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STATE OF-THE-ART REPORT

ETAT ACTUEL DES CONAISSANCES

FOUNDATIONS OF BUILDINGS IN CLAY
FONDATIONS DE STRUCTURES SUR ARGILES

1, IRTRODUCTICH

It is the expruss intent of any state—of-
-the-art report, to review current knowl-
sdge on the subject, and to attempt to
prognoetivate and recommend the most neces
sary and produotive lines of endeavour in
order to solvse existing probvlemse, and %o
foster effective developwent within the
field, in the immediato future.

In the present case, however, the very na-
ture of the subject proposed, very wvast on
the one hand, and very practical on the
other, posed an initicl problem of  the
nsoessity of choosing an approach and
scope. The very concept of want knowledge
is current, and what are the problems
faced, is obviously moat relative, depend-
ing on-place, time and person. It has
peemed that the most frequent key-note in
similar state-of-the-art reports has been
to stress the latest developments and what
appear to be the next problems challeng—
ing the research ability of scademioc oir-
oles, The vesineos of the subject, and
its eminently practical facet have hinted
at the possible interest in dedicating the
prasent endeavour to quite & different key-
-note, which may be thus summariszed: within
the broad area of routine practics of the
profeseion, and its ooneecrated faiths,
what is really known, end how should re-
cent advancee affsct sush practices 7

Thus, &2 a preliminary, it muot be empha-
piged that many important contirimdions may
not be mentioned, partly through inevita=
ble ignorance, partly dus to a subjective
estimate of the probability of such ook~
tributions entering effectively into the
pain stream of tho pruotise of foundation
engineering, in the near future.

The following thoughts msy better elucidate
the intente along which the present report
wae oonoeived, and for which the contribu-
tions are universal, whether =soknowledgod
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by Victor F. 8. de Mello D. Sc. Prof.
University of Stio Poulo, Brasil.

or not, ths report itself being but an in-
evitably insufficient vehicle.

1.1 Aim

The principel sim of the treatment is <o
discues the pequence end the levels of con
fidence in the more typical design deci-
sions.

In mo doing it is felt that the preciiasing
enginser will be mocompanied through typi-
cal-dilemmas and doubte that gradually
shape that “judgment" that is the butt of
well-meaning ariticisms of the eager young
theoretician.

¥oreover, & fundamental aim is to disocuss a
present working synthesis, not merely as a
basis for practical design, but also as a
besim for conestructive oritioism and de-
velopment, rotwithstanding ites  temporary
acoeptance.

Engineering embodies an aet of decision
undsr ungertain prenises, and not an expres
sion of certainty. Theory, insofar as it
ie tied to the fects from which it evolved,
bolongs tc the past: fects under observa-~
tion constitute ths present, which is never
any better than our means of observing it
finslly, the abstractions of analysis and
synthoris, and retheorizing, are our hope-
ful projeoticn into the future; and so the
oycle procscds,

Sinoce the main taske of Civil Engineering,
and of Foundation Engineering, continue es-
sentislly the same, we need not look for
new teaks, but merely look at the tanks
newly.

1.2 Soope

The greatest difficulty is to choose a mean
ingtul but limited eacpe.

I+ hap been folt that one must firstly re-

cognize that in examining olayey socils one
really faces the truly gensral (¢,¢) oass,
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Renegating the standard rsfuge of the dual-
ism olay vs, sand, the first dilemma ia
where to r£it ths ganernl o2es which 48
usither of these purs ildealized cases. This
is an inescapeble starting joint, and,
without labouring under eny delusicn of
seeking the unified field, it was conoluded
that the treatment should ste:t from the
genernl case, )

Tharefors, rimce to ambices tou wast a
task was olearly an unattainable - proposi-

tion, the soope han bean resirioted by ex= -

oluding, in compensation, the dimpussion of
{tems that may be considsred '"partioulsr
oases” or intereating sidelins lssuves.

1.} Conoept

Throughout ths stuly of pertinent 1liters-
ture one of the problsme that kopt aeseile
ing the preparation cf the report 4s
faot, inavitable and occmpsehensintle,
every publication is destined to prove
thing right. Oo the other band, the thso
retical and testing mdvances within this
field, qualifying and complementiug emdisr
pronouncements, aie ro continuovsn And Lme-
portant, that <he desifzer ay sasily fall
into bewildsred e£natly. How onn B0 many
thinga be right at the sume %iao, Dbeing
nonetheless different ? (ae solution, une
fortunately not uncoummen, 4 ta ignore
all but "cms™ right solution, through an
pot of faith or subscnecoious emotions of
sympathy. But this im olearly a short-
~lived illusion in a world of accelerated
camunications cnd develcopment, within
which the speed at which the levels of prg
oision of observaticn of experimental facts
and intervening factora bhave continuoualy
improved, bhas been such ae t¢ expons any
postulated lawn to oriticimm and revieion
quiocker than they psnsirute into amccapi-
anoce.

The manewer i1z that rcany thoughtis epparent-
1y contradioctory, can be "right™® simulte-
neocusly, within tha degress of prooision
and dispersion. Such a oonoept, that has
bean inoreasingly reccgnised during the
past deoade, constitutes & wisbilising
thought within the fertils oahldron of dis
ouseion, The counoept, end its lesson,
should a foriiori hae ectended towards re-
exarination of oldar “setabliched ILaots™
which under calmsr aotmospharses were able
%o assume an aura of coneecratlion under un
suspeoted and uschallunged oonditioniugs,
pertaining to the them ciurrer$ mergin of
erTors, consclous or rundom,.

1.4 Mathod
The greatest mmter of ccxirlimilose have

that

the

individually bec concerms.] with the obsex
vation or octablichment of single-paramster

correlations, whioh sppear, successively,

g8 yeot anothex aotor to be mcoounted for.

It ia felt that a diametrioally oppoaite

epproach may bs less frustrating. One re-
cognises that obviously eny paremeter of
bebaviour X is simultaneously e funotion
of en infinite number of independent or in
terraleted parameters, &, b, €, .. 0, 1.9,
Laf (a, by 0y === ). If we adequately
reapresent tho field of interest of obser-
vation of paramoter X, and oollect euffi~-
cient data to represent it etatistioally,

tha mveregn behaviour will be satisfacto-
rily establichsd irrespective of disoov-
eriecs of temporarily second- asnd third-
=ordor effects, In a Lfirst stage, when
only sinzle paramster . correlations are
considerad, the ynng> of dlepersion 1s
very wide and confidoncs levels very low,

But 22 hitherto masond-order effects pro-

gressively ccme within the range of ogor=

roletabla effcots of a more refined level

of oboarvationm, these bands will be narroy

ed. And so on succsanively.

Thus the issk of digssiing the wvast pro=
duos of analjyticnl rescarch offorts must
ba faced with respeos to deoisions on the
lovel of precision of ouwr present-day obe
peoity to obearve, and capavity to apply
the obrerved inlormation within the design
theoriss. Aod trs pructicing engineer's
task is not one of discvsning what addie.
tional factor may interiera, but rathery-
ona of oifting cul the factors that, at s
rivon stage, .ot be rolegated into the
alacsification of suoond-order effeats ,
suried under ihu protesiica of the Paotor
af Safety.

That cesza ingomprebonsible is that twenty
years of rusearch and development ahould
pass, with 1ittle or ro suggestion of a
reduotion of F walues carlisr reoonmend-
od.

An erinently statintioal reazoning soems
indicatsd, In order not to delve dosper
into this method than our present mow-
1sdza justifies, 1t will be aseumed that
she sizple ptatistios of mverages, under
norzal distridutic: s, may be spplied.There
ars obvious caces, homever, in soil meohan
105, in whioh it wouwld appear RmoTo A&ppPro=
priets to reason wnder the statistics of
oxtremss.

1.5 Diffiouliien

Tronically, ths freatiers of nowledge ave
reslly mushed fozreosd by failures, disase
tera, and tho tesiing of the throsholds of
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pccoptence by the feared cocesional exceed
ing thereof, Thus the field of founda-
tions im inevitably retarded in its oppor--
tunities for progress by the faot that the
praoticing engineers try to stay as far
from such threshold limits =as  eoomomio
fuotors will permit. Whereas Nature is
not consoious of & reputation at risk and
does not squander Psotors of Safety on
mlopes, and therofore slope stability a-
palyses may frequently be checked agminat
failures, the came may not be claimed with
rospect to foundations. Thus, the mcademio
efforta can ba extended very far along
purely theorstical linss, possibly ailded
by model tests, long before any de-facto
failure in design will de available,at the
pipfortune of some well-meaning colleague,
to push forward some of the vchresholds
1imiting present design practices.

1.6 Recommended generalized epproach

Within the report, the sequence Tollowed
hae been as closely es possible connected
with the sequence of decisions facing the
foundation engimeer, both chronological
end of relative responsibility of riske
involved. Thue, for instence; bearing ca-
pacity problems ers evidently more impor-
tant than settlement problems, and the
levels of confidence 6f dotermination of
epplicable shoer strength parameters pro-
cedes &n appruisal of differences in “ear-
ing cepacity formulse.

FPor the future progress in the field two
btasic reccmmendatione are offered. FPirstly,
in any observation or test, one must keep
conplete records of all possible collate-
cral data, whether its interference 1s
suspected or not. Unsuspected factors may
puddenly appear es intervening parameters
wnder later concepts, or shift inm scale
from eecond-order to first-order factors.
Too much investigntion effort is randered
useless for future resnalysis merely be-
cause of & lack of somewhat more complets
registry of faots. Those that are pre-
pumed of small relevance msy meraly be
kopt ag constant sz possible, end record-
ed, rather than being completely omitted
from thought, obeervation or record,

Secondly, with the new tools furnished by
ptatistical mnslysis and computers, one
vhould dedicate much mors effort to ob-
wmerve faots in prototype~zcale, letting
them speak for themselves, &analyzing

their trendes through suitabls statietical
regressions, and finelly fitting such be-
havigur into computorized eimulation for
the theorization, The approach of first
visualizing & theory and then  straight-
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Jaocketing the facts irto the desired fit
has hitherto occupied & large proportion
of efforts, end may be said to have fun-
nelled iteelf into a tewporary condition
of diminishing returns.

2, THE ULTIMATE BEARING CAPACITY OF FOUR-
DATIONS

2.1 Safe st failuret: B A
prerequisite enalyeis

the t step in the

iﬁ“‘;}“g tdequ:$ot B ptn\mdltion ]
to ensure that the maximum foundation load-
ing foreseen will not cause & shear failure
of the underlying soil, tantemount to the
punching of the foundation into the soll,
chursoterized by settlements of very large
end unprediotable magnitudes, of & progres-
sively deteriorating oature.

Indeed, ae is wall known, &5 socon as loads
are applied to & foundation, msettlements

ocour, Thus, & typical loading test result,
or footing settlement observation, ocorre-
pponds to & load or pressure ve. settle-

ment curve which ip generally continuous ,
with a slope inoreasingly stespening until
the “ultimate”, "oritical™, or "failure”
loading or pressurs is reached, frequently
gssumed to correspond to the ebscissa of
the point "at whioh the settlement curve be
comes steep and etraight”™ (Terzaghi & Peck,
1967).

Wo must at this atage defer for later cob-
sideration the quite distinct methods em-
ployed for running loading tests, and par-
%ioularly, for interpreting the resulting
pressure setilement ocurves.

]
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Pressure-settlement curves of load teste
on C1 dense or stiff and Cp; loose or
. soft moil ~
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It is inoreaaingly likely that considerable
and lsudable eofforts will continoue to be
made in Soil Mechanios to unify all phases
of the load-settlement-time Dbehaviour of
loaded plates and "pilee™, ma part of & sin
gle complex prooess with progressivsly dif-
ferent proportions of partiocipation of the
theoretionlly differentiated components (e.
£. Yhitman & Hoeg 1965), Such endeavours
will doubtless reach important conclusions
bassd on model tests and computer solutions
simulating idealired Ddebaviour patterns:
but the effective contribution of such in-
formation to foundation dosign practice is
still not olose in the offing. Morsover,
the important point derives from the basio
premise of engineoring practice, vhersby,
in the feoe of any problem, ever inesoaps=
bly fraeught with vnlmowns end uncertainties,
the solution mnust bs formulated for that
est of working hypotlescs which would en=-
sure the necessary oonssrvatiem or faotor
of safety P. Thersupon ono musi recognize
that with particular referenze to founda-
tions on olaye the critical conditions for
maximizing potentirl development of sheax
failure and for maximising compresaibility
settlements and their deletericus confe-
quences, genorally imply differant loading
hypotheses. In ghort, for instance, on 8
saturated olay a quick, undrained, loading
condition most 1liksly to causs failurs is
distinect from the slow long-durntion load-
ing that accentuates sottlemonts.

Thus it seems that i1t will continue to be
most approprimte to treat +the two condi-
tions (of decelerating and stubilizing com-
proesibility settlementa, wersus poton-

tially sccelerating "failure" deformations)
poparately, Fallure probleme are obvious-
1y preesminently iwmportant. Thus, every foun
dation must first be investigated with re-
gard to a ainimum satiesfactory F  value

against the ultimate bearing cepacity fail-

ure: and, within such “eafe streassing”

the deformations and settlemeonts must be
computed, separately, eince in many an in-
stance the behaviour under the esrvice load
ing and conditions may prove to bs the con-
trolling issue in comparisca with the foun
dation failure oritericn (Sksmpton, 1951).

Notwithetanding the great importance of
the determinantion of the ultimete bearing
capacity of a foundatiom, it i» evident
that the theoretical eolvtione to the prob-
ler are still subject to discuscion, both
in comparisone betwesn then, and i4in com-
parisons with controlled tests damipued to
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check their validity. However it will bs
shown that some degree of the edifying dis-
cuosion dooe mot significantly affeot de-
eign proctice. Thus, in order not to am-
berk dirsctly and discouragingly inte the
areas of controversy, however stimulating,
it appears worthwhile beginning with &

cursory preecentation of the solutions that
for come reamon or Bnother appear +o have
penetrated into wider acceptance and usage,
There is no intent, herein, to establish

relative merits of solutionst the reasons
for the greater relutivoe penetrations of
some solutions ere many, among whioh as
important & part is played by the simplioi-
ty of use of formulse, graphs or tables of
results, 885 by the authority of the author
and the measure of divulgation of the work.

2,2 Bearing capecity solutions most commone
1y applied

2.,2.1 Terzaghi's (1943) =olutions and
Erizek's (1965) empirical simplifica-
tion

Terzsaghi's (1943) bearing capacity theory
represents one of the first efforts to
adapt to Scil Mechanice the results of the-
orizing on the Machenies of Continuous Ne-
dia (Prandtl, Reicsner) and, being euffi-
olently genoral, mchieved for multiple rea-
sons the posliicn cf & practical solution,
moat authoritatively backed, and of total
pensiration. MNoreover, most formulas are
generelly transcribod into forms analogous
to Terzaghi's, so that the most convenient
manmer of comparing the various theories is
to compire the dimensionlese fectors called
Bearing Capacity Factors, originally da-
finsd thersin. It probably may be c¢laimed
that despite mush oomplementary work in the
intervening twenty-five years, Terzaghi'e
original soluticns ars still widely used.

With but slight adaptations to oconform +to
subsequent more common versions, Fig g and
the acconmpanying equations, together with
the numerical values transoribed, indioate
the basis and the resulte of Terzaghi's deri
vation for a strip foundstion of width B at
& "shallow" depth D, (D € B), below the
swrface of the purrounding scil, the shear
strength of which is expressed by the Mohr-
~Coulomb equetion o = o+ tand .,

The effeot of depth 1s convervatively sime
plified into merely & flexible surcharge
q = ¥D, that ie, neglooting the extension
of the failurs surfooce and ite resisting
shear stresasa sbove the level of the base
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of the foundation.

BLANIMG CAPACITY FORMULAL , SHALLOWFCOTINGS
sTR® FOOTING: Trm cc ¢ g Ng + -.“_- 7o xy
GOMLRAL FORMULA wiTH SHARE FACTORS

‘!o Bt & Nt + Sa qkg + S(%- Te Ky
SQUARE FOOTING (Pta 13 ehcs ana+ 0,4 T8 Ny
cImGULAR FOOTING: Ut s 1,3 ¢ Ne + g Na+ 0.6 ¥R Ny

ideal sail
Smoolh base

!-,’--1 (a)

ideatl asil
”. Rough bews and surcharge
| (b)

AT

Raal soi,

Plasti | Rough bass

(c)
FORMULAE FOR Nc, Ng
Case Mg Ne
PAANDTL=REISSNER] wieng | (Ng=1l)eot
Ng &

yl‘ﬂ"‘% where Ny e lenzl'l!fdfzi

TERZAGH!, FOR E'E.‘“L"'.'mqa-ﬁ.l['“‘?*"'[""“‘-"'#-li
¢« y < 45+ %

[ -
where o= ¢ (34T $/2)0n m: ::-'5( con .,}
a?

{Na=1)cot §

TERT. RECOMMENCED |
“ROUGH BASE" | 2 cos’(45 +0/a)

y =8 where g = ¢ 34T= 072 Yran g
6o -] 10 20 0 40 45
PRANDTL Na 1 2,47 | 6,40 | 184 | 642 1134,90

REISSNER Ne | 5,14 | 8,234 14,8 | 30,1 75,3 [133,9

TERZAGMI Nq | 2 | 2.6 | 7.3 | 22,0 | 77,5 [170,3
w=p Ne[s7 [9,1 (17,3 | 36,4 | 912 [169,3

FOR fJey< a3+ ~5- . INTERMEDIATE VALUES
C€x. #om 30% ,y = 450 Ng = 18,5 ; Ne= 31,8

Pig 2
Basic elements of Terzaghi (1943)
bearing capacity solution, shallow
etrip loading

The general fommuls derived for the strip
footing wae further adapted by empirical
ehape factors, mo shown, for square and
oiroular foctings, Thus the shape faotors
woere sstimated to be Se = 1,3 and

Sq = 1 for both aquare and oircular foot
ings, and Sy = 0,6 for the circular and
Sy = 0,8 for the square footing.

The soluticn which Terzaghi proposed aemore
realistio is that wherein "on account of
the roughness of the base of the footing
end the adhesion betwoen the base and the
eoil, the contact faces” of the underlying
wedge of soil that descends vertically to-
goether with the footing “"rice at an angle

to the horizontal® (Terzaghi 1943 p.
123). Hovever, formulme are givem  also
for the limiting cese (Prandtl) for which
no shear strosees develop at the base of
the otrip load, originally stated to be the
*perfeotly smooth case", as well as for
ompes of "intermediate roughness® wherein
tho angle lien within the postulated
limits @<¥ <459 » 9/2,

Coneidering the irportance of Terzaghi's
eriginal solution on most of the subsequent
work it is doensd worthwhile repeating the
above fundamental inlormation notwithstand-
ing ite appsarance in most publications.

Since the Torzaghl solution for shallow
footings ie probably atill the one most
unad, it is possible that engineers may
already kave adopted with  interest <the
Erizek (1965) empiriral simplification on
tha bearing capacity formula, dispensing
with the cumbsrasome use cf the graphs for
the bearing cepancity factors, sinoce such
graphe tend esoldom to be easily read in
the stendard publications:

o $22848.30)04(402+5,0)¥D+ (3O)¥B_
‘ -9

2.2.2 Moyerhof'sm (1951, 1955) general
_solution and sinplified recommen~
dations (1963)

An important place within the area of gen-
eral bearing capocity theory applied to
foundation design praotices is next as-
sumod by Mcyerhof's work (1951), with some
earlier, and many subsequent contributions
(a.g. 1955, 1863), The basio  velopments
compriss (2) the extensicn of ine previous
analyeis for a "purface footing" to shal-
low and dsep foundations without the ocon-
servative simplification of the depth
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offect as @ uniforn surchargs at surround-
ing foundation level, (b) a more detail-
od szamination of probable conditiona of
roughneso of footing base, their conse-
quencas on the geomotry of the failure
surface, and consequent revisions of the
besaring capacity factors.

According to this theory the sones of
plastio equilibrium incrsace with founda-
tion depth to & maximum for a "deep” foun-
dation (Pig. 3), for sach depth the soice
of the zonss varying with the roughness of
the foundation and alec with the shape of
the foundation. To simplify the analysis

{b) DEEP FOUNDATION

Fig. )

Plastic zones near rough strip foundation
(apud Meyerhof 1951)

¥eyerhof postulates an "equivalent free
surface” (the inclination & of whioch in-
creaees depth) on which normal and tangen-
tinl equivalent astresses p, and A, Are ss-
tablished on the baeis of the equilidbrium
of the wedge BEP: for the derivation it
is necessary to postulate a wvalus =
(0em 1) of the degree of mobilization
of the shearing stressas, up to the limit
of the shearing strength, on the equiva-
lent free surfacs.

The results of Msyerhof's derivation (1951)
ars, once again, furmished in the form
esploying Bearing Capacity Pactors, but
these are now not merely functioms of @,
but also of the angle 2 oonnected with
the depth of the foundation, and of the
valus m, PFortunately, however, regarding
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the latter walus, whioh it would be most
difficult to eetimate, it is seen that ite
effect on the coaputed resulte is of S00=
ond-order. The diffioulties in the praocti
cal application of the Meyerhof solution
therefors pertain principally to the as-
pumption of reasonable values for /& for
intermediate cases between the 4 = 0° of
shallow and the A = 90° of really “deep”
founcations, weherein the depth is greater
than 6 to 8 times the width.It must further
be emphasised that the Meyerhof goneral
solution.

1
0z =9 Nespy Ng+—5— ¥YB N,

is expressed in terms of p, whioch would
have to be estimated and checked, although
for the idealized cases of purely- cchesive
and purely cohesionless materials further
developments of the solution have elimina-
ted this inconvenience.

In a further meticulous discussion of the
influence ¢f roughness of base, Meyerhof
(1955) concludes that the minimum values of
No, Nq, Ny oorrespond to values of Y of
the order of 1.2 ¢ : the respective valuea
ere furnished graphically. Whersas it liecs
beyond the scope of the present report to
enter into the details of such comparative
apalyees, reference to this work is insert-
ed to emphasize the fact that not only ere
the hypotheses on these issues subject <o
iiscussion, but elso the resulting theorsti
eal and practical implications bhave bdeen
reaponed distinetly by verious authors. For
instance, the feot that the postulated
Rankine state of tha we under the Tfoot-
ing develops the (45 +@/2) base mngles is
tantamount to the admiseion of the strip
loading as a principal stress, but does not
necessarily imply for that contact the
quality of “"smoothnesa® corresponding %o
an inability to mobilize shear stressen.

Sineca the aim of this section is to summa-
rize the solutions that appear to be “in
more practical use, it may be noted that

Meyerhofsmany contributions havs been dip-
tilled into the folloewing simplified re-~
oommendations (1963) which are conveniently
pubdivided into the following four areas.

(a) Revised bearing cepacity factors for
shallow footings.

For shallow horizontal strip foundations

the Prandtl (1920) theory is retained for

the bearing capacity factors _lio and NRq 3§

using the customary Ne = tan? (454 %),

Ng -nﬁc'h’m!lo = (Ng = 1) oot @ ,
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and the Ny factor ies approxizately L3-8
tabliehed ap

Ry = (Fq = 1) ten (1.4 ¢)
These bearing capacity factore cre repro=-

duced in Pig. 4 *ogether with Tarzaeghi's
and Bripoh Hansef's values, for commmiencs

“of comparison,
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[ Swip lD< B) ," v A
| s o shugra t0 2B ," 4

— == Pils {D/B>4-10) » /J/
1 g 7
/ *k//
100 7 7 "//" 4
5 A 4 45
: Ncﬂ‘ /, J‘/ /
g Y4
7 Ne A/ ]

z j» A\ ://///)

[ N %

& ’Q@W

10 " /4// f‘ ‘5)_/

:‘-;,;'/ 7 /ée
Nap. 5 2~ | /7/ Ng
T2 7
A /
ALY

10* 20° 30° 4g®
ANGLE OF INTERNAL FRICTION, @

COMPARATIVE VALUES BY TERZAGHI (1943)AaKD
BRINCH HANSEN (1961) FOR SHALLOW STRIP LOAD

P o' | 10| 20° | 30" | 40® | 45"
remzec] 5,7 | 9,1 | 173 | 26,4 | 91,2 169
e gwansen| 5.1 | 6.3 | 14.8| 301 | 75,3 | 134
verzacm| 1,0 | 2,6 7.3 | 220 |7T75|170
5 B.HANSEN| 1,0 2,5 6,4 | 18,4 | 642|135
TERZAGH| O 12 A,7 | 24,0 1130 | 330
Ny onansed] © 0,5 | 35 [18,1 | 954|241
Fig. &
Meyerhof (196)) general beoring

capacity factorn

(b) Permulation of "shape factora™

Shape factors of equars and rectangular
shallow footings are semi-empirically re-
commended £s

Se = 1 0,2 Ng B/1L
Sq =8y =1 for¢-0°
Sq =Sy =140,1%F for@>100

(o) Formulation of "depth feotors®

Semi-empirical depth factors are
gented for depths less than the width
the foundstion

%-1?0.24“, D/B
dg =dy =1 for ¢=0°
dq =dy =1+ 0,2 fFg B/B for ¢>10°

sug-
of

Aa tha depth of the foundation  increases
further, the éepth factors ere found to
inereess et o decreasing rate approaching
maxizunm 1nlvls corresponding to pile foun-
dations which ares separately discussed.

(d) Pils bearing capacity factors

Tho benring capecity of a single pile
is taken es the sum of point resistance end
okia friction, both of which depend on the
propertiecs of the scil and the method of
inetalling the pile.

Ams regards tho point resistence the besic
pesring eapocity equation can be suitably
adapted, bocause of relative dimeneions,
into tho form

§; =@ Nep + YD Ngp
and the pile bearing capacity factore Negp
and Ngp are semi-empiricelly established
to aoccount for the limiting values of depth
factors, tha influence of the shape of the
pase (Meyerhof 1961) end the compressibili-
ty of the soil.

The values of Ngp and are repreosent
ed in Pig. 4. They are stated to apply

"only if the pile base is embedded 1in the

load-bearing stratum near the base at least
40 a depth, which is, approximately

D=4y B

If ths soil properties vary near the base,
+the ueo of aversge valuss ie suggested in
accordence with the probable faillure zone,
of the order of one pile dimmeter above to
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four below the base.

2.2.3 Skempton's (1951) bearing capacity of
olays

Specifically for the subjeat of bearing cs-
pacity of saturated clays for which it is
stated that "the assumption that (J=0 forms
the basis of all mormal oalculations of
ultimate bearing capacity” (some  special
cases excepted) the basic reference in use
in the profession im Skempton's paper "The
Bearing Capacity of Clays® (1951).

Skempton rewrites the Terzeghi general for-
muls to differentimte between the total
stress, p, epplicable at the base of the
footing as a replacement of the excavation
stress release, and the effective overbur-
den pressurs 8t the foundation level as the
surrounding surcharge affecting the nett
bearing capacity. However, for (J= O the
general equation reduces to

-
Gy F®% +2

and fi=0No+p

4 thorough discussion of the derivations of
No valuee is summarized, and, thereupon,
a8 & conclusion the simplified ruleas were
put forward as herewith transeribed and

reproduced in Pig. 5.
T I
CIRCLE,SQUARE ]
._ —
L~ | sTrip
uw? lg‘—-—‘
z //
® 1 D he
= a 8 [CreE|sTARP
5/ G | 6.2 | 54
& 0,2% | 67 | 8.6
o E 7,1 59
] ':"" (1 e 078 | 7.4 | &2
48 o m.m X T
2 l“"it‘"'{ 2.0 84 | 7.0
z? 2.5 8.6 | 7.2 |—
s Ne nuunul.rg“.‘“-.:'r 3.0 BB 74
.3 wC i Bauasny * A0 9.0 7.5
rEatn ap 90 7.3
o L B SSEMUAL 4140 uzatiOn UL | 1
1 H 3 4 E}
WAF DS DEPTHM TO FOUNDATION LEVEL -2_
BREADTH OF FOUNDATION L}
Pig 5
Bearing capaoity factors for foundations
in olay (¢= 0), (apud Skempton 1951)

1}

() Surfnos footinga (D = O)
o = 5 for .trip footing)
Bo = 6 for square or oiroular footings

(b) At dopths D
Depth factor 4, = (1 + 0,2 —g' )

for D/B < 2.5

Depth factor dy = 1.5
for D/B > 2.5

(o) At any depth, for rectangular footings
of Bx L

Shape fmotor Sp = (1 + 0.2 B/L)

The confirmetory evidance for these recom-
mendations will be pooled together with
other data in disoussions further on 4n
this report. It may be noted with interest,
however, that the No values of & (or 6.2,
besed on the more rigorous Prandtl 5.14
for otrip footings) for equare and oircular
surface plates,end of 9 for deep plates,
has Bo gained moceptance that in any at-
tempte at field test ocorrelations the ten-
dency during the past 15 yeara has been
to question the shear strength tests and
¢ walues, theoough admission of the above
Fo vwaluss as dafinite.

2.2.4 Frinoh Hansen's (1961, 1966) simpli-
f£ied regommendations

Auong the solutions in mors general use
mention mmst finally be made of Brinch
Hanpen's "Gaseral Formula for Bearing Capa-
oity"” (1961) with the subsequent partial re-
viesion (1966).

In the notations above employed, and ex=
¢luding for the present the “inolination
faotors" for inclined loading, the ultimate
btearing capacity of footings of any aehape
and depth may be written =8

G« (v qbad)N S 4 + YB(LN)Seds + 4
wherein ths interrslation between the Na
and Hq factors

Fo Sp 4y = (Fg Sq dg - 1) oot ¢
bas beon employed to eliminate the Ny term,

Tor the Ko factor Erinch Hansen retains the
bapic Prandtl solution wheredy
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Bo = (Kq = 1) cotd

h = bad

Por the N; factor, for waloh n> Friger=
ous” polution was evailable frem Loth
static &nd kinsantic corsideraticas,

suthor mdjustcd an smpirical relntion

Ky 21.8 (Ff3 -1) taa g

a8 lying intermcdints betwsen the goluticns
repressnting what he rocognices as being
upper (Msyerhof 1951) and lower (Iundgren
and Mortensen, 1953) limiting values.

-l‘C

the

Por shaps factors the empirical equations
suggested have been eimply reduced to(1966)

So =8 = 14+ 0.2 I

and Sy ¥ 1e 0 -

Por depth factors it ias Tirat conoludad
that dy =1, Furtker, an eopiricel for-
pula for shallew foundaticna (D < B) ia
given for dg = 1+ 0,35 P . It may ta
poted thet because of the £lrm of the gene
eral equation adopiad, & ssparates depih
faotor dg is exoludsd.

!'i.nl.l.'l:y. as regards depth faotiors for groal
depths, it is otated thet "it wmust to
admitted that at present %too little ia
known", 80 that the sapirical formulas and
graphs earlier proffered (1961) were ro=
voked (1966).

2,1 Shear strength taluss applied to M= 0
analyses of bearing enpncity

Since practically all tha confirmatory ovi-
donce on wltimate bearing cepacitiss of
oleys is connectad with eatursied clays and
the (/= 0 analyses mesociated with rapid
londing, it behoves us to examine somavhat
the methodn employed, over the past thirty
years, to define the ¢ vanluves thai enler
into the correlaticn 0% = Ha u. Obtviously,
benides the “"random dispsrsiona" “n ‘ths
measurements of tho peramoters ¢ and o,
which necesearily affect the lovel of oon~
fidence of any determination of Ne by a
statistionl regression, i-portant changen
may bs introduced in the very ustetieticsl
universe oxamined, end therelorc 1n the
average No¢ valusc determinrable, at every
signifiocant change introduced in  tho
methods of measuring ~ithur of the sepoints

parameter: (e fed .

Ivnfazoutal to ths epplication of eny cal-
pulaticn of the ultimate bearing oapacity
ip A ~oil 1o tha anpropriate definition of
140 edcar pirensth veluess to be employed.
Morsevar, sinpe the very subject of defini-
tion of ths shear ptrength of olayey eoils
has been et the core of the most intense
prog=aa® of rosearch and rovielon during

' the entire period within mhich bearing oa-

G7

paoity formulne have been  concomittantly
rearamined, 1t is necessary to examine the
problem joiatly, les: cne-sided develop-
nents within ons pector, evan whea in the
right divoction, inadvertently invalidate
the mituel relationship dmplieit.

It =3y be tant for cmpiricsl confirmation
of the beaiing eepacity fector Ne, some
of the early thooruticnl formulation relied
upon data from model tests on  remoulded
elays (Golder 1541). end that nost frequent
1y the ocacemitsnt vndrained sirength deter
mination was by thy uncopfinad compression
{UC) test wherein o = -; {uncontined com-
pracsien sirvength). Such formulations of
the ecorrolatisn ouet bo mccepted ao valid
within the dazoos3 of pracision which pre-
vailed in the mrasurcmonts of 0 and of ©
£o2 ths partioular experimental ast-up, and
to tho crient to which the eostabliphment
of tho fajlurs vreseuse was not unduly ip-
Tlusnoed by accentwited deformations and by
leadinmg toelniqusa anl matea. The rough=-
nean of tha bazs of the plato is bein~ cob-
gidnrod ap & rondsd facotor within this Re=
porte

mhus, whatever Lay be the correlating fmotor
To +thonce dorived, which could be oconsider
el rigorous if the above-centicnod margina
of errors wore emall, it would primarily
bo aaesociated witk UC teste. Hext tha
gong relinnce on UC teats wme trensplant-
ed into field problema. Thoreupon, &ll
teoting techniquen tending to underestimate
in=pitu © veluea would land to conserva-
tive deripgn pricties, and, with the same
Ts wvnluo maintained, ony developments
teonding to rovies in-situ 0 velues to-
wards an vepor limit truly representative
of virzin ip-situ uindrained strength  be=
huviour of eoil elorentn along the presumed
eventual failurs surfoca will merely raise
the doolgn pressurc. The eame will also
happsn, irdependsntly of any revisien of
too oonoapt end tho mumber reflecting the
Jopdred faater of maxfaiy P, AT zerely &
pzalles ra g9 of ddcporsion 4a achieved
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around the statietical correlation estab-
lishod.

The subjeot subdivides into two main ave-
nuea, that of improved undisturbed sampling
and representative laboratory testing, oou-
pled with intorpretative attempts at visusl
izing the behaviour as exoludod from inevi-
table though minimized sampling and test-
ing effects: and that of in-situ shear
testing on the other.

2.3.1 Sazpling and laboratory testing

Along the line of sampling and laboratory
testing, 4n order to represent adequately
the behaviour of in-situ soil elements
under the proposed foundation, so much out-
standing work has been done during the past
twenty yeers that to attempt to digest the
published data on the subject would comsti-
tute another importent state-of-the-art
paper in itself. The interested reader is
referred to some eelooted papers as a key
to the vast field, lest the present report
convey any fallacious or over-cimplified
impression (e.g. Skempton and Sowa 1963 ,
ledd and lambe 1963, Noorany and Seed 1965,
ledd 1965). Some of the principel ateps
that are herewith mentioned are intended to
convey the writer's impression of the con=
tributions that have distilled inte mors
significant positions within the practises
of foundetion engineering.,

(a) Saopling technique

Whereas under many routine jobs of leaser
responsibility twenty years ego scms pre-
liminary tecting was performed (on soils of
low sensitivity S¢) with samples retrieved
within & liner inside the thick-walled driy
en epoon sampler of the Standard Penetira-
tion Test (Terzeghi & Peck 1948), the pub-—
lications by A. Casagrande (1932) and
Hvoralev (1949) rapidly fostered the re~
cognition of the pushed 2" thinwalled -
tnelby tube sam:.ler as e minimum, In ub=
disturbed sarpling of soft to medium cleye
the widely recognized major developments
are the Osterberg stationary-piston hy-
draulically pushed sempler (Earth Manual,
UsBR, p. 369) and the Swedish foil campler
(Kjellman, 1950). The acceptence of un~
disturbed block samples, hand-extracted
from pite, as the best possible sample con
tinues in vogue, aeven though 1t may in
special casea (Ward et ml, 1965) be  sub-
ject to difficult preblems associmted with
stress releases accentuated by the more
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delayed and wider oxcavntion. Ap  regards
ptiff to hard elayse, usually of very low
sensitivity Si, the thicker driven sam-
pler continues in use ae unavoidable and as
explainably acceptable (Moretto 1967) and,
&8 an slternetive, one must resort to B8pe-
¢ial core samplers puch as the Denison dou-
ble-tube cors barrsl (USER 1963, p. 358)

(b) Iavorstory testing

As regards laborntory testing with the un-
disturbed samples retrieved, early improve-
ments sttempted (Taylor, et al.) comprised
the oubstitution of unconsolidated-undrein-
ed (UU) and consclidated-undrained (CU)
triaxial teets for the unconfined compres-
eion test, (UC), which frequently indicates
& ¢ value significantly lower +than the
intercept of the #= 00 straight line of the
soerios of UU tepts (Skempton & Henkel 1953,
Farrent 19€0, ot al), The topic has Ybeen
recently receiving much attention whereas
earlier the preferences had besn more or
less tacit, without the possibility of ade=-
quate experimental backing. It appearsquite
obvious from ths publications reviewed that
the conclusions on the applicability of the
above laboratory tests as representative of
in-situ shear strengths will vary consider—
ably from one clay deposit to another, and
even within a given clay deposit varying
with the depth and the sample's degres of
proconsclidetion, depending prinoipally on
what may be described under ths genersl
term of "structurs”, including both the
“miorostructure” of sensitive eolays, and
the "mescrostructura" of fissured olays.

Mention has not bsen made, herein, of the
Swedish fallcone test (Hansbo 1957), <fre—
quently used in Scandinavia in combination
with UC tests, and employed as & btasis of
confirmation of msame stability analyses and
plats load tests (Odensted 1948). The later
etudy indicates that the method may be suit
ably correlated with the undrained shear
strength of the olay (for which the field
vena test result is accepted &s the stand-
erd of reference), and, in that respect
gives better results than the UC teats in
the sensitive clsye. Howsver, tbe author
poiots to the importance of relating the
fall-ocons test, to the type of eampler used
and to other details of design, procedurs,
and interpretsticn, concluding that the
wvaluss of the fiald undrained shear =
atrengthe of a clay "given by the Dew
interpretation of the fall-come test differ
from thosa obtaining hitherto, and a re=-
-appraieal of the safety factors %o be-
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applied may be nsosssary”.
2.).2 Field vane testing

Principally because of the problema asso-
oisted with undrained in-situ shear
strongth determination of soft very sensi-
tive and “quick™ claye, the field wane
testing device and techniques (Cadling
and Odenstad 1950), with subsequent devel-
opments, bave gained wide acceptance a2
mbout the best method presently available.
However, the opinion is not sbsolutely gen
eraliced, since thers are references whers
in the sampling and laboratory teating
concept continues to merit preferences ,
even setting aside the cases wherein prac-
ticel considerstione would impose it.

At any rate, since some basic standard of
reference must be admitted,it shall herein
be acoepted as true that the 4in situ vane
values, in saturated clays of ¢= O oon-
ditions, are representative of im pitu
shear strengths for the current etadbility
analyses.

Truly one must concede that at the present
moment the study appeare founded on some—
what arbitrary premises, since the methods
of stability and bearing capacity analysis
are under inevitable revision, and so are
the bdsic strength parameters to be in-
serted in them. Ae will be concluded, the
situation points to & need for additional
especially progremmed tests, and & reap-
praisal of earlier observational data,
pince in the final analysis 8ll of these
ptudies are merely means to an end, 8nd
the end, which 1is the design of the on-
gineering structure, is not being served
et all if a new set of design recommenda=
tions does not reeult therefrom. But con
oconcomitantly 4t must be conceded that
some developments are to be set aside ,
temporarily, as belonging to the field of
"random factors®, not merely because not
enough is known about them, but also be-
cause available methods of design enalysise
are not able to incorporate them. In such
& category lies for the present, as an
instance, the consideration of anisotropio
in eitu strengths as revealed by different
vanes (Aas, 1965; Lo and Milligan, 1967).

Witbout any illusion or hope of attempt-
ing en adequate coverage on the subject,
which depends on multiple faetors (e. E.
Jakobson, 1954, et al.) the accompanying
Table I and Pig. 6 have been prepared to
illuntrate the diversity of results and
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oonclusions, Despite the tremendous die-
persion of resulte, Cadling and Odenstad
1950 had showm for claye of strengths be-
tween 1 and 4 t/m? at depths of O to 20 m,
that the ratio of the vane strength Ty to
the UC T; wolue can increase almost line
arly by about 100 % for every 10 meters.
¥ost of the other investigators have simi-
larly found that acceptable results of UC
tests may be obtained up to deptha of about
15 m, but at greater depths the vane values
continue to register the regular increase
of strength with deptk while UC values
tend to remein constant. Kuch dependa on
sensitivity. It is important to note that
there are cases of medium to etiff oclays
for which the UU values wers as low as
one-half the correspbnding vane results:
such veriations naturally strip of any an-
gineering significance the discussions of
No waluees in the order of * 20 %,

The dispersion in both types of approaches
are major, and point to the need of statis-
ticaltreatments. Iumb (1967) investigates
etatistically the minimum number of tests
required to estimate the strength of a clay
to within 10 %, within 95 % of confidence
level, assuming a purely cohesive material
of strength independent of depth, and =&
normal distribution of the test results.
The conclusion is that 30 tests would be
required sc that the mean strength be deter
mined to within 10 %.

It must be recognized that suoh reasoning
constitutes an unavoidable step in any test-
ing and design program. Depending on the
level of confidence, and, consequently ,
presumably on the F value to be adopted,
a minimum number of tests must be estab-
lished (Mello et al, 1959)., Much depends
on the nature of the distribution of the
random factors around the mean, Lumb (1967)
conoluded that the distribution was normal
for a marine clay, and postulates that the
same would hold for other soft normally
consolidated marine claye. It ims feared
that in stiff fissured cleys the distribu-
tion of lsboratory test results may not be
normal, which may be one of the reasons for
the difficulties of interpretation of the
behavior of london Clay in the light of
routine techniques and theories.

Special reference must finally be made to
the multistage triaxial test, initially
divulgated by Taylor (1950) and today very
widely accepted. By employing a single
specimen for several triaxial tests it

avoids some of the dispersions, especially
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in the determination of values of { as
defined by the ratio d¥/de.

2.3.3 Poundation failures and shallow plate
tents

Considering the above dispersions, and 4if
ferences in msthod and result, in defining
the in-pitu undrained strength of ssturated
olays under plate load teste and sundry
foundation failures, it appears that the
soceptance of an averege No valua of the
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in-situ vane rasults

order of 5 to 6 for shallow foundations is
not subject to errors of more than about
2 20 %,

As will bo emphasized below, en equally
significant influcnce is played also Wy
the method employed to run the load test
and to interpret its ultimats valus, espe-
¢inlly in the oass >f soile subjeot to
large deformations.
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TABLE I
Illustration of comperative values of

undrained strengthe (t/m?) determined
by different methods

w
Ref, Yane / no. uc #+ / no.
nr. T /(teots) cu';/ (tests)
21-32,6-44 (9) 6.1-13.4-24.5 (9)
116 5-5‘6-3-7 (3) 0!8-1|1—1.2 (3)
12 -11,3-12 (3)| 2.2-3.5-3.8 (3)
20.4 (1) 12-12,.4-12.7 (4)
11 - 13 4 - 6
32 37 - 44 19 - 22
25 - 42 8 - 18
251 | 1 -3 (~20) 1-3(~20:14" samples)
170 0.3 - 1.3 °a3 - 1.3
(~ 60) {~6015wedish foil)
1.8-2.4~4.4 (23)
36 | 145-3-5.6 (2) | 1%alasy (33) %
39A 2 -3 (22) 2-3 (5)
56 | 11 -~ 14 (~20) 3=7 {3
234 | 1 - 1.4 (meny) 1 =1,4 (many)
116 7 (1) 7 (1) Ha
13 (1) 11,2-11,8-12,3(4)a )
116 20 (1) 12,2-18,1-22 (8)a)»
70 (1) 72 (2) &) *
0.25 = 1.25
169 | 0,25 - 1.23 (851Swedioh foil)%
Te5 T.5 %
891 1.5 15 o
e2 1 -5 (14) 3.5 =6 (34) %
87 |0.5=5 (~300) 0.5-5 (~900)
56 g (1) 2.7 (3) 1in Bitu »*»
165 | 5 - 13 (many) 2.5 = 10 (many) ¥*
35 | 2 = 4 (-20) 1 -4 (~20) =
13A |1 - 1.4 (many) 1 - 1.4 (many)} #**
247 1.5 - 4 (8) 1.5 - 1.8 (8) #n

a) Speciml test, emooth ends

61

Por further fllustrmti{ve references of dif=
ferent cases and consequent opinions, the
reader may consult, among others:

In favour of {n-alftu testa aa agalnst sam-
pling and testingi-

Yarsland and Butler 1967, Oslo, Procesdigne
of the Ceotechnical Conference, I p. 1397
Crourord and Bden, 1965, iontreal &th In-
ternatlonal Corf. on Soil Hech., I p. 39,
Jor Leda r.':am y Dubiy, I967, dia=-
cussion ASCE ceedings SK 3, p. 183 i
Uuiiligan, Soderman and Rutks, 1962, ASCE
Procs Sﬂ’l, ps 31, for Canadian warved
claye; Newland and Allely, 1952, lat
Ausiral fa-New Zealand Conf. on Sotl iech.,
ps 123 Groy, H., 1957, ASCE Transactiona
122 p. 844; Weber cnd Kletnman, 1059, ASTY
.E}na.d'cch. Publ. 25‘. Pe 284.

In fovour or in acceptance of laborctory
testing:~

Margland and Butler 1967, Oslo, Proc. of the
Geotechnical Confsy I pe 139 for 3* to 5"
specimenay Crauford and Eden, 1965, Mon-
treal, Gih International Confe on Soil Mecha,
I pe 39, for o preconsolidated clayy Blight,
G.E., 1967, Cape Touwrn, Proc. 4th Regional
Conf. for Africa on Soll Mech., I p. 229;
Noorany and Seed, 1965, ASCE Proc. S 2, p.
a9z s T.M,, 1958, ASCKE Proc. S 3 paper
1732y Skempton and Soun, 1963,CGeotechnique,
XIII ps 269, for a remolded reconsolfdcoted
Glﬂi(l Lo and iilligan, 1967, ASCE Froc.

SK 1, pa 1, for anisotropic stratified clays;
Weber and Xletman, 1959, ASTL Spec. Tech.
Puble 25¢,dp. 284, up to deptha of about 30m;
Meyerhof, G.C., 1950, discussion, Il. ps 135.

An regards the ultimate bearing capaoity of
shallow footings on @ = O oclays the main
pource of error and dispersion therefore
sontinues to0 be the definition of the ap~
plicable © wvalus., And since thie problem
8till lies within the realm in which be-
havior, results, and interpretations, may
vary very oignificantly from clay to clay
(and from place to place with respect +to
pampling end testing procedures and pre-
cisions) i1t appears that aeny attempt to
improve present design criteries must still
resort either to locally proven practices,
or to &n awaited collection of a vest a-
mount of more . truly representative data
for statietiocal analyses.

In Table II, an attempt is made to up-date
earlisér epimilar tabuletions in support of
Ne +values and simple ¢= O foundation
failure analyees, The coverage unfortu-
nately ocannot presume to be complete or of
sny more than first-order acourscy. Wher-
ever possible the original publication was
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TABLE I ILLUSTRATION OF SHALLOW FOUNDATION LOAD TESTS AND FAILURES
ESTABLISHING N VALUES,
REF N' OBSERVATIONS
CASE and DIM, CLAY AVER. ¢ t/m? Ne LT -'ig:t%:"":;u:
- - "
18t (2O lused| B s L« Dm AND TEST ity
Tem) 0.08
1100 08 » 0,00 = 52 sirip
bR [ g 12397 [Modeh o 55 0 0,25 | O™ London o 6,7 squars
12199 (ad) uc = 0,68
cotusun 12191 [aay ST, 0.8 £ 2,0 Und. v mosl | =2 steip © vone
154
“'::Luaw 'f"k‘:’ pits 2,22 1,1 5¢C = 1,05 B 5
1216) = liang) Foeting F. -
gg:mg G 299 28y 28 8 17 Und. ue I8 8,0~-72
iAo e izia) Tonk F. uc,uu 1,5 7.4
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sxaminsdi moreover, the reappearance of
the same data reinterprcted in other pub-
iioetions i1s recorded ap far ae possible.

The obviously striking fact is that the
greatest proportion of published date con~
cern soft clays and attempte to improve
the rigour of determinations of what may
#till be classed 88 second-order factors,

An important development 4in the analysis

of foundation failures of the larger load-
ed mreas 18 furnished by Raymond (1967),
wherein the increase of the imn situ

ptrength with depth is taken into account.
Barlier computations had been bassd on

Skempton's (1951) recommendation that "if
the shear strength within & depth of ap-
proximately 2/3 B beneath foundation

level dees not vary by more then about

2 50 4 of the average strength in that

depth, then this average velus of o may
be used ,..", and.thersupon conmputations

wore based on constant © wvalues subjeo~
tively averaged. Such & simplification
could obviously lead to noticeabls errors
in cases of alip circles that develop to
greater depths. (Knatey 1953,et al). The
important point, moveover, 18 to distin-
guish between random variations about the
avarage values, which could poesidbly be
even greater than £ 50 %, and the defi-
nite trend of increase of strength with
depth, irreepective of such diepersions,

2.4 Bearing capacity theory and formulae

?+4.1 Summary of present Btatus of plate
bearing capacity

It was indicated above that within the pre
requisite preocupation of every foundation
design with regard to an adequate factor of
safety P againat & general failure, it
appears that the crux of the problem con-
tinues to be connected with the appropriate
solection of the applicable shoar strangth
parameters, and that, ee & result, there
has not besn & noticeable practicel inter-
oot in the collateral developments taking
place within the aree of theoretical for-
mulation of improved bearing capacity equa
tione. On the other hand, it must be re
minded that the very applicability of &
glven set of strength parameters to a bear-
ing capacity formula represents a simpli-
fication of a stress-strain concept and
muet necessarily depend om the similarity
between the mathematicially hypothesized

behavior, and the real bshavior of the soil
a8 revealed by indirect and direct tests.
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Thus inescepably it becomes necessary to
sxamine, at least cursorily, the prinoipal
problems and solutions of bearing cepacity
theory.

Usually 1t is much easier to design for
the limit load than for the eervice 1load,
ueing ouch resources as the Theory of
Elasticity for the latter, end, es =

prineipal recourse, the Theory of Plasti-
city for the former., Thus, despite the
many difficulties of its application ia
s0il mechanics, the solutions based on
the latter theory constitute the most com-
mon avenue. This theory can only bs used
if: (a) the problem in question is a faile
ure problem; (b) the materisls have plas-
tio properties at failure, i.e., are able
to suetain relatively large deformations
under constant failure stresses, permit-
ting redistribution of strezses; (c) the
pertinent constants can be determined with
reasonable soourncy; (d) it is possible
to find & reasonably correct solution to
the failure problem,

It eppears that all the mathematiecal the-
ories of bearing capacity in soils, devel-
oped through Plasticity Theory, had as a
starting point Prandtl's solution of the
problem of indentation of & rigid-plastie
ingompressible and weightless, continuous,
semi-infinite, homogeneous mnd isotropic
medium by & rigid solid of finite width
end infinite length causing plene defor-
wation conditions. Apparently the single
excepticn of a different approach is +that
esmployed by Bishop-Hill-snd Mott in metals,
and -adapted for clays by Gibason through
Swainger's large-strain theory, eimulating
the failure of a deep foundation in clay
88 the expansion of a spherical cavity
(Skempton 1951).

Within the msin direction set by Prandtl,
two principal avenues of reascning and en-
deavour have been followed: one being the

more purely mathematical, attempting to
solve mores "rigorously" the equations,
boundary oconditions, &and kinematic eondi-

tions that the mathematical hypotheses
would impose; +the other being partly ex-
perimental, attempting to obzerve more
carefully +the nature of movements of the
s0il under model tests, 1a order to simu-
late as truly as poseible the geometry of
the feilure surfece, the movements of the
masses of poll, and the boundery conditions
of the problem (Bergfelt 1956, de Beer and
ladanyi 1961, Biarez et al 1961, Jumikie
1961, Spencer 1964, et al.).
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Against any disproportionate zeal towards
the first objeotive one might merely
lovel the criticiem that the rigour sought
would, when oonsumted, merely achieve o
true representaion of & hypothetioal
rhecloglcal model and ite pathomatiosl
behavior. The etatistical dispersion
within which & real poil would be Tre-
prosenied by such a rheological model
still mwaits Ainvestigation. With respect
to the segond line of investigation the
problems raised concern the measure
within whiech the small-scale models
do reprasent the desired prototype, and
permit observations of a precision
ospable of distinguishing between aif-
ferent geometrical formulations of the
surfaces and kinematics involved.

Fortunately, in simplifying the preszent
aim at presenting & very briel SUMBBTY
of the atatus of bearing cepacity theory,
i1t 1s poseible to refer the reader %o
a series of wvery recont and thorough
publications (de Beer 196%, Kerissl 1965,
Vesie 1965, Martine 1965, &and Brinech
Hanoen 1966).

A8 & first step the analysis i concerned
with m strip lomd on the surfuce of a
weightless materiael, The problem was
troated by Rankino (1857), Prandtl (1920),
setssner (1924), Buismen (1940), Terzaghi
{1943), [leyerhof (1948, 1951}, Mizuno
(1948), Caquot and Kerisel (1956) Soko-
lovski (1960) and Bimrez (1961) emong
cthers. The Prandtl-Reissner solution
for this weightless mpaterial, undar &
strip vertical major prineipal etrees
purrounded by a surcharge o, 4is ocon-
pidered a8 "rigorous" solution, giving
the respective clsasical Ne and Wy
equations. The subcoquoent solutions
incorporate different nttempta toc 1in-
troduce “realistie" friction conditions
at the base of the footing, and failure
masses, surfaces, and movements  mero
in &ccord with theoratical impositions.

Witk the intersst atill rostricted fo
surface footings, tha next atep generally
comprises the introduction of the Ny
term, 4in atteopts o aecodnt for non-
-waightless material (¥ # 0), for

which cose no rigorous analytical solu—
tione are yet available. As may wsll
be seen, the controversy around the valuso
of Ny 1is considerable (de Boer 1965).
It 18 of 4interest to note that within
the area of theoretical derivations two
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sources of error and dlecrepancy arise

thenceforth: the first concerns the

cholice of nothod of stability analyseis
to be amployed, with 4ts explioit

failure surfacu sseumption; and the
pecond concerna the fact that upon

completion of such a stability enelysis,
with oconeeguant minimization of the
foctor of woafety mlong soms  purface
distinct from that which prevailed for
the weightless cmse (for Ne and Ng),
the genersl bearing capacity formula le
obtainod by adding the two theoretical
non-coincident conditions. In thias
rocpect, Brinch Hansen (1966) gives a
very elucidetive picture of how the HNq
value would simultaneously change, de=
pending on the method of stability

analysis. Comparing several methods of
stability analysie for the aimpla case
of & weightloss so0il of ¢ =300 , for
which the exact Prandtl osolution is
known, he shows that Rendulic's "ex-
trems method" and his own "pquilibrium
method"” of eaenalysis coms clozeet to
reproducing the knoen velue (an error
of about 22 % on the unsafe eide), It
is of specinl interest to mnote that the
values Tenge from 30 % to 169 % of the
vgxact" wvelue of Prandtl's postulates,

and that within a major portion of the
nscumed failure surfaces, their near

coineidence would make it rather diffi-

cult to distinguish, in emall-scale
model tests, as to which pBeemed more
realistio.

The very revealing fact also 1is thati
recent developments in the aubject in-
dicoate the futility of theoretical de-
velopments unaccompenied by eatisfaotory
test results (de Beer 1965). In order to
obtain & better fit of theoretical ocurves
to "suitable" test results, not only are
corrections introduced (Meysrhof 1963)
in the value of § because of the roughly
10 % larger value found in plane strain

tests 4in comparisom with triaxial testa:
but also, the curveturs of the Nohr - en~
velope, presumed e Tf =C0tan@ , 1is

introduced 4in view of. the crushing of
grains, &8 a function of the modulus of
elasticity of the material oonstituting
the eand particles. Thus, indirectly ,
the compressibility of the mnon rigid-
-plastic mwmaterial begina to interfere.

The problems 4in +this area have been
treated by Buisman (1940) reférred by
de Bser and Wallaye (1948), Terzaghi
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(1943), Mizuno (1948), Caquot-Kerisel
(1948, 1956), Meyerhof (1948, 1951, 1955),
Lundgren~Kortensen (1953), Kopedsi (1961),
Dorbunov-Possadov (1965), among others.
I¢ 1s generally rocognized that the
satiefactory esolution of the genersl
pass must be obtained either by rigor-
ous pumerical mpethods s euggosted by
Lundgren-Mortensen (1953) and Sckolovaki
(1960) (the latter better edapted %o
computer solutions), or by “rigorous®
grephical methods such as Josvelin de
Jong's (1959).

As rTegarde deep foundations ia olays,
treated as ¢ =0 materials, no theoretical
troatments have teen propoeed (Kerisel
1965) beyond those alrendy mentioned
under the reference to Skempton (1951 )
under item 2.2.3. Reocent experimental
evidence, prinoipally with respect to
London Clays end to the use of the
Statio Penetrometer will be disoussed
separately, The latter bhas, in cases,
suggested Nep waluee as high a 15 to 15
instesd of the theoratically proposed
Kep = 93 but hitherto it 1is the
penetrometer that has beeu subject to
oross-examination under the ABsumption
of the Nep =9 aes’ well-setablished,
and not the contrary. On the other hand,
the experimental evidence from large-—
~bored pile teste in Iondon hes pointed
to the major relevance of the interfer-
ence of deformation phenomens, and of
the nocessary definition of ‘"realistio®
sheer otrength parameters: on¢ce Egnin,
the tendency hae been to accept Nop = 9
mnd to adjust field @and Ilaboratory
tosted mtrengthe to +ths “appropriate
value". It 48 important to emphanmize
thet tha interference of deformation
phencmena, through slesto-plastic analy-
sis of a strain-eoftening materisl to
repreeent more correctly the typical
stress~strain behavior of undisturbed
eennitive olays, hae led ladanyi (1967)
to concluds that the Nop wvalue of 9,
valid for pon-sensitive olays, should
docreass to about 6 to 7 for clays of
moderate sensitivity, and teo about 4
for extremely sensitive clays.

Pinally, as regards deep foundantions
in eands, one observes that s peries of
protctype~scale tests very carefully
oonducted and observed bas foroed a
Tery major revision of earlier theo-
retical ooncepte (Veoie 1965). To begin
with, 4n the oemse of deep foundations
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in sauds (¢>0°) , the controversial N
faotor had been set aside because of
the insignificant dimension of the point
in comparison with the depth. However,

with ths formula reduced to the fom
Gy =Se ¢ Nop +5¢ q HNqp , end with

the mocepiance of the first term anm

eatisfactorily established, ths dif-
roencee of method of formulation of the
problem, a8 pumnarized in Fig. 7 hbad

already led to very major discrepancies
in Kqp wmluoe proffered by warious

euthors (Vesio 1965).

Purther, the new oxperimental feote
(Esrieel 1961, et al.) revealed, onoe
again, the very major influence that
deformation problems, not considered
until then, play in the detormination
of feilurs conditions, appropriate
values, end consequent Ngp wvaluss,
Fig. 8 herein reproduced from Vesic 1965
gerves to illustrate the proportiona of
the effent of compreossibility considered.

Although tho subject has been treated
solely in connection with sands, its
inelusion in the present Treport is
considered necessary on thres oounts:
(n) to reemphssize ths need for proto-
type-scale obssrvation of facts, pos-
sibly under improved techniquea and re-
newed perspectives; (b)to reemphasize
the ioflusnos of oompressibility and
deformebility phenomenn, which would
analogously affect tho gomeral case
of (€,¢) ocleyey moils , (o) to 11—
lustrate, within the general panorama
of beering capacity problems how 1little
has ranlly been eoffesctively established
for the general soll cabe.

2.4.2 Annlyein of tho significances of

different theories

In eppraising the routine foundation design
procedurs, one must recognize the faot
that engineers are immediantely faced with
the problem of sslection of & formula
to uee, Unlese such & selection ia
facilitated by considerations of tradi-
tion, authority or sympathy, one oannot
ignore the faect +that the No, HNq and
Ny factors rocommended by different
authors can appoer discouragingly dif-
feront.

Therafore, sz a next step in the present
report it was decided to  investigate
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Az regards ths selection of the "reference
equotions” it was reascnesd that it would
ba mooeptable to employ the Prandtl -
~Reissner basic equations for Fe and Fq
(shallow), &8 has been done in both the
more recent simplified recommendations

( Brinoh Bansen 1961, Meyerhof 1961); and
that for the Ny factor, by analogy, it
might be mooeptable to use the Brinoh
Haneen 1961 equation adapted to Ny =

= a(Ng = 1) tan ¢ . In part this reasoning
was based on the dimpression that all the
formulae constituted variations on the
original Prandtl thems, with insufficient
evidence to support the preforences on
the modifying feotoms separately introduced.

~

The results were sufficiently revealing ,
and of a high snough level of statistiocal
significance, to permit restrictimg the
enalysie to this rudimentary degree. Seo-
ond-order regressions may suggest them-
selves as & next move, if desirsd or
Justified,

The analysin of the results reveals guite
clearly the areas within whioch the Prandtl
theory model bas led to wider ranges of
disagreemont, It muet be noted that the
Bq regression would become meaninglesn
i7 "deep foundetion . and "shallow foun-
dation" formulee were considered togetherg
ths repult presented refers to shallow
foundation formulase mlons, and, as may be
seon, even with this limitation ths levels
of confidence are mush wider than for the
Hy and No ceses.

Some simple practical conolusicas  that
derive from the figures and stetintical
analyses may be summarized es: - (a) the
sffortes spent with respect to better do-
finition of values of Ne have basically
rosulted in en average incremres in itas
value by 9 $ in comparieon with the
Prendtl-Reisoper solutioni (b) the average
result for Ny solutions proposed would
indicate KNy ™ 2.06 (Ng -~ 1) tan ¢ , which
represents but @ 14 % increase with re-
spect to Brinoh Hansen'!s (1961) recommen—
dation; (e) 8 noticeable discrepancy
ooours with respect to the Nq valuss,
tince on an average the solutions propoced
tond to indicate 843 % 4increase in oom-
parieon with the Prandtl-Reissner solution,
an indication that merits questioning not
merely by itself, but also in counsobion
with the postulated basie interrelation
botween the No end Nq factors in +the
Prandtl-Reissner solution; (&) the levsls
of significance of the regrossions ansumed

decrease mticeably from Ne to Ny to
Fq , and in the latter two ocases the
range of dispersion is considerably wider.

As an indication of prmotioal interest, in
each of the Pigures 9, 10, 1l curves have
also been plotted of ths respective
statistical average N “walue. Sinoe fre-
quontly & factor of safety P =31 is am-
ployed in foundation design, it would be
of interest to represent how far the
lack of “oorrect® N wvalues might affect
the safety of foundations (assuming that
the average epplicable shear strength para-
meters are not in question &t the momsnt).
At leapt Ae far as formulse ere concerned,
the oritical areas of decision arise for
Fq values for ¢ < 30°, and for Ny values
for ¢ <200, It must be reminded, however
thaet the value of this preliminary agraisal
is very limited, since it concerne oaly
the relative comparison smong different for
mulae.

2.4.3 Estimate of the field of practical
interest and mvailable confirmatory
svidence

Recent advences in the use of statistical
interpretation of data, and of computer
solutions to formulate theoriees to fit
the cbeerved facts from & statistical
umiverse, permit one to foreseo that the
Prandtl-model approaches to bearing cap-
city problems may shortly be superseded
by entirely new Tormulations. There is,
therefore, some interest in examining can-
didly, from the perspective of a etranger
to Tam field of Soil Mechanios® sarnest
and hitherto fruitful endeavours, what
ars the probeble boundaries of the etatis-
tical universe of bearing ecapacities that
concern the foundation engineer, and what
wotld be the most recommended delinsation
of a eampling program to reprezent it most
afficiently, +to desired levels of oconfi=-
denos.

In a very simple spproach to the problem,
sssuming that a genorsl besaring failure
is mt etake, Pig. 12 wae prepared for
the intended analyein. Setting aside many
sooond~order factors, and adopting the
goneral shallow footing bearing oespacity
formula with the Brinch Hanmen 1961 N
faotors, the principal parameters at play
wore limited to the O and ¢ values, and
the dimensions D end B, PFor necessary
pimplification single values of Y= 1,6
t/m3 , and D =1n wore applied. Thus
the principal indepandent parameters wers
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Pield of interest in bearing capacities
and available confirmatory svidence

reduced to the following, with the rangen
of maluen mpplied to sach: O« 0 2 20 t/m?
o€ ¢ < 409; 0,32 B =% 20n. PFinelly,
for the further simplification ¢f gruphi-
onl presentation, the corresponding oom-
puted bearing capacity values are plotted
in Pig. 12, only for B = 2, thus setting
aside the epomewhat amanller-order varim-
tions dus te B, in drawing the curvas of
equal T3,

In order to feoilitata the statistionl a-
nalysis, the parametors of the %wo axes
should preferably be chomen mo as to
reduce the set of T¢ ourves as nearly
as possible to perallel straight linenm:
this has not bsen achieved, but it waa not%
pursued bscause, with the graphs as they
are, the oonolusicns are obvious %o any
enginser. The ooncentration of field end
laboratory test evidence, plotted in the
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Pigure, mersly desoribes the extremitive
of the two bounderies (o = 0, and @@ = 0)
of the field of intersst. Very few dats
have been located that fall within the
area of more general interest. Ae a result,
i1t was concluded that until & number of
additional points are contributed for plot-
ting approximately in a grid pattern within
the general area, At present it 1is no%
pospible to subjeot the problem to statis-
tioal mnalysis for suggesting the tesiing
program that would be of greater interest
or sefficiency tewards reviesing the present
theory «

When such a formulation becowss more fruit
ful, the prog-am would be sstadlished with
a view to raieing the levels of confidence
of detarmination of 0 f. Horeover, Iif
onoe egain the use of F = 3 be interprai-
ed as n likely provent lowsr 95 ¥ con~
fidence level, the programming of practiocal
intorest to foundation enginesring prectise
would be such 88 would reiss the respective
bearing velus, by raising this lower oon=
fideace lsvol,

2.4.4 Soms basio problems asscciated with
Frendtl theory and Bsaring Cspacity
Formulea

In any atterpt %o axamine the perspeotives
of future desvelopment along & given line
of thinking, it 15 neoossary to revert in
some meapure to the buslo premises, whioh
are genernlly forgotitun during more routins
epplication of ite resuliv, For instance,
whercas it hao become routise to  epply
Plasticity Theory os if it wore an abso-
lute law, it would doubtless be edifying
to examine the omfidenca limite of the
very data whieh prove its velidity, in
order to chsok how far it might be worth
refining conolunions based on the theory.
An anslogy ie furnishsd by the meticulous
demonstrations by Bishop (1966) for {he
cape of another implicitlymoccepted law
that “The experimental reesulte, however,
strongly pupport the Mohr-Couleab oriterion
and we must, I Tesl, ancept the NMohr-
~Coulomb oriterion ms being the only
simpls oriterion of reasonable genorality.
It does, howover, undersstimate the value
of @' for plane sirain in donss 2ands Ly
up to ‘0 p——

Thus the use of tha Thaory of Plastiolity
to bearing oapucity mey gein from spocifio
research on some of the basio premises,
among which tun following are oited a8
axaxples,
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Firstly concerning the etrese-etmmin be-
haviour, it must bc noted that mccording
to the methodology of the theory of FPlasti-
oity, up to the prosent the theoretioal so-
lutions have been worked out for rigid-
=plastio behavior, whersas most zoils would
require a mors realistic treatment as
elapto-plastio, with strain-hardening or
strain-softening, as the minimum adequate
forz of representation. Thae upe of com-
putational models, as sxsmuplified by
Whitmen and Hoeg (1965) and others, opens
new vistas along thie line. Indeed, mention
hae already been made of Iadanyi's (1967)
dexonotration of the effect of a ptrein-
=-scoftening behavior of mensitive claye on
the Ne walus of deep foundatioms 4in
clays,

Moreover, it may be noted that tiue effeots
mre not considered, neither are evidences
of hysteresis in ptress-strein behavior.
Aleo it ip accepted from the theory that
in plaetic frictional materisle every
process of plastio deformation is acoom-
panied by an increase in volume, which
doubtless raisen questions on the accepta~
bility of the model (Drucker 1953). Also,
the theory has been cystematically applied
to soile under the assumptiom of the Iinear
Theory of Deformation, 1.e. oonsidering
that the geometry of the mess will not
muffer changes during the deformation
process, Finally, from the theory it 1s
demonstrated that the medium can only
underge movements of rotation or trane-
lation a8 a rigid body when the sliding
surface and the failure lines era straight
lines or log spirals, r =1, 8@

whorein the log spiral becomes ciroular
only in & purely cohesive material(Badillo
and Hied 1967).

A second problem that is raised concerns
the choice of the applicable "flow cri-
terion" through the Mohr-Coulomb equation
m= oc4+Ctand. As i well-komwon, if
thie squation 1g expressed in terms of
effective streseces, involving the true

angle of internal friotion @', the bear-
ing capacity analysis should be conducted
with full cognizence of pors pressures,

1f, howsver, the pore pressures immedip—
taly under a loaded footing are mot kmomm,
as is moet gensrally tho case, the total
stress analysis coupled with pome un-

drained strength parometors oy and @y
will have to be employed, and a problem
arises with respect to the valus ap-
plicable. Stated in general terme there

71

may be thres differeat waluee at play
within & bearing onpacity formula, even
if we exblude from oonsideration the gra-
dually ocurving onvelopes that generally
obtain in unsaturated soils, and that are
traditicnally substituted by atraight
lines sooording to the rangs of normal
stressas faced by the problem at hend,

Pirstly there is the woll-established faot
that the geomotiry of failure planes is de-
termined by the true aengle of intermal
friotion: therefore, since the bearing
capacity factors are determined <through
otability annlyses of failure masses se-
tablished acocording to such & geometry, &
discrepancy may arise inasfar as by ap-
plioation of the fu value, the N factors
will be mascointed with a failure surface
somewhnt difforent from that which should
bs the real one, This problem has bsen
disouseed by Davis 1956, under a set of
naceaparily simplifying assumptions, some
of which pertaining to Elastic Theory
oconetants, together with Skempton's A and
3 coefficiente apsumed to be constante at

fajilure, and it is concluded that ™In
spite of the foet that oy end ¢y are
not the true oparemeters ¢' end ', an

undrained stability analysis will alwaye
glve tho correat eanewar in terms of &
factor of safety or the megnitude of the
load cauning failure, provided all the
other mesumptions with Tregard to shape
of failure plans, homogeneity mnd iso-
tropy of ihe eoil muss, aboence of con-
nolidetion, eto... =are reasonable, and
provided the undrained etrength snvelope
is o straight line over the range of streass
of the problem, It will, however, give
an incorrect pattern of elip lines or
position of the failure plans™ (loc. cit.
Pe 170). The assumptions and proviscs
raise Bome questions, The eame subjept
is treated by Bishop and Bjerrum (1960). Ry
analysing a simple idealized oase of the
otebility of & vertical out, and using
Rankine active states of ptress, the gue
thore prove that the factor of safety
F = 1 ooincides for both Total end Effecr
tive otrese mothods of mnalysis, each,
however, with itp mathematiocally determin-
ed failure planej 4.e. the failure plane
for the ¢, = 0 method minimized to

P =1 resuvlite on a 45° plane, whereas
the failure plane for the equivalent ef-=
feotive strees condition of o' = 0 and
q'£s o, anzlogously minimized, results
ine 45+ ¢'/2 plene and the same P = 1.
The conolueions are thus: "Firstly, both
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total and effsctive stress methods of ota-

bility unalyoia will agree in giving a
footor of safety of 1 for a poil macse
brought into limiting equilibrium by =&

change of otress under undrained conditions,
-scondly, although the values of a factor
of safety are the same, the position of
the rupture surfaoce is found to depend on
the value of @ uoed in the analysis. The
closer this value approximates to the true
angle of internal friction, the more realis
tic is the poeition of the failure surface
«es" (loc. eit, p. 46). The suthors thore-
fore caution with respeot to the use of
total etrees methoda in over-consolidated
clays in which the pore pressure shows a
marked drop during the latter stagea of
ehear, because tho total etress method
implicitlyuses a value of pore pressure
related Lo.the pore pressure at failure in
the undrained test. -

The second manner in which it may be visu-
alized that additional different values of
@ are simultaneously at play in a general
bvearing capacity problem concerns the in-
terpretation of ¢ sz a dTl¢/de . Ina
goensral way thers are two conditions of
df at play within a failure surface under
a footing: the firet concerns the d(¥z)
corresponding to overburden pressures, and
the sscond concerna the dq of the sur-
charges and the very focting pressure ap-
plied, causing inevitable changes of nor-
mal etros.es along the failurs surface con-
comitant with the sheariog stresses that
lead t0 the failure hypothesized., Classi-
cally the dTg/d (¥2) hae been disrg
garded by the use of a conatant “"weighted
average" ¢ value as suggested by Skemp-
tonl1951) and ae above discussed under item
2.3.3. However, this value, which 1s
that corresponding to comsolidated-un-
drained shear teits, or as more Trecently
preferred, the c/p ratics bettsr da—
fined by in-situ vans tests, comes into
play whenaver the size of the lcaded area
forcea a deep faillure surface, the geo-
metry &nd atability of which would obvious-
ly be affectsd by the fact that strengths
increase with depthy for instance,shallower
failurs surfaces should prevail. As was
mentionsd under item 2.3.31 this factoer has
received attention fros Haymond (1967, more
receatly. MNoreover, olaspically the

4 Ty/dq has obviously been taken for
saturcted clays as the @y = 0, In unsa-
turated clays wherea $u > 0 seven for a
rapid loading, thie value would be
defined by appropriates unconesolidated-
-undrained UU tests: but even in sBatu-
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rated clays scme degres of dissipation of
pore presoures during comotruction oould
acoount for a Py > 0. The "Influence
of Conutruction Time on Pore Prosours Dise
sipation Beneath Foundations" wae recently
treated by Lumb (1965), but the subject
ramnina complex,

The cholce of & single ¢ valus most ap-
plicable to a given problem treated by the
total otress method depends on the relativas
participetions of the several factors men-
tioned. For omall footinge on stiffer clays
the epplied pressures transmit etresses so
muoh higher than the in-situ initial con-
solidation pressurcs, that the prevalling
undrained ¢ value will be given by UU tests
(apouming no drainags) bscauss of a pro-
valenco of the dTg¢/dq factor. For large
aroas on soft clays, with light loadings,
for analyees by bearing capacity. factors
the prevailing undrained ¢ will mors olose-
1y approxigaete that of the dTp/d (Y z)
factor. The relative proportion of +the
interference of these fmctors may best bte
ectimated by plotting the presumed streess
paths of representative soil slemants,

Finally, since some of the reasona for the
development of new =anslyses in the past
have been connected with Jypothoses rteo-
garding the development of friction below
the base of the footing, 1t may be note’
that no field evidence has yet besn ob-
tained on this point, in whioh both adhe-
oion snd friction will be at play, the
latter depending on presesurs distributions
which in twmn depend on ths structural
rigidity of the footing and multiple other
factors (e.g. Meyerhof 1963, Szechy 1965).
The theoretical developments should aim at
allowing independont o3 and @1 pera-

meters (or corrsction factors for the

bagic ¢, @ s0il parameters) et the basa
of the footings because of execution ef-
feote analogous to those postulated for

piers and piles in Iondon Clay on the

bagis of the corresponding field evidence.

2.4.5 Bearing capacity solutions for special
casss

Many special ceses that the praotising
foundation enginesr occaeionally faoen

have merited aspscial derivatione within
the bearing ocapacity formulse above die—
oussed, Although within the tone set for
thie genermnl repnrt, 4in comparison with
the dispersions Aalready mentioned most
of such omses would appear to constitute
second-order or subsesquent-stage offects

as regards present-day ability to estimets
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bsaring oapeoitiss, the wvolua of such
studisa for oomparison with the earlier
eimplified podels certeinly canmot b
denied.
(a) thape factora, for equare, rectangular
and ecircular foundatione &2 compared with
the ptrip foundstion, have already been
montioned. Indicatione on the subject
have been furnishsd by Terzaghi (1943),
Meyerhof (1951, 1963), Skempton (1951),
¥izuno (1953), Brinch Haneen (1961, 1966),
and de Boer (1965).
(b) Inolination factors, for tho caose of
inclined loads on shallow and desep founda-
tions have been recommended by Meyerhof
(1953), Sokolovski (1960), Brinch Hansen
(1961), Shirsishi (1964), Jappelli (1967),
and Jappelli and Tortorici (1967), among
others.
(¢} Equivalent end effective areas
1f loaded sreas ars not of the standard
shapes in plan, it is customary to trans-
form them first into an "equivalent" rec-
tangle of the same area and center of
grevity, with the main axes coinoiding,
and with the same "ratio of maximum to
minipum plastic seotion modulus (= InB)"
(Brinch Hansen 1961).
Moreover, the procedure for handling eo-
centrie loadings has been recommended by
Meysrhof (1953) end Brinch Hansen (1961),
among othera.
{4) Influence of adjecent footinge
The subject has been investigatedby model
tests by Habib and Toheng (1960), with &
pubsequent publication aleo by L'Herminier
et &l (1961), Mandel (1963) studied the
problem theorstically. It is concluded
that the inerease of bearing capacity is
segligible in = O cases, although it
18 very pignificant in eands.
{s) Bearing capacity of footings on elopes
Tha subject has besn studied buccessively
by Meyerhof (1953), Janbu (1957), Mizumo
(195C), XKedzi (1961), Zahareseu (1961),
Hrinch honsen (discussion, 1961), Jappelli
{1967) and Jappelli and Tortorici (1967).
(f) 8hape of the conteot surface of the
foundation .
Szechy (1965) investigates the influence
of convex and concave flat contact surfaor
of footinge on the bearing capacity, and
eonfirme the conclusions by tects on eands.
{g) Influence of layersd depoeits
This problem, which appesrs to be of more
practical interest than the foregoing, bap
tocn repeatedly studied, The following
pequence of oontributions atteste to the
rolavance of the topic; DButten (1553) ,
L'Herminier (1956), Milovie (1963), Kennoy
(1964 ), Yamagiuchi {1967), Roddy =&nd
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Srinivasan (1967), and Yokowo et al (1968),

anong othors.

(h) Interference of an underlying shallow
rock horizon

This etudy, concomitant with that of the

influence of a limited thickness of the

layer of soft ocley, originally considered

by Jargenson (1934), was later treated by

Kayer and Habib (1951), Habib abd Suklje

(1954), Suklje (1954) and Vyalov (1967).

2.5 Benring capacity of individusl piles
and piers

2,5.1 Point and ekin resistance for piles

In an attempt to report first on what ap-
peer to be the most ourrent present-day
practices in foundation.engineering it wae
mentioned, under item 2.2.2 (d) and through
Pig. 4 that Meyerhof's deep foundation so-
lution in extensively applied for the com-
putation of point bearing capaclty through
the factors Necp and Ngp 88 plotted. More-

over, Skempton's recommended value Kep =9
for point bearing cepacity in clays (¢= 0 )
was also established as of widespread eao-

ceptance.

However, under item 2.4.1 some guestions
were raised, aslthough pertaining more +to
gonerel bearing capacity probleme. There
are obvicus conditions that make the bear-
ing ospeueity problems of piers and piles =&
somewhat Bpeciml clses of problemy suffice
it to say that there 4ia the joint oontri-
bution of Iateral or Skin Friction, and
Point Bearing, that the former frequently
sonatitutes the principal contribution,
end that even for the point bearing con-
frivution it is & ©omewhat meaningless
abatraction to imagine a deep plate without
taking into account how it got there and
what the respective consequences might be
of the so-called execution effects. Thus
1% behoves ue to examine in somswhat closer
datail the present status of bearing oapa-
oity problems of plers and piles. After
discussing the subject in tha light of the
generel sccumulation of data, the cass of
London Clay investigations will bs treated
separately in view of the vaet amount of
informption and of noms special problams
that appear to obtain in that individual
caso.

() Point resistence

Regarding point resistance in eleys it bas
alroady been mentioned that the fmotor

Hop = 9 is not gensral. Iadanyi'swork (1967)
with roepect to tha influence of the ptrain-
—goftoning strese-strain ourves has already
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been mentionsd as capable of reducing Hap
to ae low & value as 4 for extrasely cen
eitive olays. In an earlier study(ladonyi
1963) based on the theory of the expanaion
of a cavity (both spherical end ecylindri-
cal), and using 8 numerical integration
method to applyas closely ae possible ihe
real stresp-stranin ourves of tha clay, he
had slready proved that Skempton's (1351)
expression for the deep circular foundation

Nep = 2-1n [%ﬁﬂa» 1] +2

baoed on the Secant modulus of Elastiocliy
i gave valuea from 5 to 15 % higher
than those newly derived, such valuss rang-
ing from about § for Eg/Tjeuu) = 25 to
gbout 9.2 for Ep/f,(w)= 550« ¥oyerhof
{1964) in his discuesion therefore sSumma-
rises that since hie own rigid-plastic &=
salysis had indicated Hep = 9.3, slmpli=
£48d reccmmendations could read that the
lep value should ba correctad by & Tre-
duction factor varying from about 0,5 for
B8/ (wuy™ 25 to 1.0 for Esfy /500,

The model test values 5<Nep<8 reportad
by Sowers 1961 may thus bave been assooiat
ed with stress-etrain problems, Not many
fisld memsurements aro available to ¢check
the desp Ncp for clays, besides <he Lon~
don Cleys. Korisel (1965) stotes that
values higher than 9 have been resported,
although none higher than 20, Blerrun
(1954) reports 4 loed tests on 0,25 m dia-
meter plates at 2.5 m depth in a clay of
5¢ ® 80 and T & 1.2 t/m2: theorstical
valuen ware checked within 2 %, the etrain
at failure being remarimbly small (0.025 B).
mllieager (1955) aleo olsims agreement
with the general formuls, for ths Aarhus
teptarian Clay, using indirect caloulations
from pile load tests. Dinesh Mohan (1961)
reports values for expansive claye wherein
comparing with the vans sheer atrengths of
14 to 18 t/m? ths resulting Nep values are
8.2, 5.7, 7.8 end 7.2. Ruffez, ot al (1967)
report estimated point bearing oapacitien
more in accordance with drained test para-
meters (¢, @’) uoing the multi-stags  tri-
axinl tsats mnd Brinch Hansea's (1961)
bearing capacity factors. Regording the
point bearing copacity factor Nqp fer
circular deep foundatlons in sandi, Pig. 7
transcribed from Vsaie (1965) illustrates
the already mentioned degrae of diecrepancy
in opinions, Herein, however, it is fell
that the adoption of suitable design ro-
comuendations cannot reaconably bo molded
to a concept of dispersions within a sta-
tiotical universs. The naw perspectives
opensd by the prototype—scalas model teots

at the Chavreuse Station (Ksrisel 1961,
1564 ) and ot the Oesorgle lnstitute of Teob~
nolegy (Vasio 1963, 1965) showed the im-
portant-intorference of unolarified scale
effente,

Ths more apperent preblem seemed to be the
derivation of the suitable bearing capacity
factor, appropriate adaptations being made
to compare driven and buried foundations,
in accordance with correctien factors for
the respective "exscution effects". [HNot-
withetanding Meysrhof's (1963) recommen~
dation, and & recent indication by BroRe
(1966) in fevour of the Barezanisevy et
al. (1951) factors, it is felt that et pre-
sent Vesio's own values (Fig, 8) must be
einglsd out for preference, becauss they
permit consideration of a newly-discovered,
undepniable, non-random factor ms the "ri-
gidtty index" of ths soil, to bs esparately
detemniced or eatimated.

Such a paramater would preeumadly have as
merked an influence as was observed in
gends, on the gensral (¢, @) soils, fre~
quently more deformsble than the pure sandas,

Howsver, the real problem revealed by the
tosts montioned was the fact that the polnt
resigtance inorsased quasi-proporticnally
with depth only &t relatively shallow deptha,
while at greater depths, genarally eaxceed-
ing about 10 te 20 foundation diameters,
thia resintance reachod asymptotically al=-
woet constent finel values. Thua, the mein
problem in determining the point resistanoce
shifted to ona of establishing ths btiress
field dus 4o overturden strssses that oan
he considared affective, Veslc achisves
the desired scmpatibility batweon obsesrved
and theorotical bsaring valuss by postulat-
ing that"the otress field around a deap
foundation resembles that observed in a
eilo .r, genorally, in a mass of soil
abova B yielding horizontal support
("arching")", a» schematicoily shown on
Fig. 13, rveproduced from Vesio(196%. The
oritical depth, teyond which no further in-
cregce in pauring capacity obteins in a
homogeneous soil is shorter in a loose
raterial than in o densa one.

Quite apert from the disouseions on ap=-
plicabla values of the Nqp factor, there-
fors, it appears important to recognise

that “"becavse the load transfer is expeoted
nenyr the pils, the vertiocal pressure mnust
cot be oqual to the overburden pressurs as
Yz " (Nishida 1963). Thua s fundamental
“allasy lles in the faet that in computing
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Strese distribution around o doep
foundation in eand (apud Veniec 19C3)

total bearing capacity of piers and pilcoc
Meyerhof '8{1951) recommendation "To ‘the
base or point resistoncs of g foundation
with & rough shaft must bo added the skin
friction, to obtain the totel bearing ca-
pacity", has been generslly followed by
considering the overburden stress, varying
linearly with depth, &s fully effective
both for the point rosistance and for the
akin friction.

The execution effects of piles such as the
unlarged-base Franki pile will obviously
elter the above oimplified pleture very
considerably.

(b) Skin resietance.

The totel bearing copacity of a pile im
traditionally subdivided dinto the compo-
nonts

Q= (o Nep + aNeplit +f54,

wharo

Ap = osrea of base; Ag = surince sron
of shaft; £y = unit pkin friction; and
pther pymbols as before. In homogeneous
soile the skin resietence is often the
principol sozponent., In order to nccount
for exocution effectn sa well as for any
implicit incompatibilitice 4in the eimul-
taneous strape-strein dsvelopuent of tha
two components, it has beon custopdly mexro-
ly to include o corrociion factor to com-
pare the skin frietion valusngs fg with the
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spproprints shoor strength values of the
contiguous scil alewent: thus fg = Tr.
Volune of « have bsen deturmined experi-
pentally by various means. The skin frio-
tion “emn be cetimated for piles driven
in sende Uy uoing an earth preseure coef-
ficient of sbout OC.5 to 1.0 according <o
the rolative density of the material*
(¥eyerhof 1951, 1963): that a2, tmdi-
tiopally the diagram hae boen asoumed to
be linearly incrensing with depth due to
overburden prossure.

Considerable theoratical and experimental
ovidence hes coms to light, however, to
alter this simplified picture quite radi-
eally. For instance, the lerge-scale model
tests abvove mentioned (e.g. Vesio 1965)
bave chown that the ekin resistance in
nanda follaws ths sams trend mentioned for
tho peint resistenca, i.e. reaching asympto
+ically almost conatent final values with
inoreens cf pile length after an  early
quasi-preportional increess with depth up
4o about (10 = 20) dimmeters. Moreover,
the digplrcements neoded to reach the ulti-
»nip skin resisiance aro independent of the
dimmater, wharens thone reguired to @evelop
the uitim=ta bmao recistance are roughly
propartionnl to size. Finally, during the
progreas of a typieel load test not only do
tha prepertions of oversall ekin resietance
to point zasistonce mmdually decrense be-—
caune of tho faetor akove mentioned, but
alno the distributien of akin frietion along
tho pile longth cherges appreciably.

All of thesa fecte have ouggested the need
o Pormulpte better spproaches to the skin
friotion problesm, substituting for the
admittedly rudimentary one earlier mention-
ed.

The disouscion will first be concentrated
on satureted clays, in which the edhesion
ooefficient £ hap been traditionally de—
fined by the overnll ratfo of the ultimate
lnteral resistence (under rapid loading)
40 ths product of the laterzl .surface A
with the undreined strength Tf. Naturslly,
in thia respeet, ad in those formerly dis-
cussed, en important item concerns the ap-
propristo dofinitien of Ty. For purposas
of rocearch on the roal distribution of
otresees nlong & pile, seversl distinot
test concitions have been employed,besides
+he undisturbed value (2.3.1 and 2.3.2),
ineluding the totally ramclded condition,
and th> condition reconeolidated to over=
burden pressures sfter total remolding.
flowover, for purposes of design,proference

ia given %o routine reference to the
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prasuped in-situ undrained strengtho whioh
would be available to the designer: thie
decision implies, however, throwing the
grentor load of dispersions on the "exe—
cution effectas” duo to senaitivity, swel-
1ing, fissuring, eto..

#ith the B factor defined as above, the
subject decomposes into three fundamental
parts: the type of contact surface; the
exeaution effects; and the variation of
strains along the pile which earlier had
fallaoiously been takenas implioitly rigld.
1f the throo factors are 81, 82 and B3,
the B factor will result from their product.

With regard to the nature of consotruction
zaterial and the consequent akin friotion
o Table of valuss is furmished by Potyondy
(1961)., Valuea range from about 0.5 for
rmooth steel on clay, <o about 1,0 for
rough concrete, 2long foresesable lines,
The author furnishes valuss for sand and
oclay, and also for a "cohosionlesa silt"
snd & "pand-clay mixtura“: the latter two
cannot define eny general trend, but serva
to slert the profescion to the faect that
the genaral (c,q ) soils may yield aigni-
ficantly different results, that requirse
investigntion., Meyerhof (1963) refera to
model tests ylelding ratios of about 0.6
%o 0.8 for stesl, 0.7 to 0,9 for wood, and
0.8 to 1.0 for concrete.

As regards the influence of the variation
ef straine from top to bottom of tha pile,
end along the pile mas the load increasos,
Bome interesting resulta are avellable
from spocial load tests that will be dis=-
cussed separately. Obviouely if tho skin
friction davelope to its peak with very
scall straine (e.g. Cocke snd Whitalker
1961, et. el.) it cannot be expected that
ths peak adhesion value can simultansouely
develop along the entire pile, subjected
1o elastio comprossion as part of the top
settlewent. Thus, for instance, by Theory
of Elasticity derivetions it can be shown
that the average overnll adhesion will not
be more than about 50 % of the peak (0.g8.
Nishida 1953, et al,).

tetimates of B wvaluee bave been publiehed
based on n subtraction of the Go point-
-bearing lecad from the ultimste wvalues of
load tests, and & comparison with undrain-
ed strengtha. Meyerhof (1951) suggested
A= 0,5 ie senaitive claye shortly aftsr
driving of concrete, timber or etesl pilen,
and B =1 for insensitive olays; the
Ty 1o oalculatsd for an sarth pressurs

ocefficiont K = 1, with an upper limit
of 1 kg/om? as the maximum until then
observed. MRodin and Tomlinwon (1952) re-
port on 21 bored plles and 21 driven piles,
ip undisturbod clays of undrained otrengtha
(UC and UU) betwsen 5 and 11 t/n° and eom-
pletely remolded strengtho of 1.5 to 2,5
t/m?; for bored piles B 1ia conservati-
vely indicated as 0,4 for poft to medium
olaya, deorecasing to 0.25 for stiff claysj
for driven piles A8 = 1,00 for soft clays
decreaning to 0.25 for very stiff alaya.
Tomlinson (1957) again, snalysing data
from 56 soteel, concrote and wood piles con-
firms the B =1 for soft clays, and a
genaral deecrease, with increase of olay
consistency, to B = 0.2 as an average for
all piles (while & = 0.4 prevails under
pimilar conditiona for conorete piles) in
8tiff clays; an absolute limit of overall
edhesion of 4 t/m? iz recommended. Bergfelt
(1957) summarizing the data from hundreds
of pilea driven in the soft Gothenburg clays
confirms B = 1.0, Vey (1957) furnished
date on & steel H pile driven through
medium ¢lay concluding that "frictional re-
psistence of soil along the pile can be com-
puted fairly accurstely from [ strangths
in goft to medium clay". Zeevaert (1957)
roporting on reoculte of fisld investigations
on driven friction piles in Mexico City clay
considers that the shaft bearing capacity
ie given by tho lesser ome of tho two cone
ditions: eithor a skin friction of per-
feotly remoulded and reconsolidated colay
at the foce of the vhaft, corresponding %o
a8 Ty = 0.53 K py whers Zg = 0.75 wae
recomzondod; or a fallure at a distance

of about 1.1 r from the center of ithe pile,
with & eemi-disturbed elay of Te = 0.3 qu.
Rodriguez and Rosenbluath (13959) reporting
on "driven" model piles in undisturbed
Mexigo City elay, using pull-out tests to
ovaluate the adhesion, concluded thet 8 in
of the order of 0.57, with relatively emall
variations dup to roughness of pile surface
and type of pile. FNordlund (19539) reporting
on driven conorete piles, subiracting point
bearing as 9c concludes that B = 0.3 1n
otiff cleys ( Trewe = 10 t/w?) of maximum
sensitivity 1.2, Mohan and Chandra (19561)
reporting on caat-in-situ bored piles 4in
expansive glays report that the adhesion
vao the sums for compre:alon and pull-out
teste and conclude that the average B = 0.5.
Weodward and Boitano (1961) inberpret a
soriee of lcad testn on piles through sands
and claye by subtracting the skin resis-
tanoce of thn sand streta based on SPY
blewaounts (Meyerhot 1956), and subtresoting
ths 9¢ point-bearing velus, obtain B
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valuen that are roughly 20 % higher +than
Tomlineon's eurve, for clays of Tg (UC)
between 5 and 18 t/w?. Ressndiz (1964) in
o peries of epocial load toots on long pre-
copt concrete piles driven into undisturbed
¥exico City cloy of Ty (WU) 3 t/m® and
St = 2,5, rejorts 8 5 1,0 efter dus thixo-
tropic strength regain, in about 60 days.
Finaliy, lo and Stermac (1964) report on
three timber and ong Fronki piles in o
stiff elay of Tr » 7.5 t/m?, documented
with vane shear, UC and UU tests (which
perve to emphasize the reletive nsture cf
some of the sarlier dete ... of. item 2,3):
by subtracting the point bearing in an un-
derlying oilt, and the friotion in en upper
layer of sand (both estimated on the basis
of SPT blowcounts through Meyerhof's, 1956,
simplified indications) it is concluded
that 8 = 1 as rogards the vans strengths.
In the closing discussion to the paper they
further report on two steal tube piles in
which 8 = 0,35 (severe whipping during
driving wee observed).

Obvicusly the relative value of all the
ebove information resulte in a fairly low
confidence lavel of design decinionn based
thoreon, becsuse (a) of dioperaions evi-
dent in the very results of the snalyees
84 published (e.g Tomlinson 1957 and Wood-
ward & Boitano 1961, et &l); (b) the na=
ture of the original date and its probable
uispersion; (e) the lumped average value
for the pile length, despite variations of
soilo traverased, and besidos the variations
on the compenent factors £ and 8; al-
rondy mentioned., FEide et al (1961) fur-
nich a well documentedeaxomple of the nagni=
tude of the errors that can obtain from
unsuspected factora. Notwithstanding the
wido local dispersions, like all overall
evernge indicetions, they will be very
vatlefaotory while representing +the eame
statistical universs, eepecislly for long
piles. Regarding soft clays the principal
non-random factor that hue not been ade~
quately separated im the senmitivity Sg.
degarding the gap that is formed due to
the whipping effecte in medium end stiff
oleye, it may be recalled that the poosi~
bility of a self-healing of such & gap
doponde on the depth at which the clay
oocursi: 8ny clay consistency corresponds
to a certain preccnoolidsticon. pressure
(roughly estimatable through the o/p ratio)
and the rehealing possibilities depend
roughly on the ratios of the sffeative
overburden strezses and pile penetration
etieeses to such a proconsolidetion pros-
sure, A wedium clay that will not heal
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&t a . aw metera of depth will be subjeot
not ‘only to much smaller whipping geps at
greater depthe but alec, concomitantly ,
to much eesier self-hoaling.

Summarizing these rough indications which
must be subject to a considerable latitude
of judgement, Kerisel's (1965) recommended
ourve for the long~term 8 valus 1is herewith
reproduced in Fig. 14.

2 = fdnesion foctor

T 1, = Sneor strangth, vone tests

Tityem Sheor strangth und. UG tests

Fig. 14

Reoommended adhesion factore for
driven and borod piles in olays
(Apud Kerisel 1965)

For a general treatment of the subject of
skin frigtion on piles in (o, ¢ ) Boils the
reader muat be referred to the recent Bul-
leiin 25 of the Daniash Geoteohnical Insti-
tute, by Erinch Hansen and Mezurkiewioes
(1266), which constitutes a state-of-the-art
appraieal on the couplex subject. Some of
ite conclusicne, confirmed hithorto prin-
cipelly with respect to sands, will be men-
tioned in connsction with the negative skin
friction (item 4.4) to which it devotes
most attention. Within the present item
suffioce it to mention that it is proved
that skin fricticns in pushing and in pul-
ling a pile cannot be equal, a fact that
had ecarlier been observed (e.g. Meyerhof
1951, et al.) but which has been frequently
overlooked in attempte to establish skin-
friotion values from field tests. Moreovsr,
somo of the exeocution offecte that inter-
feres very significently in this problem ,
will be further disocuspsd unter item 4,3.
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2.5.% Annlyole and oynthesis of lond-strean
distribution-pettlament behaviour of

gingle piles,

It is the hope and cim of every sengineer

faced with tho decign of pile foundations,
to bo able to synthesize a load-sottlement
diagram (Af poosible including the ulti-

mate follure load prediction) for the in-

dividual pile on the basis of otandard geg
techanical testing.

Cetting anide for the moment the eolutions
bated on the Static Penetrozeter (item Z.6)
which appronchee the conception of a model
test, we ray distinguiseh between two prin-
cipal lines of endeavourj one reverte to
solutions based on the Theory of Elastici-
ty, through ¥indlin's formulae for ‘the
strosces causzed by 8 point load within the
ldenlized semi-infinite medium; the other
tapically attempts to establish the  be~
haviour of the pile through a step 1inte~
grotion of the effects of small  inecre-
ments of the pile, considered tc compreas
slastically with the point loads recelved
and tranomitted from one to the next,with
due subtraction of intermediate adhesion
values,

The latter procedure, postulating that
“the methods of elasticity are of limited
assistance in this problem hecause the
s0il 1s nonelastic” (Seed and Reese 1957),
necessarily relied heavily on mecsured
values of streas distributions along piles,
sopacially fitted with atruin gages, and
submitted to load teats. Setting aoaide
the annlogous laboratory model tests that
contributed muoch to the subject, 1t ap-
peara that the principel contributions
within this area derive directly from the
field tests and publications by Reese and
Seed 1955, Seed and Reeso 1957, Mansur and
Faufman 1958, )'Appolonia and Hribvar 1963,
Seed and Reese 1964, Coyle and Reese 1966,
and Koizumi and Ito 1967, besides indi-
rect informetion on adhesion values.

The basic procedure is summarized in Fig.
15, extrncted from Seed and Reese (1957,
1¢64), To begin with, for caeses of low
point resictance, a convenient approxi-
zation ie introduced, on the banis of es-
timates, tcubstituting the tip reslstance
by an odded equivalent length of shaft.
Thereupon a certain tip novement 1a as-
esuced, und, working upwards, the load and
ssttloment of the pille head are computed.
The problew depends fundsrentally on the
assunptions with reupect to 8 ,, and the
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Pradicting the performance of friction
piles in saturated clay (Seed & Reene,
1964)

stress-atrain curve for its mobilization.
For the value of 8, for instance theyox-

tract velues from their test (1955) as
shown )

Depth £t} 10§ 221 14| 16 | 18 | 20
|.sg. oJo.3[0.6 0.7 [0,9] 1,0

end, moreover, sugrest "that the stresa vs,
deformetion curves obtained from  vane
shear tests on the undisturbed soil be
ueed .... The vane imposes deformations
pimilar to those imposed by a downward
movement of the pile, and the radial move-
ment of 8 point on the vane extremity can
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be apsumed to develop the same sheoar Te—
oiotance oe will an equal downward movement
of & point on the pile" (1964). PFor im-
provement of the indicotions for practical
applicatione it may be worthwhile estob-
liehing, from the ecveilable test data, eta-
tistical second-order regressions of how
Az wvorlec not merely with depth but with
the proportion of Q/Qy 1 moreover,thera-
upon the step-numericel procedure may be
eubptituted by integrations. The know=-
ledge regaording anisotropy revealed by vans
shear resuits may also condition the second
bacic recomsendation.

Coyle and Reese (1965) further develop the
solution, prinocipelly with respect to the
applicable A, velues in order to make them
compatible with "limiting" values of 8
obeerved (for instence, considering in
£tiff clays the limit of 5 t/m? of adhesion
intorpreted by Woodward and Boitano 1961).
Another modification introduced refers to
the computation of tip movements by re-
ference to the settlement of loaded plates
(Skempton 1951), which aprears to consti-
tute a definite improvement. As regards the
firpt modificotion, however, notwithstand-
ing the checke obteined of the load-settle-
aent ourve vs. observed valuss, 1t may be
objected thot availavle test date have not
rerely raised s wide mergin of questions
with recpect to A values, but slso at any
rmte gerve to question ony connection be-
twoen the overall averapge 8 for piles at
failure (item 5.2.1 b) and the 8, values
at different deptho and retios of Q/Qr -

The second wmein avenue of epproach to the
preblem, through Mindlin'e (1936) Theory
of Zlacticity solution, has roceived prin-
cipal contributions from Nishida (1961,
1954, ond some earlier), D'Appolonie et
al, (1963, 1964, 1965), Sales and Bolzunce
(1965) and Poulos and Davis (1968).

—pecificaliy for the problem of determina-
tion of load-strese distribution-settle-

ment beheviour of single loaded piles it
wiis applied initially by D'Appolonies and
Rosunldi (1963) with respect to two spe-
cinlly observed load tests of stesl H

piles driven through granular strata. This
Tirst ppper wos develoned under the as-
cumption that the tip did not move, and
that “the pile i3 fres to move within the
eoil" pc within an olastic medium, Two

subsequent papers (13965, 1964 Jeconsiderably
dovelopcd the eolution, by recourse fto

conputer wethods. "Except for elastie-
~pluptic doforuntions at tho pile tip, it
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is agsumed that soil deformations may be
predioted by theories of elascitioy". The
feilure force at the pile tip 1is predicted
by o deep foundution bearing capacity for-
oula such as Berezantzev'e et al (1961),
The ptrecses st the pile-soil interface
are assumed from elasticity theory, with
& failure ctreess given by Coulozb's equa-
tion, wherein the cchesion and friction
velues given by Potyondy (1561) are in-
troduoced, The normal stress on the in-
terface is taken masfp= K0y . Keturally,
for Kindlin'm pquation the elastic constants
mupt be known: assuming M= 0.1 best-
-fitting E values were calculated to
adjust the computed load-settlement curve
to load teet results; the values obtained
were guite reasonable for the material in
question, so that the reverse process
should be valid,

As stated by the authors "load transfer of
friction foroes from & pile to a soil ecen
be determined for any pile load, less than
ultimete" (1965) and "only four factors
have & major effect on the accuracy of the
computed results. These are: (1) the
material propertiee of the soil, (2) the
elastic -plastic tip movement, (3} the tip-
-punching ferce, and (4) the normal etrase
on the pile-poil interface." The major
problem lies in the evalustion of thie
fourth feactor. HNishida (1961) for instance
furnishes derivatione of “siresses around
a compaction pile" underan analogous set
of mathematical assumptions,

Despite the many criticisms that are inevi-
tebly made to this typs of solution, it ie

noted that they tend to attenuate as one
restricts application of the method to
working loads: the great edvantage of

such & solution lies, in any case, in the
faot that it permits simultanscus compu-
tation of stress distributions within the
soil, for study of consolidation settle-
mente, group effects, etc.. In thie respsct
their mpplication introduces no hypotheses
beyond those in use for calculating stress
distribution in soils due to applied loads
( Bouseineeq,Westergaard, Mindlin ete) and
merely permits exclusion of the arbitrary
selection of an slevation at which a pile
load would, for such.cemputatione, be
assumed effective (e.g., at two-thirds depth
of the pile).

Salas end Belzunca (1965) also employ Min-
dlin'e solution, conmsidering a rigid pile,
to determine the distribution of stresses
along the pile. Nishida (1964) follows
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the same methodology to derive equations
for the olantic settlement of a pils sub=
Ject fo a statio load, ae a funotion of
the mechanical properties of the smoils and
durrounding eoil. Fair (1967) +treate gn
essentially eimilar problem of otress
tranamission and consequent elsstio settle
ment caused by a friction pile.

The above solutions have been concernsd ex-
clusively with immedimte elasto-plastic
gettlements such as are observed under
short-term load tests., TFor the ocase of
pilee in seturated clayey soils, the
stresses transmitted to the soil by the
static loading in question will oreate
pore pressures that result in an addition-
el time-dependent consolidation settlament,
Poulos and Davis (1968) investigated the
settlement behaviour of a single axially
loeded d4nccmpressible pile in an ideal
elastic soil mass analysed by means of
Mindlin's equetionj both the above-men-
tiloned contributions were considered, The
subject of the +time dependent pettlement
will be further discussed later, since
executien affecto and group effocts enter
Jointly with the statio load influence
herein considered. Moreover, suffice it
to guote for the present the nuthors' con~
clusion that "a significant result of the
analyses is that the major portion of the
total firal settlement of a single pile
in an 1deal 801l ocours ss immediate sattle
ment and that only a small proportion ooc-
curs u8 time-dspendent consolidation settle
ment", Nishida (1963) hed presented an ena-
lytical solution for the Pore Pressure in
Clay Induced by Pile Friction, based “on
an analogy to the theory of elastiocity ,
with some simplified conditions from the
practical point of view",

It may be moentioned that yet & third line
of approach to the cverell problon was
suggested by Kondner (1962), using nondi-
mensional techniques based on the methods
of dimensional eanalysis to develop oxpree-
eione for the load-deflsction charnctoris-
tie of vertically loaded, vertical friction
pile groups in cohesive soilse. For =
single pile the functional relationship,
under eimplified hypotheses, resulted as

E Q where 4 = diameter of
Pl L deo ]

the pile of length L,
end §= sattlement, Q = load, ¢ = oohesion.
By methode of curve fitting, ueing a sot
of data from both model and field tests, a
two-constant hyperbolic relation was
obtained, fitting the plotted datzs very
oloeely. Such methods, however, have im—
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portant limitations as rogords extrapola-

tion to eituationa for whioh the hypothe-
ses and/or practioal conditions bear no

olose analogy.

2.,5.) Some consideration on load teste on
plles,

The eelection of appropriate methods of
execution and of interpretation of load
tests on piles and piers has merited some
attention, most particularly because of
the need of predicting future long-ternm
beshaviour on the basis of short-term durs-
tion teasts. The precocupation has implic-
itly been mors specific with respeot to
cleye and to friection piles, expeoted to
distribute pore pressures due to statio
loadingz to a larger volume of soil and,
therefore, subject to slower consolidation
drainaga: however, none of the test and
interpretation procedures published have
distinguished between different typeo of
soile or piles. Obviously, with respect
to servico loading it would be desirable
to run the test mpo as to aocentuate the
duratione and consequent settlements, +to
facilitate predictions by extrapolation:
on the other hand, for saturated olays
subject to comprossion in shear, to obtain
a consaervative estirate of the failure load
e fairly rapid, undrained loading is to ba
preferred. Finally, because of the subdi-
vieion of the total pile load Q into its
point bearing and skin friction components,
there bas been some collateral interest in
atteapting to discern these separate con-
tributions from the very load test,although.
aonducted undor slightly different routines.

The more traditional manner of running the
test is today classifled as the Maintained
load, M. L., test. Each load inorement is
maintained conatent until the rate of sst-
tlement is B0 small that the pile-soil in-
teraciion 1is implieity accepted to have
reached equilibrium, Such a test ususlly
runs for a few days., It is believed that
no published data are available of measure-
ments of pore pressures and rates of pore
pressure dissipation due to such single
loaded pilam or piers in claye (Davis and
Poulos 1968),

Prineipally in order to improve the evi-
dence of failure in the load-settlement dia
gram (analogous to the use of constant rate
of strain equipment in laboratory testing),
and concomitantly to shorten the duration
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of tecte, the Buiiding Rezearch Station,
England, introduced the so-called Constant
Rate of Penotratiom,C.R.P., teet. Results
are Turnished (Whitaker and Cooke 1961) to
prove thot the ultimate loads defined by
succescive loading-unloading cycles of CRP
teots establish an onvelope that truly de-
fines the loed-penetration diagram of the
pile into the toil, whereas the interfer-
ence of yt"‘lqmnnta in the ML test curve
at loads close, to. the ultizate doss not.
permit such an unnqui‘vucn‘l definition of”
fatlure. Stoll (1551) ‘eritioizer the CRP
teet a8 A umunaq Annovation ‘towards
eetablishing a @

and Moseq?lﬁﬁ fei'a evidence pertain-
ing $0.8. §ng§cu od med{in to hard clay
wherein th p ut tlements of “ths ‘two curves
are m;t ferant :?6::& tHe  sarvioe

load, but % b S5t stves-a curved Tosdad
-uattlmn::’nn focult’ t6  interprat for’

¥ puid

tho ag in the cnmun.ly observed ML - -4
tnet.!" B al  azeas Lds_k)

1t appears tpat. ounidaru.s the ﬂml :ln—
torests in a load test'the obvious récoms -

wondation would b6 %0 Tin & GohbARSd: Mlim. |-
~ CRP, toatf for ‘I:he ‘snke"'of' Batter s dndd— .o
cation on pettlements, up tou the ' design

load the ML procedure is preferable, and
for a rapid and eppropriate indication of

the usually more criticel undrained Qf,
thoreafter the test chould he extended to
failuré under the CRP procedurs, Sharman
{1961) offers much evidence of the satis-
factory coincidence of Qp of the CRP and

XL teets in soft to otiff saturaled clays,
indepondently of rate of strain employed.
Lohan (1967) confirms the eatiefactory core
relation between ML and CRP ultimate loade

in exponsive cleye.

At B prectical method of running an ade-
quate test quickly Mohan (1967) propooss
vhe so-called equilibrium method in which
both the settlements and the Q¢ of the
1L teot are very closely reproduced. It
conniste in applying & given load inocre-
nent, maintaining it for about five min-
utes, and then allowing it "to reduce it-
3plf due %o the yielding of the ground.
The next highor load is then gpplied and
the process is repeated, For higher loads.
i1 is desiruoble to cmaintain the Jinitial
lead for & period of 10 - 15 nminutes be-
fore i1t io allowed to dizinish ...." "The
locd et which eguilibrium is &attained is
elvays lowor than tho maximum and 1t pro-
vider n bettor averaze thun that obtained
in & zuintoined load test".

a1

cori‘cct Value' ' or Qe 1o

* exactly ‘ovia ‘hour, with readinzs of
‘ments -at .exactly every 10. m;.mxtas.
- for eath constant load the "ﬁuﬁ.l"
' ments -6f settloment (for the f;ml

The problem of determination of the real
"yield value" of a pile load test is treat-
ed by ¥an-der Veen (1953), Stoll (1961),
¥urnyama and Shibata (1960) and Yamagata
(1961), emong others. Van der Veen (1951)
had postulated that the load settlement
curve cen be represented by & formula
C=@Qf (1 - e8P, for point bearing piles,

‘wnere the loads and. settlemonts should refer

to thome valid at-the point bearing. He

“thus employe the break in the strg:lg]nt lines ]
‘observed in & plot of 5
“ap an indication of yield. Stoll mun_gndu

# vo log (1 - o/0r)

Housel's method, incorporated into the =~
Tor '
sattlé- B
Thus ~ 7
mcra- R
30" min 7
utes) are established, permitting the plot-
ting of the Myield.velue diogran® of load”
versus the increment of settlement in the”
last 30/minutes.: It is clni.med that this
diagram soparatee into, two, d;atinct et!-eight )
I lines; tho fivet of essantinlly no = inére-
ment of mettlement, end, the second Bhowing-
a otee)p inoreass of such ‘.l.nnmmantn (2 Phaihe
final sattlament with 1ncremeut of 1oe&.
The intersection between the two. Atraight
lines is interpreted as the yisld value. '

Detroit ‘Builddng Code.  The test is
with each constant load maintninad

o

Murayema end Shibata (1960) bessed on a
rheclogical model of behaviour of frictioen
piles in clay conclude that "the settle-
ment of the friction pile is proportional
{0 the logarithm of time, if the applied
load is constant": moreover, they prove
that lineardiiy of the log stress-log. settls
ment greph results for ML teste on such
piles. “Since the linearity of logT~- lozf
curve holds only for the stress below the
upper yleld value, the stress corresponding
to the bent point from which the atraight
line deviates should be esqual to the upper
yield value", Thus they simply propose
plotting tho KL deta on a log-log graph
and definings the yield value by the inter-
section of the twe linws. Yamagate (1963)
follows the saze lino, sccepting it also
for the yield conditions of point-bearing
pilen, With respect to all these different
techniquos it may be notou that there are
pufficient theoretical reasons,sccompanied
by evidence from the laboratory and the
field, to raise doubis about the generali-
gations of the egpuivalence of the results
in the different tests. OUn the one hand
thero is much eviderce (soe item 4.3) to
prove that with some piles and soils
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the rates of pore pressurs dissipation are
po quick that any KL teset would tend to-
wards & dmained test condition whersas a
CRP test msy yot approach a partly undrain-
ed condition. On the other hand there 1o
the theoretioal and experimental evidence
that a soil allowed to consolidated partly
under any stress increment, tends to de—
velop lower values of Au/A¢ for the sub-
sequont increzent of pressurs than it would
if 1t weras diroctly streoced from the otart
to the second etress level (Bishop 1957).
The only cases in whioh the diffarent load
toots would produce no perceptible differ-
snco would be the cases in whioh the pore-
-prozsures dus to the etatic loading were
ineignificant, or of extremely slow dissi-
pation, Highly preconsolidnted saturnted
clnys may obtain in conditions such a® not
tc create pore presoures differentiesting
betweon undrnined and drained behaviour.

It is of intercat to mention that in the
two lead-tests of longest duration known
(Eide ot &l., 1961), 198 and 438 days ro-
apoctively, the drained and undreined bear-
ing capacitios of the pile weras almoet
idontical. The highly preconsolidated oon=-
dition may obtain either from the mnatural
conditionas of the c¢lay deposit, or, for
displacement pilee, from high pile-driving
streeses, in comparison with which  the
etntic load stressen may ba insignificant.
le end Stermac (1964) for instance ocbserve
practically ne Auv due-to load tests on
piloa in a atiff clay.

A8 rogards the important point of estimnt~
ing the long-duration tciilement fu , the
fundamenial point concciws the mowledge
or postulation of the tins-settlement law.
¥on der Vaen (1953) had ilready suggested
a linear relation of J vo log t for point
bearing piles, and Muuiyama and Shibata
(1960) and Yamagata (1953) maintain the
same indication for othor cases, Yamagata
oxprosses f= (f + m log t) Q" as the banic
squation, the coofficientas f, m and n being
deterninable from the data from lcad tests,
below the yield values. Sharman (1961)
postulates a linear relation of log{ve
log t, Bnd observing & pile during a period
of 209 daye obtains the empirical equation
f=129.5 [1 -~ (¢t + 1)-0.36] baing in inches
and 1t in days, Cambefort and Chadeimson
(1961) postulate ae an approximate law
pea + b log (1 + myt), 1.8,, linearity
of p ve. log (1 + mf{¥): this approximate
low ie poetulated to represent conveniently
whot are stated (presumably based on con-
polidation theory) to be well-known laws of
f =2, + b, ft for small time intervals
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t, and f=a2 + by log t for large time
intervals., Pinally, Tascion (1961) besing
on the oconsolidation theory equation U
=1 log t + ] whore U = percentuge ocon~
solidation and 1, J are empirically fitted
cosffioiente that he determinaes, deriver
an expreasion Tor f, as function of 1, log %
and the ratio of two known settlements f2
and fj at times tp and t3 undor the
oonntant load,

It moy be soen that the opinions on the
subject are somewhat divided. The possibili
ty or real signifiocance of attempting to
disouss the relativo validity of euch lawe
appears very suwall, since on the one hand
it 18 genernlly agroed that most of the
pettlemonts of individual piles and plers
are very rapid, and on the other hand, in
any long-duration prediction, the major
effecta dorive not from consolidntion tho-
ory or from rheclogical behavior detectsd
shortly after plle-driving, but from the
after-offects of the execution effects, and
other multiple unimown pile-soil inter-
actiona,

Finally, it may be mentionsd that teoh-
niquas based on repeated and progreesively
increaeing cycles of loading and unloading
heve beon repeatedly described both ae
means of bettering the interpretation of
ultimate and alloweble loads (Szechy 1961),
and as indirect means of distinguishing
between friction and point bearing contri-
butions {van Woole, 1957, Jain and Kumar
1963, Mohan 1967), For the purposa of thie
soparation, of frequent inmterest, apeciaml
apall load-testing devicea have alaso been
introduced for routine use in piling proj-
ects (Mori = Sone 1964, Broms 1968), Hae-
foll and Bucher (1961) employ a specially
doveloped uoicl-pile type of penstrometer
which i8 insorted into the borehols, the
toe being diriven about 1 m below the bottom:
by carrying out load tests on this penetrc-
moter, meacurvments of skin-friction, and
of the modulus of compreseibility of. the
soil below the toe of the pile, are abtain-
ed, permittiing the evaluation, through ap=-
propriete theoretical developmenis, of tha
bearing capacity and the settlemont of the
pile,

2,6 Complementary in-situ tests in wide-
spread use.

Principally in conneotion with the design
of deep foundations, the foraseable ques-
tions regarding holing, sampling, and labo-
ratory handling for testing, early led to
the development of npprop;'mta mothode
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of in-situ teeting of soils, The two

methods that have gained more wideeprsad
uce appear to ba the pocallad deopsound-
ing stntic ponatremeter teot, and the

pressureneter (Ménard) teaot,

2.6.1 The vstatic cone panetrometer

itc early conception wts partly connscted
with the-euccesnful use of come tests for
for the measurement of the undrained
strength of cleys in the laboratory (e.g
Lkenmpton and Bishop 1950, Cadling end
Cdenotad 1950) and partly connectod with
a conception of reprosenting a model of &
pile, pushed into the ground, for which
both the ekin friction and the point re-
sistance could be measursad, separctely and
jointly. .eversl and continucus davelop~
mentz of design of the equipment (cf.
ftanglerat 1967) have rofined the methods
of eeporate measuropment of the point re-
sintence and the accumulnted friction re-
sietance, or the friction resistance along
6 =mall stretch of Jacket right behind the
conical point (e.g. Begemann 1353, et al).

Veenwhile the continuous and successive
developments in 4te napplication to +the
deaign of deep foundations have closely
&vcomponied the develupments and wviels-
situdes already discussced with respect to
the point beerin=z capucity factor Ngp of
deep foundationa in sands, A SUNMMATY Bp=—
preciation of about eighty different
papers on the subject, published over the
peot thirty years, leads to the following
cimplified general conclusions und design
indications, from which 1t will be just-
fied to restrict further specific intor-
oet, within the present appraisal, to the
cape of purely cohesive ( @= 0) materiale,
(a) Possible rare exceptions excluded, the
ctudies demonetrating the application of
the penetrometer method have been clearly
restricted sither to model-prototype es-
tiraten, or to the cases of purely cohe~
esive and purely cohesionless materials,
with a voet prepondsrance of the latter.
Thus, notwithetanding the interest in
maintaining a general treatment of (c,¢ )
materisls present in thie discuesion, it
zust bo recognized that within the routine
practiocal epplications in foundation en-
ginoering innumerable such cases of (o, @ )
moterinls must have been oncountered, but
without hithorte furnishing any additional
light for theoreticel eppraisal.

(b) Hegaurding the design of pile founda-
tions, Bimilitude (with jacked precast
piles), size effects, and rate of pene-
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tration effeocts, it has boen proved to
eatisfaction that the penetrometer fur-
nishes invaluable, easily applicable, date.
Rate of penotrution sffecte are insigni-
ficant. 65ize effects are important in
connoction with point resistance, as mon-
tioned below; but there is general eagroee-
ment (despite an understandable ncatter of
fundamented cpinion) that for the skin
friction the direct extrapolation in pro-
portion +o the pile to penetrometer sur-
face areas is on the side of safety.

In specisl cases (e.g. Cambefort 1953) it
ie emphasised, as is quite comprehensidble,
that the direct eddins of the two compo-
nent resistences is -unwarranted, And in
special struta (e.g. Florentin et al 1961,
Artikoglu, 1961) some correlation factors
have been astablished on the basis of com-
parisons with a sufficient number of load
taste,

(e) The ultimate pile or pler point resist-
ance in & homoganeous medium is the same
at the penetrouweter point resistance (Keri-
sel 1961, de Beer 1963, Vesic 1565), pro-
vided, however, that the very lazportant
einilar embedment ratio(depth/diameter)
within the strotum ie respected because of
benring capacity censiderations. A certain
minimum thickness (10 to 20 diameters) of
uniform soil iz required in order to obtain
o penetmtion resistance which is truly
representative of a particular setratum.
Thus, in view of the fact that the pene-
trometer point recietanceszig-zag much more
nharply than would obtain under pile points,
it is necowsary to obtmin for the pile a
fair averoge value: it hae been suggested
that the sverage be obtained over a dis-
ance from one diemeter Yelow the actual
pile point to 3.75 diemctors ebove it,
{van der Veen 1957).

(d) Allowable point bearing values are as-
tablished through an empirical reduction
factor (veriously reccmmended betwosn 2.5
and 10) taking into mccount hetercgeneities
of the strzte, exocution efrects, and set.
tloment conoiderations, For instance be-
caune of tho heterogeneitiocs (in eands) on
the basie of statistical comparison with
load teuts o factor of 1.5 is recommended
(ven der Veen 1957)3 and, for the same
conditions, because of scttlement con-
siderations through comparison with the
streps~etrain behaviour of a 42 om dia-
mater test pile (Plantema 1948) an ad-
ditional factor of about 1.6 is recommend—
ed. Por a more general discusaion of
suoh empiricel reduction fectors ses, for
instancn, Menzenbaok(1961).
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¥ith thess general indjostions, further
attention *# now directed tc the usme of the
static penetromalér for astermining the
wltimste bearing capacity for deep founda-
tionr in eaturated cleys. If we accept the
basio formula Rp = Ncﬁ' thece  investl-
gntione can varioucly congidercd either
ac o check on point roasistance fp if the
Nep = 9 wvalue ia accerted and the in-situ
¢ ie coneidercd known, or as check on Nep,
or finnlly an an sdditional reana of de-
terraning the in-situ e.

References thet yermit such correlative
datn are relatively few and, for the pre-=
eent, extrenely confuesing.

Trow (1452) prevents the resulta of an
investigation to depths of 1.5 m comparing
Rp wvaluee with UC toats, and separately
comparing in-situ vane teots with the UC
velues., The rozultas are comewhat diffi-
cult to aprraisc bocause of  tremendous
ceettor and poscible disturbance effectst
if we soeuce the vane values as more near-
ly correct we would comclude that
d.5 0 < Fp <.17 o.

Pellegrino (1961) furnishes thirteen pairs
of data on cedimentery clays, for which
one would obtain Rp = B,1 ¢ ae oompared
with UU teste.

Thomat (14965) introduces the Dutch deep-
counding rachine for investigation of
Londen eclays, and ror clays of ¢ valuea
batween 5 end 25 t/m? obtains an average
fip ® 18 ¢. Considering the wide die-
persion, ovidenced to increasingly greater
degrees in the stiffer clays, tha range
obserynd was ldo <Rp < 30 c.

Bogemann (1965) furnishes ten sets  of
results on @ very soft clay of ¢ wvalues
tetween 1 end 4 t/m€: a comparison with
the vane theer values would indicate ap-—
proximastely Rp = 15 o,

¥light (1967) prozentathe resulte of 14
paurs of reculte for indurnted fissured
clays of vane o values varying between
} and 55 t/m€., With roanrkably emall dis-
porslon 4 correlation of Rp = 15.5 ¢ 18
obizined. The author adde, however: "In
tll of the indurated fisoured elcys tosted
no far the undisturbsd vane shear strength
is puout Iwice tho uncongolidated undrain-
ed triexial strength. Hence, in relating
tho cone rosistance to triaxial shoar
strongth o valuo of Nep = 10 would be

appropriate”,
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Pinally, Ward et al (1965) reporting on tho
wealth of invaluable data from the Ashford
Common Shaft, indicate for the stiff fis-
pured lLondon clay of ¢ values betwean 16
and 55 t/m®, an average Nep = 15,6 but
with variations ss wide &m 1) ¢ < Rp<135 o,
as comparsd with UU strength values on the
block samples from the base of the shaft
at the five different levels. Those results,
that indicate discrepancies much larger
than would be suspected, are hercwith ana-
lyzed through the accompanyingz figures 16,
17 and 18, through which an attempt is made
to expoes the interference of vory pro~
nouncod effects of struss releanss dues to
the excavation and borehole verforations,
as principally responsible for the strange
results reported.

To begin with, Fig. 16 has besn propared
sucmArizing some of the published dota on
undrained strengthe in london clay as
varying with depth. It will not be neces-
sary to expatiate upon the thoroughly des~
crived end well rocognized fact of the
wide dispersions of strength vmlues at a
given denth, and even from specimen to
specizen within a given bLlock =auple; 4t
hes been amply justified that thess effacts
are dus to the fiasuros that open upoh re—
leass of stresces due to holing, sampling
and laboratory handling. The gradual
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widening of the range of dispersion with
depth, directly controry to the natural
tendency for a reduction of dispersions
in o given material with increass of ap-
7limd ptrees, ie rart of the many indi-
cationc that in a clay such as the London
clay, the important effects to conaider
lie in the holing and saxpling.as against
the use of "non-destructive" testing. Not-
withotending, the date clearly demonstrate
that undrained etrengths increase very ra-
pidly with depth, in close agreement with
laboratory test indications (Bischop et al,
1965). Simplifying thie rate of increaese
into & linear relationship and without any
attezpt a8t the etatietical regressions (e.
Z. “hitaker and Cooke 1966), it may be pos-
tulated that within the depthe considered
the minimum strength values as reccrded
showa dTg/dz of the order of 0,35 psi
per foot, the average 0.52 psi per foot,
and the mexioum 0.70 psi per foot. Thesa
three lines are superposed on the data
summarized in Fig. 16.

Next, it seemed necessary to examine =&
little more carefully the data tabulated
on the ponetrometer readingp obtained at
the five leveln A, B, C, D, E of special
sanpling and tecting. It is lmown that
in a homogeneous cloy the Rp reading

reaches & constant value within the first
15 em of penetration (Meyerhof 1951, et

al.). But i5 the clay homogoneous by any

mesans with respect to & small cone pene-
trating through depths of 6 to 10 £t, 7

The suthors recognized that "thers i1is =
general increase in the ultimate penetra-
tion reeistenes Rp with depth below +the
shaft base ..." but in the table of results
"ths resistances ... have been averaged at
each level for & penetration groeater than
1.5 ft end the svorsge bearins capacity
faotor Necp has boen calculated for each
level from the average vertical strength
of the bleock rrxple”. Under quite a dif-
ferent assumption, that if the penetrometer
were bshaving properly it should reflect an
inorease in Rp with depth et least as
represented by Nep times the dTg/dz of
Fig. 16, the tabulated data have been plot-
ted in Fig. 17. DBesides the tabulated data,
which furnish evident curves of increase of
Rp with depth, the only other data inserted
into the graph were for the probable Rp
values within the firet 30 cm of depth,
based on the laboratory shear resistance on
the block =amples, ae well s the ¢ wvalue
extracted from the results of the surface
plate load tests: theese estimated “initial"
Rp values were computed on the assumption
of Rp = 10 o.

The appearences from Fig, 17 are incontest-
mble: (a) the Rp wvaluee increase signi-
ficantly with depth throughout the four

to nine feet of the penetrations, and the
"initial" presumed values ms estimated are
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not diocrosanty; (b) some of “he curves
(A, B, C) may appear to tend asymptoti-
ecally to the dRp/dz lines estimatod from
Pig. 16; (o) the curves D, E, F indicate
very much larger dRp/dz trends which re-
guire additional considerction.

Finnlly, to complete the preliminary ana-
lysis that the data permitted, Fig. 18 has
been preparad on the basio of the tabulated
results of the cone zenstrouster tosts ,
carried out from the bottom of the 6 inch
diemeter borehole at approximately 10 foot
intervala of depth. For each level the
readings tabulated correspond to the ini-
tianl and the finel penetration of about
5 feet. By plotting these results 1t ie
immediately apparent that for each test tha
overall ARp/Az 1is very much higher than
what should be expocted from thoe d Tp/dz
(Fig.16). Minimum, mean, and maximun values
/as ara 40, B8, and 127 psi psr foot
of depth, respectively. These veluos have
been plotted on Fig. 17 for & wvisuel com=
parison with the inclinations of the ini-
tial phases of curves A, B, C, and of the
overall curves D, E, F.

On the other hand, & look at the series of
initisl readings, and the series of final
readinze, plotted on Fig, 18 appeared +to
indicate some similarity, with the dRp/dz
rates anticipated on the basis of Fig. 16.
In fact, despite the wide dispersions, the
soparate statistical regressions on the two
sate of eleven results yioclded the follow-
ings very suggesative equationa.

for "initial™ reedings Rp=600¢3.,25 2 psi
for "final" readings Rp = 90045.13 z psi

Since the stress release effectz at the
pottom of a 6 inch dimmetar borehole should
definitely not effect conditions 5 r't.
lower, it seems that the in-situ undralined
ptrength incresse is woll reprosented by
the dTf/dz = 0,52 and correspondingly by
the relation Rp = 10 ¢ . The stress Tre-
lease effeocts of the 25 ft, diameter shaft
would, of courss, bs felt very much ddeper
then the firot 4 to 8 ft (even disregard-
ing time effects), Thus, the dRp/dz re=-
sulte from the bottom of the shaft reveal
the stress-relesse effects, Finally, the
coineidence of the minimum & £/dz labora
tory and plate test results with the "imi-
tial" dRp/dz, transformed inte d T.gp/fdz =
= 0,35 through acceptance of the same
Rp = 10 ¢, ie almost remarkable.
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In conolusion, it eppears that deepite dis-
heartening dispersions that stress tho need
for statistical analyeen, the relation
Rp = 10 o would not be far from axproooing
the resulte in london olay, if stress—re-
lease effects are better evalusted. Such
claye would require tho developmant of mors
“non-destructive® techniques of determining
ip-situ strengths. The extrastion of un-
disturbed blook samples from & desep shaft
way end up belug worse than & rofined
boring or in-situ testing techniqus, ' be-
cause, though the sample is tho most wun-
disturbed known to s0il mechanics, it may
merely represent o highly altered material
due to the holing affects,

2.6,2 The procsuremeter (Ménard)

It will pot be popsible, in such a report,
to expatiate upon the multiple publications
introducing, during tho past docade, the
pressuremeter ae a suocsppful in-pitu test,
of entirely different conception, for the
solution of & wids variety of foundation
problems (e.g. Menard 1963, ¥arst & Bour-
ges 1964, et al), Tho intent herein i
morely to inoclude mention of the method ae
elready having merited widesprsad applica-
tion, and ae offering promise especially
for a number of casen in which the traodi-
tional methods bump aguinst meny  impon-
dorable interferencer end dispersions, ae
above reporied for the london clay, ro-
quiring, for the present, the use of un-
pvatiafying empirical correction faotors.

Pig. 1y
Spherical precouromster (apud Xdn.=t 1963)
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The method baslcally esploye es m prinsiple
ths mesaourement of the doformability of a
limited siretch of the borshole, by sub-
Jecting it to internal pressuros to eimu-
late tho bohaviour of elanto-plantic ex-
pansionn of opharical or cylindricel cavi-
tien. Suocooelve toete along the entire
hole reprosent the cesired E moduli meas-
ured along ihe borshole (bored or driven to
represont tha future pile) profile: these
deta have been suoceesfully applied to cal-
culate thn pettlements of single piles, re-
producing the resulte of load teste (e, g.
Goulet 1964). NMorwovar, ths pressuremeter
teste ere carried to the point of defining
ae a mechanioal charncteristie of the moil
in-pitu, ite limiting pressure p1 obtained
for m cylindrical strese field, which cor-
responds to the prensurc applisd to the
walls of a borohole causing general failure
of the soil. Through appoprinte formulse,
the use of thie cirgle parametor permits
tho caleulstion of the bearing cepacity
of foundations through direct inter-relatim
of the two plasticity phenowens.Presumably
this simplificetion, permitting the by-
-passing of the traditioral approaches
through (o, @ ) doterninations, may result
in smaller dispercions in the final solu-
tionn, depending, naturally, on similitudes
of conditicns, Hatiefaotory applications
have bcan freguantly roported, and & set
of design recommondations bascd therson are
summarized by Ménord (1953).

2.7 Drgp fountailers in London Clay

In any etudy of deep foundations in clay a
gpecinl pluoco must te ressrved, at the
presoat time, to tbke London Clay studies.
On the onn hand there ip the unrivelled
wealth of published information of proto-
typo 8cala, with tThorgugh coverage of ob-
rorvetions end laboratory testa; end on
tho other hand, howsver, there is the pe-
culier nature of the clay, classed na a
heavily procensclidated fissurcd olay of
65 = W = 80 % , which night lead to
dubicus genaralizations in trencplanting
the scncluniona 1o otusr clayo, Thus,
#ipcs there 18 an inevitable, ponderous
totdency within +hs practice of foundation
onginsering, to follow deoign recommenda-
tions dorived from Londen Cley as appli-
cable to nll insufficiently inventigamted
olays, it i5 felt necseeary to sumparige
herein socme of the basic indications, end
the qu:-stions that night erise.

A initiel phine of izvestigetion of bearing
supacitis:s of driren and bored pileam, pay-
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ticularly the latter,ended with a mas-
torly oumzing up by <kempton, 1959, that
probably has eet the baces of deeign pruoc-
ticeo noat widely quoted. In a8 B8econd
phase, attention shifted to the larga-borsd
pileo, with enlarged bases, culminating re-
cently in the Sympoulum on large Bored Pllss,
london 1966, with its important contribu-
tions and precticsl summing up. Throughout
theso develcpments B vory significant part
wab being played collaterally by the inten-
Bive reoearch and pudblications on the pro-
pertier and field behaviour of lLondon Clay
{e.g. Skecjton and Henkel 1957, vard et al
1055, Bichop et al 1965, and Blshop 1965).

2.7.1 Driven piles

The principal rocommendations concerning
the beoring capecity of driven piles(Meyer—
nof and Nurdock 195)) may be sucmarized ast
ioint resistance to be calculated based on
the undrained "noturel sheering strength®
using the factor Ncp =9; Adhesion value
initially admitted to be equivalent to the
"fully recoulded shesring strength, which
for the present clay was found to be prac-
tically 4identicel with the undisturbed
stroength" (loe, eit.), and later revised
tc include the reductien factor B alreedy
discuzsed under item 2.5.1 (Tomlinson 1957,
et al.)

It nurt be reminded however, that besides
the srablers generally recognized with
recpect to the interference of sensitivity,
vripping and other execution effects, the
very tasis of thece conclusions requires
acmo cxtmination., In none of the driven
piles were the stresses at the tip, or
along the pile, mensured: the adhesion wae
obtained by subtracting from the totel
load the caleulated point bearinsg load.
Sinve in the london Clay the boring and
asampling effects only tend to indicate
poorer in-gitu strengthe than in reality
should obtain, erd the clay is insensitive,
the niot effect will be to  underestimate
the joint loed gnd to overestisats  the
ckin frietion, Consequent problems would
arizo in cases in which piles of signifi~
cently different lengths (those tested
were 4 and 8 m long) and eross-ssotional

sreas (8 3C x 30 cm was used) were to be
considered.
The coneideration of the two componente

ao directly cumulstive must also be re-
viced, for other cases, on the basls of
lator inforration cpneerning the strains
required for their mobilization (a small

BB

strein for the adhosion, and a etrain
proportional to tha diameter, of about
0,085 B , for the point) and regarding the
importance of the types of the wutreas-
-ptrain curves of the materials.

It ie believed that esignificart revielons
of present pasuzmptions may derive from deep-
sounding teets correlated with o especially
instruzented pile load test. It would,
moreover, be of greast interest to check the
application of the tochniques discussed
under item 5.2.2 to the better documented
cases on record to check on the digpersions
on the applicability of the routine UU and
UC laboratory testa.

2.7.2 Bored piles

The subject received successive principal
contributions from Meyarhof and Murdock
(1953, Golder and Leonard(1954), sundry dis-
cussions,and finally, Skempton(1953).

A new technique, of running plate load tests
at the botiom of tho bored pile came into
play, which has since found much application
Setting aside its use for evaluating aversge
ghear gtrength at the tip (through accapted
NHe or Nep factors) it hae doubtless con-
tributed to & better knowledge of ultimate
tip leoading applicable to bored piles in
which it can simulste execution effecte very
appropriately.

The fundemental treatment of & direot ad-
ding of thes two componenta of resistance
continieg in use for the case. The basic
question under appraisal wae the adheelon
as affected by water-cement ratios, water
migrations within the clsy, ete..

Summarizing the resultas of 25 pils 1load
tests on which adhesion values were dater-
mined, Skempton (1959) recommends an average
fector A = 0.45, limiting the maximum
adhesion, however, for prudence, to 10 t/m?
in reepect for the limits of the range of
observations, The B value really observed
lay between 0.3 and 0.6 as compared with
the average curve of U2 and UU etrengthe
“from good commercial sampling and testing
methods." Ao upper limit of @= 0.7 is
postuleted on the bas's of "an increase in
water content of only 0.5 %, and since some
absorption of water by the clay ie  ine-
vitable"., The relationship betwsen w and
Tr had been well entablished, as will
heve to be separately established in treat
ing analogous cases of other olaye, most
of which will suffer different problems of
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water migretion end consequent different
changes of strength. 4s regards the lowest
possible limit of B= 0,25 estimated, it wae
established based on "the lowsest possible
ptrength of the clay.meapured after it has
been allowed to soften fully under zero
losd," It appears that many clays would
dipintegrate under such a test, the lowest
poseible strength tending towards  zZero
probably in a linear log t relation.

Thus, in short, it must be recommended that
the methoda of sstablishing A values be emu
lated in other clays and construction com=
ditions, but not the respective numerical
values, much cited. For instance Du Bose
0.957) reports no water migration in a soil
of Wy =35%and ¥Wp=17 %, compacted
et 17.5 % water content. "The deformation
nepcepsary to mobilize the skin friotion of
a test pile wee comparable to the shear
displacement necessary to mobilize  the
phear strength of the soil in a direet
phear test. This was about 0.1 in. for
moet of the tests", and "the end-bearing
portion of the load was not developed
until after the skin frioction had been
fully developed.”

Aegarding settlementa Skempton concluded
from six load tests on piles varying from
0.3mx7mto 0.6 mx 22m (diameter x
x length) that the settlement at the ulti-
mate doad is Pr = 0.0853 and at 90 & of
the ultizate load fPgy = 0.04B, being
the diammeter. Thus in Iondon Clay  the
pettlement of individual pilee at working
loads is never & consideration:  group
effeots may prasent & problem (sae itenm
4.1).

2.7.3 Iarge bored piles.

The need for a separnte investigation of
the behaviour of large bored pilea with
enlarged bases peems to have resulted in
close connection with the fects reveslsd
by the modal studies reported by Oooke and
Whitaker (1961). These studies clearly
showed agein that whereas pencotrations of
tho order of 10 - 15 % of the base dian-
meter were requirad to develop the ulti-
mate 9g base bearing capacity, the full
shaft resistance wae developed at very
nmall penetration movements (thess were
szpressed as 0.5 % of the shaft diameter
of 19 mm, but sinoe & single shaft dia-
meter was used, and since it seeme Juoti-
fied to mccept that such shear stralne
would be independent of shaft diameter,
it is recommended, that the shaft peneo-

B9

trations necessary for mobilization of ulti-
mate skin friotion be interpreted simply as
& shear dieplacemont). Moreover, &8s &

eral conolusion it wae indicated +that +the
overall meen ahaft adhesion tended to de-
cregse with rutioc of shaft length to dia-
moter (Pig. 20). This conclusion, whioch
sould be enticipated from the discussiocns of
item 5.2.2, may be qualified through in-
terpretations baped on the interference of
phaft length and the ratio of the E modulus
of the pile material to the deformahility
of the clay, ss well ss on the basis of the
sensitivity S, of the stress-strain curve
of the clay adhesion: on all counts it dis
interproted thet the model iests, using
brass shafte in & very soft remolded clay
of sonsitivity about 1.2, would tend to
attenuate the trend indicated in Fig. 20.
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Pig. 20

Yarintion of mean shaft adhesion A

with shaft length/shaft diameter
(4pud Cooke and Whitaker 1961)

A considorable amount of field test evidence
was subsequently gathered. A4s has already
besn emphasized, in the interpretation of
these results, the scatter plays & very
important role in selection of applicable
phear strengtha. As regards the use of
plate bearing tests at the bottom of the
shafts, it ip clear that the strengths com-
puted from such plate testsa give ammaller
dispersions than lsboratory tests, and
would tond to lie nearer the lower limit
of the scatter. As an example, Pig. 21
reproduces the resulis furnished on the
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Barbican teote by Burland et al (1966).
<uch results are in acoord with the stress-
~roleage effecte discusoed under item
2.6.1, and with tha general indications
from the field of katerials Tosting, to the
effoct that whatever the type of failure
considered, an increase in opocimen eize
reoults in & decroase of scatter; further-
more, in the theory of brittle failura,
avernge values decremse with on inorease in
8ize; in tha theory of ductile failure,
an increape in spocimen slze may result in

alightly ezmaller, or, in cases, elightly
larger, strengths; and, in the theory of
deformation failure, the avoragas strength

is not affected by specimen aize, Thus,
Whitakor and Cooke (1966) states "When the
clay bensath the base of & pile faile 4in
shear a large volume of 20il is involved,
po that the shear stross at failure may be
regurded es the result of testing a large
soil specimen and would be expected, in ac~
cordance with the above postulation, to
tend towards the lower limit of the range
of strength valuea“,

.

UNDRAINED T Ib/uq. i,

0 D0 4000 600D BDD
1\ T v
A\ TS Ib/sq, tperft,
\ g" i Sl P __Witn eniarged
T, S—— i | JEE pr boses
v ¥ Lt
. i\.VZSOIbM.IMII. o
S Z
20 —-bdh -t — &
- k' b o =13
- “
- oy 4
z =104
= -
a v
- .. S
@ %0 S [ Without
5 x ! anlarged
4 * boses
3\ =
1 .\\ B . E
P Brasts]| Y\ .
L= —‘r
« Lab Tesls
\
70 [ »_y .

]
01234

MEAN SHAFT
STRAIN: %X10°*

Pig, 21 Pig. 24
BEarbican shear strencth/ Mean oruves
/dopth (apud Burland et stress-atrain
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(Apud Whitaker &
Cooke, 1966)
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Inasfar as the plate bearing test cocupler
the entire base (e.g. Burland et al.),
irrespective of tho attempt to interpret
how truly it ropresents the in-eitu strengtis
of the clay, it doubtless reprevonts exactly
the in-situ strength and doformability of
the volume of "unwittingly disturbed™ elay
that will inovitably comprise the support
for the base of the bored pile. However,
insofar as conclusions ares to be oxtro-
polated from smaller size bearing plate
testa run at the level of the bass, 1t np-
pears that such extrapolaticns will be too
possimietic, considering the very rupid
increace of strength (and E modulus) with
dopth that must provail within the bulb
of pressure releases as is believed de-
monstraoted by the penstrometer results din-
oussed under item 5.2.1.

By inserting & loaud cell at the bottom of

tha shaft, separate load test data on shaft
and basp performance were obtained, which

have led to very interesting oconclusioni,

and design recommendations (Skempton 1901 )

herewith summarized.

As B starting point, Skempton recommend:
meintaining the “theoretical" ¥y = 90 =u-
lationship, end introducing a correction
factor 4 to mccount for the strength rewlly
applicable to the ultimate point beariny
capacity, 8uch that o =d Tp where Ty
is the presumed in-situ gtrength. Thua tho
factor § to be empirically determined would
encompass the interferences of execul o
effects, dimenaion effects, etc., Tor in-
stance, from the London Clay tests,Skempton
states that "there was evidently an ind!
eation that up to & certain point 4 tondad
to decrease with incressing diameter of
the loaded area". Moreever the saeparate
mobilizetion of the point bearing and the
shaft adhesion contributions confirmed
earlier evidence,(Fig, 22): overall shaft
adhesion waa fTully wobilized at tor setti.
wentns of abcut 0.3 to 0.5 inchew when but
20 to 30 % of the base recistance woull
have developed, the corresponding asotila-
ment being emaller dus to the elastie
shortening of tho shaft. Thus the su -
gestad
Pirst Approxiration Design Rulee (loec. citl
8) Shaft: skin friction = 0.45 (Tp everagu
over affective length of shaft)
b) Base: Op =9 d Ty
where d = 0.8 for diemeter < 3 f%.
& = 0,75 for 3 £t < dimmetare
<6 ft, (for bells larger thou
6 ft, date are not available!
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Porking load :
o) }lain bored pile: d".n " Ml—g}j—i&

Total
2.5 for diam,

< 6 ft.
or (2) Fq = S+

4) Belled (1) Fan1 =

Por diam.> 6 ft, working load to be eve-
luated from settlement caleulations,
¢) check setilementa of structure,
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Fig. 22

Yean curves of development of ratios
of shaft and base resistance
(Apud Whitaker & Cooke, 1966)

With regard to the use of the resulte of
the outstanding publicatione above sunma-
rized, some comuents may occur to aid the
design engineer's judgment. The inter-
preted inorease of shaft adhesion with
time (Whitaker and Cooke 1966, Fig. 17)
may be subject to misure, deepite the
log. time scale, becauss of & lack of in-
formation on estimated limiting wvalues,
Pig. 23 herewith presented purporte to
incorporate estimates of the lowest limit-
ing value of about 2 = 0,25 and the upper
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Fig. 23

Inereass of frictional resistance with
time shown by <tests on anchor piles
(Apud Whiteker & Cooke, 1966)

limiting value of about B8 = 0,7 as suggest-
ed by Skempton 1959. 'As e consequence ei-
ther & curve might be suggested, or =&
doubls straight-line reletionship be main-
tained. Moreover, it is not understood why
according to the authors' PFig. 31 (loc.cit)
herein reproduced as Fig. 24, at & given
measured shaft strain the mean shaft stres-
ses (or 8 factors) developed by the piles
without enlarged bases would result about
25 % lower than for the piles with enlarged
beses,  Would etatistical dispersicns or
execution effects cover the differences,
Justifying the use of the mean curve 7
Finally, as regards the importance of settle
ment of the base, it appears most useful
to employ the non~dimensional plot (Burlsnd
et al., Fige 6 and 7), herowith reproduced
as Fig. 25, to estimate the immediate pettls
ments, Quoting them: "The results of plate-
~loading teets carried outat warious depths
at several sites indicato that thers exists
a8 unique non-dimensional ralationship be-
tween load and settlement for s wide runge
of depths st m given site. The relationship
ie nearly linear up to one-third of the
uwltimate load and may be written f~/B8 =
=K (T/gp). Values of X have been
found to lie principally betwesn 0.01 and
0.02 for London Clay. When plotted in
non-dimensional form the results of a
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Precautions in interpretations of
plate tests at bottom of shafta,

plate-bearing test can be used to derive
the load settlement charscteristios of
pilee at that eite". It may be recalled,
however, that if the stress-release offeots
postulated sre as important as presumed, it
beocomen necessary to run the load test with
the overull btase diameter in order really
to reproduce the behaviour desired. In
Pig. 25 the curves of two 6" plate load
tests of the Ashford Common Shaft (Ward et
al. 1965, Fig. 9) bave been reproduced to
exexplify the problem. It would be of
interest to investigate within an enlerged
baan, the influence of diameter of loaded
plate on the dimennionless deformability
faotor postulated by Burland et al.,, whiah
derives from the assumption of a homogensous
materisl within the “pressurs bulb”, It

appears that the accentuated stress-relscsn
effecte, and ithe comsequent importance of
the plate dimenoion, may be aesocinted with
highly preconsclidated clays under prooont
effeotive overburden stropcpoes within that
eruciasl range (overvonmoclidation mtio of
mbout 5 - 15 %) in which the variations of
properties with etress are very signifioant,

Juarez-Badillo (1964) discuseing the in-
fluonce of compressibility of soils s af-
fecting the separation,in large-bored piles,
of point and pkin friotion loads, suggonts
the interest in working with a compressi-
bility perameter that doen not wvary appre-
oiably with stresa level: he thersupon rug-
gests that a theory such es published (1975)
may offer a aimpler means of studying the
problem, taking due mocount of volume
changes dus to both normal and shoar stron-
pas. Zeevaert (1964) uses ompirical coni-
ficients, in a formula based on Terzaghi's
(1943) to teke Into account the comprers -
bility of soile in connection with the do-
vign of pile and pier foundations,

2.8 The Standard Peretration Test, umed in
c}g: .

Unquestionably the use of the Standard Pane-
tration Test, SPL, a®m a means of avaluating
the allowable boaring pressurss of footings
on olaye has ocoupied and otill oocoupien o
very important place in foundatien engi-
neering (Terzaghi and Peck, 1948, 1967).

Notwithetanding the many cautionary  and
restriotive clauses emphasizing the rudi-
mentary and often erroncous indications
furnished by the test, employed routinaly
in dry-sample exploratory borings, it is a
faot that possibly mors than 95 % of foun-
dation studies are not apt to justify re-
sorting to more speoiaiized subsoil inves-
tigations and design analyses, Moreover,
thers are a great many cley deposita, usual-
ly rather preconsolidated, within whioh ths
use of g thick-walled driven spoon samplor
conetitutes almost a necessity, short of
resorting to rotary-drilled Denisonsampling.
Pinally, there has doubtless besn an 80~
captance of the method somewhat widsr than
would normally be reasomable, because of ito
practioal appeal, and the authority of the
authors that gave it international divul-
gatioen.

The eriticiame that have been lsvelled =t
the SPT concern prinoipally the umstandar-
dized nature of the test (notwithatanding)
its name), and the manjor errors that may bLa
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contitted by the variability of execution-
8l routine from rlace to place. On the one
hand, if the baeic concern is with "random®
srroro, it is obvioun that the errors of
individual test resulte becoms ntetistical-
ly less important ap the nusber of tects
inerespect! and, it seerse easy to affirm
that in & soil in which the said test is
tubject zeraly to cuch random errors, the
etondard deviation of results obtainable
from  n S5F7 teetr iz no greater than that
reculting from on egual expenditure in un-
dicturbed sampling and UC laboratory
tecting (not to mention UU or CU tests !).
Pig. 2C i herewith presented as Bn exam-
ple of the reproducibility of routine SPT
results &s compared with laboratory strength
determinations, for the case of o 26-storey
building foundstion in Sfo Paulot the in-
=ity undrained strengths were determined
fron UU teste on 2-inch undisturbed samples:
the rezulte are froz & total of 8 boringe

opaced about 16 m apart, of which oaly
four are represented:
I [
Nk Deslign working
i hy pothasis
M
¢ ';;' silty eloy ,
. Aver, SPT porovs, soft
H\._ of 4 borings 1o madium,rad
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L e grey=~rad
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S i stk
1 N o1, =
139 [ 20 3 40 0 N F r
$PT zf { W"‘"\!}
Fig. 26

Typical diepersions in SPT ana Ty
(UC and UU), S&o Fawlo

It ooy thus bes noted with intereet that
one of the basie ressons for tha wide ac~
ceaptance of the SPT is the fact that under
loenl experisnce, within eny given olay

23

deposit, the ecatter of vuiues hae pot been
found to be any greater than that of any
other routine strength tests (e.z. the UC
teste), Thus,under any local set of cop-

ditione the confidence in the reliability

of the test (eo regards giving reproducitle
results) has established itself in pany

differsnt places into unshakable convie-

tions. The scatter of the test itself being
much smaller than the natural scatter of

propertier and behaviour of individual ele-
mental volumes of clay within & depoait, 1t
is obvious that in establishinz an mverage

behaviour for the strutum for design pur-

poees, the scatter of the SPT is not the

orux of the problem.

What really fails is: (a) the transposition
of correletions from ons would-be “"standard
routine™ to ancther: (b) the fallaciocus na-
ture of some of the attempted single-para-
meter correlatione ¥ = f (X), (e) the
transplant of empirical corrselations to con-
ditions far different from thoee for which
they acceptably obtain, an evil consequent
upon the otherwise laudeble practice of
publishing results,

Terzaghi and Peck (1948, p. 300) basically
furnishod an approxicate means of ostab-
lishinz the UC strength of clays from the
SPT velue, through the Taeble III herein
traneoribed, that oorresponds practically
to the lincar correlstion UC (kg/em?)
= SPT/8.

Table 11T
Congint,N,Soft| Soft |Med.|Stiff|V,St10¢] Hard
SPY 2 | z-4 [4-8 | 8-15| 15-30 | 30
‘;“ t=5m2 2.5 |2.5-5|5-10|10-20| 20-40 | 40

And, thereupon, through the application of
F =2 or3tothe ultimete bearing capa=-
c.ty eporoximately established &se 6c, they
admitted the poosibility of establishing

allowable bearing pressures for footinge on

eley.

Thus, with regard to the use
values for preliminary evalustion of the
allowable bearing pressure of footingas on
olgy, the basic pramises may bes synthe-
pized into the <following peparate stepet
(a) that the SPT valus measured in olayse

ecan be offored as an approximste , ade-
quately ostablished, unigue function of

the recpective UC strength provided the

oorrelation 18 wpufficiently conservativej
or, conversely ¢ = £(SPT); (b) that the al-
lowablo bsaring pressurefall for design of

of the E2T
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footinga on clays may be satisfactorily es-
tablished purely on the basie of n faotor
of safety P & 3 appliod to the ultizate
bearing capacity: (o) it may be obaarved
in addition that o few moattered lator re-
forencoo occur as to the pomeibility of
establishing correletions between tha SPT
values and the ocomproossibilities or de-
formabilities of soils (e.g. Hough 1959,
Peck discun:lon 1960, Schultze and Menzene
bach 1961, Teixeira 1966).

Attention will herein be concentrated on
the first premise. It must be emphasized
that with regard to it the authors ori-
ginally cautioned "However, at a given
nunber ZPT of blows per foot, the scat-
toring of the corresponding valuee of qyu
from the average is very large. Therefora,
compression tests should always be made on
the apt;on samples”(Terzaghl and Peok 1948,
p. 300).

In an extonsive survey of bibliography on
the subject the following few references
have beon found with respect to the appli-
cation of the SPT values 4in clays. The
respoctive indications regarding corrasla-
tion with UC etrength values are plotted
for comparison in Pig. 27. Trow (1952)
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Attempted correlationa between
SPT and qu (kg/cm2) for slays

correlatea 2,000 data from sight different
clays,claimin; <to have restrioted the
study to lean clays in order to avoid prob-
loms with senoitive olaye. Sowers (1954) re-
fores to many investigations om the ocorrela-
tions applicable, and offern three distinot
bands for highly plastic clays, clays of
medium plasticlity, and clays of very low
plasticity, plastic silts and fissured claye,
Peok and Resd (1954) plot hundrede of data
on Chiocago clays and suggest the conserva-
tive bouniary q, = SFT/6 although an averags
ourve approximates SPT/4. Schultze and
Knausenberger (1957) cleim to be in mccord
with Sowers (1954).Kello et al (1959) obtain
for an unsaturated silty clay of Sfo Paulo a
otatlstical correlation gy = 0.061 SPT +

+ 1,3 (kg/cm?). The U.S. Bureau of Reols-
mation's (1960) results on a summary inves-
tigation are plotted. Golder (1861) rofera
to a good correlation with a clay of W5 =
= 33 %: the corresponding date may bhe ra-
presented by the relation

qu = SHT‘ 2:0.4. (kg/ome). Ireland (1963)
refers to correlations in clays-ranging be-
tween EPT = 6 qy and SPT = 5 qu. Fletcher
(1965) again refors to the Chicago clay cor-
relation SPT = 6 qu and mentions a somewhat
different corralation obtained by Cumnings
(1949) for Detroit clays, for which "“the
numerical ratio cannot be compared directly
with the Chicago tests because the measurs
of the shear strength was nct the same".

In & recent study (Melleo 1967) an attempt
was mede to introduce st least a second re-
cognizedly very significant parametor inte
the correlations: the "partial sensitivity™
S¢' of the clay, probably related to the
seneitivity S¢ and representing the dsgres
of loss of UC shear strength due to the ro-
moulding effect of driving of the thickwal-=
led sampler. Assuming a constant S¢' value
for & clay deposit irrespective of ita con-
sistency, it waa estimated that with an {n-
crease of S¢' from 1 (insensitive material)
to 10, the SPT velues corresponding to a
given undieturbed qy valus would drop to as
little as 15 %, as showa by curve (a) on
Pig. 28. On the other hand, howsver, sinoe
it ie well-recognized that the sensitivity
of a clay tonds to drop with higher conaso-
lidation, it can be sesn that curved (pro-
bably second-order) regrescions such as
curve (b) would be mors appropriate for
oach olay deposit.

The importance of the sonsitivity (indepen~
dently of many other faotors disoussed else-
where, principally in connection with eanda)
i8 suoh as to maks it meaningless to apply
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Indications on probable effect of
sensitivity of cleys on correlations of
q, v8. SPT blowcounts

n generalized tabulstion of classifications
of clay consistencioe (defined with regard
to qu valuss) on the basis of the SPT val-

ues. At low consistencies the teat is too
orude & measuring unit, and at higher con-

sistencies the differences in SPT blow-

counte that reveal themselves because of

sensitivity are very significent, Thus the

obvious conclusion ie that separate (end

often very distinct) statistical correla-

t+ione must be established for each clay,

wheroupon the test may be used patisfao=

torily within the same strata.

2.9 Interference of doformability and set-—
tlements in the interpretation of load

tento

A ronewed look at Pig. 1, ourve Op, reminds

96

us of a olassicelly emphasised fact that in
quite & nuaber of casen, in loose or moft
goils, the settlements of ths losded plate
are apprecisble, tend to follow a non-linear
development with inorease of pressure almost
from the beginning of the loading, and show
8 graduslly stoopening Blope that mekes 1%
difficult to define the true failure condi-
tion, and furthermore, alert the designer to
the probability that sstilement considera-
tions will be the controlling oriterion on
establishing allowable bearing pressures,
The subject is commonly subdivided into the
two separate issues: first, the necessity
of arbitrating a bearing ocapacity failure
eriterion, so as to a&pply the factér F
sgainet any risk of such an eventuality;
sacond, the establishment of puitable limit-
ing settlement criteria for the load test,
g0 as to avoid undesirable seitlements of
the building (it must be reminded that only
one component of the overall settlements of
a building is herein being discussed, of.
item 3).

With respect to the first problem the tre-
ditional end, it is belleved, only solution
as yet formulated is Terzaghi's(1943)"local
ashear" concept for the oase of eoils that
axhibit an sccentustedly curved wstress-
-gtrain ourve. Transforming this etrese-
~ptrain condition into en eguivalent elasto-
~plaptic disgram (for use in the rigld-plas-
tiec failure snalysis), Terzaghi proposed, on
the baeis of the then available data, that
a satisfactory conservative epproach would
result from an acceptance of the plastic
feilure ae defined by eirengih parameters
o' =2/3 o and tan @' = £ ten @ whers the
o end @ paremeters are Jroutinely defined
by the peaks of the stress-strain ourves.
Thus the well-known "local shesr" bearing
cepacity factor K'o, N'g and W'y were
established.

#hereas the concepts of the comparative phe-
nomena of local and general sheer &rs orys—
tal clear onoe poetulated, the foundation
designer has been feoed with 8 diffioult
choice bestween tha two, having to draw an
arbitrary line sepereting idealized types
of behaviour whers ths variation from one
type to the other is obviously continuous
(for example, for sende Peck ot al, 1953,
introduced a continuous change in Ry and
Ng with relative denmsity, %o, sooomodate
the tranpition).

The transformation of an exoessive~deforma~
tion problem intc a reduced shear strength
problem was & justified artifice, that,
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howsver, withdrow attention from the defor-
zation problems attendant to bearing ocapa-
city theory. It o thua foreseen that
through the new computational facilitles
avsilable one of the first important tasks
ahond will be to suppross the N' Cfactors,
and to introduce,in their stead,correction
factors depending on the deformability (of.
Pig. B); ouoh new correction factoras will
probably further depend on the dimension
of the footing, and may even teke into ac-
count parmmeters ¢l and @3 developing
with strain at different rates (instead of
a fixod proportion of the fallure parame-
ters) as is lnown to obtain. It has not
been pos.ible to examine the early svideuce
that lod Terzaghi to his recommendationa:
it i of intorest to note howsver, that
Yong et al (1963) in their model bvearing
tests on a remoulded clay reached almoost
exactly the 2/3 values recommended for reo-
duction on the cchesion.

One final consideration regarding tho use
of plate load tests for conservative in-
dicntion on the bearing capacity of a soil
concerne the test procedure, In normally
consolidanted and 1ightly overconsolidated
clays the loading tends to create positive
u and thersfore e rapid undrained loading
furnishes the ecritical condition., Since
most  load teets are of the ML type, ob-
viously some degree of drainage is Ybeing
permitted, not merely lncreasing the
strength but slso decreasing the pors preg-
sure inerements due to subsequent loading
incromenta (ef. Bishop 1957). Very Ilittle
information 43 available concerning the
time of consoclidation drsinage under rou-
tine load tests as compared with theoreti-
oal derivations (Gibson and Iumb, 1953,
Gibson, 1961) based on numerical computa—
tions, Lumb (1965) concludes that for a

? £t diameter plate loaded at & constant
rate “the total time of durntion of the
teat nocessary to devslop the fully drained
strangth would be 1/2 hour for o silty sand,
6 days for a clayey silt, and 5 months for
a clay". Christensen and Bent Hansen (1959)
assume that after the "instantaneous" sei-
tlement, the settlenants under each ocon-
etant preseure may be treated as due to con
uolidstlon, being plotted essentially as
data from the oedometer, startiny with a
straight lines va Jt and following at some
point ae & straight line ve log t: they
thus estimate the t50 % which for the Skive
Septarian e¢lay under 8 3IC cu plate turned
out to bs about 430 minutes, Por other dia-
zeters tizes ars consldersd to vary propor-
tionally to the squure of the diameter.

Lumb's rosulte indicate for a permeable
plate one-quarter of the times tgp £ ss for
an impormoaoble plate: thus the frequently
euployed technique of levelling the area
for a plate with a thin sand cuchion may
considorably aid in drmining the clay.

The important point 42 that a load test
procedure should not be standardized with-
out reference to such factors. Christensen
and Bent Hansen (1959) obtained lower (¢
in a drained plate teat than in the quickly
loaded tests: the explanation wmay be thai,
due to the "highly preconsolidated" nature
of the clay, 8 quick loading would develop
negative u, =nd thus a drained loading would
furnish the desired conservative result,
Naturally, &3 regards the uss of the load
test for settlement eotimates, undar all
oircumstances the slower the test the mors
conservative the result (with the rick of
some supexpoaition with the consclidation

settlement estimates discusoced under item J)

As regards the second problem, of the in-
terference of load-test settlement data in
the eatablishment of allowable bearing
pressures for shallow footings, it may bvo
recalled that Building Codas  frequently
specify a bearing pressure in eccordancy
with settlemonts on a standard seize of
loaded plate, Such a criterion is, for the
%local failure" types of soils, moat fro-
quently the controlling ome, rather than
that of Op/F. It io well recognized,
however, that under a given precsure the
"direot" settlementa under a footing in-
erease with itps dimension, either in direct
proportion in stiff clays, or somewhat leos
repldly in sands (Terzaghi and Peck 1948,
Bjerrum and Egrestad 1963,et al.).Moreover,
as the building loade inorease,the maximum
diffsrences bhetvween lomnds of adjacent col-
uwmns tend to incresse proportionally,without
any increase of column spacing. Thus the
respective footing dimensions would incresnrs
proportionally t:ji end, if tho same "al-
lowsble settlement bearing pressurs” from
the staniard-size load test is used for iwo
buildings of significently differont heights
the Code is implicitly allowing the poten-
tial differentinl settlements between col-
umne to increase in proportion to{Q. Ap~
proximately, therefore, for footings on clay
8 20-storey building is boing potentially
permittad twics the liniting magnitude of
differential settlements nermitted & 5-sto-
rey building. :ince Codes do not tend to
be revised as rapidly es building heights
increase, unless unexpected damages froo
differential cettlements arse being observed
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from the use of a hitherto satiefactory
(Cods, 1t might be conoluded that the in-
preass in rigldity of the higher building
compensaten for the unfavourable tendency
hercin discussed.

Finally, it is considerrd neceszary to at-
tenpt a clarification with respect to con-
trovereies that often ariee es to whether
the failure eriterion or the allowable
pettlesent criterion ie the controlling one
i{n decisions concerning the allowable bear-
ing pressure for footings on clays. It has
long been known (e.g.Taylor 1948) that for
o given cloy, for smaller sizes of footings
the failure criterion controls (.°. Ug3; =
- 6 ¢/F) and with larger sizes of footings
{t1.8. Tor higher buildings) the settlement
criterion iz the controlling one. Whereas
the position of the feilure criterion hori-
zontal straight line is well determined,the
pocition of the curve for the settlement
criterion would depend intrinsically om lo-
cal exrerience on allowable settlements for
a certain type of construction.

Put the controversies naturelly arose in
the face of attempts st generalized design
recommendations, such as, for instance,
those baced on single-parameter correle-
tions with SPT blowocounts: whereas for a
given size end type of construction in soms
slaces the feilure criterion was ovidently
the controlling one, it appeared that on
other claye the reverse was +true (Hough
1959, end discussion). The diatinction may
be simply related to the plasticity of the
cloy ae an sdditional first important para-—
meter. Since the ¢/p ratio (despite ite
sany intervening factors and dispersions)
18 known to very eseentially proportionnlly
with the Ip, for e given consistenoy (c)
the preconsolidation preesurs pe will be
smaller in e elay of high Ip than in clays
of low Ip. MNoreover, if we amccept that
the Ip end Wi of clays are essentially
related through & rough parslleliem to the
A-line in Casagrande's Plasticity Chart,
and use the empiricml correlations estab-
1ishing the Compreszsion Index of a clay as
almoet directly proporticnal to Wi , we
conclude that for & givon applied pressure
fu1l » the consolidation eettloments of
tho footing of given breadth B will be
larger in the clay of higher Ip, through
an overriding effect that derives both
from the lower preconsolidation pressurs
and from the higher compresesion (and re-
comprossion) index. Thus in olays of
highor plasticity the pettlement will be
acosntunted and will become tha controlling

eriterion more frequently, as shown on Pig.
29, for hypothetical conditions.
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Sehematic 1llustration of influence of clay

plastieity Ip , on determining the control-

ling eriterion (failure ve. ssttlement) for
given weight and type of struoture.

3 SEPTLEMENTS OF SHALLOW FOUNDATIONS

The subject of ssttlementu of shallow foun-
dations on clayey subsoil has certainly
merited a place of great relevance in Soil
Mechanics, both historically and ae regrrde
practicel application, thooretical develop=
ments, and responsibilities involved in de-
sign decisions. Coneidering the Ilimita-
tione imposed by the original hypothesee
of the Terzaghi theory and the oedomater
tont, which well reproduced those hypo-
theses particulnrly as regerds no lateral
strains in the cley during the ons—dimen-
sional vertiosl comsolidation, it has long
since been recognized (Skempton and Bjer-
rum 1957) thet for moet cases a  more
general treatrwent is indispensable, where-
in the Terzaghi theory continues to be
valid se & particular caze, appliceble to
thin and deep clay luyers under uniform
loading extending over d€n area of large
dimeasions in conmparison with the thick-
ners of the clay layer. We shall therefore
forego discussion 'of the esarlier develop-
pents connected with settlement ocompute-
tions, and begin with the Skempton-Bjerrum
propesal which is presently recognized as
a minimum satisfactory approach.

ocomprised in the
subdivision of

The basio developments
lattor proposal includs a
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the overall settloments into two componente
(*izmediate settlements™ and "convolidation
setiloments”): the former are considered
to ocour in m caturnted clay by shear
strains under no-drainage conditions, and
subsoquently the latter would take place
under the induced pore pressurea based on
the changes of #3, 02 and 03, and not
meroly under a pore prégcure assumed to
equal the induced verticel stress. It is8
dsemad worthwhile maintaining thie eubdivi-
sion in the following discuseion. Thus, for
their theory, frinal = §4 + §o where fy =
= irmediste settloment and jgo = consoli-
dation settlement.

3.1 Immediate settlementa

According to the theory of elasticity the
sottlament of a loaded srea is given by the
classical expression

8 1-p2 1 whers q = net foundation
f=a E pressure, and

I = influence valus, de-

pending on the shaps of the loaded area and
the depth of the clay bed, ae given by
Steinbrenner (1934) and adapted in Terzaghi
(1943). (Note Bozotuk's discussion, 1963).
Thus, adopting m= 0.5 for rapid loading on
a caturated clay, the immediate settlement

infleqk I%— 1, end “E is determined

from undrained compression tests with a
corroction for sampling disturbance if neo-
easary”. For the more genoral case in
which m £ 0,5, Silveira (1967) has deve-
loped & method, using statistical regres-
oion, for the simultaneous determination
of mutually compatible E and K values from
undrained triaxisl teste. ILadd (1964) and
others show, however, that meny factors
contribute to make the determinations of E
through such laboratory tests very sensi-
tive to sampling and testing conditions,
depending on the nature of the clay: ap-
propriate CU tesats are indicated as pre-
ferable., In fact, dispersions on determi-
nations of E for use in the above equation
ars certainly of such magnitude as to make
1t meaningless, at prosent, to disouss dif-
ferences of 1 values based on phape &nd
rigidity of foundationo, 8a well as, pos~
sibly even, the sffect of an E value vary-
ing linearly with depth.

Since the direot determination of E and
fyom laboratory tests is subject to ines-
capabla errors, many studies have amployed
load test dats, either for esitablishing
correlations with stress-strain behaviour
measursd in the laboratery compression
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testo, or for direct applicotion through
recsoning of model to prototype scale ef-
feota, Within the firot approach, for
inatance, Skempton (1951) established ap-
proximately, within tho range of allowable
strenses, thot at “tho same ratio of ap-
plied streco to ultimate stress in osatu-
rated clays the struin in the loading tests
is related to that in tho compresaion test
by the equstion ffla= 2€ ", Amand and Makol
(1963) report results whereby such indi-
cations might be qualified in unsaturated
clays. Yong (1959) in the caze of silty
material establishes empirical correlations
with cedometric data, Recognizedly, how-
ever, the principal studies connected with
the use of load test data have been towardas
direct relationshipe with size. Osterberg
(1947) employing a log-log plot of pressure
ve, ratic of settlement to diemater confirms
that the consequent straight lino "general-
izes the date making 'it possiblo to predict
settlementsof any size and shape area",
Kummeneje (1955) reports a satisfectory ap—
plication of the idea to a tank foundationm.
Kondner and Krizeo (1962) do not employ
elastic theory but resort to dimensional
analysis to establish linear gorrelations
of experimental data.

Finally, special mention must be made of
the paper by Resendiz ot al (1967) reporte
ing on investigations of the olastio pro-
parties of saturated Mexico City clays for
the purpose of computing immediato heave
due to foundation excavation, and conse-
quent immediate recompressions. As & novael
approach geosalamic mensurements were uaed
to compute the elastic parametora from vi-
brations. These yielded results that com-
pared well with the measured heave in tan
bulilding excavations, "In sovite of careful
sampling and teeting, sample disturbance
probably reduces the modulus of elastiocity
of dynamioally tested ‘'undisturbed speoi-~
mens*® up to 30 per cent, with respect to
field values, The effect of sample disturb-
enceas in the modulus measured in undrainad
compreasion is even greater", Such evidence
favoura the non-destructive itype of testing
that has beex mentloned as 8 recommended
trond for the future.

1.2 Consolidation settlementn

The subject of computation of the strasses
induced in the eubsoil due to surface load-
ings with be excluded from this Report,
Bince the use of slastic theory has been
quite routine for such prodlems, and there
are evidences that the rosults Are
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mcoeptable for most practiecal purposes,More—
over, the use of computer oriented meathods
popentinlly excludes limitations to develop
ing solutions for most praoctical cases,both
for the stress tensor and for the displace-
went vector (e.g. Dominguez and N¥oavenzadeh,
1967 )«

Por tho computation of the consolidation
sottlements f, Skempton-Bjerrum (1957)
first eotablish the induced pore pressure
through the use of the A end B coefficients
w=b{afy « A(ag] ~4073) where the
changes in etresses Ady and a03%, would be
copputed from elastic theory. However, in
order to retain the procticability of the
recommended procedure, maintaining the use
of the oedometer for calculation of the
consolidation pettlements, the authors de-
valop & correction factor j, so as to dis-
pense with conaideration of lateral strains
in this phase (although stating that this
simplificetion could be made “without in-
volving an error of more than roughly 20 %
41 the value of the vertical consolidation
povementa"), The correction factor § =
- A4 ol(1 - A) depends on the pore-pres-
pure coefficient A, and on & coefficient
varying from 1.0 to about 0.2 depending

on the shaps of the loaded area and the
ratlo Z/B of depth to width., Thus fo =
=] foea whare foag = J m, 4G d= in
routine oedometer settlement computations,
A0} is obtained from the standard strees
distribution formulae and charts, the M.
volue ip deterzined from the ocedometer,and
the value A 1s to be obteined frow eppro-
rriate undreined triaxisl tests with pore
pressure meesurements, It mRy be noted that
values of 5 are shown to vary from &bout
c.0 or 0.5 to sbout 1,7 depending on the
%/? value and principally as & function of
A, for which varietions are indiceted from
0 - 0,2 for heavily consolidated clays to
1.0 = 1.2 for very sensitive clays.

For time-setilewent relations the degree
of consolidation U is applied from the

theory of consclidation, as will be dis-
cucsed under item 3.4, sc that at eny in-
ntant f = §3 + U} fopa. Practical ap-
plicetions wore exemplified in comparison
with obeorved settleuents to confirm the
preference for the method recom:ended.

1t ip not cortain that the use of the
Skoupton-Bjerrun theory has really pene-
trated into foundation practice., The lati-
tude of variation of depending on A
threw n heavy reenonsibility on the judg-
ment for choioe of &8 velue of A, or for

the cholice of appropriate stresa conditions
for which to define A if the necessary tri-
exial tests are available. The theory did
represent, however, an important step for-
ward in expoeing the limitations of the
ferzaghi theory =and in pointing towards
the necessary solutions. In retrospect it
seems that the practical decision to retain
reference to the oedometer tost limited the
perspectives of the method.

3.3 Recent advences in settlement prediotiom

Some important recent developments in con-
nection with computation of settlements
merit a special reference in this Report,
althourh their penetration into the prac-
tice of foundation design belonge to the
future, They may be classified under the
pubdivision: (a) the stress-strain-time path
methed, using triaxiel testing; (b) the
genoralized three-dimensional elasticity-
-consolidation theory; (¢} empirical stress-
=strain~-time formulations.

3.31.1 Stress-strain-time path method, using
triaxial testing.

Iambe'e publication "Methods of Eetimeting
Settlements" (1964) desoribes fully the
general trestment propoeed by himself for
the problem, and further expatiates on some
comparisons with the Terzaghi theory and
the Skempton-Bjerrum method. The prineiple
is very simple, and well justified by the
gradusl international recognition, through
cnreful triaxial testing, that the behev-
iour of soils is significantly influenced
by the "ptress-path" that the specimen or
s0il element underwent in reaching a cer-
tain fine) state. The best experimentel
approach presently available to follow such
& trajectory of stresses and strains is the
trioxisl test with pore pressurg measure-
menis,

In principle one knows the vertical effec-
tive stresses to which representative soil
elements of the cley layer are subject ini-
tinlly: moreover, the corresponding hori-
zontal initisl effective etress is oesti-
mated from the valus Ep =1 = oin @', Thua
& sarple cen be initirlly consolidated in
the triaxial stressee. Thereupon, by
elastio theory it is possible to compute
the inoreases of asst of 07,0 etresses
caused by the construction loading. It is
therefore pogeible to submit the specimen
to an analogous stress-path (time of ocon-
ptruction and consequent partial drainage
conditions can also be approximetely simu-
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lated at will, when deoired), while the re-
pulting vertical strains and volume changes
are continually racorded, lastly, under the
oconsequent finally inducad pore pressured,
the mpecimen can be allowed to conoolldate,
usually under consiant appliad stresses ,
with continued recording of vertical and
yolumetric strains. The settlement is di-
rectly related at all times to the vertical
strain,

In principle, the procedure is clearly a
necscsary development in the right direo~
tion. In practice, the present limita-
tions are (besides those of sample disturb-
ances etc, that affect all methods) the dif
ficulties in .choosing few "representive"
soil elements to test in m rather complex
rrocedure, thus raising the risks of errer
due to too few tests of oxaggerated pre-
cisione, inoapable of accounting for the
inescapable statietical heterogemeities of
the clay stratum,

Davis and Poulos (1963) independentl deve-
loped the same baclic 1dea and expatiated
somewhat more on the rofinementn of tri-
axial testing procedure required for this
new three-dimensional strain settlement
analysis, which, incidentally, eliminates
the subdivision into "immediamte" and “con-
solidation" mettlements. Indeed, it is
recognized that the stendard triexial equip
ment presonts limitations particularly ao
regnrdo possidble membrane leakage refleat-
ing on the time-sottlement studies which
rely on measuremente of volumes of water
(a measurezent of mmaller precicion than
that of strain measurcmento).

Incidentally, since the A3 values cal-
culated fronm elastic thoory depend signi-
ficantly on M values, cnd the latter change
in a clay ae it goes frum an undrained to
8 draincd stress condition {(ef. Davis and
Poulea 1968), a refinement in the strese-
-path techaique may well teke into account
graodual changes in the applied otresees
(prinoipally AQ 3) to acocount for this
factor, Kerisel and Quatre (1968) recom=
mending essentially a stress-path method,
add the suggestionn of considering both
a02 and A03, and of revieing computa-
tione to take into account realistic es=-
tizrates of M ., Because of thc limita-
tions of the triaxial test it is suggested
that for ecach soil slement (for which Ad7,
AT 72 and A(; have been computed) two
tests be run, establishing boundary ocondi-
tion, one for ( AU}, A0 2, AU 2) the
other for (AG), AT 3» AT 3).  Moreover
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formulae and graphe are given for dotermi-
nation of A0}, Af2 ond 803 as a funotion
of applied load p, for different loaded
arens and deptha, end it 1s sugzested that
a0 a firet approximation the atresses be
obtained for an average M= 0.25. Finally,
through formulme pertaining to <the elastic
isotropic material the obesrved volume of
wvater expelled allowas the oalculation
of B, and if 1t is found to differ from
the initial sssumption, a new, more real-
istio, eset of induced stresses may bs ocal-
culated for & second cycle of approximation
of the triaxial oonsolidation teet recom—
mended.

3.3.2 Generalized elastic theory treatment
for settloment pradiotion under
three-dimensional conditionn

A genersl polution for the immediate and
fipal pettlements, and the rate of settle-
mants, of footing [foundations within the
realm of elastic theory wae recently put
forth by Davis and Poulos (1968).

The immedinte settlement 1s rotained as de-
tormined from CU tests. A very interenting
result presented (of. Fig. 30) ccncerns the
importance of the value of M in determining
{n) the error in the conventional one-dimen
sional approach for total final esettlements,
and (b) the relative importance of the
immediate settlement in comparison with the
total final one.
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Errarsin oonventional 1-dimension.approach
for total pettlement; and relative im
portance of immediete settlement, depend-
ing on B  (Apud Davis & Poulos, 1968)
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The authors further discuss the interfar-

cence of rigidity of footings in oeusing
conditions of local yield in undrained load
ing, end conclude that for overconaolidated
clays at loadings resrecting F =} the
local yield should not develop 8o as to
affect computation of elastiec displace-
pents. Another importent indication con-
cerns the depths that are to bte taksn as
upepresentative"” for sampling,testing, and
coneequent couputations. The triaxial test
ip used with a preliminary consolidation to
Yo conditions, and with the appropriate un-
drained loading to determine Z,,and fi-
nally with the consolidation dreinage under
conotant loading to permit determination of
E' and +, as well as Cy3 (the three-dimen
=ionsl concelidetion coefilciont, based on
the observed rate of consclidation strains).

Hotwithatanding the thooretical relation-
nhips between the verious paraceters, it
i# suphasized that preference must be given
to sxtraction of valuee from tests, with
duo selection of appropriate renges of
interest.

¥inally, for the computation of rates of

thros-dimensional consolidetion an Appro-
ximate solution is offered which will be

further discussed under item 3.4. Obvious-
1y the rate of dissipation of W is very

ruch greater than indicated by the one-~di-
wensional theory.

Prpirical stress-strain-time formu-
lations.

3.3.3

#n approach that coincides olosely with the
1rend prognosticated for the future, within
the key-note of the present Report ‘e that
sugzgected by Brinch Hanaen (1965)., The
suthor observes thet the present subdivi-
nions into f4 + fo + 8nd §, (secondary
sottlement), the first assumed to be in-
stantanaous, and the following two consti-
tuting portionm of the consolidation Bet-
tloments easily distinguishable in the
aombined t - log ¢+ v8. settlement plot
(Brinch Hansen 1961), run the risk of sac-
rificing on bahalf of practicality, or of
presently imposed rheclogical models, the
renlity that the stress-strain-time be-
haviour of & soil is obviously a continu-
ous one, for which & suitable more complex
rheclogical model hae not been described.
ciearly ali three “components" of present
settlemont analyses occur supsrposed: there
can be no instantaneous deformation, with-
out puperpoeition with the ‘“primary con-
polidation”, ahd the socondary or creep de-
forentions must start ae soon as the eof-
fective streps incrementn are &pplied
during the primary consolidation pore
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prespure dissivetion, end, finally, the

dary praseion still requires some
exoess pore pressures, however small and
sventually imperceptible to our present
precision of measurecents, 10 Bqueesze out
the corresponding amount of water,

A more Tealietic approach, therefore, might
he to express in a purely empirical way,
through simple equations, the actual stress-
-strain-time relationships of wsoils as
derivable from appropriate leboratory tests.
Thus the necessary correiation constants of
such equations may be defined through sta-
tistical regressions, with confirmation of
ftm significance ani determination of 1itas
confidence levels, so that the demign esti-
mates may be based on such empirical equa-
tions. The author suggests some formulse,
and by relating them to the routine labora-
tory test results proves their epplicability,
reproducing measursd behaviour within 90 %
levele of confidence.

It must be observad, however, thet in order
to permit velid extrapolations end mall
dispersions such empirical formulations must
be based on tsate conduoted in a truly re-
presentative manner, taking due account of
the factors that at a given stage «f inow-
ledge, derived from analytical testing, have
alrsady been proven not to be rendom. Thus,
in prineiple, the tendency should be, ir the
face of & given problem, to run a series of
tests as closely mes possible representing
approprintely the stress-strain-paths and
renges desired, and, thercupon, with full
recording of first-order intervening para-
meters and an evaluation of perceptible
trends of behaviour, employ euitable ota-
tistical regrossions to represent such be-
haviour empirically.

The development of +testing equipmont and
techniques more suited to a given theore-
tical concept oceupies an important place
ir any such roasoning. For instance, Cal-
deron (1967) eriticizing the use of the
vedometsr recommends the geparate investi-
gation of the consolidstion behaviour due to
ipotropie etresses and due to deviator
stress, and develops a special apparatus
for the latter. Josselin de Jong and Verru~
iht (1965} eoleo develop & specimsl apparatus
to investigate, in & spherical sample,volume
compression without distortion. As has been
freoquently pointed out, but is continuously
overlooked to the detriment of progress in
the subject, the oedometer was epecifically
conneoted with the Terzaghi theory hypo-
theses.
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3.4 hato of pettlecont solutions

The basic concerns of pettlement computa=-
tiono are noi cerely to anticipate their
total or finol ragnitudos, but aloo the
rates ot which these cettlements will de~
volop. Deopite a vanst amount of testing,
ond & rathor dispropertionate amount of
mathemntical derivations, 1% may be said
that tho confidence levela in presont-day
ectimates of rates of settlements are ex-
trepely low if unaided by judgment derived
from field observationn on the same  de-
posits. One of the reasons may be, pre-
oisely, the faoct that the subject has not
been treated in terme of diepersions eand
significances of the intervening parameters.
Mention must first be mede of some of the
principal theoretical developments, before
appraieing the sources of errors and dis-
persions.

A firet distinction that must be mads, how-
aver, of importance to the tone of thie
general Report, suggests the separation of
the theoreticel developments inte three
groups: one that is directly associzted,

or easlly asscciatable, to the correspond-
ing laboratory tezt procedures in use and
required for demign application of the
respective conclusions, without basic ques-
tioning of the simplified rheclogical model;
another, that has applied itself to elimi-
nating some of the more purely theoretical
limitations of the mathematice involved,
for transplant of the equatione to aitua-
tions prosumed needed as regards spplicetion
to clay layers; and finaily the third, con=-
nected with the practicnl interpretation of
more couplex rheological models,

3.4.1 Solutions connected with interpreta-
tion of leboratory tests, under the
basic premises of the Terzaghi theory

Based on the original one-dimensional ocon=-
colidation theory and the cedometer double—
~drainage teet, the well-lmown Terzaghi-
Fréhlich mathematical solutiona for mates
of average pore pressure dissipation and
cotilezent wers employed by Teylor and Ca-
cagrande to develop the classical 4y and
leg t "time-fitting" metrods for direot
determinntion of the coefficient of conso-
lidation ¢y , assumed constant for eaoch
preisure increment and for the helght of
the sazple. It is streseed, ne has bsen
repeatedly done, that it ie clearly pre-
ferable to deduce cy dirsctly through such
interpretations of the test as a model of
the prototype clay layer, it seldox bhoing
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acceptable to attempt computations of oy
through ite component purametera (princi-
pally permeability, compressibility and
vold ratio) or vice versa, Unless  the
model-prototypeé scele lawa become partly
invalidated, as obtains in regurd %o the
errora introduced by the "initial compres-
sion" and the "secondary compression”, both
axtraneocus to the Terzaghi rheological
model, much less serror is invelved in ap=-
plying such implicit scaling relationohipe
than in attempting to compose the ¢, from
the indirectly measured, theoretically ro-
lated, beeic parameters.

Moreover, clearly from the point of view of
proctical foundation problems the JT
method is the more useful tocl becausa of
defining trends from early indicetions,
whereae the log t method has retained gront-
er intersst with regard to the arbitrary
definition of the end of primary consolidu-~
tion and the trends of further settlement
along the so-called Buleman secular law,
empirically eatablished. Pinally it is yof
worth noting that were it not for the
ngxperimontal error" introduced in the
oedometer model for saturated clays by tue
initisl compression, the linear relation-
ship U ve 4/t 18 theoretically fundamented
for the initial stages of a consolidation
procecs, whether linear or nonlinear, and
whether norunl rectilinear, radial, or
spherical drainage is taking place (Scott
1961).

In en attempt to reduce the incidence of
the errors mentioned, Naylor and Deoran
(1948) suggested a method based on fitting
o straight line to the range of readings
batween 60 and 80 %, "whers thers ie every
reason to belisve that both the initial
and the secondary consolidation are quite
negligible"; but the method is not Dbo-
lieved to have sproad.

Meanwhile, because of a greater concern
with soils exhibiting proportionally more
secondary compression, Buisman and Koppe-
jan (ef, ¥arst and Bourges 1964) developed
methods for determining from the cedometer
test, with some pressure increments nain-
tained for 10 days, the coefficients re-
gquired for computing the long-duration
“final" settlements, the Terzeghl primary
oompression phase being accounted for
under tha conception of beinz the hydro-
dynamic retardation of the linear f ve
1og t law: (Pig. 31). Each method natural=
ly deducas two coafficienta of the linear
jaw apsumed (taken ss independent of the
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time-£fitting

thickness of the layer) f=a + b log t ,
which Buieman writes as f= H (n1+n2 log t)
4¢ and Hoppejan writes as

f= H(Jﬂ-. +{-‘ fn,f)l’c,, t.'.;_‘.r
where pp 1is the initial effective stress,

AT the pressure increment, and pg the
preconsclidation pressure.

Zesvaert (1955) proposes a fitting method
based on defining the boundary between pri-
vary and secondary compressions as defined
by the point at which the slope of the

§ ve t graph of the primary consclidation
equ.tion equals the slope of the empirical
$ vs log t secondary compression line.

#ith the advent of trimxial testing with
pore prossure measuremnents for determining
concolidetion parameters (cf. Dishop and
Henrel 1957), preference was given to de-~
terzining ¢y by measuring the rate of
diseipation of pore pressure at the lower
surface of a cylindrical sample drained
from the upper surface, the corresponding
Time Factor Tgoy being 0.38 (loc. eit.).
Gibson and Lumb (1953) furnished solutions
for T for the everzge pore prassure dia-
sipation U, for the clay cylinder (of dia-
zeter 2t and height 4R) for the cases of
rudial drainage and end drainage: no Bpe-
cin, Titting methods are sugzested but the
t plot ie used.

-cott (1961) discussing the disadventeges
of the Teylor and Casogrande methods, re=
coms.enas the deterxination of oy employing
ratiocs of cozprescions taking place up to
different tiwes. The only disadvantage it
retains, cozwzon to the two earlior Bolu-
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tions, is the necespity of determining the
“ecorrectod zero point" by the accepted ap—
plication of the noar-parabolic form of
the Uwve T curve &t s-all values. The
zethod iB rapid end convenient in use,
permitting spot checks of computations of
ey during the very procesa of compression,
and, incidenislly, permitting an appraisal
of the variation of the coefficlent at
different points in the process (cf. Io
1960, correspondence). lioreover, the came
principle can ba epplied to other teat con-
4itions, such as, for instance, the tri-
axial test with redial drainage, provided
an analytical or numerical solution to the
problem has been obteined end the respec-
tive volume changes during the consolida-
tion process are observed.

Brinch Hansen (1961) suggeststhe combined
gve ( {t and log t) plot (Pig. 31). It
appears that for practical purposes Scott'se
and Brinch Hansen's methods should by now
have supplented the others.

The oedometer hae been employed for the
determination of anisotropic eov values in
"lominated" alluvial soils, by cutting the
specimens for vertical drainage in  the
desired directions (Rowe 1859), but also
it has been adapted (lcKinlay 1961) to
furnich the desired radial porewater drain-
ege and the respective caleculated horizon-
tal ¢y , Cyh , through an edeptation of
the +% plot method. The datam are plotted
in the form of U against T0.465, obtaining
an initial linear part up to about U = 50%,
"The point on the curve corresponding to

U =90 % has an abecisea 1.218 times the
abscissa of the continuation of the initial
straight line, and st U = 90 5, T = 0.3345",
Thus c¢yy = 0.335 Ra/tgo is coumputed.

Escario and Uriel (1961) use speciel tria-
xial tests with radial drainage only and
meacurements of expelled volume (or esve-
cie!ly measured volumetric etrains), to
determine the value cyy through a special
fitting method., Aboshi end Monden (1963)
use both the oesdometer and the triaxial test
under three conditions of dreinage (one~
~dimensionel vertical, one-dimensional with
specimen strata vertical, intermal radial,
and external radial), always employing for
calculetion of oy values the log t plot
and the respective Tg5o¢ time factor. Ka-
wekasi (1964) develops & method employing
the triaxial tezts, and eppropriate paper
draine to force ridiel drainage, for de-
termining cyy: the curves for mean pore
and end pore precsurc versus time factor
are deduced for verious ratios of Th/Tv
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both the 4t and the log t fitting methed
aro uced, with tho appropriato adsptontions
in o coanner analogouz to thnt used for the

ocdomoter.

More recent developments include the spher=
ical clny epecilmen corsnolidation by JoB=
solin da Jong and Verruijt (1965), the
specially develored ocedometer-type cell
devoloped by Rowe and Barden (1966),(ef.
Northey cnd Thomae, 1965, with respect to
W zeasurecents in the ocdometer), and the
three-dizensionsal consolidation aolutions
oiploymg the triaxial test, for which
Devis and Poulon (1963) offer the curves
of Uvs Ty for detorcinztion of ey3j , the
threo~-dimencionnl ccofficient, Fig. 32

iz herein reproduced from the latter publi
cation, to furnish an indicction of the
‘order of eagnitude of some of the changes
of tize {rctors at play depending on test
conditions,

Lo H Tor 1 snd drcinage
o - : -
L= 2nfar 2 end drainage —r

et

0,8 -Curvas Lix1e Curvas 203 \\
Cea t Ce3 1
—~Fell Wy NS
L * L
8
opo01 001 Tv o1

e DEGREE OF CONSOLIDATION { VOLUME CHANGE)
=== DEGHREE OF PORE PRESSURE CHANOE AT IMPER—
MEABLE END FOR ONE END DRAINAGE ONLY

Pig. 32

Theoreticel rate of triaxinl consolidetion
for different dreinage conditions,
(Apud Davis and Poulos, 1963)

3.4.Z2 Yoro general solutions for the con-
solidation of clay layers,

As has been suxmarized recently by Seed
(1965) in a review of the szubject, the
bagic difforent:al equntion governing con-
golidsetion by the discipetion of excecs
hydrostptlc prespuros in one-dimensional
flow hes been soived for a number of cases
of great practieal importance, avong which
ths moot cozepaly employed concern the
cnseo of contizuous clay layers (Gray 1945)
and zultilayered soils (Abbottl960) as
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well us those of time-dependent loading
and vorying poroeability. Lere recently,
in anddition, some mathematiecal daovolop-
rmonto have been roported, ocpeeially in
connection with eliminnting from the Tor~
zZaghl theory some of its limitations con-
cerning the constancy of coefflicienta that
are really varying, GZuch ctudiee need but
bo cited, because thus for their function
has been limited to alerting to scme pPOB=
alble ressons for the often observed dip-
crepancies in rates of settleoment. Im thie
Bector the mathematical refinements pra-
sently within reesch (Christie 1966, et al,)
are far greater than is warranted in the
face of limitationa in field investigations
and in the laborotory econsolidztion testing,
even if remodeled, .

Gibson (1961) studies ths throe-dimensional
rato of settlement of an uniformly loaded
gircular or rectangular area on an anisg-
tropic semi-infinite clay stratum. -
Sehiffoann and Gibson (1964) devalop 8o~
lutions for nonhomogeneous cley layers in
which k and my ars taken to vary with
depth: nlthougzh normally the caleulation
of rates of sottlement 1is Sosed directly on
values of ov (which is very nearly constant
with depth in a clay deposit) and not on
values of k end my , their conelusion for
a case in London cley is that the modified
thoory could Justify a oignificantly morae
rapid initial settlsment thon estimated by
the conventional assumptiocns, Yertinz(1965)
&ivea the solution for the clay layer of k
varying with depth while my is conotnnt,
Davie and Rsymond (1965) develop & mors .
aceurate consolidation theory for normally
consclidated olay mssuming a constant oy
while the compressibility and permeability
were both allowed to decremse with increns-
ing pressure, which seems a more realistic
Bet of essumptions based on present infor-
mation, Yemaguchi and Kimura (1967) solve
the problem for two assumed conditions of
variation of k with depth, linearly where

k=¥ (148% and exponentially whera

K=k, 00 ‘/H? for the double-drained clay
layer they conclude that for a wide

of conditions the errors in the time faotore
obtained by the conventional method do not
exceed 30 % throughout the consolidation
process. Finally, Gibeon et al. (1967) fur—
ther goneralize the one-dimensional consoli-
dation theory notto impose the limitation
of emall strains, and to include variation
of soil coampressibility end permeability
while consolidation is taking plaocet the
eolution is limited to thin horogenaous
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layors, making negligible the self-woight
stressss in comparison with applied eires-
ses.,

3.4.3 Rate of settlement solutions based on
other rheological models,

The problem of eecondary compression has
been a fertile source of discumsion and
resoarch for almost thirty yoars, being di-
rectly connected with all estimates of rate
of settlement. The formulatione of more
cozplex rheological models than Terzaghi's,
or the formulations of purely empirical
lews to deocribe the observed behaviour,
have been frequent; and the introduction
of other theories (rate procass theory,
Marsal's stochastic theory for analysis of
the behaviour of the grain skeleton, or
Josselin de Jong's modol consisting of en
ansembly of viscous elemente or & oavity
channel network, ete.) will doubtless con-
tinue to contribute to the investigetion

of the important problem.

Within the scope of this Report, however,
montion will be limited to the few of such
thaories that have formulated practical re-
commendations, through the necessery data
fi4ting methods, for application to desipgn
estimates.

varsal (1961) developed & theory assuming
that the relationship between intergranular
pressures and volumetric strains is not
independent of time, the strains being sup-
posed to occur in part instantaneously and
in part as an exponential funcion of time:
the theory was limited to amall pressure
inerements for linsarization of the conso-
lidation process. The suthor compared the
predictions of the theory to some laboratory
and field data, but conceded that the fit-
ting of the theory to experimental data re=-
quired lengthy computations, Lo (1961) sub-
sivides the obzerved secondary cowpression
bohaviour of clays into thres types of cur-
vos. “Briefly, for Type I curve, the rate
of pecondary coupression gradually  de-
creases with time, in Type 1I curve, the
rate is proportional to the log of time for
o considerabls range of time, then rapidly
decreasens, cnd for Type III curve, the rate
incresasce with tize, then grodumlily van-
ishaa®,. The aethed of determining the soil
parazoters is given, but eince long duretion
oboarvotions are reguired under carefully
controlled anbient conditions, it is not
known to have had practical application yet.
Gibson and lo's (1961) rheological model
rogquiring the determinstion, from test date,
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of four basic parameters, has been employed
with a olight modificatlon by Christie(196%)
ih comparisons with controlled laboratory
teste, Barden (1965) develops & digital
computer solution for a non-linear viscoei-
ty rheologicel model, and concludea that
the anount of secondary compression 1is
strongly dependent on the thicknesa of the
sample and on the pressure increment ratio.
The solution provides a simple method of
accounting for this in extrapolation of
settloment-time data obtained in the labora-
tory teste to the field scnle: it 1s ocon-
sidered that the one-dimensional secondary
compressions will be negligible at the field
seale. CZeeveert (1967) develops & theory
for materiale showing intergranular viscosi-
ty, and recommends the fitting methods for
oedometer test resulte both for curves show-
ing & break and for those without it. Final-
ly, Barden (1968) develops a rheologiecal
model in terms of structural viscosity and
thixotropy and sclves the one-dimensional
consolidation process showing it to cor-
respond adequately with known behaviour. An
important result concerns the conclusion as
to the scaling law. "Discussion has also
centred on whether the scaling law for
secondary compression dependeon Hz, H1+5 or
H ,.. the effect of H 1is complex and the
scaling law cannot alweys be stated in &s
oimple a8 form as previously attempted".

In conclusion it may be summarized that the
complex csubject ie still in the phase of
formulation for practical apnlioations +to
foundation deaign.

3.5 Significent porameters interfering in
settlemont analyses end thelr ranges of
dispersions

It way be affirzed mas the conclusion of the
prosent state-of-the-art study, that before
the practice of foundation design can bene-
fit from many of the past and current theo-
retical and practical develgpments, an in-
dispensable step comprises the quantifica-
tion of the confidence levels of the pre-
cently all-important "judgment factor" on
the principal intervening parcpeters within
a design. The following comments attempt
to sumnarize examples of such & concapt.

3.5.1 Field information

The wore significant necessary predesign in-
formation concerning & compressible clay
leyer resumes ituelf inte the definition of
the thicknessee of substrata that will be
asgused homogeneous, for computation pur-
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ponos, and their idealized bounlory condi-
tions,

Ao To/ardo the caloculation of "total" set-
tleorente, the oubdivision into idealized
layerc munt be based simultancoucly ont
(a) valuos of Wy ae an indication of tho
plaoticity of tho clay and of its virgin
conpressibility, or even, within a rough
approximation, of its recomprecsion char-
ectorinoticz; (b) values of pg ineofar
a5 there cay occur nsome dried erusts, or
gpo~e othor discontinuities within any
homogenoous trend presuned, as compared
with the initial overburden effective
strerses pyi (e¢) the vertical rates of
changes of the induced stresoes Ap within
each sublayer, zo Bo to permit lipneariza-
tion,.

Moreovor, as regards‘the calculation of
raten of settlement, the most important
information required concerns the ooocur-
rence of drainage layers or seams, besides

& measure of the very likely anisotropic
consolidation coefficients oy and coyy ,
(ef, a statistical conclusion by Rows,1959).

There is no difficultyin handling the prob-
lems concerning variationa of WL with
depth, and concerning the anticipated
change of Ap with depths As regards the
letter, the obvious trend 1is to devote
grenter attontion to the wupper horizoms,
But, since the roally important lumped pa=
remeter implicit 4in present practical
Judgement on the problem mey be taken ns

approximately a function of Wy log (1*'—;—2),
o

it would be of interest to employ linsar
regrossions of such functions vs. depth so
48 to determine within what levele of con-
fidence seleated scubotrata may be linear-
ized. Though such indications are but in-
direct and epproximate, nothing short of
a statistical treatment will really begin
to give the design engineer a measurs of
the upper and lowor confidence bounds
within which he ie working, and upon which
he may apply to highest practical benefits,
any further efforts mt improvement of pre-
cisiona.

The subjeot of strecs trenamission and pro-
coneolidation pressures will be mentioned
below. In connection with the latter suf-
fice it to emphasize horein that eseveral
publicctions have pointed to the oignifi-
cant need of auxiliary geologie interpre-
tations to explain unexpected behaviour.

The gruatest limitstion in field informa-

tion concerns tha fundamonial pernmeters
necessary for rate of settlement computa-
tione, Sinco ratés of disoipation arc in-
fluenced by the square of draninage dis-
tancas, the nead for obtalning information
on the continuity of cand or ellt lenses is
& problem of preeminent importmnce that
dwarfs most of the effects of the different
theoretical formulations disoussed under
item 3.4. Moreover, it is not merely con-
tinuous sand leminations that have to be
detectod, if poseible, and taken into no-
count as drainsge paths. As interesting
poopibility for computer investigation would
be the influence on droinage rates in three-
~dimensional consolidation, that would be
introduced by permeable lensos of 1limited
arca, that without effectively constituting
draicage paths, would merely behave ae pore
pressure equalization conductora cutting
aerose the pressure~buldb of induced pore
preseures, By investigating comparatively
the influence of the dimensions of auch
finite conductor planes on the idealizad
diegram of induced pore pressure distribu~
tions, and the consequent rates of dinsipa-
tion, the results will provide tho engineer
with an indication of tho lower boundary of
confidence levels permitted by & given grid
of borings, even if the latter were so per—
feot (through the use of preliminary impreg-
nation of lenses with detectable dys solu-
tions, and subsequent continuous iwedish
foil eampling) as to appropriately deacribe
all the zendy seams on a verticel profile.

3.5.2 Stresy distribution theories as
regards differential ssttlements.

Some problems pertaining to calculation of
Ap stresses have not been discussed as
rogards settlement analyses. Initially it
may.be recalled that in the cholce between
the Boussinesq isotropic medium and the
Westergaard medium, the latter hypothesis
tends to attenumte appreciably the differ-
ences batween the proesures undsr the cen-
ter and the edges of the londad area, with
& consequent attenuation of the ostimxted
differential settlements. The designor's
range of decision on this item meraly ex-
tenda between the boundaries set by the two
theorien available.

Furthermore there is some interest in evalu-
ationg the poseible stress rodistribution
due to an uppsr dense scand layer used for
oupport of shallow foundations subject to
major settlements due to deep ocompresasible
clay layere such as obtain in Santos (ef.
Teixeira and Gaotdenica, 1959). There is
at present no dirsct information concerning
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the order of magnitude of the effects of
such relatively rigid soil mats in poesibly
mltering etresses induced in underlying com
pressible clay layers. The existing con-
firzmations on pressurss transmitted to deep
layers by shallow loade, are indireect,
based on carefully recorded pors pressure
developments, subject to other sources of
error and dispersions (of. Gibson and iars-
land's report to the London Confersnce on
Pore. Pressure and zuction in Zoil, 1960,
on "Pore-water pressure observetions in a
saturated alluvial deposit bonesth e loaded
oil tank", p. 112).

At any rate, it is generally conceded that
there is considerable circumstantial evi-
dence from overall results of caleculated
ve. obmerved settlements, to indicete that
oither there are smaller-order errors tend-
ing to compenpate in the overall process,
or the factors above mentioned are of
themselves not esignificently subject to
the doubts raised.

3.5.3 Pore pressure coefficients A and B

The linearized concepts under which the A
aend B coefficients were postulated makes

it very eimple to determine the two un-
knowne A and B es abeolutely defined valuss
for a given set of conditions of the two
basic variables essumed,s03 end (403 -a03).

in any such caee of preestablished linear-
szation of the real more complex beahaviour,
the responsibility of obtaining appropriate
values for use in a given practical problem
fells entirely upon the selection of the
rapresentative set of conditions for which
the coefficients are to be calculated: and,
obviously, the further the real conditions
depart, conaciously or unconsciously, from
the assumed one, or the wider the range of
conditions to be encompassed within <the
problen, the greater will be the errorsz in-
troduced. Naturally, if pevoral would-be
enalogous teets are available, and/or sev-
eral sets of conditions of the two assumed
variables are edmitted, the leant that can
be done in practice is to establish average
values of the coefficients and their range
of varistion. Such a =olution, however,
usually exposes rather dissatinfying dis-
persions.

Stated in general terms the fact is that
uwf(fy,02,03) atlesst, and for
given ranges of variations of the three

strosses 1t is possible to allow ptatie-
tioal regression, and oonsequent analyses
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of the significance of these rogroesions,
to establish the most appropriate functions
for cach case, accompenied by the raspective
confidence levels. For any such regroseions
eny test can furnish an ample number of data,
but a minimum number of sceparate tests
should be enployed in order to evaluate dis-
pereions due to specimen-to-specimen  dif-
ferences.,

If such general regressioms be found cumber-
some, the least that can be done 1e to es-
tablish, for the ranges of strese variations
desired, semarate "best" or "significant®
regreesions 4u = £(Ad}) and Au = f(.ﬁrl-ao'a)
under the concept that any point defined by
2 set of coordinates (AT, AC) = AC3) 1e
arbitrary if it is not defined as &  member
of the families of similar points among
which it belonge. In very few casee can one
reelly impose A linearization without in-
viting much more dispersion or error than
necessary. FPor instance, the form of the
Au ve. Af, funotion in uneaturated soils
im well known to be conceve upward and
asymptotic to the 459 line,

As 8n example, the data published in the
"Piret Progrees Report on Investigation of
Stresp-Deformation aend Strength Characteris-—
tice of Compacted Clays" by Cascgrande, A.
and Hirschfeld, R.C., Harvard Soil Mechanios
Series no, 61, 1960, have been used to con-
firm the order of magnitude of the improve-
ments resulting from the technique above
mentioned, long since in use, in comparison
with the use of the A and B coefficients.
The data on the PH tosts, Fig. 10 (loc.cit.)
for degrees of saturction S, < 76 % indi-
cated excellent regressions of the type
u2=a+bﬂ"2+cﬂ"3¢. for the range
6«03 < 14 kg}cma. Por each regression the
computed u values were within an error of
less than 0.1 kgz/em? frem the measured
ones, On the other hand by using a B value
determined for the everage 0, = 10 kg/em?,
for the specimen of S, = 62.5 % errore of
over- and under-estimates at the extremes
of the range were 2 to 5 times greater
(20 to 25 % of the respective measured u).
Meanwhile, however, by uoing the data of
Auvs (07 -03) of the corresponding

to Qg tests (Pigs. 21 to 24 loo.
eit.) 4n the range corresponding to
0y ~03 /(0 =03)pgy between 0.35 and
0.7, despite the parabolic sppearence of
the ovorall Au ve (0 -03) owrve, suf-
ficiently significant s%atin’zioal regressions
did reeult linear Au=d + & (03 - 073),
which would suggest & satisfactory applice-
tion of am A cocefficiont in the case.
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Similar comnentc would apply to other pore=-
~-pro:sures coefficients postulated. The
principle is genmerul, and, 1f applled,
would elinminate reference to specifio coef-
fictento that are presently subject to
misuse without exposurs of the range of
arrors. A gonerslized suggostion would

be to apply tests run under the stress path
concept, and to allow statistical regres—
sions to define the observed behaviocur.

3.5.4 Proconsolidation precsura pc' of B
atratum

Despite the general reocognition of the
importance of preconsclidation pressures
to sattlement computations and behsviour
of buildings, and deepite the multiple lab=
orntory investigations directed at eluci-
dnting the consolidation behaviour of
elayo, it is guite mapparent that the typi-
cal boring profile on any clay presents a
gajor problem of decision to the design
engineer when obliged to design for cone-
ditiens closely approximating the precon-
gclidetion pressures. A typical disper-
=zion is illustrated in Fig, 33, lioreover,
such generalized solutions for all soils,
ns suggested by Janbu (1963) shoukd simi-
larly be tested with respect to levels of
confidence bhefore they can be accepted as
reasonable or improved substitutes to the.
rdmittedly poor situation.

7o bezin with, for the purposa of +this
weport the p, value will be accepted aa
defining the pressure at which under a
fiaold loading, the compressibility of a
clay stratun indicatee & very rapid change,
corresponding effectively to a break in

the eurve. In general %terxs the laboratory
curves on reasonably undisturbad samples
indicate a similar breek, but at & pres-
nure that we shall &ssure te be p'g. And

it 12 poszible that the maximum past over-
burden pressure under which the clay may
nsve been consolidated in geologic, geo-
hydrolegic, and geochemical history (Bjer-
rum 1967) may be yet a third velue pg .
sarely will the sngineer be equipp=d gﬁrough
caologic inforration, to interpret the re-
lationehip between p, and p,, dus to the
multiple effects of ?aaching. desiccation,
chexical bonds, thixotropic phenomens, de-
layed consolidation, and other eff{ects dif-
{icult to quantify for purposes of predesigm
ssticates: and, probably, the need to as-
teblish any connection between p, and p
lias beyond the need, possibility, or ex-
pectetion of the engineer in most casea.

The important problem i to try to astablish
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the conneotion between p'. and Pge  OF,
really, to establish an adequate estimate
of po through whatever means may be availe
able,

STRESS =TONS PER SQUARE FOOT

1 ]
SURFACE ELEVATION 182"

Statacel over

0,29 Yoq. 11

SHff flesured
grey cloy

Stiff grey clay

Gray silty ¢loy |i0s

o
INDICATES RANGE OF PRECONSOLIDATION LOADS
FROM CONSOLIOATION TESTS

Aem——ef PROBABLE PRECOMSOLIOATION LOAD

INITIAL EFFECTIVE OVERBURDEN STRESS

e =B

Pig. 33

Tllustration of dispersions in p_ values
determined within clay strata
(Apud Burn & Hemilton 1968)

#hat has been especimlly emphasized recent-
ly is the fact that there is no great dif-
ficulty in designing a etructurs for satis—
factory behaviour either when the loading
iz entirely below the p, valus, or when
the comprecssgions to be anticipated be es=
gentially along the virgin line of a nor-
mally-consolidated clay. The problems of
unanticipated unsatisfactory behaviour
arise when the loading is such as to lie
mostly within the recompression comdition,
and only partly overshoot intc the normally-
-gonsolidated condition.

This is comprehensible of ono remesbarsthat



FOUNDATIONS IN CLAY

what io eopocially deleterious to & struce
ture (of. item 5) is the unanticipated
differentisl sottlements and rates of dif-
foerontial settlements affecting it when

it is essentidlly ready and rigid. Thus,
for inotance, L. Cosagrande (1964) showad
very clearly for the cimple case of a
tenk that the greatest differential cettls
tonts occur when the difference betwoen
the induced preosures under the centar and
under the rim are such ms to straddle the
Po values, oo that the center suffers ac-
centuated virgin compression settlemente
while the rim lies within the reiatively
incomprescible stretch of & recompression
ogase. For the cases of reinforced con=
crate buildings, for instance, for which
the live loads are of the order of 10 to
15 % of the total load, it was ohserved in
80 Faulo in connection with three build-
inge that were promptly subjected to cor-
rective treatments, thet considersble da-
mages.occur (with a load-settlement curve
alarmingly simulating, for a Wwhile, a
failure type of ourve) under conditions in
which the building essentially reedy for
occupancy, ouddenly suffered a sharp in-
¢roase in settlements nnd setilement rates;
this was interpreted as a behaviour con-
nected with the overtopping of the natural
precompression of the underlying clays and
loose slightly clayey sands,

Thus, very much depends on a determination
as correct as possible of the pg values.
For 8 long while concern concentrated on
the inability to predict eatisfactorily the
settleconts of buildings on highly precon-
tolidated clays; but that was a preocupa~-
tion of relatively little moment bhoceuse
observed zettloments were always 2 to 4
times lower than those directly computed
from standard oedometer results, The sub-
Ject appeare adequately solved (ef. Keino-
nen 1963, et al) by use of the second re-
conprescion curve of the oedometer so more
ropresentative of in-situ conditions,
through suitub.e empirical evaluations (ef.
Brinch Hansen 1964), or through more come
plex interpretation of the probable fisld
recompression in comparison with the labo-
ratory curve, by accepting the paralleliem
of unloeding curves to compose & thres-step
log graph (horizontal-recompression-virgin
compression) as suggested by Rutledge et al
(ef. Schmertzmann, 1955).

fubsequent laborutory rosearch interest con-
tinued to be influenced by the preetiecal
observction that oboerved settlements tend
to be smaller than computed ones, suggesting

that p'c < pg. Thus, ell recent oonsolida-
tion etudies have apparently been direoted
at emphasizing the"quasi-consolidation ef-
fects" sarlier deteoted by Leonards and co-
-workers (Crewford 1964, Raymond 1966,
Bjorrum 1967, Brzezinski 1968, et &l), and
at the fact that the laboratory test pro-
cedures may give appreciably differsat re-
sults of p'ec depending on items of the test
procedure puch as load-increxsont matics and
duration of loading etc.. (Crawford 1964,
Kenney 1968), sp well as on the triaxial
toost as comparsd with the oedometer test
(Kenney 1968). It cannot fail to be noti-
ced, however, that such work was limited
prineipally to comparisons between different
P'y values resulting from the effects under
investigation, with no direct suggestions
for improved methode of determining p'e in
a4 manner déstined to reproduce more faithe-
fully the preccnsolidations imposed, or
those pe velues eventually detectable by
other means in the field.

From a practical point of view, therefore,
whether they he quasi-consolidation pres-
sures or other factors affecting the clay's
€- log p curve, the fact is that until
recently the engineer was equipped with but
two methods (Casagrande's classical cone
struction, and Schoertmann's, 1955) to de-
ternine the laboratory p', from a test re-
sult, New test procedures are being sug-
gested, such as the constant rate of strain
test (Simons 1963, et el) and constant rate
of stregs tevt (Hamilton and Crawford 1959,
ot al) for better determinations of Ply -
The only novel approach is that buggested
by Bjorrws (1967), meriting special notice
because of intreoducing into this subject the
idea of field testing: ... "the eritiecal
pressure can mlso be determined quite re-
liebly from the results of vane tests, ...
The values of pe computed from the vane
tests show & reasonsbly good agroement with
the results obtained from consolidation
test .... An exception is leached clays of
low plasticity where errors involved in the
determination of the plasticity index pro-
duce large ocattering of the pg values de-—
termined from the vano tests,."

The practical importance of an improvement

in the situantion can be nsscessed from the

results roproduced in Fig. 33, wherein be-
sides eny possible constant error, a 95 %

eonfidence rangeon the average of width of

about 0,4 t/eq.ft. is involved, equivalent
to the surface loeding of about A 4-ptorey
roncreto-and-briok uffico buxlding.
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1.6 Some epeciul enginearing solutions to
probloms of cottlomente of foundations

In o etate-of-the-art report on founda-
tione: on clayo it is not possible to avold
montion of two importent engineering solu-
tions in very frequent use to attenuate or
obviato problems of gettlementa: however,
only cursory mentjion will be made since
both appear ta be employed with succese,
qualifiable as quite oeticfactory, but on
neithor 12 there enoush inforuation to
discuce difficulties with respect to ranges
o: confidence of design decisions, speoi-
fically applicable to these solutions as
distinet frox the basic principles on which
they rely.

Tne first is the floating foundation, 1In
. recent state-of-the-art paper Golder
(1965) summarized the prineipal problems
of cuch foundations as exeavetion, bottom
heave, settlevent and tilting, and strue-
tural problems. Mention is herein re-
stricted to the problem of heave and bot-
tom feilure due to the excavation. If the
esxcavetion is not too deep and too alow,
the heave of the bottom 15 essentially in-
stantaneous, permitting e good measure of
tho modulus of elasticity of the clay (cf.
-erota and Jenninges 1959, and Skempton's
correcpondence on the papery aleo Bozozuk
1263, Correa 1963, Girault discuscions
1905, end mony others), Obviously the
foundation suffers immediate settlements
as the load is reepplied, end, as should
be expected, these tend to be a little
lerger than the heave. If the excavation
exceeds e certain depth, determinable from
bearing capacity considerztions, a botton
heave feilure ean ocour. Thus the depths
of application of the floating foundztion
principle are limited by these phenomena,
besideg such problemso as enc.s, brecing
dealgn and novenente, end effects on adja
cent buildings, which make the colution
imperetiively linked to construction pro-
cedures, Ground-weter lowering and elec-
trogrotic treatment (succesafully applied
in mony other ceces, e.g. 3jerrun et al,
190c) are the more indiceted technical
colutions zvzilable to the desisner to
otviate or cttenuate the difficulties ren-
tioncd (e.g. Serotz and Jennings 1959,
Corrca 1963, and many otherz). Lambe(1968)
reports on & well=inctrucentcd case of a
building for which the sirecs-path cethod
wit used to esticsate the hecve, and indi-
e.tec an empirical exorcesion of heave es
D.5  of the depth of excavation for three
sicilar nearby buildings on Boston Blue
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Clay. If the heave were principally elastie
(not too much affected by clumsy con.truc-—
tion and de.aye) auch an indieation, dis-
regarding tho effect of plan dimensions,
witich should be expected to influence in
essentially direet proportlon, appeara
strange, since in prauctice it has often
proved successful, though cumbersome, to
recort to excavating in stages by eaall
greas at o time. However, lacbhe's data
lead him to the conclusion that "mooct of
the heave wos time-dependent, i.e., conso-
lidetion heave". sctually, as was pointed
out earlier, the "elestie" and "consolida=
tion" deformations being really inseparcble
in time, the proportions of participation
of each arbitrary component of the stress-
~gtrain-time function may vary considerably
from czse to case.

The second is the preloading solution. Om
this subject the state-of-the-art paper by
Aldrich (1965) sumrarizes the principal
technigue: employed, time-settlement prob-
lexs involved and wethods of acceleration
appiicable, and the areas of further study
reouired. It appears that the items of dif-
ficulty of de=zign decision pertaining here-
in have alrendy been covered in connection
with consolidation end reconsclidation set-
tlements, and principaily in connection
with dispersions thet ¢btain in rate of
settlement estimates, directly affecting
costs in the engineering solution. Tho only
additional factor 1s comnnected with the
load-unlocd-relond cycle and the secondary
compressions thereby accentuated. Bjerrum
(1968) stresses the importance of large
variations in live loads on secondary sot=-
tlements. Llaboratory tests (e.g. Simons
1965) indicate the advantages of o surcharge
somewhat higher than the net foundation
loading, with aview to absorbing some of
thete extra tendencies townrds secondary
compression in application of the prelcad-
ing solution.

4 PILE FOUNDATIONS

4.1 Earlier routine design prectices

Having discussed az carefully as possible,
under item 2.5, the basic principlea and
knowledge thct prezently allow the design
engineer to estimate the ultimato bearing
capacity and the load teat settlement be-
haviour e¢f individuzl piles, it mnust still
be recognized that the design of a pile
foundation, and the estimntion of ite prob-
able behaviour in supporting building loads,
involves quite a set of additional problemse
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in the sorlier routine deaign practices
w».thin the problem, direct concern was re-
otricted to two phases. FPirstly, through
1ho accoptance of some "Zfficlemcy" for-
mulae or faoctorc, the groupe of piles were
decismed for working lomde per pile some-
what lower than sdmiscible on the individu
ai pile. Sccondly, by escuming each columrn
load to be distributed on the area circum~
peribad by the respective group of piles,
€% arvitrorily selected depths (e.g. 1/2

or 2/) the pile length for friction or
friction-point piles, or the full length

of the pile for purely point-bearing cases),
ey stresses transzitted to underlying com-
proceible soils would be computed by elag-
tic theories or simplified geounetrical dis-
tribution diagrams, end poscible long-term
consolidetion offects of such underlying
ptrota would be estimated (as deseribed
ander itew 3). OGrillo (1948) began em-
pleying Mindlin's strese-distributien solu-
tion for the latter component (¢f. Geddes
1966), The basic concepts were that the
doforcations of the zone of "effective enoo
bedoent"” could be treated by the Efficiency
formulas referred to lomd-test data; and
the underlying long-term compressibilities
would constitute the only additional signi-
figant factor. Zong-term pile-soil inter-
pction within the "zone of effective oo-
bedment® wae implicitly not considored.

Por the first component, several rule-of-
~thumb Efficiency formulae were introduced.
guch as the Converse-isbarre formula,
Feld'es rule, etc. (ef. Chellls 196%Z),where-
in the principle consicted in reducing the
working load per pile when in & group, da=-
pending on the array of piles co-partici-
pating. "No reduction due 1o grouping
occure with end-bearing piles. For co=-
bined ond-bearing and friction piles, only
the load carrying capacity of the friction-
£l portion 1s reduced. Heduction of bear-
ing value is caused by overlapping zones
of prepsurc around each pile. Teste have
indiceted that & specing of at least 10 %
of the lensth ie reguired to avoid group-
-action reduction" {loc. eit. p. 671).

Such rules are doubtless much in use, al-
though it appearz that the practico of
altogzether ignoring any group reduction
fector is quite as widespread: obviously
tho success of such & practice depende en-
tirely on the soile truversed and tho
piies used, factors that were not speci-
fieally considered in the rule-of-thumb
mothods,

Two further items of sntandard design prac-—
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tice that must be romezberod and ssphasized
concern the examination of ulticate bearing
ecapacity af the entire group (Terzaghi snd
Pack 1967 p. 538) conaidering the piles and
the confined mass of soil capable of sinking
as an overall "caiszon" or pler: +this only
affectes friction pilen embedded in eilt or
poft clay, or csses of point-bearing pilee
that transfer their load onto & firm but
thin stratum underlain by & thick deposit
of poft clay. As regardes settlements of
such an “overall caieson”, if it comprises
piles driven through sands , or end-bearing
on sands, tho settlexzents may be estimated
to vary with the dimenaions of the area
similarly to what obtains for rafts and foot-
inge (of. Skempton 1953, Bjorrum and Zgjesw
tad 1963), if the compaction effects due to
driving cen be suitabdbly estimated, to adjust
for the part, usually negligible, of com-
pressions within the volume of embedaent
(for & partizl approach sss Nimhida 1961):
if it compriees A hypothetical oversll cals-
son bearing on cleys, the settlements may
be estimeted, for the mssumed bearing area,
as discussed under item 3.

Purther mention regarding the consolidation
effects in underlying layera will mot be
necessary, eince tlese can be sdequately
treated by consolidation theory if the
stresses transmitted to the compressible
gtratum can be evaluated.

The short- end long-term effects that merit
spocial consideration as distinguishing
between single piles and groumof piles are
naturelly concerned with the zone of embad-
ment, as will be considered in the follow-
ing items.

4.2 "Immediste" load-settlement behaviocur
of groups of piles

The first problem that may be set aside as
subject to investigation is that of esti-
meting the behaviour of a group of"similar"
piles, coopernting, under & rigid or flexi-
ble cap, in the support of & given rapidly
epplied load, The problem merited interest
becpuse of ite evident connection with the
concept of bearing capecity failure, and
load teste; wmoreover it is thus a problem
more easily investigeble; finally, eince
in the case of single piles it seemed
proven that the greater proportion of set-
tlement occurs &8 the "immediate" settle-
ment, a significant part of the overall
group-action would be encompassed by the
study of the "immediate" load-settlement
behaviour In comparing with single plle
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load-nettlecent behaviour, the only dif-
ronce tiiat nrose eince tho earliost otud-
ieo, wam the prompt recognition thut seot-
tlemont end gonarcl failure conoiderntions
are inseparable, in group action, since,
deponding on lengtho and spacings of piles
in the arrays, the distinction between tha
predozinence of the two phenomsna becomee
altosether arbitrary. ¥

inrly contributions to the treatient of
the subject in o more retional manner re-
culted from model tests both in the labo-
ratory and in the field. Vhitaker (1957,
1960), Saffery and Tate (1961), lowers and
Pausold (1961), and Tate (196)) have mada
the principal contributiona of laborestory
model tects in olays,

ihitaker (1957) used very soft remolded
clay of ¢ 0.4 to 0.9 t/m? and 1/8" dia=
mater brace rods in lengths of 124, 24d,
3od and 484, held to a rigid cep which will
bo called "Free-Standing" (Whitaker 1960)
insofar as the cap did not rest on the
s0il during the loading teste. Square
arrays 1€, 5%, 7¢, and 9° wers tested in
comporison with sinzle pilea, and  the
loadsg carried by eech pile could be re-
corded separztely. Spacings betwsen piles
were varied between 1.5 and 8 diometers.
The piles were displacement piles, simulat-
ing driven pile conditions for tho  sur-
rounding clay. The tests were mnalogous
to the CRP load test, eiding in dofining a
maximum load independent of interpretations
of fallure based on settlcments. The
following termn have been defined, of
which the first end the third have more
practical significcnce te the design en-
gineer.

_average load per
Efficiency Factor EF = average load  at

pile at foilure of the group
faflure for eingle pile

settlecant
settlement

Settlement rctio of failure =
of the group ot failure
of the single pile at failure

sattlement
settlement

Settlement retio at Qsom, S =

of the proup at 50% of its Qf
of the single pile at 50 -of its Q¢

The rcou.ts indicated cleerly that +thers
i.o0 two typen of fallure et play: at
clocer spacings, especially in the bigger
groups, the foallure takes plece aes &
blockt at larger tpecings it takeo place

progressively with considerable redistri-
butions of loado among the pilles. A a
result of thie concopt and observation
Whiteker reprozents hic repults im pairs
of intersecting linos. Unfortunately, as
could be expectod for "drivon" piles, the
orddr of installation of tho piles had a
considercble influence on thio gradual re-
distribution of londa. :ince this problem
in dependent on so umany factors not yet
definable under vorking hypotheses for
design (1t varies with the order of driving,
therefore verying vastiy from soil to soil
in accordance with "exeoution effecta",
varies with the loading, and varies with
the struetural rigidity of the cap), and
2ince knowledge on it would cohcern prin-
cipally the structural design of the cap,
the subject will be exoluded from furthor
discussion hersin,.

faffory and Tate (1961) also conducted simi
lar tests using 1/4" steel rods of lengths
lzd, 184, 24d, 30d, for a single2 array
(they investigated furthor the problem of
eccentrie loading which will nct be dis-
cussed herein), ucing a remolded olay of

e =2 - 4 t/m°. Initially through a& series
of tests on single piles of different lengthn
they obtained 8= 0.52 for the chaft adhesion,
and confirmed tho anticipated trend that
point bearing contribution decrecses with
length of pile (in their results the drop
wag from 27 % at 12d to 13 £ at 30d, at
failure). Sowers and Fausold (1961) raport
on similar medel tests using e very soft
clay of ¢ = 0.3 to 0.6 t/n€ and 8= 0.83,
Tor aluminium piles of diameters 0.5 ond
1.2 inches, in lengths 12d, 24d and 364,
and in arrays of 2, 22, 32 and 42, “The
distribution of friction along the piles
was measurad by SR4 gages.

The results of theose three investigations
are so similar in general trend, and yet
present so much relative scatter, that it

is difficult to rgproduce more than a
sample of them without confusing the picturc.
For a summary indication of the prineipal
findings Fig. 34 hans bsen prepared.

The first item of importance is the Ef-
ficlency Faotor, XF. The results show thnt
higher EF ogccurs (&) for smaller piles (b)
for greater spacings (e) for amaller numbers
of piles in the group., Since piles smaller
than avout 204 are not of much interest, it
can be sumuarized that the EF tends to be
of the order of 0.7 to 0.85 for the (2.5

to 4)d spacings comronly employed, and thers
is very little incroase of EF (at the
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groups of deep piles.

The second itecm of precticel interest im
the Settlezent Fatio SR at the likely work-
ing load Qsog. The resulis susmmarized in

ig. 34 are quite within the expected trend,
ghowing appreciasble increases of I3 with
length and pumber of piles, and sore smaller-
-order attenuastion with increased spacing
beyond 2d. Worthy of notice io the feet
that the SR values ranged between the order
of 3 to 5 frequently cited from practical
experience, to about 15 for the woret cases
tested.

Wnitexer (1960) later repeats the investi-
gations with a view to including the in-
fluence of the pressure applied on the
homogensous soil by the pile cap as it
settlec together with the piles. Thus he
distinguishes between so-~called *Freo-
-Standing" group of piles as he deacribes
the aecrlier investigotions, and <the more
realistic "Piled Foundctionsa". The com-
parative results of EF and SR are presented
in Fig. 35. It is seen that under these
conditions “F doee reach values higher than
1, although st correspondingly higher SR
values, Xoizumi and Itc (1967) ran fleld
loading tects under conditione analogous to
Yhmitaker's "piled foundations", measuring
the reaction &t the bzse of the pile cavpa
both for the zingle pile and for the 32
group., For the 5 m plles it was observed
that about 12 % of tho load vas carried by
the cap Bt Qsp, and about 28 % at the Qf.
Tate (1963) ngnc furthers his investigations,
principally to eveluate differcnces in be-
haviour of displacement piles drivem as
earlier, compared with piles driven in pre-
bored holes of 0.75d. Two-inch diameter
tube piles are used, and the sequence of
driving in the erray is alsoo inveatigated
summarily in & comparison botween  two
sequences for a 2d spacing and 32 group.
Por the remoulded clay used B very notice-
able effoct was observed (up to 40 % of the
maximum) in individusl pile capacities of
the group, although the average of the en-
tire group did not change much,

Complerenting these laborotory tects, zen-
tiorn muzt be made of some field model teste
aveilable, although under sowewhat lese con-
+rolled conditions regarding soils, and
apparently influenced principally by com—
paction effects within the sandy strata.
Cambefort (1953) pushed 25 m long steel
rods of 3.3 m and 5.0 ca diameters into &
subsoil profile conpressing an upper clay
layer and & lower fine sand. For the spacing
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of 2d ond }d measured EF valueus were of
the order of 1.2 to 1.7 1in groups of two
to asven piles, nn optimum tending to occur
with groupe of 3 piles, The central pile
hod a remurknbly grester copacity than the
othero, which tallies with an interprota-
tion of compaction effects. It muat be
noted dlso that the load teat® on the
groups were compared with the penetration
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Comparison between behaviour of
free-stsnding groups ond piled foundations
(Apud #nitaker, 1960)

ropistances monoured on the individual
piles as pushed-in: therofors some nigni-
flcant part of the increascd EZF may be due
to strongth gain gen rally obsorved on
piles within u short duration after
*driving". MKedzi (1959) reports, for a
fine silty sand, two sets of teats on fours
piles (2 m long and 0.1 x 0.1 m? in oection)
once in a row nnd once in a squire array,
having oboerved EF = 2, Once ngain the
reeult is connected with compaction of gand,
baing en optimum at about (2 to 3)d spacing
end dropping back to EF = 1 at 8 epacing
of mbout 6d, The fact that shorter plles
give higher EF (Whitaker 1957) mwt also
be observed. Herezanizev et al (1361) aleo
report on load tests both in the laboraicry
and in the fiold, on groups of piles 204
long of lengths 3.6, 5.6, and 7.% m, driven
in sand: +they indicate that the bearing
capacity of the larger groups depends main-
1y on settlement, but only on first loadine;
“Ii reloaded, the relationship between zet-
tlement and load for a oingle pile group
does not alter appreciably from single
plles". Stvart, Hanna end Neylor (1960)
and Hanna (1963) report cimilar general
conclusions of ¥P = 1.2 to 1.5 and SR =

s 2 to 10 for groups of modol piles driven
in sands, but wisely remind that "eimple
extrapolation of the model trends is dif-
figult in the absence of field confirmato-
ry teste. It is believed that the compac-
tion of and sand stirength properties are
the chief causea of seale differences be-
tween model nnd field tests!., In this re-
gpect it should be reminded that different
typee of piles will give different rcoults:
for example Robinslky and i'orrison (1964)
prove that sand displacement end compacilon
around model friction piles was considera-
bly higher for tapered piles then for
straight pilee,

In trying to analyze the problem under ap-
praisal, of comparison between "{mmediate"
behaviour of group va. individunl piles, e
gimplified subdivision of fundamental cases
way be drawn up as follows:i-

(A) Compare the ceczes of piles without exe-
gution effects: thus, for oxample, for the
model tests discussed, the closest would
be the use of non-displacement piles, in
the diroctlon souzht by Tote (1963). This
would eliminate the highly orratic coniri-
bution of exzcution effects, verying frem
soil to soil, as well as, significantly,
with type of pile ond time. It must be
concaded, however, that since the princi-
pal model tests used remoulded claye and
woited 6 few days after "driving", the
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execution offccts may be similar, and of
lecoer importance. Furthermore, preferably
poth the PS and PF caseo should be troated
nince there are casec in which aither oc-
curo, nnd there nre other cases in which
the offect of the cep should be separnted
becouse of u deciccated crust of clay,etc..
Finally, elactic comyresions of the pile
should bo conoidered ns fer gs poseible,
(3) Exzrine the interference on the above
concluaions, introduced by different "im-
wodiate" exccution offects.

Coneerning (A) we may draw up the following
comparisons of avaiiuble theorstical solu-
t.ionc and model testa. For the moment let
ue restrict attention to friction piles in
a homogeneous medium . Using the abrevia-
tions: Rp = rigid pille; FP = elestic
pite; Fg= freestanding group; PF = piled
foundation; RC = rigid cap, equal p piles;
PC = flexible cap, equal Q piles.The cases
ares Adl.a = BS .—[P“'l‘“'I -

4.1 = RP A.l.8.11 = FC

Ad,d = PP{repeat enalogously

A2, = FE __[ A.2,a.1 = RO
Ase & BB A.2.8.1I = FC

faBed = IT-{repeat analogously

Treoreticel analyses recently put forth
indieste the vast potentiality offered by
mathesetical formulations, through Mind-
lin's solution for an elastic medium (it
io recognized that up to loads of gmbout
¢0 % of the ulticate, pile behaviour ia
reesonably elastic), considering an elasto-
-p.aptic bvehaviour of the shaft adhesion,
nnd enploying computer aciutions os al-
rcady indicated under item Z.5.2. For the
cozes of group metion of the piles them-
cgives two colutions are known. Pleohumeni
anc d'appolonia (1967) basically consider
case A,2.8.1, The rezults are presented
principally for the friction pile with a
finite denth of ciey deposit of constant
Eend T, , for conrarison with the avail-
uble model tects: but the method is ap~
Flicable £l2o to end bearing conditions,
and to a mediur in which ¥ veries with
depth. The recults for constant E are
shown to compare wall with Sowerz and
Famsold (1961) for clays (mssuuing negli-
~1ible point resistence, and B= C,6,which
dispense viith morc complex anclysis of
pile-goil sptrain intersction): alsoc the
recults for varying E are found compatible
with the szend model tests by Hanna (1963)
ond othere,
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Cn the other hand Poulos (1968) baeically
considare the cases A,l.e.Il and A.l.a,lI,
both for the cace of & semi-infinite slas-
tic medium (constant E) and for the case
of a boundary at a finite depth. The theo-
retical curves for scttloment ratio SR
sre derived for ratios of h/L and L/4
where h = thickness of the alastic medium,
god L = length of the pile of diameter 4,
as before, It is HB°'“ tha; all tBs model
test data for the 2°, 32, 4° and 5 groupe
ecatter ossentially between the pairs of
curves derived for (h/L =ed¢ , L = 25d) and
(h/L = 1.5, L = 25d). Since the analysis
is "slastio" it is epplicable to estima-
tion of SR values throughout the ranse of
linear stresc-strain behaviour:however, the
Bfficiency Factor EF cannot be formulated.
A Group Reduction Factor ie studied on the
basis of settlement considerations, and
found to be in accord with the indications
of group settlements (Skempton 1953) above
nentioned.

£till under the item of "immediate" effects,
mention ie yet made of solutions by Nishida
(3960) and Rair (1967)., Nishide applying
the basic equations of equilibrium to the
elastic medium develops egquetions for the
induced stresses in the =20il by the piles,
and errives at essentially the alrsady men-
tioned conclusions, further states that in
a seturated elay no effects should be felt
bveyond 8d, and that the pile groups will
begin to feil as a block when spacings are
smeller thon 2,4d. Nair (1967) applies the
¥indlin idealized casetc superpcse effects
and consider the consequences of group
action on stresses end strains in the sur-
rounding medium. Both of these contribu-
tione, and other of & similar nature would
come prinecipally under subdivision (B) mbove
mentioned, but in thias area the adoption

of the ildemlized mathematical model cannct
possibly eoccount for the extreme variaticns
bound to oceur depending or well-recognized
factore of soil end pile behaviour.

4.3 Execution effects in, and due to pile
foundations

In the snalytic approach to interpreting
and forecasting the behaviour of pile foun-
dations, the earlisr procedures based on
the use of overall adhesion factor A and
group efficiency factor EPand settlement
ratios SR, ere being substituted, as im
understandable, by the attempt to establish
peparately the "immediate" stress-etrain
behaviour of pilee end pile-groups (si-
mulating logd test conditions) mnd the
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exscution effects, both short-term and
long-torm.

The former can be rationally treated if
on:y the approprinte voil parameters are
introduced, DBut in the light of the desig
ner's probles, the exccution affects are
known to alter the soil parameters prede-
termined in the subzoil investigations,
Thus, the study of execution effects would
heve to resoponsibility of permitting =a
more rotionnl interpretation of bohaviours
differentiatable from cate to case, not
only nt qualifying the coll properties ne-
cassary for forecasting the "immediate be-
heviour", but also in establishing the
tronds of subsequent long-term behaviour.

This io clearly & complex erea to which the
bulk of the dispersions has thus been shift
ed and wherein souze data hove been accumu-
lated, but hitherto, it can be said,without
any clear vision of tha principal parauo-
ters invelved which have to be observed and
snalyzed,

Notwithstanding the evident critlcism of
gp=e overlap with the treatments of items
above (c¢.g. the A factor obviously incor-
porates execution effects, and item 4.2
above also involved them as an implicit
econditioning), the fact is that an attempt
pust be oade to interprot and forecast how
different pilec and pile groups create dif-
feront effects in different soils, both
within the immediately surrounding soil af-
fecting the bohaviour of the piled founda-
tion itsalf, and also in a more distant
surrowading soil, affecting adjacent otrue-
tures. Moreover, whnereas in the earlisr
analysis it had been useful for the sake
oI theoretical developments and model tests,
to separate "imsediate” from “long-term"
effects, ns resurds execution effects 1t
ig not practicable to separata the two:
for instence, although a consollidation ef-
fect is usually treated ma a long-term ei-
fect, in the case of many a pile there ie
irrefvtable evidence that & large percent-
age of the consolidation can take place in
c few doys.

The nrincipal feetors at oplay would seem
to be, (&) & reseplding effect ilmmediately
surrounding the pile, or, in more general
ter:s, £o as not to restrict merely to
gensitive c.uya, we may consider it an
effect of partial or cowplets 2lteration
of the very =oil matarial at play: thia
effect chould bear some rolation to the
density of the dilsplacement piling to be
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driven, causing the intenue shear distor-
tionos, ond to the effecto of the latter on
the properties of the matorial (remoulding
of sensitive clays, deotruction of cemont-
ing bonds in lateritie claya, and oo on);
(b) secondly, & complete simulinneous al=-
teration of the stresses in soil elenents
in the immediats vicinity of the pile; (o)
thirdly, a disaipation of the excess pore-
-pressures in the vicinity of the piling
and its surroundings, with consogquent get=
tlement and strength-regmin phenomena;j (d)
and fina_ly, a set of long-term unclarified
phenomona of thixotropie regain in the soil,
and pile-soil interactions.

With respect to (a) the interest has been
in detecting the scale of the remoulding
effecte folt, and tho distonces to which
they spread. Item (b) has been of interest
principally in connection with enalyses of
sow.e of tho boundary conditions under whioh
the phenomena of item (¢) will begin. Ttem
(c) has been observed hoth in comnection
with the piled foundation itself, and with
respect to influences on adjacent struec-
tures, Item (d) hae not received any di-
rect attention. '

4.3.1 Remoulding arcund displacoment piles

The observation on the extent of remould-
ing has been direct, by visual observation
of the distortions of atriations of the
depcsit, in undisturbed samples taken after
the pile driving, snd indirect, by compari-
son of the originsl undisturbed strength
with the strengths at several distances from
the fmee. The latter procedurs however in-
corpoerates the obvious interference of tize
and strength recovery after remolding (un-
lesa special precsutions ere taken to at-
tenuate the effect, such as, foer instance,
Orrje and Broms (1967) in the Brunnsbo teets,
by coating the concrete piles with an
asphaltic solution to prevent drainage of
excess pore water through the piles). It
must be emphasized that & truly direot ob-
servation of the extent of remoulding ghould
be important because whatever properties
are attributed to the soll comilguous to
the pile, will certainly bear closer resem-
blance to the remoulded (pertially)material
than to the undisturbed materiel: and there
{s no difficulty in introducing such test-
ing into design routines., Euch observa-
tions are very few, and not consciously re-
lated to volume displacemsnt of the driven
piling, although a routine design measurs
when such effects are feared is to raesort
to stoel piling or even pro-mzering (e.g.
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lambe and Horn 1965). Cummings, et al.1950)
reporting on a group of cast-in-place dis-
placement piles, oboerved the conditions
of ptriamtions within the sanplen, as well
as differences in strengths: they conclude
that cloee to the pile thera is about a
50 % recoulding (compared to tho laborate-
ry totanl recouiding) end thet partial re-
noulding extonds to about 2d., Zeovaert
(1957) reports for driven piles in Mexico
City clay & skin of 0.05d thickneses of
completely remouided raterial, and on the
basis of a plot of undreined strengths sev-
eral months after pile driving conecludes
that the initiel undisturbed strength
velue is spplicable at & distance of 1.04
from the face. Rubinsky (1957) reporting
on 8 cingle pile driven in a varved clayey
0ilt of V- = 27 %, =17 % end £¢ = 1.5
to 3, stetee that "viszible stratunm dis-
turbance was found wost pronounced im the
uppernost samplec where volume displace-
ment wan groatest ,Maximum distortion oe-
curred within & inchee (= 0.7d) of the pile
end at 18 inches (= 1,5 d) elmost no die-
turbance would be discerned." Vey (1959)
reporting on a steel H-pile drivem in a
cloy of S¢ = 1,8 -~ 2 observes no loss of
strength., Secd abd Reese (1957) reporting
on o well-instrurented 6-inch digmeter
cesed pile driven in an insensitive clay,
conclude that at the pile face the strength
les:z corresponds to about 67 % of that
corresponding to e complete vemolding.
£ide et al (1961) having taken undisturbod
semples that skimmed the surface of =&
»dle state "Tho zone of vertical layering
vus ceen to extend to at lecst & cm from
the zurfoce of the pile shaft: +tha total
thickness of the disturbed zone there pmust
be several tices grecter than this®. Orrje
and Proms (1967) report on four test piles
at Brunnsbe in a clay of st = 30 to 50,
concluding that strength losses were from
4C % to 0 % up to 1,5d: However, at Backa
with & clay of S¢ = 28 to 65 in the case
of & big Broup of pilesz the averuge
neagured efter the driving of the piles
was about 90 % of the initiel; since in
ihis cese very rapid dissipations of pore
precoure were onserved it is nov poesible
to Jjudge how much of this conclusion con-
corns the recovered etrength upon recon-
solidetion,

In conclusion, it iz feared that there is
no satisfactory indicetion et precent as
1o how zuch remoulding wil. tahe place
oround e dicplacerent pise end how it
aight relete to soil prorerties and to
tho diepiaced voluce (e.z., Bjerrus and
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Johannessen, 1960, report essentially +the
sare U, equivalent to total overburden
presoure, within the casa of seil surround-
ing two driven pile clusters when the ocon-
oreto pilec of equivalent displacement of

3 % were substituted by steel plies of aqui-
valent displacement of 1.1 %). HMoreover,
ascuzing partial remou.dings, laboratory
testin= techniguee will have to be developed
to sizulate such conditions po as to permit
the determination of the appropriate geo-
technical parameters for designm.
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Pig, 36 from Rutledge's discussion to Cum-
mings et al. (1950) exemplifies o procedurs
that hes been frequently employed to en-
tablish the probable remolded and recone-
solidated clay otrength: i1t is based on the
premise of the pearallelism (in virgin con-
pression) of the € vso. log T; and the con-
solidation curves. GSeed end Reese (1957)
apply the eame premise to partiel remould-
inge, by establishing the initiml point for
the parallel 2ine depending on the percent-
age strength loss estioated.

4.3.2 Stress changes neer and around the
pile.

The second point in question regurding the
oxecution effects of driven displaocement
piles is under what stresses and boundary
conditiones will the partiaslly reroulded clay
immediately surroundin-: the piles be recon-
solidated. It hao been frequently aesumed
thet the finel reconsolidation will be under
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the preexinting vertloal effective atrececs
without any eignificant change in the lat-
eral otrecoes, which will indeed bo valid
et soze distance away {rom the pile group.
The fiold observotions on this important
point until recently suffered from two aig-~
fd{ficant limitations: one was to limit
intorest to observing W , and the other wue
to wongureuwat varying though aomall dio-
tances from tho pilo face. Only recently
i3 tho nececpary importance being attached
to mensurements of both total stresses and
pore pregcures at the very face of the pile,
to inveotigate the important boundary con-
dition,

PRESSURE (g /em® )

20 30
T 1T T rrrri
= g—————+ TOTAL NORMAL STRESS
O+ —£) PORE WATER PRESSURE
PILE No 2

DEPTH (m)

—— MMEDIATE
pmasrrtem e AFTER
ORIVING

Pig. 37

Total stress and porc pressure measuremonts
at the face of 30 om diem. piles driven
into soft clay (Apud Zoizumi & Ito,1967)

Hanra (1967) and Koizwzl and Ito (1967)
heve published results on measurements of
u at the very face of the pile during
driving, and have thereby demonstrated

that the clay "liquefies" (i.e. pors pres-
sures attain vulues equsl to or even higher
than the overburden strecs) around the
pilo nlthough theze excess pore pressures
dissipate very rapidly both with distance
from the pile face end with time. Pigs.

37 emd 38 herein reproduced from the papers
centioned furnish an idea of conditions at
the boundzry, and of how during tha very
time of exccution of a pilin: project the
repid diseipation of these cxcese pore
presoures is et play. The=e indicetions
must be borme in mind in interpreting
earlier datn on meapured pora pressuras,
inzofar as they are zeant to reflect con-
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ditions around tha pile itself,(ef.Bjerrun
and Johannessen 1960, Mogami and FKighida,

1561, Milligan et al, 1962, Lo and Stermac
1564, Orrje end Broms 1967, among others).
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Pore water pressures dus to pile driving
illustrating rapid dissipation,
(Apud Hanna, 1967)

Thus from a desizmer's point of view the
first problem that arises is the estima-
tion of the stresses that may be created
around a pile immediately efter driving,
Soderberg (1962) interested in developing
a theory for consoclidation effects dus to
pilee recognized that the basic problem was
the pootulation of the initial pore pres-
sure distribution at the pile faco and mads
the assumption that the excess pore pressiurs
is proportional to the radial stress im-
posed by the pile driving. Thie assumption
was, however, criticized. Iadanyi (1963)
usad the theory of expansion of cavities in
clay to estimate the excess pore pressurs
distribution around a pile drivon in a
saturated eley duriaz cnd imredictoly after
driving, and compared it with subliched
seacured veluas, Lo and “terroc (1965)
prasent a theory for esticating the maximunm
pore pre.surge due to pile driving assuming
u radiel displacement of & soil volume, ‘ha
radial ptress becoming the major principal
strsass:t the method involves the detorni-
nation of the coefficient of earth prescura
at rest and the maximum pore prossurs ratic
(measured is the conventlonsl CU teat with
pore-pressure measurementa, &8s ths value
auw/p, which increases with applied stress
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differsnce, reachins a maximum and recain-
ing constant after m certain etrain).

The cecond problem concerns the concolideo-
tion theory itself, for calculation of the
probable rates of discipation of the excess
pore pr-seurcs considered. <Soderberg(1562)
offers n aolution, considering an imper-
vious pile and purely & radial diffusion
problem. Poulos and Davis (1968) develop
B solution for cases within ths applicabi-
1ity of elastic theory, for piles either
permeable or impermeable, and for various
ratios of length to diameter of pile,both
for & semi-infinite clay medium and for
finite depths, The confirmation of these
theoretioal roeults constitutes an inter-
eoting task for the imzediste future.

Finaliy, the third problem comprises the
evecluntion of the strongth recovery with
time. Inscfar e&s this strength regain will
be connocted with dissipation of pore pres—
sures, the above solution furnishes and ap-
proach to the problem. However, field evi-
dence demonstratea that the subject in-
volves additional complex phenomens. It is
frequently observed that the final etrength
zay be higher than the initial (Peck 1965),
and eepecially that in the vicinity of the
pi.e the strength regain may be significant
1y higher than in the middle of the mase
of clay (e.g. Rubinsky 1957).

4.3.3 Execution effect on adjacent struc-
tures,

The pore pressures ¢reated by the piles
driven will naturally be transmitted to the
oubsoil below adjacent structures, thereby
cauaing problem=, 3Bjerrum and Johanneesen
(196C) have econsidered the effects of these
pore pressures on the siability of slopes
within wrnich the bridge mbutment piled
foundations were execuied. Iembe end Horm
(1365) prezent data on excess pore pressuree
zessured under an existing building, due
t0 the edjacent pile driving, and use the
stress-peth method to calculate the re-
vulting heave eand subsequent settlement.
Lithough the computed results did not telly
closely with the cbservations (poscibly due
to sarpling dieturbances eto.), the methods
for empioying the dets for estimating the
consequences uf such transmittad excees
poras pressures, are presumed rnot to ine
volve additional difficulties. Ths basic
problem lies in enticipating the Au that
will be created, as above discussed.

4.3.4 fxaoutiun effects of different pile
7pes,
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Hot enough attention hao been devoted to
comparisons of execution effects due to
different pile types. For instance, Io
and Stormoe (1964) compars timber piles
with & Franki pile, but merely with respect
to adhezion values in a stiff clay. Cha-
deisson (1961) cocpared for bored piles the
use of drilling nuds as sgainst a driven
casinz, and concluded that the bearing ce-
pacity of the pile in the first case wams
eomevhat better than in the second, Ianmbe
and Horn's (1965) paper refers to partly
preausered piles: however there appear to
bte no other cases of bored piles as against
displacement piles, and none that permit
establishing a quantitative sctimate of the
importance of the volume of soll displaced
by displacement piles,

4.4 Negative ekin friction

Within the subject of negetive skin friction
loading on piles, and the consequent reduc-
tion of availadle load-supporting capacity
of the pile, simultaneous with incroaese of
the pile-foundetion settlements, there hap
been a gradual increass in the recognized
complexity of the fectors at play. Unfor-
tunately, meanwhile, thers is record of only
ons fully instrumented prototype-scale test
(Johannessen 1965) with which to compare
hypotheseg: moreover that was a particular
case of a steel pils point-bearing on rock,
it puffered from interferences of an adje-
cont slide and of bending etrezses intro-
duced in the pile, end the interpretation
apparently could not extend beyond an in-
dication on the anplicabl!e general formula
for the ultinate drag adhesions developed.

Loretto and Bolognest (1959) indicated the
effect that the negative friction has in
reducing the vertical stresses consolidet-
ing the clay, while Zeevaert (1959) further
emphasized the simultancous effeet, of this
reduction of vertical effective etrecses
around point-bearing pilee in sande, in
decreasing the point bearing capaeity, thus
postuleting conditions of a dynamic equi-
librium ol the pilie penetrating into the
end-bearing stratum, Buisson, Ahu zad Hebib
(1560} postulate a "neutral point" at some
depth along the pils, such that above it thu
¢lay layer is settling with reapect to the
pile and develops negative friction, whereon
blow it the net movement of the piles ies of
sinkage with respect to the surrounding
olay so that n positive friction would de-
velop. & graphical procedure is indicnted
for solution of the problem, recuiring: (ae)
kmowledge of the load-settlament curve of
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the pile (during which the total posltive

adhesion 1% ausumod to have dcted); (b)
knowledso of the precoure-cettlement (con=
tolidetion) behaviour of the clay: (e)

poctulstion of two simultaneous squotions
for extraecting the two unknowe (Qp, as-
sumed constant, and depth of the neutral
point}, these equdtions being that of ste-
tie vertiecl equilibrium cnd that of e-
quality of vertiesl novezentz of pile and
clay at the neutral coint. In caces of
targe differences in clay and pile doforma
pilitiec (c.5. steel piles to rock) the
neutral point would be located at the bot-
ton of the layer.

For the case of couparcble lerge deforma-
t:ons of she pile ond the clay, Zeevaert
f1363) furtherdevelops his concept of the
dynsiic eacilibrium of the pile for thoe
asueciel conditions of frietion pile foun-
dotions in Vexico City, treating the large-
~-deforcation casc as essentially within
slacticity conditions. Many different
caces of loadings (of pile and clay layer),
and recpective reletive deformations, are
compared {simuwlating conatruction phases
and different design cases), with the re—
culting uniform adhesion atresses on the
pilos depicted for each cese, For the case
where tie coil has a downward velocity
{unloeded piles within a consclidating
clay cmass) a neutral point at mid-height
ig costuleted, with a uniform full neogative
frietion above, and & corresponding uni-
forz full positive skin frietion below:
equilibrium ie maintained, but with the
pile einking at & velocity corragponding
to that of tho nheutral point, It is ap-
parent that the simplified plastic state
nnalysis tends tovards an incongruent
friction distribution in such cases. The
use of the theory in the design of founda-
tions is described, 28 well az the advan-
tages of such dynamically behaving pile
foundstions bhoth as regarde reducing ex-
cavation hecve, improving bearing capa-
¢ity of the upper layers of soft c¢lays,
and reducing concolldztion settlerments,
within the very speciel problem of major
subsidence znd foundation settlements that
obtain in Mexica City. te are furhished
confirmin' satisfactory correlations of
computcd and observed behaviour of some
puildings under the differant constructicn
phozec, as well as over a nine yeer period
of settlezent of a building.

tgoroachued and Bozozuk(19C7) develop 2

wathecatical solution of & "kinematically
adzissibie dicplacerent field describing
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the moveoment of the particles of a clay
body surrounding a sin-le prebored end-
-bearing pile" conslderins o uniform clay
underlain by bedrock and subjected to a
purfoce loading.

Pinel)ly, as mentioned before, Brinch Hangen
(1968) formulates a general theory for skin
friction on piles, and Mazurkiewioz com-
plements it with a state-of-tho-art dis-
cuszion, mecompanied by model tosta, on
skin friction of model piles in sands. The
publication cannot be profitably summarized,
pince the treatment 1s very general and
covers many cases, For the purpose of the
discussion that the topic will merit, it
may be sumsarized that the negative skin
friction, on piles due to & surface leading
p placed after the execution of the piles,
is given in terms of three limiting ocon-
ditiona as follows: (a) ons corresponding
40 the limit such that at no point along
the pile the compression of the soil (due
to p and due to Au from exccution effects)
change into expansion by the decreased ver-
tical strees? (b) one corresponding to
the pulling-up resistance of the pile,which
cannot be exceeded; and (o) one, for the
case of groups, that the total nepgative
friction on a pile cannot excoed the sur-
face load per pile, Caleculstiona are
exerplified in comperison with Johannessen's
(1965) deta, proving the mpplicability of
the thoory.

The zubject is certeinly vcry important,
and subject to considernble additional teat
ing, discussion, and development.

4.5 Some specicl pilez Tor special purposes

Considering the wmany problems above sum-
marized in counncction with the execution
effects and the subseguent behaviour of
pile founlations in clays, obviously =&
greet number of ingenious ideas hove  de-
veloped for special cases. The following
inevitably incomplete suminry may serve as
but an illustration of some that are avail-
able for consideration in tho fzce of
given design problems,

The use of slender steel point-bearing
piles was early introduced for minimizing
romoulding effeets in sensitive clays, and
ths fret thet the allowable loading suffers
preetically no reduction beceuse of buckl-
ing, rakes it a very successful solution
f.r nany cases (e.g. Bjerrum 1957)., More
recently such slender zetal piling has been
used as friction piling, with the very
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puccessful use of electrosmosis to increase
ths adhe2ion meversl-fold (e.z. Sodercan
and Milligan 1961, Tamez 1964, et al.).

/%t the othor oxtreme, severcl ldens have
been ouccescfully applied to reducing nega-
tive skin frietion: for instance, & step~-
-taperced pile with eross-section inereasing
upwarde (Hesendiz 1964), a mixed cest-in-
~place and precast pile such that the pre-
cact elerent inserted into the hole i
surrounded by a loose sand filling before
withdrawnl of the shell (Locher 1965), or
even the use of especially studied Dbitue-
minous coatings (Hutchihson and Jensen
1965). Mohan and coworkers (1967) have
introduced the multipls under-reamed pile
for developzent of greater bzaring capa-
eity. Finally, under the unusual condi-
tions that obtzin in Mexico City, the spe-
¢ial automatically controlled-load pile
("Pilotes Control®) has been successfully
developed for reducing settlement to ac-
company the surrounding generzl subsidence.

On all such cases the semigquantitative feel
gided initial deeign decisions, end ex-
perience subsequontly accumulated furnishes
& measure of the confidence lavel sought.

5, ALLOWABLE SETTLENENTS

Initially it must be oclarified that the
"ailowable settlementa" of a foundaticn
nust be established on the basis of the
two eriteria, that of imminent failurs
conditions of the foundation itself, and
that of intolerable conditions +to the
functional behaviour of the structure.
The conoiderations summerized under item
2.8 with respect to deformation failure
eriteria applied to plats load tests must
be extended also to other foundatione, ex-
pleining, for instence, the Juetifiabdle
tighter settlement criteria of most Codss
in routine interpretation of load tests

on piles: if a 5 mm pettlement on a given
pile ie indicative of proximity to failure,
obviously the alloweble settlement would
have to obmerve such & rigid eriterion,
irrespective of the fact that for the same
siructure & different foundation Ry be
peruitted a settleuent ten times greater.
Yowever, by ths sare remsoning it will be
concluded directly that since the setile-
ments at proximity to failure vary from
one pile type and diuension to another, it
will be desirabls to revise esuch codified
preseriptions so as to gunlify the cinzle
generalized criterion. No further diescus-
pion wil: be spent on this item, thersfore,

121

though it is emphasized as an important pre-
liminary condition: +the diecussions of
items 2.5 and 2.8 will provide bases for
appraisal of the recommendable approach.

The subject that concerme this final item
of design decision is the allowable nettle-
ment, as seen from the point of view of
tolerable conditions to the functional be-
haviour of the structure .

Once again, as a start, the beet present-day
practice is herewith presenteds it may be
taken essentislly as synthesized by Bjerrum
(1963) in the indications reproduced in
Fig. 39, although both. the author him-
self simultaneously, and numerous other

ANGULAR DISTORTION $/L

sensitive 1o settlements
are 1o be feored

|
Limit wheredifficul-
ties with mochinery

Limit of dangar for frames
with diagonals

Sofe  limitl for buildlngs where
cracking is not permissible

\Limn where first cracking in panel walls

fs 1o be sxpecied

Lirru‘i_ where difficulties with overhead
cranes are 10 be expacted

Limit whore tliting of high,rigid buildings
might becoma visible

ontiderable crocking in ponsl walls and
brick . walls

ate limit for flaxible brick walls, h/L < If4

Limit whare structural domaga of general buildings
in to be feored

Fig. 39
Damage criteria (Apud Bjerrum 1963)
contributions, both earlisr and later,
have repeatedly alerted to & number of im-
portant factors to be considered Jointly,
aes will be briefly discussed below,

The engineer should at this stage  have
arrived st a get of settlement’ computations
involving probable (average) values, &as
well s upper and lower confidence bouhds:
moreover, the values that are of direct
interest from such cozmputations involve
many aspects, such as settlements, differen-



DE MELLO

tinl cetilementio, rotes of settlemento, and
to forth., Howovar, for the saks of sinmpli-
tity nnd sbbreviation of tho explonation,
throughout the remainder of the discuscion
refererce will bo limited to a cingle pat-
tern of “workin- hypothesis" computational
rezulis, and, for o preliminary formulation
of concepta involved the ringle term “die-
tortion” will be used to encompass the fami
ly of roleted difforentinl settlement para-
meterc of direct intercet.

The decision problem ie: what magnitude of
computed distortions Af, will be anccept-
able to the structure 7 Obviously it is
o problem on which direct, uninterpreted
oboervetion of exieting structures may
furnish o confused picturs. There are two
basic steps &t play. First, thero is the
problem of o poesible correction factor n
between computed and reel settlements,
unier strietly analogous office to field
situations: for instance, if a uniform
(flexible) loading was assumed for calcu-
lation of settlecents, such coses as tanks
would supply the bases for establishing n
so thet, for similar cases of flexible uni-
forn loamdings mssumed for buildings, it
could be concluded that the real ~distor-
t4ons should he nay, . The second, in-
dependent, step comprices the observation,
on & particular type of semi-rigid struc-
ture, of the distortion A4f, which causes
the threshold condition of cracking.

that Lo the relation between aafl end af2 7
It depends on the rigidity and resistance
of the structure as raflected through its
cepacity to maccopt secondary stresses U=
til peaching the distortion af2 , with
consequent redistribution of the initial
londs: obvicusly, if the structure has
eracked with tho distortion Aps ipso
facto thers are redistributed stresses

at play which have changed the anticipat-
ed nafl . values, so that napy and
App are not equateble. If by some
{terntive computations one could redis—
tribute the applisd loads until the com-
puted distortions are squil to 4f2 , We
might poseibly, by a conaiderable simpli-
fication of tha problem, establish a kind
of distortion-redistribution factor A ,
pertaining to the structurs under appraie=-
al, such that nAAf3 = 4fp. Theroupon
+he design decision would be taken on the
pasis of the saticated valus of nAAf
and the imowledge that the tolerable limit
has been obosrved to be Afz . It may be
noted that under such m situation  the
paximun computed settlemont f§, which would
be sxpscted to be transformed into hf, for
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field conditions will suffer & change to a
value ' which nead not have any relation to
TAf, ¢ in fect, in changing from a totally
flexible to o porfectly rigid case the maxi-
mum (center) settlement would reduce to

about B0 % whercas tho distortion would
roduce to gero. Howover, we may write that
the maximum expected settlement n, would
be changed to a valuas b\.&,h .

The correction factor n would depend on the
many errors,cumulative and/or compensating,
diocuoced earlier, and therefors cannot ba
diseociated from local practices of sampling
and testing, as well ms from the computa-
tional procedures, stress-diattibution hypu-
theses. Further, it would bs different for
cases of normally consolidated clays and of
preconsolidated clays. Ae regards exolusion
of hidden interferences of the A factor,
only the ideal cases can be compared, such
as a flexible uniform loading computation
versus & tank or an ideally rigid footing
(with its appropriate influence factor )ver=-
sus such structures es tall chimneys or
rigid silos. The cese of compresaions of
very deep clay layers may also be employed,
under the approximation that for such cases
A & 1 because the piresses distributed to
great depths by either flexibls or rigid
footingas are the same,

As regards the A factor, mosuming h=1 ,
it ie cleer thet Iif a structure cracks with
real distortions A2 , 1t means thet it
could be designed for greater computed Af;
values (for flexible loading): therefore
A < 1, A being the reduction factor due
to rigidity by which through redistribution
of epplled loads the computed flexible-load
napy will be attenuated as the secondary
strasees tending to cause cracking develop.

Finally, as . Tegards observed valuea of Arg
on structures it would almost seem that each
case will be a distinct one, depending on
construction materials and techniques,design
standards (reflocting capecity to absorb
additional stressing without damage), signi-
ficance of the distortions to the portion
of the structures existing at o given time,
rates of distortion and corresponding creep
behaviour of the struoture, and multiples
vther pearameters. But these odservations
could be collected by the myriads, many of
them from the same etructures at various
floor levels, and are equally valid for all
faectors cauaing the assumed structural dis-
tortion, be they foundation heave or settle-
ment (dus to whatever causes), bae they due

%o any deformations from purely struotural
causoes,
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S04l mechanics has already for almoot two
decades besn collecting information on pet-
1lements of strueturcs, with a view to
revioing and developing tho theoretlcal
concopte. However, in reirospect it can
be stated thot much of the work as publieh-
od cannot contribute to genernlized lknow-
ledge on the problesm, simply because 1t
does not permit evaluation of the separate
contributions from the above three basie
lumped parameters postulated. Thus, when-
over observod and celculated settlements
are roported pertaining to cases on which

is not peparstely known or estimated,
and/or A# § , the conclucion will refer
to a preoumned mixed correction factor

Essentially similar formulations to that
of the separate n and A corrections have
been presented by Polskin and Tokar (1957)

and Peynirciozlu (1961), although epparent-

1y without attempting to distinguish be-
tween A (referred to distortions) end £,
(referred to caximum settlements).

A brief summary will herein be attempted
of some of the bibliography surveyed, in
order to appraise the precsent condition
with regard to the three perameters n , A
and Afp needed for the final deeign
ncceptance of a flexible-loading computed

Af1 2 Af2/nk.

The most cited basic reference on the eub-—
joct is the paper by Skempton and MecDoreld
{(1955) which inecluded also a summary of
earlier proncuncements, An ample ptatis-
tical survey gave indications on Afp
(the much guoted limits of 1/300 for load-
-bearing walls or for panels in tradition-
al-type frome buildings, and 8o oD v.4 )
Furthermore, stotistical correlations were
developed for observed n &, f, values versus
observed AP , but although theze cases
were roughly sepurated according te foun-
dotion conditions and building types, the
collection of data having been from very
widely difforent sources, there are mno
real means of compensating for the un-
known n Ay factors so as to conneot the
information with the P3 , which ie the
gole implemont of decision mvaileble to
the engineer at thie phase.

The subject subsequently received treat-
ments of brond coverage from Polekin and
Tokar (1957) end Bjerrum (1963), and has
baen discussed qualitatively from many

focetas by MeKinley (1964), while VYeld
(1965) formulates an up-dated summary qf
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the quantitative data from meot of the
earlier sourcee.

Polekin and Tokar (1957) defins a "coeffi-
oient of mocuracy" as the ratio of "amctual
subsoil deformation to the value datermined
by calculation" (employing the methods of
Teytoviteh, Yegorov, Vioce I, Vies II) end,
by an gnalysis of observed ceses conclude
that “"when the cosfficient of accuracy is
from 1.3 to 1.8 (for vaerious design methods)
the calculated settlemeant will not be lene
than the actual value in eight out of ten
cases. Thus, the settlement obiained by
& given method of caloulation must he in-
oroesed approximetely one end & half times,
after which the revised value of § should
be compared with the allowable limit value
Pism e++". Thereupon, illustrating the
rsasoning with respect to brick dwellings,
theoy plot data on nine points for walls of
ratios 2.4<1h <4.,8 some of which
oracked and others did not, and so estab-
lish a boundary for the tolerable linear
distortion Afz which they interpret to
inereese linearly with 1 /h, from 0.0003
for the 1/h = 2 to C.001 for 1/h 8.
The prescriptions of the USER 1955 code
are summarized, which are interpreted to
have been Bimilarly established through
direct observation of Afp . It ip seen
that the implicit assumption is that the
lumped correction parameter (nAj), for
computed settlemonts (maximum, average, or
which ?) would edequately reflected the
nA correction factor on distortions, de-
pired for relating the measured limiting
Afp with the Af3 . 1o such an. assump-
tion valid, and within what degree of
acouraoy ?

Bjerrum's (1963) damnge criteria (Fig. 39)
are interpreted to result from fiesld ob-
servations, i.e. Afp, values, Besides
mention of importent first-order parameters
(euch as rates of settlements) qualifying
those Af2 criterim, Bjerrum specifically
pointe to the decision problem of the en-
ginesr, and lists four categories of fac-
tors that contribute to differential settle
nents affecting thie decision. As regards
the present discussion he furnishes indi-
cations principelly towarde the estimate
of A , ty plotting points of maximum Af
vs, meximum { (observed) and by establish-
ing two distinct upper limiting ocurves,
one labeled for flexible structures and the
other for rigid atructures (i.e. practical-
ly rigid). A comparison of the two curves
would suggest an escentially constant lim-
iting value of A of 0,60 te 0.66 for the
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entire ron-e of obsorved oettloments up to
45 em, which would imply thot for ‘rizid"
ptructurce adoiecgible cocputed dlotortions
could be 50 » higher than the AP, criteria.
Howevor, it 1c not clear whetrer tho bound-
ar.ep indicated for the "rigid" case are
connected with any damasing distortione.
Loroover as ho well points out the position
of the plotted points 1o influenced by the
rizidity of the etructure (not easy to
define), and by the ‘“dopth of the seat nf
gettlement”, lower differential secttle—
rents being obtained when the compressible
leyer ie at greater depth.

Fethatd (1461) emphosizes the importance
of sudden distortiono, and establishes dam-
age ecriteris on the basis of 12 buildings
{1 to 6 satoreys), in which he claims +to
obeerve the role of rigidity inasfar as
g1 % of the buildings that esuffered damsge
were up to 3 storeys high only., He thua
sugreets a linear incroase of the permis-
aible Afp from 11300 for 1 storey to about
1:80 for 6 storeys. The result calls for
explanations besides that of radistribution
of stresses, since the reference is to Af o
valuea, Would it be connected with  the
differencoe between the originel stresses of
the construction materials, the etrece
levels to which the measured Af2 would
cerry them, and eny different capacity to
absord much streasing without cracking 7

Several publicationa hove been dedicated
apecifically to the problem of computing
ptructurally +the iterative stress and
loed redistribution problem in connaction
with differcntial settlemente (Chamecki
1956, Grasshof 1957, ¥rsmanoviec discussion
1961, Sved and Kwok 1963, Getzler 1968, ot
al.). But apparently the method, although
ptraight-forward in prineiple, has not yet
had epplication. It appears that by re-
porting to computers it would not be dif-
fieult to develep charta for A correcction
feetors for typical cases: the principal
osroblexs appear to be the difficulty at
establishing rigidities due to brick panele
(although there is alrecdy = vast amount
of collateral experimental data  that
would permit formuleting working nypo-
thezes), end the noed of introducing the
prob.ex of rates of distortion and creep,
without which the computations lead to
ebsurd results, In this regard special
reference is made to Fjeld's (19631) ob-
pervetions and calculations for a 3-siarey
conerete-franed structure with masonry fil-
ling that suficred severe cracking aad
furnis) ed much informution on Afp , but
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lod to discouraging resulta of structural
enleuletiona,

Within this subject of aliownble gettle-
monts, epoclal mention must yet be made of
the publication by Jemnings and  Kerrich
(1962,'63) which focusoes attention on the
problem ng closely connected with widths of
cracks and wpaintenance techniquoe and
costs; thus thoe really dotermining Af,
values are themselves highly variablo de-
pending on “"levels of mcceptance” which can
weli be equated, statistically, with evo-
nomic anslysos.

Pinally, an important question that may be
asked. What has the profession learnt
nince tho early years of settleaent conpu-
tations, as a result of theo great number
of publications on observed versus calcu-
lated settlemanta of buildings ? And
with what level of confidence can this known
ledge be gemeralized and tranaplanted from
case to case 7

The engwor can only be formulated through
s gqualitative feel, bised on evidence 1ihat
within similar situations overall errors
ean be limited to about * 20 %, while
gquite a number of publications attost to
the fact that caces beycnd the routine may
present surprisas up to 1/2 to 2 times 1ihe
anticipated values. The conclusion 4=
therefore that the art has not yet arrived
at the stage of fairly confident generali-
zation,

There is a wealth of data mvailable for re-
examinaticn, but most of the data as pub-
lished are incomplete for such reexamina-
tion, and, if taken at face value, lead to
the conelusion that "judgment" 13 always
present as e compensating factor go that,
loeally, the same overall agreement can be
cleimed for cleerly different cases, or
elearly different techniques. TIndeed, most
cases that have beon published relate al-
tuations such that (nA)p = 1, and there-
fore, depending on the valus that may ep-
plicable to A , it would be necassary to
recognize & value n# 1: nporeover, N 1is
insevarable from the details of all the
ateps taken to reach the final computoed
resulte. Unless these stepa are fully dee-
erived and the margins of errors in each
atep impartially exposed to setatistical
reappraisal, the desired generalization
will not prove fruitful.

6 CONCLUSION
Throughout ths report attention has been
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focusped on the problems and errors at-
tondant to stepa in the design ssquence,
prinoipally with a view to catalyeing the
roappraisal from whioh sdditional develop=-
ments may sprout. However, no peseiniem
in the state of the Art is impliecit in
the approach undertaken. A great number
of truly outstanding cases of buildings
and other projects successfully designed
and constructed on clays, undor conditions
8o adverse as to challenge responsibility
to the point of daring, etteet to the fact
that there has been a very considerable
progress in the field. £
However, the great complexity of the fac-
tors at play and the disporsions and
srrors involved in each of the steps lead-
ing to such & conclusion, result in a
pituation wherein m very considersble por-
tion of the succese lies within the fmo-
tor of Judgement, much asscciated with
local and iodividual experiemcs. It 18
felt that only a eystematic reanalyses of
every facet through statistical treaet-
wments, destined toc eoxclude personal fac-
tors and to distinguish first-order in-
fluencee from secondary perameters, will
permit the profession to cull from such
multiple end routine attainments, the
genoralized lesscw for an eppreisal of
the intuitions and experience contained
. within such judgement.

SCO¥MAIRE

1. Introduction. L'analyse sequentielle et
la discussion des niveaux de confiance des
decisions de 1'ingenigur devant un projet
de fondations ont cte les gewx facteurs
principaux quf pnt oriente l‘'elaforation de
ce rapport general. Chague probleme, Specifi=
que &'entoure d'un grand nombre d‘'elements
dent I'ingenteur doit etudier 1'igportence
relative afin d'en falre la synthege, elimis
nant ceux gui & chague instant puissent N
apparten{r au groupe de facteurg d'ordre se-
condatre.Telle analyse et synthese resultera
d'une fapgon claire aculemen gr\:fce a L'enplo
tdes methodes statlstiques pour I'examen des
donnecs digponibles. ;

2. Capacites portentes. &n depit des tendane
czs modgrnes d'unifier le compogtement ten-
gipn-deformation-temps de problgmea de por-
tee diverse, 1'ingenieur delt examiner cepa-
rcment les problemes de rupture et de tasse-
ments, chaque cas enfonctlon des conditions
critigues respectiyes, le premier enirainang
une reaponsabilite plus grave. La capaciie
portaente des semelles est calculee le plus
couramment en falsant appel aux formulea de
&"z:rzaz}:f (1943), Heyerhof (1951, 1963}, et
Arinch Hansen C’JQ&{, '66), et, dana le cas
d'argtle saturee, g celle de Skempton(1951).
Les npmbreuses theories pathematiques dque-
ioppees entretemps se reswment en fait a de

H
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varfations peu significatives de la theorie
de Pronatl-Reisancr, comme le prouve I'ana=-
lyse statistiqus. outre, la disparaion
de valewrs obtenues dons la deteymination de
la .zohesion, dues aux modeg d'echantillonna-
gs, ¢t aug methodes d 'egsais, est de loin &u-
pertsure a cglle du coefficient Nee Lp seyl
Yacieur trea important mis eu jour dernisre-
ment est, celuf de 1'influence de la compres-
aibilite aur les ccefficlents de la copaoite
portante (of. Vesic, 1965). Une lyse ropide
du dopaine d'interet pour 1'ingenieur, de
donnees sur la capacite portante des sols,
fait apparaiire gue I'on dispose presgue aeu-
lement, de nombreux resultaga sur les argiles
gaturces (@= 0), Il est a souhaiier de reu-
nir plus de dewecyg concernant de cas genercl
(¢, § ) particulicrenent dapa le domaine de

q’c 250 pour leguel les etudes statistigues
ind iquent des nivecux de confiance bien in-
ferieurs pour les coefficlents N, et Ny .
On resume les pratiques coumtez de calcul
de la capacjie poriante de pleux fnifviduels
ot lesdomnees, disponibles pour la determina-
tion de la resigtance de nointe ¢ Nep , &t
celle de frottement, a partir du cacﬁ’tc!mﬁ
d'ahesion moyen B8 . Il apparait que les
niveaux de confiance pour l'application de
parumetres pnigues, moyens, son relativement
bas. On resume les methodes de Seed el Reeae
(1964), et al, de determination de courbes
chargement-tagsenent de plewx, alnsi que di=-
versea methodes d'analyses basees sur la
theorie de 1'elasticite et la formule de Mine
d)in (ex. Davie pt FPoulos 19658). 0On discute
cgalemgnt les methodes d'execution et d'in-
terpretotion des esscls sur pleux. Enfin  on
comaente d'autres essals tels que du penetro-
metre statique et du pressiometre : epn ce
qui concerne 1q grande variation de resultats
de resistance a la pointe Rp du penetromdtre
dane lea argiles, on arelise les donnees, Sur
1'argile de Londres gqul demontrent la neces-
gite d'utilicer dRp/dz pour lem regressions
statiatiques en fonctlon de dT; /dz ; telle
methode permet de redulre de nombreuses dis-
perstons et semble confirmer la relatipn
Bp w I0c. On resune les nompreuses , ctudes
publ tees sur les pieux fonces, moules  en
place et epanoufs, dans les argfles de [Lon-
dres, en inafstant sur les precoutions a
prendre pour 1'applicetion a d'autres argiles
de ce riche dossier d'informations el recom=
mandat{ons.

On critigue 1'emploil courrant du Standard Fa=
netration Test sur les argiles, soulignani
une importance prononcee de la sensibilite
des argiles gquil exige des correlationa g

ps SFI differentes pour chague formation
argilleuse.

discute 1'imporiance de la compressibili-

e dans 1'interprétation de la rupture gt du
taux de travcil admisstble a partir d'cssais
de chargement sur plagues. 0On suggere d'a-
bandonner la solution des coefficients N'
da "local shear” et de la substituer par des
coefricients de correction gie 1'on pourrd
Forruler an moyen d'analyses elasto-plagti-
ques, en ayant recours a l'ordinateur elec-
tronigue.
3, Tassement de fondntions superficielles.
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O'n résume la méthode de Skempton-Bjferrum
(1957) de caloul des tassementa soylignant
la difficulte dg choisir les parumgtrea A
et B appropries., Comme progres recents, il
faut noter la methode du uvscteur tension-
-deformat ion-temps de Lanbe: ceile methode,
theoriquement ldeale, presente cependant cgr-
tainea difyicultes dans lo pratique duss o
la limitatipn du nombre d'gssals qui ne
pourront decrire 1'heterageneite de la coy-
che de sol. Deux aulres developpemenis re-
centa comprennent la theorie tridimensio-
nelle elagtique de Davis et Powlos (1968),
et une methode semi-empirique de Brinch Hon-
sen (1965) justifiee par la conception gque
les troils subdivisfons classtques du tasse-
ment total son arbitraires. N
Diverses solutions mathematigquea du phenome-
ne de consolidation, soit par le modele rhe-
ologlque de Terzaghl golt par d'autres mo=
deles rheologigues plua complexes, n'appor-
tent de contribution effective a la pratique
die 4 1'inexistence de developpements pecea-
paires colateéeraux en appareils et methodes
A 'exccution et d'interpretation d'esseis.
L'essal ge conselidgtion triuxialq est iIn-
terpretg d'une muniere aimilaire a celle de
1 'nedometre. Parmi les facteurs {mportents
dung le calcul des tasgements, on discute
d’une part la determinalion de la pression
de copselidation, sujetic a deg erreurs
appreciables, qui peuvent avoir d'importan-
tes repercussions sur les ltassements diffe-
rentiels, et, d'autre part, les difficud-
tees de determiner les parametres hecessai-
res @ la definition de la courbe temps~
-tugsement. Four la delermination de la
preszion de consolidation on souligne 1'im-
portance des ¢ssais in situ; une mention In=
teresgante eat celle de 1'emploi, heureux de
1'essal VYane pour telle finalite (3jerrum
1967), o F

On decril de fagon resumee les depux prinei-
peles solutions de projet appliguees avec
gucces ofin de reduire leg tagssements de ba-
timents: la gsglution de fondatlion flottante
et celle du pré-chargement.

4. Fondations sur pleux. Alors que dans la
pratique an utilfyait des formules de concep-
tion indullive "d'efficacite" afin de redulre
le taux de travall par pieu d'un groupe de
pieux, des essais en modeles de r};mupea per=
mettent awjourd'hul de comparer, le coemporie-
ment "immediat”, de pieyx groupes avec celul
d'un pleu isole groce u de coefficlents de
correction appeles "Coefficient q'efrficaci-
te" et "Rapport de Tassements" (a 50 % de la
charge de rupture). On resume les etudes ex-
perimentales de Whitaker (1957, 196Q), et al,
aingl ygue les Indicatfons obtenues a partir
deg analyses theoriques de Pichumani et

d 'Appolonia (1967), et de Poulos (1968), tou-
tes relatives a effets "impediats”. ZEnsufte,
on digcute les effets dus a la construciion
dfun groupe de pleux, mettant en evidence les
facteurs qui influewent le propre groupe et
les effets sur la masse de sol envircnnante.
Les innombrubles indications sur le degre de
remaniemeni observe ne permattent pasg encore
une generclisation en fonciion du volume
d'argile deplacee par les pleux. Des obser-

vationg indirectes basses sur des mosurea de
W au gein du sol avolsinant permetlent asau-
lement une evaluation semi-quentilative dea
problemes. Leg presaiona interstitielles gea
disaipent tres rapidement, tant dang 1'eapa-
ce que dans le temps. Dea perspgclives en-
courageantes se font jour suite a des obaser-
vatlong simultanees de pressions totales et
des presaions Intergtttiellea mesurees sur
les propres faces des pieux (Koijzumi et Ito
1967),car de tclles gesureg fournigsent 1l8s
conditions de Sroptieres necessaires au de-
veloppement des etudes de la consolidation
(Soderberg 1962, Pouloa et Davis 1968, el all.
A respect des etudes concernant le [frotie-
ment lateral ncgatif, en prerd, conaclence
graduel]ement de la camplexite dea facteurs
en jeu a couse de la reduction simultanee
dea tensians verticalkaauvoiasinage du pleu.
Zeevaert (1963) propose, puur les cas de
grandg tegaements d'ensamblgs pleux-sols ar-
gilleux, comme c'’est le caa a iexico, un equi-
libre dynanique de pleux flotlanta dang un
etat plastique, en accord avec le tassement
eneral de l'ensemble, celui-ci etant toute-
,EI::. attenue par congequence inevitable. ILa
tacorte generule des frotiements sur pileux
propoaee par Brinch Hansen (1963) accompaghea
par 1'etwle de Mazurkiewicz sur le Jfrotte-
ment negatif dang le sable, constftue wune
mize au point qui serfde bage aux discus-
glons et recherches futures. .
A titre d'exenmple on ctie guelques typea spe-
claux de pleux qul ont ete developpes afin de
solutioner jles problemes exceptionnels, (cm-
plotl de 1'elegtrosmose pour awgmenter l'athe-
rence de pleux flottants, usage de peinturs
bitumineuse pour diminuer la charge de frotte-
ment negatif, etc.). - .
5, Tasgenents admissibles. Leg declalons de
1 "ingenieur dojvent egtre bagseea sur des dia-
tartions Af calculees (on emploie le terme
generique "distortior " Ap, pour tous les
Jdcteura assoc{es considereé aufourd 'hut
comne de premisre lmportance). En premier
liew (1 faut rechercher yn coefficient de
correctfon n applicable a des cas purement
Jlexibles ou tolclement rigides, afin d'adap-
ter les valeurs calculees aux deformations

megurees, On ne peut disgacter un tel fac-
teyr de toute la sequence d'erreurs, hypo-
theses et deciglons gui varient q'un endroit

a l'autre et meme d'un individu a I'autra.
On net en evidence qu'll est de protigue cou-
rante de determiner la relation entre
lea tassements calcules et mesures} toute-
Jola, d'une maniere generale on ne peut mettre
en esquation las coefficienta net L np }
d'aflleura 1'interet principal reside dansg
la valeur de n relatiyecux distorsions. On
progose ensulie un facteur de correction K
du a la raideur partielle d'une ossature, cor-
raspordant a la redistri{butlon dea tensicna
qui s tinstallent jusgu'a la fissuration od-
miasible, en accord avec les obszruvationa
&84 2 (pour chague type d'ossature, vitesse
de diatorsion, etic., mals toutefols esaen-
tiallement independant de la causge des defor-
mations). Une fols comnu AOf. pour une
osaatura donnee, 1'ingenieur pourraii accep-
ter des distorsions nAAp,; 2 afp Xn
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general, A< 1, donc les projets peuvent étre
calculdn pour des wvaleurs de nAf; supe-
rieurssaux lfmitea Af 2 observees.

On reésume finalement lea valeurs Af p (ndi-
guees par Bjerrun (1963), aussi comme les
{nformations comparatives entre ossatures
"rigldes” et 8flexidle” quil parafsgsent indi-
quer un coeff{ctant A = 0,65, 0On soullgne
encore que tres peu de publicatfons  per-
mettent de cuelllir geparement des informa-
tfon sur' N , A et AFn .,

6. Conclusion. Lga succes spectaculaires ob-
tenus dang de tres nombreux cas de fonda-
tions complexes sur argileas prouvent 1'e-
xfgtence d'une importante contribution de
1'clement "jugement™, lle a 1'experience
locale, qui compense les grandes marges de
diapersions et d'erreura dang toutes les
ctapes qui conduisent au projet d'un ouvrz-
ges Seulement l'analyse gtatistigue per-
mettrade definir des criterea moins sub-
Jectifs pourmetire en valeur, dans lc pragi-
que de la professfon, les grands progres
deja obtenus, qui ont ete publies sous la
forme de cag particuliers maifs qui sont en-
core difficilement applicables a des condi~
tions plus generales.
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