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1 INTRODUCTION

Although there is considerable literaturs
relative to pile bearing capacity predic-
tion and many design methods are proposed,
every skilled pile designer knows that ma-
king bearing capacity predictiocns such that
they are reasonably close, if only te wi-
thin 20 X of the real value, is always very
difficult. The discrepancies observed bet-
ween treal and theoretical bearing capaci-
ties are explained by the fact that present
design methods have been developed on the
basis of questionable and often insuffi~
cient experimental data. Among the essencial
causes which limit the scope or the repre-
sentativeness of most existing design me~
thods should be mentioned :

- the small number of piles and placement
techniques taken into account in working
out the proposed werhod,

= the inasdequacy of instrumentation, not
capable of distinguishing the amount of the
load taken by akin friction and by the pile
paint,

= the total unfamiliarity or limited
knowledge concerning not only pile geomstry
but also the equivalent moduli of the cons=
tituent gaterial,

= finally, the absence of monitoring for
pile construction or placement operations.

Among the methods used for predicting the
bearing capacity of vertically loaded ismo~
lated piles, the following are distinguis=
hed :

= so~called dynamic methods based upon
the intarpretition of pile driving data
and hence limited to the driven piles,

- methods based upon the use of the pa-
rameters c and ¢ measured in the laboratory
on samples assuped to be undisturbed,

~ methods using the results of in-sity in-
vestigations, with tests of the dynamic pe-
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netrometer type (SPT, for example) or the
quasi-static type (CPT) but also pressure~
Berer tests.

The latter two design methods (CPT and pres-
suremeter), introduced in the 19601 [I]

) [3) [4], were adopred in 1972 by the FOND
72 document to which reference is still
made today in France for all foundation de-
aign calculations for highway structures.
However, as of 1964, the laboratory network
of the French Highway Department {(Labora-
toires des Ponts et Chaussées) undertook
the experimental verification of the vali-
dity of these two mechods. The experizental
data required for the readjustment of the
two methods mentioned were furnighed by a
large number of full-acale loading tests
after comparing real and theoretical bea-
ring capacities. This paper dealsz only with
the conclusions and proposals relative to
the atatic penetrometer (CPT) method, as
the formulation of new pressuremeter rules
has been dealt with in receat arcicles [6].

2 EXPERIMENTAL DATA AND REMARKS ON THE
PENETROMETER TESTS (CPT)

The penetromster yvules proposed by the au-
thors of the pressnt paper are based upen
the interpretation of a series aof 197 full-
scale static losding {or extraction) tests,
of which 172 were carried out by the Labo-
ratcires des Ponts et Chaussées. The tests
concerned 96 deep foundations distributed
on 48 sites, containing soils made up of
such varied materials as clay, sile, sand,
gravel or even weathered rock, but also
mud, peat, mere or less weathered chalk, and
marl.

Table I gives an idea of the different ty—
pes of foundations taken into account. It



Table I

Types of Number | Diameters ) Length of

deep of {em) piles
foundations | piles {m)
Borad 55 |42 to 150 | 6 to 44
Driven al 30 to 64 & to 45
Grouted 8 It to 70 10 to 31
Barrettas 60 x 220 0
Piers 1 200 12

is noted that bored piles are by far the
beet Tepresented, explained by the present
predominance of this type of foundatior in
France (about 687 of the tofal), An im-
portant point is tha fact that almost all
the foundations wers set up by specialized
foundation firms according to usual construc-
tion techniques and almost always within
the framework of prior tests carried out
in order to achieve optimum design of dewp
foundations for real structures.

As regards bored piles, thase incluyded
plain bored piles, totally or partially
cased pilas, mud or fresh-water bored pi-
las using a wide variety of tools {augers,
buckets, hammergrabs, bits, valves). Dri-
ven (or jacked) piles included H metal or
tubular piles with 3 closed base and rein-
forced concrete piles. It will however be
noted that the barrettes are unsufficient~-
ly represented and that it has not been
possible for the moment to test cartain
types of piles,such as prestressed tubular
piles or metal tubulsr piles with an open
base. Neverthelesa, for subsequent propo-
sale, their design method will be commen-
ted upon, considering that their behaviour
can be likened, without risking too much,
to that of foundations vhose behaviour we
wvere able to study experimentally.

On almost all the sites investigatsd by
the Laboratoires des Pouts at Chausséss,
2 total of 39 sites, sn sndeavour was made,
prior to the placement and loading of the
piies, to carry out the complete range of
soil reconnaissance tests : pressuremeter
(Ménard) and static penetrometar tests.
When it was possible to take undisturbed
sapples, an sttempt wvas made to carry out
laboratory tests to deterpine the values
of ¢ and ¥,

A point vhich should be stressed is the
fact chat slmost all the penetromecer tests
vers carried out by means of hydraulic sta-
tic penetromaters of the Parex typs with

a diameter of 45 mm, or of the LCPC

electric-point type with a diameter of
36 mo.

Table II gives & good idea of the feasibi-
lity and representativeness of the diffe-
Tent typss of tests for all the aitas.

As regards the in-situ tests, table II is
veary indicative. It shows that :
= vhatevar the fature of the soil and its
compactness, the pressuremetsar tests were
practically alusys feasible and utilizable,
= on about 64 X of the sites, the static
panetromater tests (CPT) were not possibile.

The nature of many of the soils found in
France, because of their complex structure
{nodules or boulders, psrtial cementation)
and cheir high degree of compactness (stiff
marl or clay, gravel and waeathered rock),
explaine the difficultiss encouncered in
implementing the static penetromecer (CPT)
tests.

3 METHODOLOGY OF APPROACH AND LOADING
PROGRAMME

All the piles tested wvere losded axially.
Where the same pile vas subjected to seve~
ral cests, no account wvas taken of the re-
sultx of the first loading, in order to
elininate the effect of the time factor.
The shafts of 57 piles (3! sites) vere
instrumanted, notably to establish the
apount of the load absorbed by point rasis-
tance and skin friction. In most cases, the
piles were equipped with removable exten-
someters [7] , Whenaver passible, oving te
the effect of the modulus of elasticity E
of the pile shaft materisl on the assesment
of forces, this paramster was msasured on
samples taken directly in the pile shafr.
Similarly, svery effort vas mads to define
the real geomecry of tha shaft.

Another important point is the fact that
all the tests conducted by the LPC network
were carrisd out according to the guide=
lines of the LPC Static Test Procedura [8].
It will be nocad that, sccording to this
document, tha test consists in loading a
foundation in incressing steps of squal
{ntensity and duracion (60 or 90 minutes)
without intermediate unloading (Fig. la).
As regards the interpretation, it is re-
compended to plot the characteriscic rela-
tion g - @ (Fig. 1b) from which is deduced
the creep load QC [9] f14].
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Tabls I1
Teats Tests Poasible teats
Type of test Total Tests considered considered Tests [noc conductad
undertaken number | scctually utilizable partial |[considerad| but offsring
(characteristic of conducted or or net the certainty
parameter) sites representaciva | unusable feanibla of being
aftervard (1) represantative
Ménard
[pressuremeter 39 37 34 k] -] 2
(py)
tatie ® 2
enetromeCer 39 21 12
(qc) {refusal) (mnnv:’ .
Laboratory 1 16 7 9 13 8
,9) {Excesaive
scattering

(1) The main reason appearing in parsntheseas.
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Fig. la). Schematic representation of
loading programme according to LPC
procedurs.
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Fig. Ib). Review of graphic construction
for determining the gresp load Q-

4 PRINCIPLES OF PENETROMETER METHOD

Before proposing any readjustment in tha
design method, the principles involved
should be reviewed briefly. These are the
principles of the penetromater method adop=
tad by the FOND 72 document [5] which, it
be recalled, is based upen the work of
Begemann and Van der Ween [1J[2] for point
tesistance calcularion, and Dinesh Mohan

(] for skin friction caleulacion.

The calculated limit load Q of a deap
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foundation is the sum of two terms (Fig. 2):

Q = q +q (a0
whers QP is the limit resistsnce under the
point (kN)»

Q! is the limir akin frietion on cha
entire height of the pile shafc

(kN). -
Q

Q¢ wiea

cane fesistance

F T

&

—
—

top
QL
Fig. 2.

In the general case of a multilayer forma=
tion in which tha distribution of cone re-
gistances q, e function of depth is known
{Fig. 2), edch of these terms will bs cal-
culacted from the following formula :



“DZ

P

Q = %y - ke - (W
F F
q - ? Qi -

vhere successively :

q,; - 101, (k)

bl o | od

is the equivalent cone resistance at

the level of the pile point (in kN/m2)

k iz the penetrometar bearing capacity
facter

D is the disoeter of the foundation {m)

q is the limit unit skin friction at the

level of the layer i (idi/m2)

1. is the thickness of the lsyer i(m).

The valus of the calculated nominal load

Q, {allowable load) of the pile is obtained
by adopting a safery factor of 3 for the
point resistance and 2 for the skin frie-
tion, so that :

P ¥
- QL -+ QL
QB3 T

5 CHARACTERISTIC PARAMETERS OF BEARING
CAPACITY

As can be seen it is the parameters kc and
q_ . which condition the repressntativéness
of'the proposed design method. The choice
of the asan value q. also has its impor-—
tance. The mechod of obcaining k_, 9_.. q
will thus be defined, with an indicalion ©
of the conditions and application limits of
sach of these parameters. ’

(kN) .,

5.1 Equivalent cone resistance 1, (Fig. 3}

This in fact corresponds to an arithmetical
mean of the resiatances g Deasured along

8 height- between +a over $he cone, and =-a
below the pile point.

In practice, the equivalent cone resistance
q., is calculated in several phases. During
a first phase, the curve of the cone re~
sistance g_ is smoothened mo as to climate
the local irregularities of the raw curve,
For safety reasons, the smoothsned curve is
then made to pass closer to the valleys than
to the peaks of the rav curve.

During a second phase, begining with the
smoothened curve, we calculate q' which is
the mesn of the smoochened resistince bet-
‘wesn the values — a and + g where g = 1,5D
(Fig. 3).

Finally, the equivalent cone resistance q
is calculated after clipping the smoothe-
ned curve. This peak clipping is carried out
s0 as to tliminate the values higher thanm
1.3 q*_ under the pile point, whereas the
valueihigher than 1.3 q;. and lower than

S
o
-

Qca
PFig. 3.
0,7 q,, are slininated ovar the pils point

(fig. 3) It goes without saying that all
the calculation operations for determining

s

$.2 Penetrometer bearing capacity factor k‘

The diffsrent values of this factor, deri~-
ved from full-scale loading testa, appear
in Table III.

Table II1. Values of bearing capacity
factors kc for the calculation of the
limit poific resistance q{.

are carried out in practice by computer.

9, Ffactors kc
Nature of soil 5 = e 11
(10" pa)| *TOUP 1{Group
Soft clay and wud < 10 0,4 0,5
Moderataly compact 10 0,35 0,45
clay to 30
Silt and loosa
tand &5 | 0,40 0,50
Compact to stiff
clay and compact » 50 0,45 0,55
silt
Soft chalk & 50 0,20 0,3
Moderately compact 50 0,4 0,5
sand and gravel to 120
Weathered to
fragmenced chalk > 30 0,2 0,4
Compact to very
copact sand and 120 0,3 0,4
ravel
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As cap be noted, the values kc depend on
the nature of the soil and its cowpactness
(q.) but also, and this ia important, on
the different pile placement techniques.
Each of these technigques is velated to one
of two groups including respectivaly bil:

Group I ¢

- Plain borad piles - Casad bored piies.
« Mud bored piles - Hollow suger bored

- Type I micropiles piles
{grouted under - Piers
low pressure) = Barrattss.
CGroup II ¢

- Cast screved piles - Driven groutsd piles
= Driven precast {low pressure grou-

piles ting)
~ Preatressed = Driven metal piles
tubular piles = Driven ramsed piles

= Driven cast piles = Jacked concreis

~ Jacked macal piles pilea

- Type II micropiles - Bigh pressure
(or small diameter grouted piles of
pilas grouted under large diameter.
high pressure, with
diameters < 250 om)

As regards driven piles, and in particular
driven metal tubular, prestressed piles,

or jacked matal piles, the corresponding
value of k_ is applied withour reserve to
the piles with a closed base., For H sec-
tions and tubular piles with an open base,
the values k_ of Table III will not be en~
tirely adoptéd unless it tan be demomatra-
ted, either with reference to similar cases
or, preferably, as a result of & full-scala
losding test, that a plug occurs under the
pile point, capable of taking up the equi=
valant of the forces of & point wiose sec—
tion wquld be determined by the circumscri=
bed perimeter.

It will be noted that the new values of k
are on che avarage tvice as low as_those
presented by tha FOND 72 docupent [5] . In
fact, formerly batween 1.0 apd 0.7, the

nev values prassntly vary becuesn 0.2 and
0.55. It iy interesting fo nota That this
reduction raflects the fzer rhar the amount
of the load taken by the point of a deep
foundation is much greater than suggested
by usual design methods. It will aiso be
noted that the kc values of Table III are
given for embedded pile lengths at least
squal to che vertical anchoring depch. For
all the cases investigated, it was verified
that this condition was satisfied.

Figure 4 shows, for some characteristic
cases, the level of the messured valuas of

k. in relation to the range of values recom-
ménded by the FOND 72 document and the av-
thors of this paper.

10. C_] ] i ]W l |
n’ - wr -
sk L. H
a i j
asls s

P ek it - o -y .-.ch---

[ 7% nte
[ +4 -.-..1,-1..3-.--.

3} s

9 Qe (10502
nnannwmnn-wmmmun
AMARTSS Whiuss .

Fig. 4.

5.3 Limit wnit skin friccion 9,

Tor esch layer i, the limic unic skin fric-
tion q_ is calculated by dividing the cons
resiscance q_ zorrespending o the given
level by a céefficient a which makes it
possible to allow for the nature of the
soil snd for the pile production and place-
awet methods @
qn

i "3
Tha different values af the coefficient a
appearing in Table IV constitute average
valuas derived from loading tests. Table IV
distinguishes between three main placement
categories within which the different types
aof piles fall :

Category I A =

= Plain bored piles = Mud bored piles

= Hollow auger borad — Cast screved piles
pilas

= Type I micropiles = Piers

= Barrattes.

Catagory 1 B :

= Cased bored pilas = Driveo cast piles.
{concrate or matal

ahafr)

Catwgory I1. A 1

= Dyiven precast - Prastressed tubular
pilas piles

« Jacksd concrets piles.

Category I1 B @

= Drivan getal piles - Jacked metsl piles.
Category III A :

- Driven grouted piles -~ Driven rammed piles.

Catagory 1II B :
«~ Hig pressure grouted piles with diameter
greater than 250 mm - Type II micropiles.
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Table IV. Values of coefficients a for calculating the limit skin friction Q.
Coafficient a Haxioum “;1“‘ of q,
- % (10°Pa)
Nature of soil 5 Category
(10" Pa)
I AYIBJIIAJIIB I A I B I1A IIB ITIA | IIIB
Soft clay and mud <10 30] 3| 30| 30jo,is Jo,15 Jo,15 {0,15 | 0,25 -
deracely 10 {0,8)|(0,8)](0,8)
F:npact clay to 50 | 0] 80] 40| 80535715 35 0,35 {0035 | 0,8 | 31,20
Silt and ¢5a | saf 150 120 {0,315 Jo,35 lo,3s [0,35 0,8 | -
loose sand :
Cogpact to stiff clay {0,8)[¢0,8){(0,8)
and compact silt >30 so 120 120 0,35 |0,35 |0,35 0,35 | 0,8 |32,0
Soft chalk <50 1100] 120] 100{ !20 |0,35 |0,35 |0,35 |0,35 | 0,8 -
oderately compact 50 (1,2)|(0,8)[(1,2)
sand and gravsl to 120 100 £ 200} 100 | 200 0,8 0,35 0.8 0.8 1,201 32,0
eathered to (1,5)](1,2)] (1,5)
fragmented chalk »50 | 60| 80| 60 80, 37 Mg g (1,2 [!s20} L5 [22,0
ompact to very ,5]1,2)} (1,5
ompact sand and >120 150 300 150 | 200 1,2 [o,8 1,20 1,20 | 1,5 | »2,0
ravel

It will be noced that cactsgories IIIA and
IYIB appear directly under the heading of
the maximum values of the limit unitr skin
friction 4 not to be exceeded. These maxi~-
oun values) moreover given for all types of
piles, are required (with the reception of
grouted piles) owing to the scettering
which can result from the taking into sz-
count of cone resiscances q which are not
highly representative (peaks corresponding
to the presence of localized hard elements,
non-compliance with standard penetratiocno
rates, poor condition of cones, excess pore
pressure, deviation of push-rods, etc.)
n203 .

It will finally be noted that, as concerns
the maxigum values of 1, proposed in Table
IV, in certain cases two valuss are given.
The firsc corresponds to placement offe~
ring very little dependability as concerns
execution quality ; on the other hand, the
second -appearing in parentheses= corres-
ponds to very careful sxecution and to the
choice of a technology invelving minimup
disturbence of the soil in conract with che
pile shaft and capable of yielding optimwm
friction values. Thus, for major projecta
in which a large number of piles is planned,
it is highly recommended to check experi-
mentally, by one or more prier full-scale
loading tests, whecher it is possible to

-adopt the maximum friction values q_ indi-

cated in Table IV. Ip many cases, the

adeption of the maximum values will lead
to gains which will compensate amply for
the expenditures entailed by such testa.
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In general, vith regard to the spplication
of the values of Table IV, it is not ne-
ceszary to make allowances for tha diame-
ter of the pile or more precisely for the
radius of curvature of ths foundation.

It will be noted that the values in Table
III and IV are in general of the same order
as those proposed by Philippormat [14] .

6 CONSEQUENCES OF THE READJUSTMENT OF
PENETROMETER RULES

To determine the effect of the readjustment
of tha characteristic paramecers k_ and o
on bearing capacity, and in particilar on
tha nominal bearing capacity @, their va-
lues, calculsted according to the recom—
mendations of the FOND 72 document and Ta-
bles III and IV, wers compared vith the
experimental values Q, (allovable load) .
deduced from the critical creeping load Qc'

The cowparisan was made only for the results
relative to piles loaded up to the limit
load @, and, when che same pile had under-
gone several consecutive loadings, for
the first loading only.

The histogram relative to the nominal bea-
ring capacities (Fig. 5) shows a tighte-
ning of the axtreme values and, significant-
1y, a reduction in che overstimated bearing
capacities. It will be noted that the new
parameters taken into account, despite a

g 1f will be recalled that 44 obtained
by applying Lo the sredp Lo Qn a Aeduc-
tion sajety dactor equal to 1.4
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aubstantial reduction in rhe bearing capa-
city factors kc, do oot lasd to the consis=
tant overdimensioning of the piles or, in
other words, to an increase in their smbed-
dad lengcths for the same bearing capacities.
It will also be noted that the new parsme=
ters make it possible to reduce very clear-
ly the overdimensioning. Fig. 6 shows the
effect of the readjustoent of the factor k
an the point resistances Q{. Finally, it
will be noted that on the “whole, the adop=
tion of new values for & and g leads to
the location of the predicted loads of a
pile closer to the real casa than allowed
by the rules proposad by the FOND 72 docu-
nant.

7 CONCLUSIONS

A large number of full-scale loading tasts,
with point resistance snd skin friction mea-
suremants, hgve provided experimencal data
making it possib¥a to propose a method for
predicting the bearing capacity of daep
foundacions based upon the use of tha cons
resiscance q¢_ measured with the static pene-
tropecer CPT.

It has however been observed
~ that the predominance of compact or com~
plex-structured soils in France made it im—

‘possible, in over half the cases, to use tha

CPT penetromacer and, consequently, to apply
the associated design mathed ;
=~ that, in the cass vhers a penetromater CPT

Il.‘ 5” - measured values
|3J

2
1

o FOND.72

Bustamante
Gianeseili

Qf - predicted values

M

UNQERESTIMATION

0 ez 0508 (D 12 w 15 18 20

Fig. 6.

profile vas gvailable, the associated pre=~
diction mathod generally appaared to be lass
raliable than the design method based upon
the pressuremeter test.

Finally, the absence or the limiced number
of data relative to certain foundations sug-
gests that the proposed design method can

be improved but than only the multiplication
of full-scale loading tests carried out on
properly instrumenced deep foundations using
a standard procedurs will enable more re-
liable experimentation.

8 BIBLIOCRAPHICAL REFERENCES

[1] Begemann, H.K., The use of the static
soil penetromecer in Holland. New
Zaland Engineering, Fev. 1963,

Van Der Wean, Prévision de la capscité
portante d'un pied 3 partir de 1'essai
de péaétration statique. 43 C.I.M.S.
Vol. II, 1957.

[3] Dincs@ Mohazn, ?1rundrn. fumar, Logd
bearing capacity of piles. Geotechaique
Inter. J. Soil Mech. Vel. 13, 1, Mars
1963, p.76=86.

[4]) Ménard L., Calcul de 1a forcs portante
des fondations suy la base des t€sul-
tats des essais pressiométriques.
Sols-50ils, §, Juin 1963, p. 9-28.

(]

499



(]
Ce]

7]

[e]

BACK

FOND. 72. Fondations courantes d'ou-
vrages d'art. LCPC~SETRA, FEv. 1972.
Bustamante M. & Gianeselli L, Priévi-
sion de la capacité portante des
pieux isclés sous charge vearcicale.
Bulletin Lisison Labo. P. st Ch.,

o* 113, Mai-Juin 19B1.

Jézéquel J.F. & Bustamante M., Mesure
das &longations dans les pieux st
tirants 3 1'aide d'extensomitres
amovibles, Travaux n® 489, Déc. 1975.

Projet de Mode Opératoire de 1'Essai
Statique de Fondations Profondes.
LEPC, Mai 1972.

Bustamante M. & Cianeselli L., Capa-
ecicé portante des pieux isolés sous
charge statique. Rappor:t de recharcha
faterne, LCPC, Déc, 1978-i879.

v

EID] Cambefort H. & Chadeisson R., Critire
pour l'Evaluation de la forca por—
tante d'un pieu. Proc. 5th Int. Cenf.
Sol Mech. Found. Eng., 1961.

[11] cSTB - Travaux de fondations profon~
das pour le bltimenr. Docugent
Technique Unifié n* 132, Juin 1978.

[123 JEzéquel J.F., Les pénétromdtres sta-
tiques. Bulletin de Liaison Labo.

P. et Ch. n® 36, Janv. 1969. Influ-
ence du mode d'emploi sur la tésis-
tance de pointe.

[13] Amar s., Baguelin F., Jézéquel J.F.

& Nazarst J.P., Utilisation du péné
tromitre statique dans les Labora-
toires des Ponts et Chaussdes.
Annales de 1'ITBTP, n* 340, Juin 1976.

[14] Prilipponnat G., Méthode pracique de
caleul d'un pieu isolé 2 1l'aide du
pénétromdtre statique. Revue Frangaise
de Géotechnique n" 10.



	back: BACK


