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Pressuremeter, Penetrometer and Oedometer Tests

Pressiometre, Penetromeétre et Essais d'‘Oedometre

E.SCHULTZE Professor Dr.-Ing.,
B.BIEDERMANN Dipl.-Ing., Dept. of Civil Engineering, Technische Hochschule Aachen, F.R.G.

SYNOPSIS. Comprehensive field tests made it possible to set up empirical relationships
between the blow count of the standard penetration test (SPT), the light (LDP) and heavy
dynamic probing (HDP), the cone resistance of the static penetration test and the modulus
of deformation taken from the pressuremeter according to Menard and Leischner for various
kinds of soil. Besides the direct comparison between the measured values of the penetrome-
ters and the pressuremeters, multiple regression functions have been examined with the
overburden pressure as a further coefficient which gave, in most of the cases, a higher
correlation coefficient than in a linear form.

The moduli of deformation which have been obtained in situ for both pressuremeters were
compared with the moduli of compressibility obtained from oedometer tests. The former are
a function of stress; therefore the moduli of compressibility were determined for the same

stress ratio and permit a comparison of the moduli.

INTRODUCTION

In the last 10 years working with the pres-
suremeter has got a world-wide spreading

to get the deformation of the soil by in
situ field testing. To prove the exactness
of the results obtained from the pressure-
meter there exist only small efforts. An
acceptable way to get to sufficient decla-
rations is to compare the results of the
pressuremeter with different types of pene-
trometers in the field and with the common
laboratory tests. For this purpose a com-
prehensive research work has been done with
two types of pressuremeters, the pressure-
meter according to Menard and the pressure-
meter according to Leischner which is a de-
velopment of the former instrument of
Kogler.

Till now there exist some relationships
between the different penetrometers and the
pressuremeters, but only based on a very
small number of data and valid for some
special types of soil. Especially between
the moduli of deformation obtained from
pressuremeter tests and the moduli of com-
pressibility obtained from the oedometer
tests no guaranteed relationships exist up
to now.

FIELD TESTING EQUIPMENT
Pressuremeters

The pressuremeter tests were performed with
two different types. First of all the
pressuremeter PM accerding to Menard (1961)
was used with an apparatus of a diameter

of 44 mm and a length of 59 em for the mea-
sure cell and the twao guarding cells.

The work was done with a rubber and also

with a metal plate sleeve.

Furthermore tests using the pressuremeter
PL according to Leischner (1966) have been
perfaormed.

angrecaed 80 cylingre

Fig. 1: Scheme of the pressuremeter
according to Leischner

This pressuremeter has been developed from
the pressuremeter according to Kégler (1933)
The pressure cell that has been used has a
diameter of 64 mm and a length of 75 cm.
There exist also pressure cells with a dif-
ferent length from 50 cm to 100 cm. The
main part is the cylindrical rubber sleeve
with a thickness of 5 mm which has a thread
lengthwise enclosed to guarantee the impor-
tant conditions of lying claose to the sides
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of the bore- or sounding hole and having

a true radial cylindrical extension. In
difference to the pressuremeter according
to Menard there are no guarding cells above
and below the measuring cell at the Leisch-
ner apparatus. The whole rubber cell is a
measure cell,

The two pressuremeters were not brought
into the soil by sampling. They got a cone
at the top of the pressuremeter with a dia-
meter which was a little greater than the
diameter of the pressuremeter, to avoid
great disturbance at the sleeve. Then the
apparatus was brought into the soil with
pressure like a static penetrometer to the
carresponding depth to make a pressureme-
ter test there.

Penetrometers

To compare the values of the pressuremeter
tests with those of the penetrometers, a
great number of tests with different dyna-
mic (HDP, LDP, SPT) and static penetrome-
ters (SBP) have been performed during a
research work. Table I shows the dimensions
of the different dynamic penetration tests
according to the German Standard DIN 4094,
Bl. 1 (1974).

Table I. Different types of dynamic
sounding apparatus

For the static penetration SBP test the Be-
gemann point with an area of F = 10 cm? has
been used in order to get the cone resist-
ance og kp/cm? and skin friction sepa-
rately.

ANALYSIS

The modulus of defermation Ep according to
Menard has been determined from the stress-
strain-curve according to Menard's (1961)
formula

- dp_
Ep_2(1+p)(vo+vm)dv A -3
with

u = Poisson's ratio = 0.33

Vo = Volume at rest = 535 cm’

Vm= induced volure

dp = difference of pressure y of the

dV = mean difference of }straight
volume part of

curve

The modulus of deformation E_ according to
Leischner has also been determined from the
stress-strain-curve according to Kogler's
formula (1933).

no | type of dynamic sounding symbol  |diameter of | area of | mass of |height of |penetration|number of
: the
opparatus the pomt | the point e fall depth blows
d F Q h t Ny
mm cm kg tm cm 1
[ 1 heavy dynamic prabing HOP 43.7 15 50 50 20 NZU
|
‘ p 0.6 10 20 "20
2 |light dynamic probing LoP 10 50 -
| %12 5 10 Nm
r
3 [standard penetration ‘test SPT 50.8 20.3 63.5 762 30 N3
As for LDP there are values with two dif-
ferent areas F of the point, with F =10 cm? E = Ap-r 13 H 1n H ceee (3)
and F = 5 cm? it is necessary for the use Ar  H-Zr-tana 2r-tana
of these results in a comparison to trans- with
form the number of blows for the LDP with H = height of the pressuremeter
a point of F = 5 cm? into those with a a = 45°
point of F = 10 cm? using the following r = radius of the
working equation: Ar = difference of radius straight
Q- h N (1) Ap = difference of pressure| part of
A i e - curve
] t Leischner (1966) has improved this formula
with and has found that better results will be
N = number of blows for the penetra- obtained, if the angle of internal friction

tion depth t'.

¥ of the soil instead of a is used.



COMPARISON BETWEEN THE PRESSUREMETER AC-
CORDING TO MENARD AND DIFFERENT TYPES OF
PENETROMETERS

In order to get a broad base of the results
from the pressuremeters and the dynamic and
static penetrometers, results of different
types of soils from France, Belgium and
West Germany have been collected together
with those of the research work tests,
which have been performed in Rhineland
silt. Furthermore, comparable values from
literature have been added. This made it
possible to obtain the great number of va-
lues written in Tab. II.

Table II. Relationship between modulus
of deformation E;p according
to Menard and different types
of penetrometers

gl 4-"" 0 87617 08068 103806 0 7462 )
Dj
N, B B6 169730 {0 8165 5
1| e ugEL 908 |lag Jre 59388 |118 63
) 7
- | . |
E, = modulus of  deformo ccording to Menard
Gyg = overburden pressure
) atmospheric  pressure 1kp m!

r o= correlation coethel

n = rumber of tests

Fig. 2 shows the result of a correlation
between the modulus of deformation accord-
ing to Menard Ep and the blow count of the
standard penetration test N,q. The places
of investigation, the literature and the
types of soil are declared. A linear re-
gression of all the values has been made,
with a correlation coefficient of r=0.8045.
The multiple regression with the overburden
pressure d,, as a second parameter brought
the following empirical equation

30 " 2h.61-ovo/pa+39.o7 (4)
with a correlation coefficient of r=0.8081.
It is obvious that the overburden pressure
has no influence in the relationship bet-
ween Ep and N

Nevertheless it can be seen that some of
the values scatter widely, which seems to
be due to the corresponding type of soil.
Till now the only relationship between Ep
and Njg which can be found in the litera-

Ep/pa = 6.12'N
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ture is stated by Cassan (1969) as follows
By = 1.67- Ngp eu vv oo ot e (5)

This relationship is based on 7 values for
a sand from "Barcarés" and is also valid for
8 values for a sand of "Dunkerque". No cor-
relation coefficient and no range of scat-
ter can be seen by Cassan. The values of
Cassan were not brought into the correla-
tion of Fig. 2, because they didn't fit in
this relationship, and there are no further
informations why they depart from the va-
lues in Fig. 2 in such a manner, but the
small number of values could be an uncer-
tainty in the equation of Cassan.

Fig. 2. Relationship between Ep and
number of blows N30 of SPT

The relationships between the other dynamic
and static penetrometers and Ep are shown

in Table II. There are described these empi-
rical functions between the three parame-
ters Ep, N{, resp. 0s and o0y, which gave the
highest correlation coefficient r. This is
the reason why in this table there are dif-
ferent types of functions between the para-
meters and it was not possible to find one
type of function to be valid for all the
relationships. The relationship between Ep
and HDP from 468 original values for sand
and silt showed a correlation coefficient
of r = 0.7165 for the direct connection of
the two parameters Ep and Njo. With the
overburden pressure o,, as an additional
coefficient a correlation coefficient of

r = 0.7462 was reached in the regres-
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sion (Tabh. II, No. 1).

The direct connection between the modulus
of deformation according to Menard Epand
the number of blows of the light dynamic
probing (LDP) Nj, 1is shown in the follo-
wing empirical equation

Ep/pa =1,86. Nyy + 8.03 .. .. .. .. (6)

¢}
with a correlation coefficient of

r = 0.7216. With the overburden pressure
dy, as a second parameter a correlation co-
efficient of r = 0.8165 was computed

(Tab. II, No. 2). The 125 values are valid
for sand and silt.

The relationship between Ep and the cone
resistance o5 of the static penetrometer
was computed for 563 values for the differ-
ent kinds of soil, for clay, silt and sand.
The direct connection between E; and o5 is
shown in the following equation

Js
=0. log = .88 .. ..
log Ep/pa 0.68 1log B, +0 (7)

with a correlation coefficient of

r = 0.6445, When introducing the overbur-
den pressure o,, as a second coefficient,
the correlation coefficient increases to
r = 0.7326 (Tab. II, No. 3). The influence
of o0, when using the static penetrometer
is obvious.

For the great number of tests and for the
different kinds of soil the result of the
empirical equation (Tab. II, No. 3) shows
an acceptable relationship.

COMPARISON BETWEEN THE PRESSUREMETER ACCORD-
ING TC LEISCHNER AND THE OTHER PENETROMETERS

number of blows of the slandard penerafion fest Im‘

-
Symbel el o | v ‘T“ (= . |
_ e -
01 foe |os {07 |09 |11 3
T 188 || AL A_J

Fig. 3: Relationship between EL and N3

0
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The comparison between the modulus of defor-
mation according to Leischner E; and the
different types of penetrometers could only
be done for Rhineland silt, as there are no
ather values obtainable besides those of
this research work. This explains the lower
number of data compared to those of the PM
pressuremeter. For the determination of E_
according to equ. (3) an angle of internal
friction ¢= 30°, obtained from triaxial
compression tests, has been used. The re-
sult between E_ and Ny, of SPT is shown in
Fig. 3. It is obvious that in this case

the overburden pressure d,, has a great in-
fluence in the multple regression. The di-
rect regression between E  and Nyp yielded
a correlation coefficient r = 0.6617 which
increased with the coefficient g, to

r = 0.7988.

Table III. Relationship between E| and
penetrometers

(y nx1Ahx.4K |

general equation

T T
1| wor ‘N%L ”ﬂzu‘g%ﬂﬂﬂm‘ 2083 159570 |0 #160 { 28 |
h |

;TLM ;L

— — 1
1| osee [lgfl :gg; o0 % |0 68060 |0.0tom {0.90179 |0 8623 | 2 l
P

Ll % h o i

EL modulus of  deformation according o Leischner

¥, ‘ B [201716 [e0753 63 | 09027 | 20
ol
3

Uy = overburden gpressure
p = atmospheric pressure = Ikpltm2
¢ = correlation  coefficient

n o= nymber of tests

During the correlation between E_ and Nyg
of the HDP the correlation coefficient r
increased from r = 0.6058 to r = 0.8180
with the overburden pressure o,, as a se-
cond parameter (Tab. III, No. 1). In this
case g, has also a great influence. The
relationship between E_ and N}, of the
LDP brought the following equation

E /p, = 3.03-N',y + 16.32 .. .. .. (8)

with r = 0.8569. In the multiple regression
a correlation coefficient of r = 0,.9027
(ab., III, No. 2) was calculated, g,, has
therefore less influence in this correla-
tion than with HDP.

The comparison between E_ and the point of
resistance ¢ of the static penetrometer-
test (SBP) only gave an increase from

r = 0.8343 to r = 0.8623 with o,, as a se-
cond parameter,



In this case (Tab. III) there were also pre-
ferred the best correlations with the high-
est correlation coefficients for the rela-
tionships between E_  and the different pene-
trometers. That is why different empirical
functions are placed in Table III.

COMPARISON BETWEEN THE DIFFERENT MODULI OF
DEFORMATION

Besides this the modulus of compressibility,
obtained from the oedometer, has been com-
pared with the moduli of deformation, ob-
tained from the different pressuremeters.

Equations according fo Janb
i s of compressinilily m

vertical ace 13 +C

Determinalion of m and a according Yo Kotzias 1983

g

Fig. 4. Determination of the compression
indices m and a according to
Kotzias (1963)

The modulus of compressibility Eg was eva-
luated from the equation according to
Janbu (1963)
a 1-a

E, = mp, (E;) e e ee e e (9)
which can be seen in Fig. 4. The compres-
sion indices m and a have been determined
according to the method of Kotzias (1963)
which is also shown in Fig. To compare
the different moduli in the right manner,
it is necessary to use the same range of
stresses in eguation ( 9) which has been
obtained as a difference of stress from the
elastic part of the stress-volume-curve of
the pressuremeter. Using this way, the mo-
duli are comparable, because they have the
same state of stress.
The results of these relationships are
shown in Tab. IV. It can be seen, that the
comparison between E: and Ep only a corre-
lation coefficient of r = 0.56 (Tab. IV,
No. 1) has been achieved.
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Table IV. Relationship between E_,
s
Ep and EL

E nodu of  compressibility
Ep = modulus of deformation nccording fo Menard
EL modulus of deformation according to Leischner

orrelation  coefficient

n = number of tests

And it is also obvious that Eg is always
greater than E, . The reason is probably
that E; is based on a vertical compression
with entire lateral confinement instead of
a horizontal compression for Ep and E_ .

A good relationship has been evaluated bet-
ween E; and E{ with a correlation coeffi-
cient of r = 0.90. Es is in this case also
greater than E; The relationship between
E; and Ep shows that E_ is also greater
than Ep . The reason for this is probably
that the rubber sleeve of the pressuremeter
according to Leischner has a greater length
than the pressuremeter according to Menard.

CONCLUSIONS

It is obvious that the empirical rela-
tionships between the results of the dyna-
mic and static penetrometer tests and the
values Ep from the pressuremeter according
to Menard fit in a good manner. It can also
be seen that the multiple regressions with
the overburden pressure gave a higher cor-
relation coefficient than the linear re-
gression. Only the relationship between the
number of blows of the SPT and Ep showed
that in this case the overburden pressure
had no influence on the correlation coeffi-
cient. It is also remarkable that these em-
pirical relationships are valid for several
kinds of soil and for a very great number
of tests.

The relationships that were found between
the results of the static and dynamic pene-
tration tests and the modulus of deforma-
tion E_ according to Leischner lead in ge-
neral to very high correlation coefficients
especially with the overburden pressure as
a second parameter. But in this case there
has to be noticed that these relationships
are only valid for the Rhineland silt.
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The relationship between the modulus of Menard, L. (1961), "The Menard Pressure-
compressibility E; and the modulus of de- meter - Technical Digest", Parsons,
formation Ep don't fit very well. One of Brinckerhoff, Quade & Douglas, Pennsyl-
the reasons is that the compression direc- vania, USA.

tion of the oedometer is vertical instead
of the horizontal direction in the pres-
suremeter test. Therefore horizontal pres-
suremeter tests with vertical pressure
have been made during this research work
together with horizontal static penetrome-
ter tests to compare them. In order to
compare the pressuremeter tests in horizon-
tal and vertical direction with the oedo-
meter tests, tests in the laboratory have
also been performed with samples which we-
re turned around 90° and loaded in the
common way.

All these and further results will be pub-
lished in 1977, when the whole research
work will be submitted (see also the refe-
rences).
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