL­

i1..on.6 and COn.6i:m.tci1..on ~~ence.6. 
7lte above de.6c1tLbed p/l.Ocedwte 1..~ p/l.Opw.!/ U.6ed .6h.oul.d J.ead. 

:1:.0 acc.uA.CLi:.e and /l.eLi.abJ.e PIl.edi.c.i:i.on.6 of. ex.cavai1..on belw..vi..oll., b!l 
U.6.i..n.g. a {.1.nll.e e1.emen.:l:. metAod. 

7 Ite (oilow.i..n.g. con~i..on.6 can be d.Amun {.;tom :l:h.e 1l.e.6ui.U 'o~ 
CQ..de lli:l:.oll.lJ .6i:ur1Lu and iAe l.abollf1.i:.oll.lJ :l:.e.6U on 11 f.ull--.6 ca1.ed" 

.dpeeim.en.6 • 
!J:I:. h.a.6 been .6!town i:luz:I:.l :l:h.e' .6i.mul.ai1..on o~ ex.cavai1..on. J..n a 

{.1.nll.eel.emen£ a.n.aJ.gAi...6, can be don~ b!l a nwnbeA.o~ dL~~en.en.:I:., btd 
.6(J.:/:,W{.a.ct.oA1f P/l.Ocedwte.6. 70 be acc.uA.CLi:.e/.i..n. ilte ca1.cu1..a:I:.Lon. 01 exca.­
vai1..on. loll.cf!.d 1 eLutect. ca1.cu1..a:I:.Lon :l:.echru.que U.6.i..n.g. !tJ..gJl.eJt omieJt el.e­
men:1:..6 .de~ :1:.0 be iAe be.6:1:. one bui:. o.,Uo a IoU/!. 'node 1..6opanmnehr.i..c 

el.emen.:l:. .6!toul.d be WO .6ai:1...4{.a.c:I:.oA1f bui:. 1..:1:. lI.etpJiA~ mO/l.e d.D.i:o. :1:.0 

.dpecJ..l!f i:h.e excava:l:..Lon. .d~.uen.Ce.6. 
U.d.i.n.g. e1..:th.eJt4 n.onLi.n~ e.J..ru,i1..c O/l. e.J..ru,:I:.o;...p~i1..c .doll model..' 

iAe :l:.empo/lJ1./l.!f ex.cava:l:..Lon. beAdvJ..o/l._ .i..n. .60{.i:. cl..a!f.6 can be lI.€a..donabi.J; 
, .di.mulo.:I:.ed.WJ..ih. iAe app/l.OpAJ.af.e .doU p<UlI1Iize:l:.eJt.61 e1..:th.en. model. can be 

made :1:.0 Lead :1:.0 iAe .dame PII.edi.ct.ed ex.cava:I:.J..on belw..vJ..oIl.. 

!J n g.ene.JW.1.1 f-o/l. .6 0{1. cl..a!f.6 1 :tlte value.6 0/ .6!teaJL .6i:ILeng:tA and 
:l.an.g.en:I:. mod.ul..t.u, OAe dJ../p-cu1.:I:. :1:.0 pJied.J..ct.. Foil. {.1.nll.e el.emeni:. .di:ur1Le.6.i 

i:ll.e.6e {.a.c:I:.olI..6 hn.ve a pwTlaltff i.nzpoA.ian.ce .in. iAe p/l.ed.J..ct.ed movemen:l:.6. 

7 Ite.de p<M01Tle:l:.w, lute (XlAileuJ.a;J.!I CltUci.aJ. :1:.0 :l:.empollD.lt!l ex.ca.vai1..on. 
.di:ur1Le.6', becau.de o{. iAe d..ut.ect. Va/l.i.a.h· on 01 ClLi.:ti.ca1. .6oU .de:t:tJ..emen.:l:..d 
will :tkem. 

-120-



IJiA:f.wz.ban.c.e elleWl 1.n. laboJULi:.oIl.!f- 1..etJii.!tg, appaAeni:1J1 1.ead i:.o. 

~i..gni-f.i-CJ:J.Td:. ll.edu.ci:i..oM in mea.dWLed. ".!JoU mod.ul..J.u valu.~. 7 hi..4, 1.n. 

iwut 1.e.a.dA i:.o -dgnLf.i-CJ:J.Td:. OVeA.pll.edLc;lLoM 01 exco.vail.on movemenU 

.by. /-i-ni-i..e el..emen.i:. ana1../p~ Il.el.!fi.n.g, .601.el.y. on labo/lLdolUJ 1..~1.. Il.&­
.6uM.An ~:/:.emen:l:. 01 :th.~e panmnei.~ ~AouLd be made baAed. on 
:th.e Il.~~ 01 CD..6 e Ai.A:to1l.fl .6:turl1..~. 
. !J 1.. }UU. been. 10uruL ilLat:. ill.e pll.edi..c.i.ed. Il.~ulh 01 CD..6e ~:toIl.JI 
.6:t.udi..u could. be obkWted. bJl Uding, a m€.6h. compo./Jed. 01 ./Jmall.e/L 
fUJIllhe/L 0/ e1.emen.Z..6 t1w.n.:th.o./Je 0/ iAe oJZJ..~ ~u. Bid in. d&­
./J~ .6iag,e, fjA-e.ai..CD.Il.e rnu.61..' be ffLven. :to iAe .6e1.ec.i.ed. el..emen.i.. conf.i-­

~n. 
CAang,e6 in. ex.co.va:t1..on ~~uen.c.e.6 Oil. .6uppold .6/p1..em dui..r;n. o{.i..en. 

Zohe p1.ac.e d.wU.n.g.. C.OMiAu.c.:ti..o[l,:th.J.A· 1.ead i..o wtani:1..cipai..ed pe/Lf-oll.­
ma.n.c.e.A con.i1.n.uoU./J c.oninc.i. .6h.ouLd be mai..n.:ta.in.ed. beiween. i:h.e confAac.­

i.oll. an.cl:th.e d~.i..r;n.e/L in. OMe/L i..o con.:hw1. iAe pll.Of}/l.U.6 01 :th.e ex.ca­
vai...i..on.!J .6ol.ai...i..on 0/ ill.e /-i-ni-i..e el..emen.i.. anal.!fdiA f-;wm i:h.e ac.i..ua1. 
./Ji:o.g.u 01 coMi:Au.c.i..i..on can lead i:.o fohe pll.edLc.i..i..oM. 

BJI coMi.d.e.tU.ng. ail. tJr.e above men.:tLoned pam:vnei.en.A,i..i.. mUd:/:. be 
.6i:ai..ed. ilw.:t iAe pll.OrJAflDZ Uded. in. :th.J.A :th.uiA c1.o./Je4 PIl.ed..i..d.IJ :th.e 
Il.uui.:u obiLU.n.ed. b!f pll.ev.i..oU.6~:t.udi..~:~, Li i...IJ pO./J.6i..b1.e i:.o Ud~ i:h.U 
pll.OgNlIlZ i:.o pll.e.dJ..c.:I:. beh.av.i..oM 01 f.ui..wz.e .6~ ex.cavaiLOM i..n. 

cla!f.IJ. 
Beco.U.6e o/- dLlf.i..cu1:ti..u :1.n. .6el..ec.i.i.ng. ./JoU p<VUimef..e/L./J and 

a.n:tLci..pai:1.n.g. coMiAu.c.i..i..on dlO.il.[}.~,:th.e /-i-ni-i..e el..emen:l:. ana1..!f.IJiA .6h.ould 
be i.n.coA.po/lO.:l:.ed. .i.n.:I:.o an 0 b./J e/Lvational. pll.Oc.edu.Il.e. 7 J,..u ailOW.6 (.oil. 

. Il.~U' i:.o be pe/L/-O/llTled: .60 a.6 .i..o ac.c.omodai:.e be.ti:.e/L ./JoU fXVlD!1Z&-
1..e/L' €.6i:i.ma.:l:.€.6 and.' coMiAu.c.i..i..on c1w.n.f}e.6. 

WAen. pll.Ope;zl.g. ui:i..LLJed,a f..Lrui.e el.emen.i.. ~iA c.an. be 
~ expec.:l:.ed. i..o ffLve. U./Je{.u1de.tJi..gn. in./-omOO.:ti..on and ll.e.liab1.e peJtlolllT1OJtc.e 

pll.edi..c;lLon.6 loll. 1..empolUVl.!f ex.caVaU.OM i..n. .60{.t.. clc.!f6. 
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AtpPfjll1JX A 

!In ::l:A.e iJtCll.emertZai. anO.1!f6e.6 of. ex.co.vail..on pltObLenuJ,:th.e 
g.eomeiJz.g. of. :tlte plt06Lem UA:L6. CQn.i:.i.IuuLl4 ch.o.nglng. wli:h. each. iJt­
CIl.emen.i:. :MweVelt,0rUv- one {.i.rili:.e eJ.emen.i:. me.6h. ux:L.6 empLo!fed /-011. 
eadt pltObLem off de.d.Lgnl.n.g. :lJz.e metJz. :to account. /-011. :lJz.e i.ni..:ti.aL 
g.eome:i:A.!f, exco.va:ti.on '}eomehuJ and '}eome:l:A..ff d.wtin.g. an.ch.OIl. i.n..6i:al­
l.ai..Lon.A£i.eAJ:J.ii..ofL6 i:.o ,:tlte me.dft ,/-oA. eacA iJtC/Lemen.i:. W€II.e accom­
pilifted. bff dtan.'}e.tJ of., ma.;tw.a.l. p.n.opeA..:tLe.d f.OIl. :tlte app.n.oplli..ai:.e 
el.emen..:fA, e. fl. ,excava:l:.ed eJ.emenZ6 We/Le M.6L9fLed vettg. Low vaLul!.l 
of. mod.ul.J.u~ ;br). lI.epll.e.6en.i:. a..Ut, and ll.etUJ~ed. conCA.ei:.e mod.ul.tu 
"aLue.d :to ~e pl.n.cemen.i:. of. conCA.ei:.e. 

!l n addLti..on ;to tlte '}eomehtJf of. ::l:A.e me.tJft, :t.h.eA.e all.e 'a rwmhelt 
o{ oi:h.eJ1. COn.6i..dem:Lti.ofL6 iJt dedLgni.n.g. :t.h.e {.i.rili:.e eLemen..f. ml!.lft 

/-on. an excava.:ti..on .6i:.udg, i.nc1.ul:LiJt'} :lite /-oliowi.n.'}: 
1-NumbeA. of. eLenien:l:A.; Il.~ed to appll.OpJti.a.Zel.g. ll.eplLe.6en..f. 

i/te ex.co.vaUon f.OIl. :tlte pwz.pO.6e.6 of. obiai.JLi.n.'} .6~f.aci:.o'41 va­
.l.ul!.l of. def1ec.ii OTL6. 

2~Loco.:Uon of. l.a.z.f!.AOl. 60unrlwued 
. 3-Accoun:ti.Jz.'} f.OIl. El.e p/t.etJertce of. J.n.i.eltf.ace eJ..emen.U d.wtin.g. 

i.ni..:ti.aL and ex.eavail..on pluue.tJ. 
IftetJe COTL6i..deJW.iLoTL6 aILe cl.i..-lJCLLd.6ed .in. .6uh.6eqpMi:. 4Jeci:1.oM 

o/-~ appendix. 

N umbeJ1. Ot cLemenU 

!In oJUie/l. 1:0 ml.Jti.mL~e i:h.e amoun.:t of. compui:.eA. i:J.me A.~ed 
f.OIl. i:h.e ~e.tJ,li UJa.() detJi..An.bLe to m.i.n.i.mi..~e :tlte numbeA. of. 
el.emenh empk1!fed /-oil. ilte plt06Lemj Iwweve.tl., u. I.lXLd a.Uo de4JiAed :to 

iJ,rje a .6u1Jo.bLe n.um.betL of. el.emen.i..6 .60 ilw.i:.. an accepi:a.bLe degA.ee 
of. acClJAt:LCff could be a.li:ahted.i.n :t.h.e .6:1:Auchuwl. def.Leci:1.oTL6 
and .6i:.1l.f!4.d€.d. Ike derJA.ee 0{.. aCCU/ULClJ ilu:d. lT1lL!f be 06iJ:Li.n.ed .in 
.6i.mul.a.ti.n'} a pa;t.ilcula.n. mode of.,6elw.v.io1l. will a gi.ven. num6eA. 
of. {.i.rili:.e e1emenU of. a pa;t.ilcula.n. hJPe dep~ upon MW clo.6el.g. 
:l:Ae fupiacemen.:l:. paileJtn a.6.6umed .i.n deveJ..opi.nr; i:h.e eLement:. 
.6:li.//ne.tJ.6 COlLILedpOru:Li i:o tJz.e pdA:li.cul.tuz. mode 0/ belw.v.ioll. de.6iAed.. 
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Locai:Loru.. Ot Lai:.eNLl.. BowuioA1..e.6. 

In CtUJed 01 exc:o.vati.on pA.Obl.enu, Li l/XL./J. detJi..Iw.bl.e :to l.ocai:.e 
J.o.t€.tud bowuioA1..etJ .dO i:/w.;t Mev- would have a negl.i..ffLbl.e etfect 
on Me ex.cavaiLon behavi..olt.Becau...1e i.n. ~.di. CQ..6€.d ilte c.enf.eJLll.n.e 
of. ilte excav.ai:i..on l/XL./J a l.i.n.e 01 .d!fnmeiJz.g. al.onf} wlu.ch. def.1.ec.UoTL6 
~ould. be ven.i1..cal.,:tJl.iA Line of. .d!f1l1me:bt.!f I/JO..{j taken. M one ot i.h..e 
ifl.:tetVLl bowuioA1..u and IJJCl4 Iteplteden.i.€d b!f a Line o/ltoiletU wlu.c1t 
plteven.:ted 1wR.i..p;n.i:o.l.. movemen.:i.6 but:. .al.Lowed ve/l.i:i.c:o.l. movemenh. 

/I oweveA.., ilte oilte.Jt bouru:/o.Ju; h.ad. to be l.ocai:.ed. a ~ul?Lc1..en.:t d..uiwtc.e 
CJllXL!f /Jwm ilte ex.co.vaiLon .dO :tlw..i. i..i:A i.n.{J.uenc.e on ilte behavi..olt 
0/ ilte UKLLI.. IJ)(J..d ne.r;J..LrJihl.e. 

J nZtVt(.ac.e cl.emen.:i.6 

BecaUAe ilte fhU.:te element. mull. lJXLd dU1..gned :to ac.count. /-olt 
i.h..e c.ompLei.ed r;.eomehl.!f 01 i.h..e exc:avaH..on M weLl M ilte i.nLi:1.o.l.. 
and i.n.i.e.tzmedi.a.:t.e r;.eomeht1..u,pA.Ov1...d1..oru h.ad. i.o be made :to .i.n.c1..ude 
tlte i.n.i.eJt./-ac.e elemen.i.d /.Olt ail 01· tlte.de c.ondi..:tLoM.lloweve.Jt, f.olt 
i.nLi:1.o.l.. and excavation c.ondJ· ti..oru,:tlte .in.i:.eJt.f-a.c.e el.emenJ:4 luuI. :to 
heiw.ve M 1..1 ilte!f welte noi. pltuent.. 

Belolte ex.c:o.vaiLon, an 1..nf.eltfac.e elemen.i:. be:bueen an!f iwo 
i1uo-dunen..d1..onal.. el.emenU .d/tou1.d. lw..ve been. l.i.Jw..c:I:1..ve" and mtVteJ.v. 
~·eJtvt!d i.o mai.n.:I:o.i.n. nodal. po1..ni. c.ompa:tLb.i.1i.:b;, 1... e. , noi.· :to aLlow 

. antj itel.ai:Lve movemen.:t he:bueen. a.d.ja.c.eni. el.emen.i:A.7 0 .da:ti..t41f :tlti..d 
It~emen.i., ilte nolllTlO.1 and ~h.eaA.i.n.f} .di.1..f./nu~u welte M~1..gned. VetLlj 

i.o.Jtr;.e vaLue.6, (US .d/town i..n. 7 abLe 8. 
Af..i.eIt ex.co.va:ti..on 01 an i.n.i.e.n.f..a.c.e e.lemen.:i. and. i.h..e a.d.ja.c.en.Z. 

i1uo-dimen.d1..onaL el.emenU, tlte .l..rdtVt{ac.e e.lemen.i. ~h.oul.d. noi. i.ndu.c.e 
antj 1..nf.€.AO.c.f.i..on wi...i:lt. ilte newL!f plac.ed. nni.~ un.:ti.il :th.e a.d.ja.­
c.ent. i1uo-d1.meJlA1..onal. eLemen.:i.6 Q./te p1.o.c.ed. FOIt iltuc.ond..i..i.:1..on ilte 
ven.V low ~i.:1..f./netJ.detJ ~/town i..n. 7ahLe 8 wen..e empl.o!Jed.. 

Upon and a{.i.1Vt. ac.i:i..vai:.i.on, ilte i..n.:len./-ac.e elemen.u mo.!! Iw..ve 
FOWl. a.dd.i..:ti..onal. pO.d.d1..hLe .dW 0/ .d:ti..//nu~ vaLuu,a-d ~h.own i.n. 
7 abLe 8. 7/tetJ e .d:ti..f./ne.d.d vaLuetJ ltepltU eni. tlte 10Llow..i.n.r; c.ondli:J Ofl.d : 

1-7 h.e i.n.:I:.en.f..a.c.e hei:ween. :th.e R.i..gi.d. c.onC/teZe and i:lte newl.JI 
p1.o.c.ed "LLp.ti.d." bach.f.i..llla.!leIt~ 

2-7 ke i.n.:I:.en.{.ac.e wuLen.. nollfTllll. c.orul.i..:ti..oM. 
3-7lte 1.n;ten.{ac.e upon .d/tea.A;. f.aLl.wr.e. 
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Table 8.Stiffness Values For Interface Element Under Inactive and Actiye 

Conditions. (after Clough,1969). 

Condition 1<5 k 
S-tatos n 

lb .Icu . . it. lb. leu. ft. 

Betveen Solid Elements 1 .)C 1011 1 )C 1011 
Inactive. 

Between Excavated BIQ~~nt& . l.x 10-3 1 X 10-3 
., .. 

! .. tween Concret", a.nd N~ly PlacQcl 'Layer 1 )( 10 -1. 1 ox 10 S 

.NorrnlJ.l Ope ro.tiof\ As Ca lC111ateci 1 )C 10 9 

Activ;t 
Shea.r F.sLlure. 1 x. 10-a 1. x 10'. 

Tension l"Ailure . i )( 10-& 1 )C 10-5 



·4-7Ir.e i.nt.ett/ac.e uponi.etL6Lon f.a.L/.1ut.e. 
SIr.eaA.. f.a.L/.1ut.e of. i:h.e 1.n.i.eJt/.ac.e element. UAI.JIL!.l.!J 0 c.CUJUted onJ.v. 

dwti.ng. i:h.e pl.ac.emeni. 0(. Me f.ew l.affeAA i.mmedi.ai.el!J above i:h.e ' 
elemeni..:Jn /.aei:.,li:. Il£L6 been f.owui i:lw.Z. eVeA!I i.n.i.ett/ac.e f.aLl.ed 
upon tiLe pi.ac.emeni. of. :l:A.e ~i. i.a!leAA i.mmedi.ai.wJ above, an.d 
i:lw.i:. f.OIl. iiu c.orul} ti on Me. /I o've.JlAlwoi." 0/ i.M. allowable .dlr.e.an. 
.diJZ.e.d.d 11J(L6. V€A.!f .La.ttg.e. 7 ~ .i.n.clic.ai.ed ~ i:lte f.uLl pu.c.ilon I.IJ(U 

be1.n.g. developed wuLett :l:A.e.de .Ln..i...i.ial.. 'c.orulLti..OTL6. 
J i. Ld ecorwmLcaJ. :to ex:I:.end i:lr.e veJZ.i:i...c:nl. i.n.i.ettf.ac.e el.emen.:l:.d 

:l:luwug./r. :l:A.e wlr.ole me.dlr.,. 7 hL6 aLlol/J.d Me ruonbeJLi.n.g. 0(. :l:A.ii nodal. 
po.i..n.t:A i.n. tlte ven.t.i..ea1.. dVtec:U.on would.. be c.on.i:J..n.oUA 1 lI.e.lJul...t.J.Ag. 
in. aBl1l1..ilett .del 0/ etjUnt.l.OTL6 :to be .dolved f.OIl. each. ,ana1..!f.d,u, and 
:l:A.e/l.eb!/ Il.e.dul..ti.n.g. in. a .dtivin.fJA in. c.ompuiett i:ime.7Ir.e 1.n.i.e.Jtf.,ac.e 
elemeniA UJ!ti..ch. l/Je.Jte 1..oc.ai.ed between adjn.c.eni. iwo-rlinu!JULonol. 
e1emen:1:.4 of. :l:A.e .dame mai:.eJti.o.l.. wette kepi. in. QJt. iJII:u:.Uve c.oru/.J:u.on 
tluwugltouZ. .:l:A.e anol.!fdLd. 
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