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of static penetrometer CPT
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1 INTRODUCTION

Although there is considerable literature
relative to pile bearing capacity predic-
tion and many design methods are proposed,
every skilled pile designer knows that ma=
king bearing capacity predictions such that
they are rsasonably close, if only to wi-
thin 20 £ of the real value, is always very
difficult. The discrepancies observed bet=
veen real 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 sxperimentsl data. Among the essential
causes which limit the scope or the repre-
sentativeness of most existing design me-
thods should be mpentioned :

= the small number of piles and placement
tachniques taken inte account in working
out the proposed method,

~ the inadequacy of instrumentation, not
capabla of distinguishing che amount of the
load taken by skin friction and by the pile
paint,

= the total unfamiliarity or limitad
knowledge concerning not only pile geometry
but also the ewquivalent moduli of the cons=-
tituent msterial,

- finally, the sbsence of monitoring for
pile construction or placement operations.

Among the nmethods used for prediccing the
bearing capacity of vertically loaded iso-
laced piles, the following are distinguis=-
hed :

- so—called dynamic methods based upon
the interpretation of pile driving data
and hence limited to the driven piles,

- mechods based upon the use of the pa-
rameters c and ¢ messured in the laboratory
on samples assuoed to be undisturbed,

~ metheds using the results of in-situ in-
vestigations, with tests of the dynamic pe-
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natromater type (SET, for example) or the
quasi~static type (CPT) but also pressurs-~
meter tests.

The latter two design mathods (CPT and pres-
suremeter), introduced in the 1960s [i]

23 i3] (4], were adopted in 1972 by the FOND
72 document [3] to which reference is still
made today in France for all foundation de-
sign calculations for highway structures.
However, as of 1964, the laboratory nstwork
of the French Highway Department (Labora-
toires des Ponts et Chaussées) undertook
the experimental verification of the vali-
dity of these two methods. The experimental
data required for the readjustment of the
two methods mentioned ware furnished by a
large number of full-scale loading tests
after comparing real and theoretical bea-
ring capacities. This paper deals only with
the conclusions and proposals relative to
the static penetrometer (CPT) method, as
the formulation of new pressuremeter tules
has been dealt with in recent articles Eﬂ.

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

Tha penetrometer rules proposed by the au-
thors of the present paper are based upon
the interpretation of a series of 197 full-
scale static loading (or extraction} tests,
of which 172 were carried cut by the Labo-
ratoires des Ponts et Chaussées. The tests
concerned 96 deep foundations distributed
on 48 sites, containing soils made up of
such varied materials as clay, silt, sand,
gravel or even weathered rock, but alse
tud, peat, more or less weathered chalk, and
marl.

Table 1 gives an idea of tha differenc ty-
pes of foundations taken into account. It



Table I

Typas of Nuober | Diamecers | Length of

daep of {cm) piles
foundations | piles {m)
Bored 5% 42 to 150 ) & to 44
Driven k)| 30 to 64 6 to 45
Grouted 8 11 to 70 10 to 31
Barrettes 60 x 220 0
Piers 1 200 12

is noted that bored piles are by far the
best represented, explained by the present
predominance of this type of foundation in
France (about 68Y of the total). An im-
portant point is the fact that aloost all
the foundations were set up by specialized
foundation firms according to usual construc—
tion techniques and alaost always within
the framework of prior tests carried out
in order to achieve optimum design of deep
foundations for real structures.

As regards bored piles, these included
plain bored piles, totally or partially
¢ased piles, mud or fresh-water bored pi-
les usipg a wide variety of tools (augers,
buckets, hammergrabs, bits, valves). Dri=
ven (or jacked) piles included H matal or
tubular piles with a closed bdase and rein-
forced concrete piles. It will however be
noted that the barrettes are unsufficient-
ly reprasanted and that it has not been
possible for the moment to tear certsin
types of piles,such as prestressed tubular
piles or metal rubular piles with gn open
base. Nevertheless, for subsequent prope=
sals, their design method will be coomen-
ted upon, censidering that their behaviour
can be likened, without risking too much,
to that of foundations vhose bahaviour we
were able to study experimentally.

On almost all the sites investigated by
the Laboratoires des Ponts et Chaussées,
a total of 39 sites, an endesvour was made,
prior to the placement and loading of the
piles, to carry ocut the complete range of
soil reconnaissance tests : pressuremeter
(Ménard) and static penetrometar tests.
Whan it was possible to take undisturbed
sazples, an sttaupt vas made to carry out
laboratory tests to determine the values
of ¢ and f.

A point which should be stressed isg the
fact that slsost all the penetromerer Cests
were carried out by means of hydraulic sta-
tic penetrometers of the Pare: type with

n diameter of 45 wm, or of the LCPC

alectric-point type with & diameter of
36 ma.

Table II gives a good idea of the feasibi-
lity and representativeness of the diffe~
rent types of tests for all the sitas.

As regards the inesitu tests, table II is
very indicative. It shows that :
= whatever the nature of the soil and its
compactness, the pressuremeter tests ware
practically alvays feasible and utilizable,
=~ on about €4 I of the sites, the static
penstromatar tests (CPT) were not peasibla.

Tha pature of many of the soils found in
France, because of their complex structure
(nodules or boulders, partisl cementation)
and their high degree of compactness (stiff
marl or clay, gravel and weathered rock),
explains the difficulties encountered in
implementing the static penecremeter (CPT)
tests.

3 METHODOLOGY OF APPROACH AND LOADING
PROGRAMME

All the piles tested were loaded axially.
Where the same pile was subjected to seve-
ral tests, no account was taken of the re=-
sults of the first loading, in order to
eliminate the effect of the time factor.
The shafts of 57 piles (3] sites) vere
instrumented, notably to establish the
amount of the load sbsorbed by point resis-
tance and skin friction. In most cases, the
piles were equipped with removable extan=
someters [7] . Whenever possible, owing to
the effect of the modulus of elasticity E
of the pile shaft material on the assesment
of forcas, this parameter was messured on
samples taken directly in the pile shaft.
Similarly, avery affort was made to define
the real gecmerry of the shafc.

Another important point is the fact that
all the tests conducted by the LPC network
wers carried ouc according to the guide-~
lines of the LPC Static Test Procadure [8].
It will be noted that, according to this
document, the test consists in loading a
foundation in incressing steps of equal
intensity and durstion (50 or 50 minutas)
withour intermediate unlosding (Fig. la).
As tregards the interpretation, it is re-
commended to plot the characteristic rela-
tion a -~ Q (Fig. ib) from which is deduced
the creep load QC [9] Niq].



Table IX

Teaata Tests Possible Cests
Type of test Total Tests considered considered Tasts {not conductad
undectaken nuaber | actually utilizabie partial |considered] but offering
(characteristic of conductad or or not the certainty
paramster) sites reprasentative | unusable feamible of being
afterward ) Tepresantacive
Ménard
pressuTemecar 39 37 34 3 o 2
(py)
ttati:
enstropeter 39 a1 12 9 16 2
(q,) (refusal) ]lexcasaive
Laboracory 19 i6 7 9 15 8
(c.P) (Excessive
scattering

(1) The main reason appearing in parentheses.
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& PRINCIPLES OF PENETROMETER METEGCD

&

q = q{ - Q{ {kN)

point (kN)»

foundation is the sum of two terms (Fig. 2):

where QP is the limic resistance under the

F is the limit skin friccion on the
entire height of the pile shaf:c
{kN). -

Q

qc ndea

cane resistance

Before proposing any readjustment in the
design method, the principles involvaed
should be reviewed briefly. These are the
principles of the penetroweter method adep—
ted by the FOND 72 document [5] which, it

be recalled, is based upon the work of
Begemann and Van der Ween [1]{2] for point
resisrance calculation, and Dineah Mohan

[3] for skin friction calculation,

The calculated limit load QL of a deep

P

ig. 2,

In the general case of a multilayer forma~
tion in which the distribution of cone re=
sistances q  as & function of depth is known

(Fig. 2), eich of these terms will ba cal-

culated from the following formula :



mesn of the resistances q_ seasured along . 1. Factors Kk,
a baight- betveen +a over the cone, and -a Nature of soil 5, . [Croup IfcGroup 11
beiow the pile point. (107 Pa) P roup
In practice, the equivalent cone resistance ]Seoft clay and oud < 10 0,4 0,5
q.. is calculated in several phases. During Juod
a" "first phase, the curve of the cone re- {Hoderacely cospact 10 0,35 0,43

. . clay to 50
sistance q_ is smoothened so as to climace
the local irregularities of the raw curve. Silt and looss < 50 0.40 0.50
For safety reasons, the smoothensd curva is sand ’ '
then made to paas closer to the vallays than |e

ompact to stiff

to the psaks of ths rav curve. clay and compact » 50 0,45 0,55
During s second phxse, begining with the silt

smoothened curve, we calculate q' which is
the mean of the smoothened cesiafince bet- Soft chalk 50 0.20 0.3
‘wesnt the values - a and + g where a = 1,50 Moderacely compact 30 0,4 0,5
(Fig. 3. sand and gravel te 120
Finally, the equivalent cone resistance q eathered to » 50 0,2 0,4
is calculated after clipping the smcothe- fragoented chalk ' '
ned curve. This peak clipping is carried out

20 as to eliminate the vilues higher than :::::: ::n:.::d 120 0.1 0.4
1.3 qé. undar the pile point, whereas the ravel ’ '
values higher than 1.3 qé. and lower than

P
QL = %y

F i F _ i
Q = f Q; " f q,; « M1; (kB

-
H

where successively
is the eguivalent cone resistance at

U . . .
the level of the pile point (in kN/w?)

kc is the penetrometer bearing capacity
factor

D is the dianater of the foundstion (m)

9 is the limit unit skin friction at the
level of the layer i (kK /n?)

Ii is the thickness of the laysr i{m}.

The value of the calculated pooinal load

Q. (allowable load) of the pile is obtained
by adopting & safery factor of 3 for ths
point resistance and Z for the skia fric-
tion, sc that @

:

P F
gt w.

8§ CHARACTERISTIC PARAMETERS OF BEARING
CAPACITY

As can be sesn it is the parameters kc and
q_. vhich condition the representativeness
o} the propossd design method. The choice
of the mean value g__ also has its impor-
tance. The method of.ob:aining kK, q.:+ 9
will thus be defined, with an indicalion
of the conditions and application limits of
each of thess parametcers.

cs

5.1 Equivalent cone resistance q. (Fig. 3)
This in fact correaponds to an arithmetical

az=Ji

2D

0.7q% Sca q

. ﬂ.‘-—-{.—-*yﬁi
Qe

N
iz
4% "ﬂ_
Qca
rig. 3.

0.7 9, ATE eliminatad over the pile point

(Fig. 3) It goes without saying that all
the calculstion operstions for determining

9, OTe carried out in practice by computer.

5.2 Panstrometer bearing capacity factor kc

The different values of this factor, deri-
ved from full-scale loading tests, &ppear
in Table III.

Table I1I. Values of bearing capacity
factors k_ for the calculation of the
limit poifit resistance
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As cag be noted, the values k depend on
the nacure of the soil and its compactness
(qc) but alsc, and this is important, oca
th§ different pile placement techniques.
Pach of thase techniques ia related to one
of two groups including respactivaly Lil:

Group I !

- Plain bored piles =
- Mud borad piles -

Cased bored piles
Eollow auger bored

= Type I micropiles piles
(grouted under - Piers
low pressurs) = Barrettas.

Group II :

Driven groutad piles

{low pressure grou~
ting)

Driven metal piles

Driven rammed piles

Jacked concrets
pilas

= Cast screwed piles -
- Driven precast
piles
= Prestressad
tubular piles
« Driven cast piles -
Jacked oatal piles
- Type 1I micropiles = High pressure
(or small diamecer grouted piles of
piles grouted under large diaseter.
high pressure, with
diameters < 250 om)

As regards driven piles, avd in particular
driven pecal tubular, prestrassed piles,

or jacked metal piles, tha corrasponding
value of k_ is applied vithout Teserve to
the piles with a c¢losed base. Por H sec~
tions and tubuiar piles with an open base,
the valuss k_of Table III will noz be en~
tirely ldop:Sd unless it tan be demenstra=-
tad, either with reference to similar cases
or, preferably, as & result of a full-scale
loading test, thart a plug occurs under the
pile point, capable of taking wp the squi-
valent of the forces of a point whose sec—
tion waqulid be determinsd by the circymseri=
bed perimeter.

It will be poted that Che new values of kc
are on the averags twice as low as those
presenced by the FOND 72 document [5] . In
fact, formerly betwaen 1.0 sand 0.7, the

new valuss presently vary bstwesu 0.2 and
0.55. It iy interesting to notae that this
reduction reflscts the fact that the amount
of the load takea by the point of a deep
foundation is much greater than suggested
by usual design mechods. It will also be
noted that the k_ vaiues of Table III zre
given for embedded pile lengtha at laast
equsl to the vercical anchoring depth. For
all the cases investigated, ic was verified
that this condition was satisfied.

]

Figure 4 ahovs, for some characterinstic
cases, the level of the measured values of
k. in relation to the range of valuss recom
ménded by the FOND 72 document and the aw-
thors of this paper.
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5,3 Limit vnit skin friction q;

¥or each layer i, the limit unit skin fric-
tion q {s caleulated by dividing the cone
Tesistance qc_corrclpnndlng to the given
laval by a coefficient a which makes it
possible o allow for the natura of the
s0il and for the pile production and place~
seut mathode @
- q—c

4% "3
The diffevent valass of the coefficient a
appearing in Table IV conatitute averzgs
values derived from loading tests. Table v
distinguishes between thres main placesent
categories within which the different types
of piles fall @

Category 1 A ¢

-~ Plain bored piles -
= Hollow auger borad -
piles
= Type 1 micropiles =

- Barrettes.

Mud bored piles
Cast screwed piles

Piers

Category I B :

- Caged bored piles -
{concrate or metal
shaft)

Category I1 A ¢
~ DPriven precast
piles
= Jacked concrete piles.

Driven cast piles.

= Prastressad tubular
piles

Category I1 8 =

= Driven metal piles - Jacked mecal piles.
Category III A :

- Drivan grouced piles - Driven rammed piles.

Category 111 B :
~ Hig pressurs grouted piles vith diapecer
greater than 250 oo - Type II micropiles.

AY7



Table IV. Values of coefficienrs o for calculacing the limit skin friction Qi.

Coefficient a Haximun v;lue of 9
-] {10"Pa)
Nature of soil g . Catagory _
(1o°Pa) X
I A|IBJ]IIA|IIB I A IB I1A 11B TIIA { IIIB

Soft clay and wmud <10 0| 30f 30| 30 {0,i5 {0.15 Jo,15 0,15 | 0,35 -

derately 10 (0,8)](0,8){(0,8)
compact ¢y to 50 | 40f 801 40] 80 (53 (0 s 10,35 (0435 [ 0.8 [s1,20
Silt and <50 | 60o)150] 60120 [o,35 0,35 Jo,35 o35 | 0,8 | -
loose sand i
ompact to astiff clay (0,8)](0,8)](0,8)

P >50 [ 60]120] 60{120 0,35 |0,35 0,35 |0+35 | 0.8 |32,0

and compact silt

Soft chalk €30 o0 120] 100
eond ane yrovmrect | 39 1100 200 100
f:::::::dcghalk >50 | 60| 8o 60
ompact sand and »120 | 150] 300] 150
ravel

120 {0,35 ]0,35 10,35 |0,35 { 0,8 -

(1,],8 0,0
200 10,8 0,35 [0,8 [08 | ts20)52,0

(L, la.nla,s
80 37 0,8 1,2711:20 | 1,5 | 52,0

a5 a0,
200 1,2 {o,8 (1,20 1,20 | 1,5 | 2,0

It will be noted that categories IIIA snd
IIIR appear directly under the heading of
the maxiouw values of the limit unit skin
friction q_ not to be exceeded. Thess maxi-
wum vilues, moreover given for all types of
piles, are requirad (with the reception of
grouted piles) owing to the scattering
vhich can result from the taking into ac-
count of cone resistances q_ which are not
highly representative (peski corresponding
to the presence of localized hard elements,
non-~compliance with standard penetration
rates, poor condition of cones, excess pote
pressure, deviation of push-rods, ete.)

02033 .

It will finally be noted that, as concerns
the saximum values of 9, proposed in Table
IV, in certain ceses two values are given.
The first 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 execution snd to the
choice of a technology invelving minimum
disturbence of the soil in contact with the
pile shafc snd capable of yielding optimum
friction valuea. Thus, for major projects
in which a large number of piles is planned,
it is highly recommended to check experi-
2entally, by one or more prior full-scale
loading testa, whether it is possible to

-adopt the maximum friction values q. indi=

cated in Table IV. Ip oany cases, 'thc

sdoption of the maximum valyues will lead
to gains vhich will compensate amply for
the expenditures entailed by such tests.
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In general, with regard to the application
of the values of Table IV, it is not ne-
cessary to make allowances for the diage-
ter of the pile or more precisely for the
radius of curvature of the foundation.

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

6 CONSEQUENCES OF THE READJUSTMENT OF
PENETROMEIER RULES

To determine the effect of the readjuatment
of the characteristic paramecars k and o
on bearing capacity, and in particilar on
the nominsl bearing capacity Q. , their va-
lues, calculated according to the recom
mendations of the FOND 72 document and Ta~
bles III and IV, were compared with the
experizental values Q, (allowable load) .
deducad from the critical creeping load Qc.

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

The histogram relative to the nominal bea-
ring capacicies (Fig, 5) shows a tighte=
ning of the extreme values and, significant=
ly, a reduction in the overstimated bearing
capacities. It will be noted that the new
parametars taken into account, despite a

g It will be recalled that g’i i8 obtained
by applying to the etrnedp Lo Q: a nedue-
Lion safety facton equaf Lo |.4%
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substantial reduction in the bearing capa-
city factors k_, do not lead to the consis-
tent overdimensioning of the pileg or, in
other words, to an incresse in their embed=
ded lengths for the same bearing capacities.
It will also be noted that the new parage-
ters oaks it possible to reduce very clear-
ly the overdimensioning. Fig. 6 shows tha
effect of the readjustment of the factor k
on the point resistances gF. Fipally, it
will be noted that on the “whole, the adop-
tion of new values for k¥ and a leads to
the location of the predicted loads of a
pile closer to che resl case than allowed
by the rules proposed by the FOND 72 docu~
meut.

7 CONCLUSIONS

A large number of full-scale loading tests,
with point resistance and skin friction mea-
surements, have provided experimental data
baking it possible to proposs a method for
predicting the bearing capacity of deep
foundations basad upon the usze of the cones
resistanca q_ measured with the static pene—
tromater CPT.

It has however been observed :

= that the predominance of compact or com=
plex-structured soils in France mada it im-

-possible, in over half the cases, to use the

CPT panetrometer and, consequently, to apply
the associated design methed ;
- that, in the case whers a penetrometer CPT

u‘ 5" « measured values

- FOND.72
Qf - predicted vailuu

12
nl 1 ]

CVERESTIMATION §

stamanis
Gianeseili

UNDERESTIMATION

M GP/of
Ny Q/Q

o azacaso8sd 12 U 15 18 20

Pig. 6.

profila was available, the associsted pre-
diction method generally appeared to be less
reliable than the design method based upon
the pressuremeter test.

Finally, the absence or the limited number
of dats relativa to certain foundations sug=-
gests that the proposed design method can
be improved but than only the multiplication
of full-scale loading tesce carried out on
properly instrumented deep foundations using
a standard procedure will snable more re=
liabla axperimentation.
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