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This piper invertigites the effect of neplactineg the non-linear hehaviour of
tha poll In o mtructure-gcil interaciinn analyals of plasa walls with openirgs.
In momt capsa, the use of elastlc properties for the soi)l was found to be con-
servative, Only vwhen the soil stiffness increases with the applied load, con
sidering lhe npn-linear soil properties can yield higher stresses in the frame.
The hasie af the atudy is a plane-strain [inite element analysis of the soil
<hich pupports a wall idealised ae a frame. The wall has elamtic properties
wherana the soil is represented hoth by an elastle half-plane and by a hyper-
holic relaticnshir betveen atress and strain,

An intarmating chaervailon mude was that while the rate of Increase of settle-
marl siscraased with fncrease of lesad [ar dense sand |t increased for lean clay.
Thin typa of behaviour is not commonly recopnised {or sand 1n lahoratory tests.

G.1

The hrbavinur o lear elay is prohably due Ln 1ta incomplete confinement

Intreduction:-

In most capes when a structure-scil interactlon analyeis is carried out, the
oail la coneidared to have elaetic properties, MNowever, most goile have non-
l{near relationshipr Wetween Biress and strain. The elffect of considering the
nnn-1inear properiies on both the contact pressure and maximum stresses in the
frame is atudied in thia paper,

For the problem under conaideration, the toll behaviour is three-dimensional
rather Lhan plare-ntraoin. Three-dimenslonal non-lirnear [inite element molutionea
#re, howavar, very expensive and can be suhject to stability problems. Consider-
ation Is giver to extrapolating the plane strain results to the three - dimen—
sionnl cnae, d

Cholce of model for Non-linear Anmalysis:

4 Hyperbolic relationship betwsen strees and strain is used to model the soll
characteristiica. The Myperbolic modei iakes into agcount three Important har~
acteristics of the stress-strain behaviour of smolls.
They are mon-llnearity, stress dependency and in-elasticity. In this model the
tangent modulue of elasticlty (s given by equation(!} and the tangent value of
Poingon‘a ratio is given by eduatlon(?), rer.{1}.
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where

@, A:xl B ATe the major and minor prineipal stresaes, Pa is the atmoapheric
7’[‘-""!}[’0:

the definition and role of eacn of the hyparbolic parametlers are glven in Table

(1

Tae hyperholic relaticnships are chosen hecause they have proven quite vseful
fnr a wide variety of practical problems for the folloving reamons:-

(%) The parameter values can be determined from the results of conveotional
triaxial compression tests.

LRSS

{2) T relationshipe can be uced for effective siress analyses {(using
o “rom drained tests) and total stress analyres (using data {rom un-

nsoltdeted - undrained tests)
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{3} volues of the pam.m-- have besn calculated for 150 differsnt solle by
Wong and Tuncan, 1

Tho incremenial sethod ie chossn to carry out the nan-linear Analysis becnuae

it provides & knowledgs of the displacemenin, siresses and stralos aftar dif-
ferwnt etagse of lomding which ie quile useful. ()
Ths Runge~Kutis schawe is usad to improvs the accurscy of the incremsntsl methoed

The incramentsl stress-sirain relationship for an Isotrople saterisl under plana-
atradin comtitions is glven byt
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The modulue of slasticiiy and Poleson's ratio for esch slesent during each
incressnt are re-gFaluatsd in accordance with the wiressse in the slament,
Thua, the non-linsar stress-etrain relstionship is spprozimated by 2 ssries
of lirear relationshipa

In order to repressnt post-failure bahaviour of solls wore sccuretaly, Clough
and Woodward (3} wuggeeted that it ie desirable tn sxpress the strees-etrain

relationehip in an alternative formp
v, Vg $Hp  M-Mp 0 €
P - My~ Hp My M -4 ty eneve
'E: [} [-] J ™My Tuy 4

in whinh My 11 the Bulk Modulue = E/2({}ev) (l-2v) and iz the shear modulus =
F/2(Tiv}. The fact that eoile have high resietance to Volumeiric comprewsion
aftnr faflure but very lov resistancs to shearing may bs represented by reducing
tha valus of to mero aftsr failure, whila the velum of HB ie maintained at
thia wame valus ae it hed in the increment before failure,

1f ilin alraso level decrsases in an slemsnt st soms {ncrement compared wikh the
previons increment, the unloading-reisading modulue, By, given by equation (5)
fa waad n

: -y
Eur = Kuy %o (7:) oy )
whery
k‘.“ ie the unlcading-reloading sodulus number

fhe Analytlcal Approach

8) Malls The vall is treated ss a frame with rigid arve as shown in Fig.(1)
Purthsr dstajle of thie technique are givenin ref (4),

Walle with tvo opening ratios were used in tha analysiz. & wall with {ow/ )
= {hw/h) = 0.8, nes Fig.1, repressnty a flexible walil, and & wall vith
{bw/b) w (hw/h) « 0.4 represente s rizid onm, Both walle are 4 storeys high
and have a length/height matig of 2.

n) Foundatian: A strip Tooting {e represented by line elements. Jull sontect
i aswumed betweon the footing and the soll,

¢} Soilt Plans-strain quadratic hybrid elementis, with three degrees of [reedom
rer sode are used to represent the acil. The finlte eloment mesh uesd ie
shown in Fig.{2). A vary thin colusn of elements iw used next to the four
colums of slements under ths wall in order to obtain a more mccurate setimats
of the gontact preesure under the sdxe of the wall.

The non-linesr eoll behaviour le repressnted in the wodel as explained in the
pravious ssction. Two typee of soils vers coneidersd in this analyein. The
hyparholic parsmstere of sach typs are given In Table 2, The denus mand, taken
from ref.(#), wvae chossn to reprasent a very stifl woll, while ths lsan clay,
takan from ref.{!1), was chosen to represent & very flexibls ona.

4) Loadingr The loadw vers appiisd In four equai increments of 50 l(!lj'-2 each, The
[iret load incresent vas applied at Around level, the mecond et Cirst storey
level and s0 on, in order to represent the incresse of loads during conatruction,
The totsl applied load (200 XM/md} ls probably higher than the maximam pract-
fcal loade on auch bmildinge. Hovever, it vas chosen in order to reach o eiate
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of shanr failure in the woil under the sdges of the footing, The effect of
nuch [allure in ths soil on the bahavionr of the msettlins walle mist ba
Inveatlgatad.

Al thauph the practical loads on valls with big openings could be lese than
thnnn on wvalla vith small opsnings {ns the lomds in prectice are mainkly dead
Jamin), the same loade ware applisd to all walls wo that comparison tould

ha more resdily carried out,

Bahaviour of Soil under Load:

fafors considering the resulis of the interaction analysis, the basic bshaviour
of tha soll model usad under load should be inveetigatad. For thle purposs, the
80ll model vas loaded, incresentally, with & loaded area st ths sur{sce. The
remults of this analyeis shew the beaic differenca betwgan ths behavicur of the
tvo typee of soils used, The rate of increses of settlement with tha intresss

of load decresesd for denss sand mnd increased for lean #lay, Fig. }. This mane
that the stlffness of dense mand lncrsased while the stiffrees of leén clay decrsssed
with the inersase of applied load in the range censidered, 1t has to be noted
hers thet the total spplled load {200 KH/w‘) is very sumll compared vith the
bearing capacity ¢f dense mand, while it is slmost equal to half the besring
capacity of the lesn olay, The bshaviour of denss sand under load will changs

to that of lean clay as the load approaches lts bsaring capacity.

The distribution of elastic msduli for both typms of scll ia ehown in Fig. 4.

It can be ssen from the contours in this figurs that, near the sufece, the values
of tha slacgiic modulus under the lcaded arss mre mich greater than those outwith
it. llowsver at a depth 3 2, the lateral dletribution of the elastic moduli becomws
mors sven (Whers & 18 heif the length of the loaded area)

Discuselon of Nemalim 1

Thes resulte for conisct preesures under the walls snd the msximim stresses in them,
ochtained (rom the nen-linear anslysis, Are compared with those [roa an equivalent
l1insar analysis in Fig. § to 8, The baeie of the equivalency is that the llnear
analysis would have & central settlemant equal to that obtalmed by a non-lirear
analyals, undar the same total load. According to thle definition, the lodniun of
alasticity equivalent to dense sand snd lemn clay was found to be 52.% ¥/mm" and
1.63 H/mm?, respectively.

The contnet presmurs dietributions, Fig, 5 to 8. for each load increment are dus
to thia increment of loads only, wo that the results for diffarsnt load incresente
can ha Tendily compAred. The results at the and of ths non-linssr analysis &re
aleo given. vef (53

Cemparing the resultes of the linear and non-linear analyeia, the following con-
cluaiona can be drewm 1 a

f« The contact preasure distributions under walle supported ty lesn clay are dif-
{erent from thoss under walls mupported by dense eand, While the gontact pres-
sure distribution {or the former caee tends to becoms more uniform thsn that
predictad by linsar analysie, Pig. & and Fig. 8, the contact pressure for the
latter oass tende to concentirsis towarde the edges, Flg 5 and Fig. 7.

Ths reductisn in the sdge contsct presmure under the walle on lean clay { as
compared with the elastic came ) could be caussd by the distribdution of
alastio modull nesr the murface of the eoll, The valuse of elastic modull
under & lodded area are mch graater than those outwith it, as can bs sesn

in Flg. 4. The same trend ¥ill occur under loaded walle. Thie ¥ill reducs tha
con tribution of the setl ocutwith the wall in reeisting tha applled loads,
i.e. dacreasg the edge contact pressure. The tendancy of lean clay to be more
flstible awe the applied load lncressse could be snother factor in decrsasing
the contact pressure undar the edgez of the footing. A further reduction in
the edge contact prapsure can occur I the soil under the sdges of the footlng
roaches shesr failure becauss of tha high values of conisct pressure there,
The raduction in the edge contact pressure la about 39 under valls with open—
inge ratiea of 0.4 and 0.8, Shear f{allure started aftsr ths application of the
sscond load increment vhere shear (ajlure occurred in the surface slement
undsr the edgs of the foctlng. Am the load Incresassd tha ahear failure spraad
from tha failed surfacs alasent. The condition of shear failure ls :
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A (a“‘ - cr}); {c com @ » o ain $}{! = sin &)

Wherea - and r} ave the major and winor principal strosces.

¢ and 4 are the cohesion intercept and [riction ansla.

whan thia conditlon la satlalied Lis shear modulun of the elemsnt is
rediunnd Lo 7zern, No dramdtic change occurred in the adge conlact pressure after
fnilnre becauss Lthe bulk modulue |a minlalned after shear fallure as mentloned
anrlier.
¥or tha cases of walle on denee aand, however, the edge contaclt pressure of the
ron-lineAr case increased inetead of decreasing relatlve to that given by the
lingar analysis. The reason may be that the stiffnems of the danse sand increasen
with the increasa of the applied loade, as discussed in tha previous esction.
Thia behaviour under load means that the wand under the edges of the footing will
be stiffer than that under the Lntericr parta because of the concentration of the
rsontact pressure there. As the stiffness of the sand under the edges {(ncrease ,
ite share of the load will increace and ac will the edge contact preseure. Henca,
the tendency of ithe edge contact prassure to decrease because of the distribution
of the elastlc modull rear tha surface, ar sxplained above, imcounteracied by the
tendaney of the edge contact preasure to Increase beceuwse of the i{ncrease of sand
stiffnamm with load. The rasult for the walle analyeed wng a slight incruase in
the eden contacl preasurs (5‘% for the wall with openinge ratioe = Q.8 and 19% for
Lthati w(lh openings ratica = 0.4 )

2. As a result of thedecreare in the edge contaci pressure for walls on lean clay
the miximum strespes Iln theee wallr decrease, Fig,9. The reduction is abour
A% for both rlgid and flaxible walls. (In the obther hand, the maximum streesee
Car wnllae on dense sand increace alightly ae a reselt of the (nerease la
ilm ardge contact pressure, Thie increaae rangea from 20% for rigid valls to
82 for flsx! hle ones,

5. ‘thn non-linear analyeis ylelds aimilar differential eettlement reeults as
compired with the linear analyeis. Na mentioned above, the medulua of elasticity
of the linear analyeis wae chosen such that the total settlement ie aqual to
that predicted by the non-linear analyzls under the sames total load. Using the
aquivalest modulus, not only the total-settlemente under the walla eupparted
by linear and non-linear eoflas sre equal, but aleso the diffarential esttlements
in both cases are nearly squal. In other worde, the sffect of &oneldering the
non-1inear properties on the differential settlement im negllgible when compared
with an aquivalent linear analysis. The reason for this may be due to the caee

of loading conejdered, Pecauna the load wae uniformly distributed, the elaatic
moduli underneath the wall'e [ooting were reasonably uniform, i.e. aimilar ta
the linear came.

4, The increase in the edge eontact pressure under walla on dense sand is more
evident for rigld walls than flexible ones, The contact pregsure la more con—
centrated towarde tha edgea of the footing under tha rigid valls {bw/behu/h=0,4)
than under fléxible ones {bw/b = hw/h = 0.8) using a linear analyais, compare
Fig. 5 =ith Pig, 7. Henoe, the effect of sand stiffening under tha edgee of the
footing, whleh la the cause of the-increase in the edge esontact preesure in the
non-linear analysie, will be atironger for the rigld wall cese, The ef{fact of
soil non-liresrity would be more evideni for rigld walls on lean clays ss well,
i.a. the decrease in the edge contact pressure would be greatar under them than
under {lexible walls, llowever, the decreaea in the edge conkact presesure under
the rigid and flexible walls analysed is almost the same, The reason lor thie
{e thot the lman clay used in the annlysis ie eo eoft that both valla (with

@ openings ratios of 0.4 and 0.8) are rigid relative to it. This can be meen 1f
tha centact pressure under both walls using linear analveis ia compared,FPig.6
and Fig, A,

COMRRLATION BETWEEN LINEAR TWO-AND THREE~-DIMENSIONAL AMALYSIS

In ordsr that the vesults of the iwo-dimentional analysis can be extrapolated to

the mara realistic thrse-dimentional case, a corvelation betwean the results of both
ennan e lnveatipatsd, For thia purpose, the same walla under the same loads sre
amlyand with two~dimeational plame strain [lnlte slament for the soil {as described
fn thin paper) and using an elaetic hall space model hoving the eame soil proparties.
A eewmparlinon batween he results of the half-space and hall-plane cases {5 given in
Tahle 3, Thess results jpdicate that:
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1, Uentral settlemmnt of the half-plame model L5 greater than that of the hall-
anc?® madal by a factor of ahout 0, 3

?. Diffarential settlement of the half-plans model Ls greater than that of the
nalf-space model by a [acter ranging between 1.75 and 4.4. The reascn that the
{antor of increaee of central settlement s constant whlle that of differential
nettlement varies may be because the former is 2 funcilon of soil stiffness cnly,
wiille the latésr ip a Tunctlon of hoth structural and moil etiffnesses. This my
alac ba the reason for the difference in magnitude of the facter of increase [lor
hoth sattlements.

5. [ the maxlmumr stresses in the walls on the half-plane are factorised to the
half-opace case {[divided by the factor for differentisl settlement) the fMesult-
ing niresses Will be emaller than thase In the walle an the half-space model
hy 18-37%

Tha hnlf-plane elemants were ' metre thlck [squal ito the width of the foating).
Ir, lnatend, the thlcknees ie increased to 10 m (1n order to cdtaln the same
nanirn] mattlement reeults as theose given by the half-space modal) the resulls
woilid not have to he factorized. Computer runs with [in{te elements of thlck-
nynm = 10 m indicate that the half-plane model would yield eimilar diflerential
nattlement and maxlmum etresses as the half-space model for flexi ble wallw.
Ttin half{~plane model, however, would overestimate the d{{ferential mettlemsnt
by ot more than 70K and the rmaxlmum stresess by not mare than JON (or rigid
walla, More work ia needesd to determine the thicknese of the half-plane model
for different footing widthe such that jto stiflfness would he equivalent to the
half-space madel.

CONCTATORS : =

M afTmat of coneldering non~linear propertien on the interaction between the
gtruchires and itz supporting ecil la examined In this paper. Thls effect depende

on the lcad-settlement characteristice of the scil. If the acil etiflness decreases
with tha appiled loads {l.e. as in Fig. 3a), considering soll non-linearity will leaa
to & conslderable reduction in the maxlmum etresses in the wall when compared with
linear analysis. On the other hand; an increaes In soll etiffmese with applied load
{Filg. 3b), ecan yield elightly higher maximum atresses. That latter type of behaviour
is rot often discuseed in the Eoil mechanics literature . Thie may Dbe becauee it is
not eaey to preduce in laboratory teste.

In general the non-linear analyeie indicntee that an elaetic analysia would give
results which tend ta be conservative 28 for ae prediction of stress due to diffler—
entinl pettlement is concernaed. The only exceptions are the casea of long tulldinge
{relative to the depth of the compressihle stratum) o e¢nhesionlese soila vhen the
confintng pressure ls relatively high.

Conaldering eoil non-linearlity Has liitle elfect on the raiio between central and
Aiffarential settlement., In other words, & limear analyelm with an equivalent
elastlis modulus can yleld aimilar differential settlement results as a non-linear
ome (f the central deflection of bolh analysas are equal.
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A P i~spuce { p-plane
case cangldered F : tactar
Asdel { nede
I, he/h = buw/h = 0.4 f ‘ l
] | ’ i
CE, = 445 ine/m” ; t
e ol | ;
scttlument () (ST | i.u8s | ju.g
1
Jifferential scrtlement (mm) | 1.7 ! 4.9 l t.7%9
2
maximum stress (N/mm”) | R L Ls%2 l L87
‘ l
2. hw/h o= bu/b = 0.4 ; |
e v m ). |
2 i
ES = 22,25 N/m | ;
=i T e S {
sacclement (m) ! oviom | o2z 10.7
i
diftferential settlement {(mm) 3 2.F | 4.7 2.14
| '
maximum scress (Sfmmz) % 0.712 Lah 267
i |
J. hw/h =« buw/b = 0.8
E. = 4.45 iN/a° i
s i
i | |
settiement (m} ‘ V. lug | L1} %4}
differential secclement (mm) 2.7 | 34.4 2.5%6
DaxLinam stresses (N/mmz) 2.76 { 5.15 272
}
4, hw/h » bu/b = 0.8
£, = 22.25 /e’
settlemnc (m}) 0.02% .24 10
differantial setclement (mm) 8.¢ 35.2 .k
maximum stress (X/mn’) 1,257 3.36 197
L] The percentages are the raties with vhich the maximum stresses will
be underestimated if the |-plane results are factorised to give the
same differential settlement as the l~space case.
-

for definicion of symbols see Fig (1)

Es is the elastic modulus of the soil
TABLE (3}

- RELATION BETWEEN HALF-SPACE AXD HALF-PLANE MOUELS
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FIG (6) - CONTACT PRESSURE CISTRIBUTION UNDER A WALL WITH (bw/b)
(hw/h) = D.4 ON LEAN CLAY
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FIG (7) ~ CONTACT PRESSURE DISTRIBUTION UNDER A WALL WITH
(bw/b) = (hw/h) = 0.8 DN DENSE SAND



C.14. Sherief Abu-El-hlagd,
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FIG (8) - CONTACT PRESSURE DISTRIBUTION UNDER A WALL WITH
{bw/b) = (hw/h) = 0.8 ON LEAN CLAY
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a. (bu/b) = (he/h) = 0.4
on dense sand
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b. (bu/b) = (hufh) = 0.4

on lean clay
b
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d. (bu/b) = (hu/h) = 0.8
on lean clay
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FIG (8) - MAXIMUM STRESSES IN THE ANALYSED WALLS



