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Interpretation of Self-Boring Pressuremeter Tests in Clays

Interpretation d es  Essais Pressiom etriques dans les Argiles

M. BATTAGLIO Politecnico di Torino

V. GHIONNA 

M. JAMIOLKOWSKI 
R. LANCELLOTTA

SUMMARY.

The paper presents a review of the approaches used for the interpretation o f undrained Se lf-Boring Pressureme­

ter tests in saturated clays. Eight apparently "id e a l" expansion curves among two hundred available tests have been 

selected and interpreted deriv ing stre ss-stra in -strength  characte ristics of two N.C. so ft clays. Soil, undrained strength 

and s t iffn e ss  obtained by means of d iffe rent interpretation procedures are reported comparing them with those determined 

from fie ld  vane and various laboratory tests.

1. INTRODUCTION.

The pressuremeter test has been receiving more and 
more attention recently.

Many reasons can be given for th is:

- the growing interest of the la st  decade in in s itu -te stin g  
techniques after i t  was recognized that the problems 
caused by sample disturbance and s t re s s - re lie f  make the 
r e l ia b il it y  of simple conventional laboratory tests 
uncertain [Schmertmann, 1975; Wroth, 1975; M itchell and 
Gardner, 1975; Ladd et a l. 1977, 1979; Laçasse et a l. ,  
1978; Clough and Denby, 1980];

- the need of obtaining so il parameters lik e  deformabili- 
ty modulus, consolidation and earth pressure at rest 
coeffic ients which, when derived from laboratory tests, 
are of doubtful r e l ia b il it y  [Ladd et a l. ,  1977, 1979; 
Clarke et a l. ,  1979; Garassino et a l. ,  1979; Wroth, 
1975; M itchell and Gardner, 1975];

- the development of the se lf-boring  technique in the 
early 1970 's at Ponts and Chaussées (Baguelin et a l.,
1972) and at Cambridge University  (Wroth and Hughes,
1973), which has greatly increased the capab ility  of 
the conventional pressuremeter, allows the insertion  
o f the probe in' the ground with a minimum of so il 
disturbance.
In virtue  of th is  new insertion  technique one may hope 
to derive from the se lf-boring  pressuremeter (SBP) tests 
so il parameters re flecting  the in s itu  so il behaviour. 
However, i t  must be born in mind that even i f  the SBP 
probe is  apparently inserted correctly and an "id ea l" 
expansion curve like  the one shown in f ig . 1-b is

obtained (+), the measured "sta rtin g  pressure" p0 may 
d if fe r  s ig n if ic a n t ly  from the total in s itu  horizontal 
stre ss a^Q although, theoretica lly, i t  should be equal. 

As outlined by Schmertmann (1975), Jamiolkowski and Laji 
ce llotta  (1977b) and Ladd et a l . (1979),th is  fact in ­
fluences to at larrje extent the derived parameters.

FIG. 1 - Pressuremeter curves 

This paper presents a review of the ex ist ing  in ­
terpretation methods [Gibson and Anderson (1961), Palmer 
(1972), Baguelin et a l . (1972), Ladanyi (1972), Prevost 
and Hoeg (1975), Windle and Wroth (1977),Denby (1978), 
Clough and Denby (1980)1 , referring to quick (undrained) 
tests performed in two "NC Ita lia n  marine clays the geo- 
technical characteristics of which are summarized in 
tables 1 and 2.

Among =200 SBP tests (++) from seven d ifferent 
s ite s,  those presented here have the measured pQ very 
close to the best estimate of a. obtained from other in 
s itu  and laboratory tests so that the influence of an

(+) Compared with the usual expansion curve obtained from 
Menard's pressuremeter.

(++) Ghionna et a l. (1980).

> JV

a )  M E N A R D 'S  P R E S S U R E M E T E R  C U R V E  b )  S E L F - B O R IN G  P R E S S U R E M E T E R  C U R V E
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error in pQ on the derived so il parameters i s  avoided.

T A B L E .  1 -  G E O T E C H N IC A L  C H A R A C T E R IS T IC S  O F  P O R T O  T O L L E  C L A Y

Y E L LO W  TO  BRO W N 
M ED IUM  D ENSE  SAND  
ANO SILTY SA N D

INDEX PRO PERT IES

F W n L.L. P. 1. C.F.

18 6 36 52 30 34

(KN/m^) (V.) (V.) <%) (% )

BROW N D EN SE  SILTY  SA ND

Cm}

T A B L E .2 - G E O T E C H N IC A L

C . I. . I1  ASOvI M.».L.

U N DR A IN ED  BEHAVIOUR

TY PE
OF

TEST
C u /(T'1c Euso/O^c

C K 0 U 
TX C.L. 0.31 89

C K q U 

TX E.L.
0.19 82

C K 0 U

D S S
0.26 86

C K 0 U 

P S D  CL.
0.39 210

F.V. 0.29 -

y  =  TOTAL UNIT HEIGHT 

W n =  WATER CONTENT 

L.L. ■  LIMIT LIQUID 

P.l. “  PLASTICITY INDEX 

C.F. =  CLAY FRACTION 

C KqU  = Kq-CONSOLIDATED 

UNDRAINED TEST

T X  =  TRIAXIAL TEST 

C.L. =  COMPRESSION LOADING

E.L. =  EXTENSION LOADING 

D S S  “  DIRECT SIMPLE SHEAR 

P S D  -  PLANE SHEAR DEVICE

F.V. ■  FIELD VANE TEST

cr.'c

C H A R A C T E R IS T IC S  O F  T R IE S T E  C L A Y

*1

RECENT FILL

INDEX PRO PERT IES

y W n L.L. P.l. C.F.

17.0 71 47 46

[KN/m1 (V.) (*/.) (% ) (% )

V =

(m) h lz

U N D R A IN ED  BEHAVIOUR

TY P E
OF

TEST

C K 0 U 

TX E.L.

C K 0 U

D S S

TOTAL UNIT HEIGHT 

HATER CONTENT 

LIMIT LIQUID 

PLASTICITY INDEX 

CLAY FRACTION

■ ^-CONSOLIDATED 

UNDRAINED TEST

■ TRIAXIAL TEST

= COMPRESSION LOADING 

= EXTENSION LOADING

■ DIRECT SIMPLE SHEAR 

■PLANE SHEAR DEVICE 

■FIELD VANE TEST

Other important aspects like  the evaluation of 

°ho ^rom tests anc* the related assessment of so il 
stre ss  h isto ry  are not covered by the present paper; 
the reader should refer to the publications of Lacasse et 
a l . (1981) (presented to th is  conference), Baguelin 
et a l. (1978), Ladd et a l. (1979) and Ghionna et al. 
(1980).

2.1. Gibson and Anderson (1961) f i r s t  derived a 
theoretical re lationsh ip  which allows the determination 
of lim it ing  pressure and strength characte ristics from a 
Menard pressuremeter test.

Assuming that the so il behaves as an e la stic -pe r- 
fectly  p la st ic  material and that the probe is  a cylinder 
of in f in ite  length, the deformability modulus in the 
"e la st ic  range" can be obtained from the follow ing 
re lationship:

V0 • (1 + vu)
...(2.1)

where:

Vo
AV
Ap

E

= in it ia l  volume of the probe

= increment of volume 
= increment of pressure

v,, = undrained Young's modulus and Po isson 's  coeff.u U

After a " f i r s t  y ie ld "  pressure pc = (pQ + cu) has 
been reached, the follow ing equation applies:

AV

Po+cu +W z ( T ^ r (V0+AV)

-  (1 -

AV
) •

(V0 + A V r  cu
...(2.2)

where:
cy = undrained shear strength.

The lim iting  pressure P, is  given by:

P|_ = P.o+cu[m n (2 (1+Uvu).cu
...(2 .3 )

Using the above equations, the so il parameters can 
be obtained by an ite ra tive  procedure:

- compute E fron (2 .1 ),sta rting  with t r ia l values of p. and
w . u u
o’

- compute cu from (2.2),using the values of p̂  and AV  ̂ of 
two points beyond the "y ie ld " point;

- correct the assumed pQ by substitu ting  in eq.(2.2)the 
computed values of Eu and cu-

2.2. Rearranging equations (2.2) and (2.3)> Windle and 
Wroth, (1977) derived the formula:

2. INTERPRETATION METHODS. AV

The interpretation methods examined here may be 
s p l it  into two categories.

a) The f i r s t  assumes that the undrained so il response 
may be approximated by an e la st ic - id e a lly  p la st ic  
s t re ss -s t ra in  re lationsh ip . To th is  category belongs 
the approach proposed by Gibson and Anderson (1961) 
fo r the interpretation of tests carried out with 
Menard's pressuremeter, adapted and modified fo r the 
SBP test by Windle and Wroth (1977).

b) To the second belong a ll approaches which allow the 
derivation of the complete stre ss -s tra in  curve w ith­
out any assumption (in  p rinc ip le ) as to so il behaviour 
[Palmer (1972), Ladanyi (1972), Baguelin et a l.(1972)]. 
However, due to the need of smoothing the experimental 
data before deriving stre ss -s tra in  re la tionsh ip s, these 
approaches have been extended by adopting mathematical 
functions f it t in g  the pressuremeter expansion curves 
which may lead to i - y  curves of im p lic it ly  assumed 
shape.

PL + cu • ln 'l V + A V

-  M -  AV 
(l Y~ TEV

o

3 Po
..(2.4)

which, for the se lf-boring  pressuremeter (no reloading), 
riduces to:

AV . 
V„ + A V J

P lotting the pressure versus t

...(2 .5 )

AV , ^  
VrTMT the

"average" cu is  obtained from the slope of the linear 
portion of the curve after the y ie ld  point, andwthe 
intersection of th is  stra igh t line  with the 

lin e  gives the value of the lim it pressure.

AV = I 
V^TÄV

2.3. Without any assumption concerning the so il stre ss- 
stra in  re lationsh ip , Palmer (1972), Baguelin et a1.(1972) 
and Ladanyi (1972), showed that the follow ing equation 
holds for the shear stre ss at the cavity wall in undrained 
plane stra in  conditions:
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T = j  (ar-a0) = \  e0 (l+e0) 

• (2+e0) ^ ...(2.6)

where :

r * u0
radial and circumferential stre ss,re spective ly ;

= circumferential stra in i l  AV 
(1 \ T i V ) 5 - 1

At small stra in  th is  equation reduces to:

t = E0 . ^ _  ...(2.7)

The complete s tre ss -s tra in  re lationsh ip  can be 
obtained by a graphical procedure, a lso  named "subtangent 
method" [Baguelin et a l. ,  (1972)].

However, i t  must be marked, as has been shown by 
Ladd et a l. (1979), that equations (2.6) and (2.7) are 
based on the follow ing hypotheses:
- the so il i s  homogeneous and saturated;
- stra in  rate effects can be disregarded;
- no disturbance is  induced during in sta lla t io n  and the 

measured pQ can be assumed to be equal to a^0 .

2.4. Assuming for strain-hardening materials the stre ss- 
stra in  re lationsh ip :

1
1 ar‘ afl): a + Y

and, fo r stra in -soften ing materials:

2A £0 + B Eg

1 + e;

him

...(2 .9 )

Prevost and Hoeg (1975) derived, combining the 
above equations with equilibrium  conditions, the 
follow ing formulae for a f i t  of the pressuremeter curve:

fo r_stra i n_hardeni ng_soHs¿

ar a3 
P=Po+ (-Z-)lim

f 2r_SA ' t e n _ i _ n g _  so;i_l_s_:_

...(2.10)

p = p0 + A. i,n(l + E0  ) + B . arctan e0  ...(2 .11)

where :

ultimate stre ss

° r a3,
v 2 Him

a = ra tio  ( ^ - ) lim /G1 

Gu-j = in it ia l  shear modulus 

Y = engineering shear stra in

A ,B =  experimental constants.

er - £0 = 2

These equations have been used by Jamiolkowski 
and Lancellotta (1977a). Ladd et a l. (1979) suggested to 
modify re lationsh ips (2.9) and (2.11) in order to account 
for the p o s s ib il it y  of having le ss than 1% stra in  at 
fa ilu re:

2 A C2 Eg + BC Eg

1 + C
...(2.12)

Po = Po+ A - l n <1+ C • e0> +

+ B arctan (C . Efl) . . . ( 2. 13)

2.5. F ina lly , using equation (2.7) and assuming the 
so il to obey a hyperbolic s t re ss -s tra in  re lationsh ip, 
Denby (1978), derived the formula:

de0 _ 1 . Rf 

^ 7  " ^  cu ‘ E°
...(2.14)

which allows the determination of G.n-and c from the plot 
of Fig. 2. u

3.

FIG. 2 - Interpretation of the pressuremeter 

test according to Denby (1978)

EXPERIMENTAL RESULTS AND REMARKS.

This paragraph interprets the re su lts of eight 
SBP tests with a Po ra tio  close to one and an "id ea l" 

aho
shape of the p-Eg curve. Calculation procedures were as 
described above.

The tests have been carried out at s ite s  near Por­
to Tolle  ( Ita ly )  and Trieste  where geotechnically well 
documented NC clay deposits e x ist (see table 1 and 2).

The equipment used was the French SBP (Pafsor) with 
a ra t io  of probe length to diameter (L/D) of 2 and 4, 
respectively.

Fig. 3 reports an example of an expansion curve 
obtained at the Porto Tolle s ite ;  a f i t  by means of 
equation (2.13) is  a lso  shown.

Fig. 4 shows for the same test the t - e 0  curve 
derived from equation (2.12) fo r a stra in -soften ing so il.  
For comparison the t - e „  curve obtained by means of the 
subtangent method is  aTso reported; it s  irregu lar shape 
confirms the need for the previously mentioned smoothing 
procedures.

Tables 3 and 4 give normalized values of undrained 
strength and s t iffn e ss  derived by d iffe rent approaches 
fo r a ll 8 considered tests.

For comparison, pressuremeter moduli, EUp, corre­
sponding to strength values of 1 / 2  cP on the t -  e 0
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curve are a lso  shown. 

KN / m2 p

FIG. 3 - Typical pressuremeter test at Porto Tolle 
site.

T  ( K N / m 2)

FIG. 4 - Example of derived stress-strain curve at 
Porto Tolle site.

The Eui and c[] values obtained by the approach of 
Prevost and Hoeg (1975) for strain-hardening materials 
were used only for those tests in which computation by 
means of (2.11) o r (2.13) led to B < 0.

The above re su lts and the ir comparison with so il 
parameters obtained from laboratory and other in s itu  
tests permit the follow ing conclusions:

a) A ll interpretation methods lead to substantia lly

equal strength values for equal L/D ratio s.
In contrast to what may be expected theoretica lly, 
c ™  values evaluated according to Windle and Wroth 
(1977) have often been found to be higher than the 
peak cP according to Prevost and Hoeg (1975) (+).

b) c values derived from SBP tests with L/D=2 are 
substan tia lly  higher than those obtained from FV and 
laboratory tests. Theoretically, taking account of 
strength anisotropy, cu values from SBP tests should 
l ie  between those re su lting  from d irect simple shear
[ DSS . CK0U] and plane stra in  compression [PSD - CK0u ]; 
see Ladd et a l . (1979).

c) cu values obtained from probes with a ra tio  of L/D =4 
are much lower than those re su lting  from the 
shorter probes. They are of the same order of magnitu­
de (Porto To lle) or even lower (Trieste) than the va­
lues from f ie ld  vane (FV) or DSS-CK0U tests. However, 
as fa r as the la tte r s ite  is  concerned, i t  must be 
pointed out that the tests carried out showed ratio s 
P0 / °ho s ig n if ic a n t ly  higher than 1 and th is  may be 
p a rt ia lly  the cause fo r the low values of derived 
strength (see point i ) ) .

d) Eu,jq moduli frequently d if fe r  from 10% up to 40% from 
Eup values evaluated for the same stra in  le v e l. This 
is  probaly due to a s l ig h t  modification of the expan­
sion curve used fo r the derivation of EU5q when 
applying smoothing techniques and/or the influence of 
the ra tio  P° . Comparing the re su lts  reported in

oho
column 6 and 7 the influence of the smoothing techni­
que can a lso be observed. In particu la r i t  must be 
outlined that eq. (2.13) should be preferred to eq. 
(2.11), the f i r s t  one leading to a better f i t  of the 
measured p-eQ values.

e) Generally (++), undrained Young's moduli from SBP tests 
are s ig n if ic a n t ly  higher than laboratory values. In 
th is  respect the Trieste  s ite  is  an exception, but at 
least fo r the tests carried out with the longer probe 
th is  may be due to the high value of the ra t io  £ 2 -  .

D ho
f) The G^ values are subject to a rather large scatter

due to uncertainties found when interpreting the tests 
by Denby's procedure. Theoretically, the ra tio  EU5o / ^  
should be equal to (3-Rf 1.5), where Rf is  the corre­
lation  factor shown in f ig .  2.

g) Generally speaking, any conclusion on the re l ia b il it y  
of undrained s t iffn e ss  parameters determined with SBP 
te sts is  premature, mainly because of the very high 
se n s it iv it y  of th is  parameters to even small d is tu r­
bances; th is fact makes suspect a ll available data, 
and p articu la rly  those re su lting  from laboratory tests. 
The very lim ited available f ie ld  experience and also 
theoretical considerations indicate that the pressure­
meter value of Eu, when corrected for anisotropy and 
stra in  rate e ffects, may f i t  c loser the undrained fie ld  
deformability than laboratory determined moduli.

h) The described tests indicate a s ig n if ic a n t  influence of 
the L/D ra tio  on cu and the lim it pressure Plim (the 
la tte r is  not examined here due to space lim itations). 
This phenomenon, a lso  put into evidence by tables 3 and
4, makes the application of the cy lind rica l cavity 
expansion theory to tests carried out with the shorter 
probe questionable.
Even in the case of the longer Pafsor probe the in ­
fluence of edge effects on the test resu lts cannot be 
a p rio ri excluded, p articu la rly  i f  one looks at the 
experimental evidence from tests in sand [Laier (1973) 
and Welti (1971)], where the expanding cavity has been

X+l See a lso  Ladd et a l. (1979).
(++) See Ladd et a l. (1979), Ghionna et a l. (1980), Lacas 

se et a l . (1981).
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T
A
B
L
E
 

3 
: 
P
O
R
T
O
 
T
O
L
L
E
 

S
I
T
E

DEPTH

OF

TEST

(m)

L

D

P
o

UNDRAINED STRENGTH UNDRAINED STIFFNESS

Gho
P

fu_

C P ™

P
cu

lim
c
u

D
cu

ww
cu Eu 50 Eu50 Eui E

_U£

„°vos - \ ° v o
©

^ v o
(3) * * A ™

15 2 0 .9 8 0.52 0 .4 4 0.43 0 .4 3 107 145 77 172

2 0 2 0 .9 6 0.60 0 .4 2 - 0.41 0 .4 9 148 339 - 275 265

15 4 1 . 0 2 0.42 0 .2 5 - 0.23 0 .2 3 138 328 - 493 307

2 0 4 1.10 0.47 B<0 0 . 32 0.27 0. 28 152 B<0 579 1 0 2 463

T
R
I
E
S
T
E
 

S
I
T
E

DEPTH

OF

TEST

(m)

L

D

Po
UNDRAINED STRENGTH UNDRAINED STIFFNESS

aho
P

c
h

P
cu

lim
cu

D
c
u

ww
c
u Eu50 Eu 50 fui < 4 E

_U2

# V°

a
T)v o 'S)'-"

a
■3)VO

0 0
® VO

0
”7) v 9;

1 1 2 0 .9 9 0.G6 0 . 6 C - 0 .7 1 0 .8 0 88 .35 216 46 294

T
AB
L
E
 

4 
:

12 .5 2 1.03 0 .6 5 0.57 - 0 .5 5 0 . 6 6 130.31 67 - 34 75

18 4 1.19 0 .2 5 0 . 2 2 - 0 .2 4 0 .2 3 59 .71 69 - 43 83

19 4 1 . 2 1 0 .2 8 0 .2 7 - 0 .2 3 0 . 32 54 .77 55 - 30 72

©  cP = shear peak s treng th , s tra in  soften ing m a te ria l, Prevost and Hoeg (1975), equation (2.11) 

©  as above but by means o f equation (2.13)

®  cjim= shear s treng th , s tra in  hardening m a te ria l, Prevost and Hoeg (1975), equation (2.10)

@  = shear strength according to Denby (1978)

©  c^W = average shear strength according to  Windle and Wroth (1977)

® Eu50= t*erlvec* secant modulus a t one h a lf  o f c^, s tra in  soften ing m a te ria l, equation ( 2 . 1 1 )

®  Eu50= as a ôve but means equation (2.13)

(8) E . = derived i n i t i a l  tangent modulus, s tra in  hardening m a te ria l, equation (2.10)

©  = derived in i t i a l  shear modulus according to Denby (1978)

„  3  cu ®
'¡■9 ' Elln = pressuremeter secant modulus fo r  = --------

P  ̂eu50 ©

®  avo = overburcien e ffe c tiv e  stress

found to be of e ll ip t ic a l shape.

i) Moreover, i t  must be remembered that a ll pressuremeter 
derived so il parameters are strongly influenced by 
value of the sta rting  pressure p0 as shown in table 5; 
the la tte r refers to SBP te sts (L/D=2) carried out in 
Porto Tolle s ite  at the same depth with d iffe rent ^2- 
ra tio s. °ho

<) F ina lly , i t  has to be emphasized that a comparison 
between SBP and laboratory derived so il parameters 
should take into account the influence of many 
factors like  disturbance and déstructuration of labo­
ratory specimens, disturbance due to probe in sta lla -

TABLE 5 - Example of the influence of the ratio  —  on 
so iI parameters derived from SBP te stsah° aT 
Porto Tolle  s ite  (a ll tests carried out at a 

________ depth of ^15 m).

Po

aho cS/5 vo«+)

o
 

1Ö2*

1 
=

o

Eu50/a vo

1

Eup/a vo (++

0.70 0 52 0 47 174 180
0.75 0 48 0 49 163 170
0.81 0 45 0 42 199 225
0.98 0 44 0 43 145 149

(+) Derived from equation (2 .13).
(++) Eup evaluated fo r  the same eQ as E^q
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tion, L/D ra tio , stra in  rate effects, partia l draina 
ge, so il anisotropy, e ffective  stre ss path, and any 
im p lic it ly  introduced errors due to the lim itations 
of the presently available interpretation methods 
for SBP tests.
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