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Elasto-plastic analysis of the pressuremeter test in granular soil —
part I: theory

J. Monnet*
Joseph Fourier University, Grenoble, France

In this first paper, part I, we present the elasto-plastic theory for expansion of pres-
suremeters in granular soil. This theory allows determination of the behaviour of the
granular soil around the pressuremeter with only four mechanical parameters. It is
compared with previous theory on the dataset of the pressuremeter test on Ticino
sand. In the second paper, part II, we present a numerical analysis of the theoretical
conventional limit pressure compared with the results of the Mohr—Coulomb non-
standard model used by the Plaxis finite element program. The theoretical evolution
of the conventional limit pressure as a function of the variation of each parameter
shows a correct agreement with the numerical results. Conclusions are drawn on the
influence of these parameters on the pressuremeter results.

Dans un premier article, partie I, nous présentons la théorie élasto-plastique de
I’expansion de la sonde dans le sol granulaire. Cette théorie permet de déterminer le
comportement du sol granulaire autour du pressiométre avec seulement quatre
paramétres mécaniques. Nous comparons ensuite ses résultats a ceux de théories plus
anciennes pour I’étude des essais pressiométriques réalisés dans le sable de Ticino.
Dans un second article, partie I, nous réalisons 1’étude analytique de 1’évolution de
la pression limite donnée par cette théorie et nous la comparons a la valeur numéri-
que trouvée avec le logiciel Plaxis L’évolution de la pression limite en fonction de
la variation de chacun de ses paramétres montre un accord raisonnable avec les
résultats numériques de Plaxis. Nous concluons sur I’importance relative de ces
parameétres sur la pression limite.

Keywords: Pressuremeter; analysis; granular soil; limited pressure; finite element;
validation

Mots-clés: .pressiometre; analyse; sol granulaire; pression limite; éléments finis;
validation

1. Introduction

The pressuremeter is a well-known apparatus and is widely used for foundation engi-
neering (Amar, Clarke, & Gambin, 1991; Clarke, 1996; Clough, Briauld, & Hughes,
1990; Gambin, 1990; Ménard, 1975). A general presentation of this technique can be
found in Cassan (2005) and Dalton (2005). Its use, however, often relies on a set of
empirical rules (DTU 13.12, 1988; French Standard NF P 94-110, 2000; French Stan-
dard P 94-250-1, 1996) for the design of foundation. But a pressuremeter test may also
be considered as an in sifu shearing test, to measure soil properties using theories of
cavity expansion (Monnet & Allagnat, 2006; Monnet, Allagnat, Teston, Billet, &
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Baguelin 2006; Durkee, Langer, Hughes, & Smith, 2005; Fahey, 2005; Monnet &
Allagnat, 2002; Monnet & Khlif 1994; Silvestri, 2001). The main interest of this
approach is the measurement of soil deformability and shear resistance in situ, per-
formed in any type of soil, without sampling. This avoids problems of grain size distri-
bution and disturbance of the soil after sampling, often encountered in samples used for
laboratory testing.

2. Behaviour of granular soil around the pressuremeter

Recent developments in pressuremeter interpretation show that the volume changes due
to compression and dilation must be taken into account. Three different approaches can
be used:

» The first approach is theoretical and uses a constant dilatancy angle ¥ function of
the critical state friction angle ®., and of the friction angle @'. The important
work of Hughes, Wroth, and Windle (1977) assumes a dilatancy with the Rowe
(1969) theory and a plane strain deformation of the soil in the horizontal plane.
The vertical stress is assumed to be the intermediate stress and no plastic vertical
strains are allowed. They found the logarithmic expression of the pressuremeter
expansion curve with an unknown constant. Later, Jewell, Fahey, and Wroth
(1980) used a pressuremeter in a calibration chamber, with various boundary con-
ditions. They found that there is a possibility of a failure between the circumfer-
ential and vertical axis, which violates the plane strain vertical hypothesis from
Hughes et al. (1977). This observation was also made by Fahey (1986), who
measured a variation of the vertical stress. Fahey found that the constant dilat-
ancy angle V¥ is validated by experiments. He determined an expression of the
constant in Hughes et al. (1977) theory. Carter, Booker, and Yeung (1986) used
small strain theory for the expansion of a cylindrical or spherical cavity. They
assumed vertical plane strain condition with no plasticity along the vertical axis.

* The second approach is a derivation of the pressuremeter curve to find the shear-
stress shear-strain relation from the pressuremeter measurement. The first analysis
was carried out by Baguelin, Jezequel, Le Mee, and Le Mehauté (1972). Juran
and Beech (1986) and Juran and Mahmoodzadegan (1989) used a non-associated
elasto-plastic flow rule condition in the horizontal plane, with vertical plane strain
condition. They derived the pressuremeter curve with the help of six constitutive
parameters to find the shearing stress of the soil and to determine the friction
angle ®. Recently, Silvestri (2001) assumed a large strain in the horizontal plane,
with plane strain along the vertical direction, and the Rowe dilatancy relation. He
assumed no elastic strain in the test, and a plastic deformation at the very begin-
ning of the test, which is not confirm by experiments (Fahey & Carter, 1992). He
carried out the derivation of the pressuremeter expansion curve to find the shear
strain of the soil by the numerical resolution of an integrative relation. He used a
numerical process to find the stress path followed along the pressuremeter test,
which allows deduction of friction angle ®. There is no analytical relation for the
pressuremeter curve. Silvestri (2001) used a plane strain assumption along
the vertical axis. He derived the pressuremeter curve to obtain an estimation of
the shearing strength. The use of the Rowe (1962) dilatancy relation allows defi-
nition of the stress—strain relation at the borehole wall, and the friction angle of
the soil.
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* The third approach is numerical has undergone considerable development. It can be
organised around two different tools, the finite element method and the neuronal
method. The development of the finite element program allows numerical simula-
tion of the pressuremeter expansion which can be compared with experiments.
Cambou and Bahar (1993) used seven mechanical parameters in the plane strain
condition along the vertical axis. In such a case, four parameters should be assumed
from experiments on the soil tested and the three remaining parameters are deter-
mined by best fitting the experimental curve. The finite element study of Fahey and
Carter (1992) required nine mechanical parameters to describe the elastic and plas-
tic deformations of the test in plane strain condition. They concluded that the best
fit between experiments and numerical results is not linked to a unique set of
parameters and requires complementary results (seismic penetration test). Obrzud,
Vulliet, and Truty (2009) and Levasseur, Malecot, Boulon, and Flavigny (2010) sta-
ted that it is possible to use a neuronal network to estimate the model parameters of
a finite element program. The discrepancy between the numerical and the experi-
mental results is reduced by an iterative optimisation of the parameters.

This paper can be considered as a development of the first theoretical approach, and
a contribution to improving the theory, using theoretical expressions of the vertical
equilibrium of the soil, yielding along the vertical axis as observed by Jewell et al.
(1980) but not modelled previously. Another interest of this theoretical analysis is its
ability to describe the pressuremeter test with only a few constitutive parameters (G, @
and ®,) and the condition of stress (o, and K,), when numerical analysis needs many
mechanical parameters, which cannot be precisely fitted. We use elasto-plasticity as the
general frame of this study, due to its ability to cover the total range from small elastic
displacements at low levels of shearing to large plastic displacements at high levels of
shearing linked to the conventional limit pressure. The theoretical analysis assumes
small deformations, leading to an analytical formulation, whereas large deformations
should be more appropriate for the conventional limit pressure; however, this limitation
does not change the mechanical parameters involved in the behaviour of the soil. Fur-
thermore the conventional limit pressure is defined by a volume probe which is twice
the initial value. This condition leads to a circumferential strain of /2 — 1. With loga-
rithmic definition of large strain, this deformation is equal to 0.346, which is 19% smal-
ler than the small deformation value. This difference is considered to be acceptable,
given the simplification of the theory.

2.1. Hypothesis

Following Baguelin, Jezequel, and Shields (1978), we assume a drained test with an
elastic behaviour at low level of shear with two elastic parameters, the Young modulus
E and the Poisson ratio v. Numerical results with the Cambou model (Cambou &
Bahar, 1993) show that the test should be assumed as a drained test with permeability
higher than 10 m s™' Thus pore pressure is constant along the radius, regardless of
the deformation.

Like Monnet (1990), Yu and Houlsby (1991), Allouani, Cambou, and Dubujet
(1995), Cambou and Bahar (1993) and Bahar, Cambou, Labanieh, and Foray (1995) we
assume a non associated plasticity for a higher level of shear and a drained pressureme-
ter test. The non-associated flow rule is function of the unknown scalar &, the plastic
potential H(c’) (Equation (1)) and the dilatancy angle W (Equation (2)). The
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Mohr—Coulomb failure criterion is Equation (3), with the main direction 1, which is
along the radius, the minor direction 3, which is either along the circumferential or the
vertical direction, and the intermediate direction 2, which is either the vertical or the cir-
cumferential direction and ¢/, g5, g} the effective principal stress

H(o') = (0} — 0}) = sin¥.(d + o) (1)
de? = E(1 —siny, 0, —1—siny) (2)
F(0) = (0} — o) — sind.(c} + 0}) (3)

2.2. Theoretical expression of the dilatancy

We use the yielding expression found by Frydman, Zeitlen, and Alpan (1973). In their
relation, Frydman et al. assume that the energy dissipated per unit volume during the
loading dW” (Equation (4)) is equal to the energy dissipated by the interparticle slippage
in the octahedral plane (Equation (5)) with ®, the mean value of the interparticle angle
of friction, with &, = 1/3. (¢; + & + &3) the first invariant of the strain tensor, with

&g = % \/(91 - 82)2 + (e — 83)2 + (5 — 81)2 the second invariant of the strain tensor,
with 6'oe = 1/3. (6'y + o'» + o'3) the first invariant of the stress tensor, with

Toet =3 \/ (6} — a))* + (0 — 04)* + (d — &)* the second invariant of the stress tensor

dWwP =3.6

oct*®

A&, + 3.T,0.de) (4)
AW =3.6,,.1g®,.de,. (5)

This allows determination of the relation between the stress and the plastic strain:

Toer A€

+ ad, =129, (6)

e

When failure occurs for the triaxial test, the ratio between the stress is a function of
F’ the drained friction angle only (Equation (7)), and the ratio between the octahedral
stress is now a function of @ (Equation (8)):

9 _ Ltsing' (7)
y 1—sing’

o 2.sing’\2

Toet _ sin ¢’ .\/2 (8)

o’ 3 —sing’

oct

The non-associated flow rule (Equation (2)) allows definition of the volumetric plas-
tic deformation and the two main plastic deformations for the triaxial test:

de, = E(deh + diy + de) /3 = —E.2/3.sin )
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del = E.(1 —siny) (10)
dei = déy =1.3.dep, — de) = E1.(—1 —siny)”
The knowledge of the main strain allows the determination of the strain ratio in
Equation (11) as a function of ¥:

dey,  —4.siny

Zm P 11
def (3 —siny).v/2 (1)

The Frydman relation (Equation (6)) can be used for the plastic behaviour at the
failure and can be transformed in a dilatancy equation with the help of Equations (8)
and (11), with a direct relation between the three parameters @, ¥ and @,,:

2.sin¢' /2 4.siny
(3 —sing) B (3 —siny).\v/2 =80 (12)

This relation allows us to formulate the dilatancy as a function of the interparticle
angle of friction ®, and the friction angle ®:

3.2 (325 - 10,

sin¥ = o T
4+ V2. (350008 — 1w, )

(13)

The relation between dilatancy Y, peak friction angle F, and critical state friction
angle F., was also investigated by Bolton (1986), who proposed the following equation
from experimental investigations:

0.8¥Y =0 — @, (14)

An expression of the dilatancy was also found by Rowe (1962) (Equation (15)),
which can be rewritten as (Equation (16)):

50 | —e——Theory eq. [13] Phi mu = 10°
45 | ---¢--- Bolton eq. [14] Phi cv = 10°
40 | — —0— —Rowe eq. [16] Phi cv = 10°
35 —&—Theory eq. [13] Phi mu = 20°
30, -0- - - Bolton eq. [14] Phi cv = 20°
25|~ -0 — Rowe eq. [16] Phi cv = 20° o .
—e—Theory eq. [13] Phimu = 30° ¢’
201 _ 5 _Bolton eq. [14] Phi cv = 30° >
151 _ —o- —Rowe eq. [16] Phicv = 30°

10 — B
Y M"}s‘w g
o Fe <

LF >

0 10 20 30
Friction angle ®°

Dilatancy angle ¥°

Figure 1. The dilatancy angle as a function of the friction angle for Equation (13) compared
with the Bolton expression (Equation (14)) and the Rowe expression (Equation (16)).
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1+sin® 1 +sin®,, 1 +sin'¥

- = - . - 15
I —sin® 1—sin®, 1—sin¥ (15)
I4sin® 1—sin®,
. T—sin® " T+sin Dpy
sinp = b e (16)
1+sin® 1—sin D, _|_1
1—sin®' " 1+sin @,

In Figure 1 we follow the observation of Frydman et al. (1973), who found the
interparticle angle of friction @, close to the friction linked to the maximum contraction
of the triaxial test. Like Negussey, Wijewickreme and Vaid (1987) and Biarez and
Hicher (1994), we assume that the angle of maximum contraction is equal to the criti-
cal-state friction angle ®.,. These two angles are different according to Rowe (1962)
and Bolton (1986), but they are used here to make an easy comparison between the
three relations, so that there is an equality between ®, and ®,. Equation (13) is com-
pared with the Bolton Equation (14) and the Rowe Equation (16). It can be seen that
the discrepancy between the theoretical dilatancy (Equation (13)) and the Rowe dilat-
ancy (Equation (16)) is less than 4°. The theoretical expression is also close to the
experimental expression (Equation (14)) for the current range of the friction angle (®:
20-45°) and critical angle (®.,: 20-30°) but gives a smaller value of the dilatancy for
friction angles @ larger than 45° and for small critical angle (®@.,: 10°). Nevertheless,
as Equation (13) is found from theoretical point of view and can be used in a three
dimensional state of stress, it is chosen for the present study.

2.3. Equilibrium condition

The evolution of the main stresses along the radius (Figure 2) exhibits three different
states of the soil from the borehole wall to infinity:

900 —&— Radial stress

—@— Circumferential stress

—a&— Vertical stress

Failure
betweenr, 0

Failure
between z, 6

Stress (kPa)

Elasticity

0 10 20 30 40 50 60 70
Radius (cm)

Figure 2. Evolution of the main stresses along the radius and corresponding elasto-plastic areas.
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Figure 3. Failure criterion reached in the 6-r horizontal plane at the borehole wall.

300 -

200 |
©
o
=3
l_)

100 -

0 s T A T !
0 100 200 300 400 500
c's 6’ o2
o' (kPa)

Figure 4. Failure criterion reached in the 6-z vertical plane close to a radius of 34 cm
(Figure 2).

« First area: plasticity appears between the radial stress o'; and the circumferential
stress ¢'g in the horizontal plane (Figure 3). This first plastic area extends between
radius a (borehole wall) and radius b (external radius of the first plastic area).

» Second area: plasticity may also appear in the vertical plane between the vertical
stress ¢’, and the circumferential stress o’g (Figure 4) in an area between the radii
b and c (external radius of both plastic areas in Figure 2). This result was also
found by Wood and Wroth (1977). This area should be extended for a hard soil
where the initial differences between the radial and the vertical stress are larger.

 Third area: an elastic equilibrium extends beyond radius c.

The use of fixed angles of dilatation and friction is a simplification and it would be
preferable to consider these angles as function of density and pressure. This would,
however, result in even more complex mathematics and it is not compatible with the
aim of finding simple mechanical characteristics.

In the horizontal plane, the equilibrium of an element of soil is given by Equation
(17) and in the vertical plane by Equation (18), with the assumption of a constant pore
pressure along the radius o'y, ¢';, o',. Effective circumferential, radial, vertical stresses:
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o, — oy +r.do/dr=0 (17)

do)/dz =+ (18)

2.4. Equilibrium in the 0—r horizontal plane

This first plastic area takes place between the borehole radius a, where the pressureme-
ter probe applies the pressure p and the radius b. The Mohr—Coulomb Equation (3) is
used between the radial stress o', (major stress) and the circumferential stress ¢’y (minor
stress) and we obtain the ratio N between these two stresses:

oy/0. =N (19)

N = (1 —sin®') /(1 + sin®’) (20)

Equation (19) allows 6’g to be found as a function of o', and we can use it in the
horizontal equilibrium equation (Equation (17)). This leads to first order differential
equation (Equation (21)), which is integrated in Equation (22) between the radius of the
borehole a and the current radius r, with the pressure p’ applied at the borehole wall:

o, —N.o/ +r.dd./dr =0 (21)

Ln (2) - w]ﬁ.Ln (Z—) . (22)

In the same area, the non-associated flow rules (Equation (2)) and the plastic poten-
tial (Equation (1)) yield the ratio n between the radial deformation de,” and the borehole
deformation deg®:

deP/del) = —n (23)

n= (1 —sin¥)/(1 + sin¥) (24)

Equation (23) can be integrated with a constant C; independent of the displacement
u and the radius r:

& = —n.e) +C (25)

As the elastic part of the deformation is considerably smaller than the plastic defor-
mations it can be neglected. The effect of this simplification should be significant for
high angle of friction and low elastic stiffness (Yu & Houlsby, 1991). Eventually, engi-
neering practice shows that hard soils behave with high angle of friction, which is bal-
anced by high elastic stiffness. For soft soil, low elastic stiffness is balanced by a low
angle of friction. Then, it is a reasonable common assumption to neglect the elastic part
of the deformation, like Hughes et al. (1977) and Gibson and Anderson (1961).
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The use of these expressions in Equation (23) with an assumption of small deforma-
tion Equation (26) gives a first order differential equation (Equation (27)), which is inte-
grated between the radius of the borehole a and the current radius r in Equation (28):

& =du/dr e =u/r (26)

du/dr = —n.u/r + C, (27)

In (f) 1 In F“(l +n) — Cl:l (28)
a (n+1)7[L(1+n)—C )

Combining Equations (22) and (28) we find the first plastic area condition:
“(1+n)—C (L+n) P
Ln|“ = Ln{— 2
"{g.(l -G 1-n"\& (29)

As the limit between the first and the second plastic area is linked to the value of
the radial stress being equal to the vertical stress, we obtain the value of b, the external

radius of the first plastic area:
N ()
b=a. (‘;i) . (30)

z

2.5. Equilibrium in the 60— vertical plane

In the second plastic area, the plastic condition gives a relation between the vertical
stress o', and the circumferential stress ¢'y:

o, =7z; 0. =Nz (31)

The horizontal equilibrium condition (Equation (17)) gives the relation between the
stress at the current radius r and the stress at the limit ¢ between the last plastic zone
and the elastic zone:

Ny.z—d
f — ( V 4 O-rc). (32)
¢c (Nyz—d)

The plasticity condition shows that the radial deformation de, is not concerned by
the flow rule and can be integrated with constants C, and Cs:

& =du/dr=Cy; u=Cyr+0Cs (33)
From Equations (32) and (33) we obtain the second plastic area condition:

— Ny.z—d
u—G _ ( )z O-rc) (34)
u.—C;  (Noy'z—d')

An elastic area is assumed beyond the larger plastic radius.
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2.6. Global equilibrium with two plastic areas

The continuity of stress between the three different areas allows the evaluation of Cy:

n.(4).(1+n).(2) + (14 n).(N = Ko) 45

C] - 4 0 (35)
1+ n.(2)
1+n
o =1 (36)

We obtain the general relation condition between stress and deformation, which is
the general form of the pressuremeter equation with two plastic areas:

Ln %.(1 +n) - Cl} = 8.Ln(p) — d.Ln(y.z) + Ln | (1 — Ko)-v-Z-( -Gl (@7)

The value of coefficient C; is usually close to a hundredth of the the borehole
deformation. For example, with the mean values of the numerical analysis (Table 1)
and for an applied pressure of 500 kPa, with a borehole deformation of 4.27 x 1072,
the value of C, is —1.45 x 107, which is —3.4% of the radial deformation. This is very
small and can be neglected, and leads to a linear relation between the logarithm of the
borehole deformation at the borehole wall and the pressure applied by the pressureme-
ter. The proportionality between these two variables was first shown by Hughes et al.
(1977) with the use of Rowe’s dilatancy theory. Such a relation allows the determina-
tion of the slope & of the straight line between the variables, which is a function of ¢’
the angle of internal friction, and ®, the interparticle angle of friction. Knowledge of
®, and § leads to @' the angle of internal friction of the soil in a unique and accurate
determination.

2.7.  Global equilibrium with only one plastic area

The continuity of stress between the two different areas leads to:

_ Ky.pz.(1=N).(n—1)

c
! 2.G.(1+N)

(38)

The general condition between stress and deformation, which is the general form of the
pressuremeter equation for one plastic area, is then:

Table 1. Mechanical parameters.

Carter’s model Model presented here
¢ (kPa) 0 0
D(°) 40 40
Ve 1 10
©)
E (kPa) 65,000 65,000

v(kPa) 0.3 0.3
k 1
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Ln %.(1 +n)— Cl] =0.Ln(p) — d.Ln {(21]3;/\5]
+ Ln {Kwy.z.% - Cl] (39)

The proportionality between the borehole deformation at the borehole wall and the
pressure applied by the pressuremeter is also obtained.

The difference between the two cases is linked to the value of the radial stress at
the radius of the external area of plasticity c. For a single plasticity between r and 0,
the value of the radial stress must be larger than the vertical stress ¢’ > ¢’, and this
leads to the Wood and Wroth (1977) condition between K, and @':

1

Ky 2 ——
7 (1+sing)

(40)

2.8. Threshold plastic pressure, two plastic areas

The theoretical threshold plastic pressure is obtained when the radial stress (a case with
two plastic areas) or the circumferential stress (a case with one plastic area) exceed the
limit so that the soil exhibits plasticity. Putting the value of N.y.z for the circumferential
stress into the equation of elastic behaviour, we obtain the radial stress, which is the
theoretical threshold plastic pressure:

p; = (2.Ko +N).y'z (41)

2.9. Threshold plastic pressure, one plastic area

The value of the radial stress when plasticity is initiated, leads to the theoretical thresh-
old plastic pressure:

pf’. = (1 +sin®').Ky.y' .z, (42)

which was first obtained by Baguelin et al. (1978).

2.10. Conventional limit pressure, two plastic areas

For the two cases, we can find the conventional limit pressure p; when we assume that
the volume of the probe is double the initial volume. The borehole deformation at the
borehole is then equal to v/2 — 1. This pressure can be directly measured with the pres-
suremeter whereas the theoretical limit pressure is expressed as an infinite expansion
and cannot be directly measured.

This particular value of the borehole deformation is put into Equation (37) and we
obtain the conventional limit pressure:

r_ [(1+n).(vV2-1)-C]2.G (1/9)
P =7z (1 —Ko).(1+n).y'z—2.G.C]

(43)
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This relation is quite different from the one proposed by the ‘Comité Technique
Régional Européen 4’ (CTRE4) edited by Amar, Clarke, Gambin, and Orr (1991),
which is based on Ménard experimental correlations.

P =250.[2649] + Kopz (44)

The Ménard relation was derived from many pressuremeter tests. Theoretical consid-
erations show that the main shearing takes place between the radial stress o', and the cir-
cumferential stress ¢’g, which lie in the horizontal plane. For the pressuremeter test the
vertical stress increases with the depth. The shearing applied by the pressuremeter probe
begins at a value of zero when the radial stress at the borehole wall is equal to the at-rest
horizontal pressure and increases until a maximum when the limit pressure is reached.
The maximum shearing applied to the soil is linked to the difference between the limit
pressure and the horizontal at-rest pressure po. The value of py increases with the depth,
so the value of the maximum shearing applied by the pressuremeter should increases with
the depth. The value of the mean stress in the Mohr—Coulomb plane is equal to the sum
of the radial stress, or limit pressure, and the circumferential stress. This sum is propor-
tional to the radial stress. The ratio between the shearing stress and the mean stress
should be proportional to the friction angle for a granular soil. This gives a condition of
proportionality between the limit pressure and the vertical stress, which is obtained from
Equation (43). The Ménard equation (Equation (44)) seems to fit these considerations
only for a mean depth close to 12 m. For a test close to the surface, it seems to underesti-
mate the friction angle, and for a very deep test it seems to overestimate the friction
angle. Futhermore, the Ménard relation does not take into account the nature of the soil,
and the variation of the interparticle angle of friction. It overestimates friction angle for
loams, which have lower interparticle angle of friction than sands and gravels.

Other authors proposed an expression of the limit pressure, e.g. Carter et al. (1986)
in Equation (45), but these equations relate to an infinite expansion of the radius, which
is never measured, whereas the proposed expression relates to a conventional expansion
of the probe, twice the initial volume, which can be directly measured. The proposed
expression allows the conventional limit pressure pp to be found directly without any
numerical iterative process as needed for the equation of Carter et al. (1986) (Equation
(45)) which uses numerical resolution. Furthermore Equation (45) gives an inverse pro-
portionality between the limit pressure and the horizontal pressure at rest py, which is a
contradiction to an assumed increasing of the limit pressure as a function of the depth

for a granular soil.
/ 2.GN+1
T. (pL) -z (”) _ ot (45)
OR oR po N —1

2.11. Conventional limit pressure, one plastic area

The particular value of the borehole deformation v/2 — 1 is put into Equation (39),
which leads to the value of the conventional limit pressure:

,_2Koyz < [(1+n).(vV2—1) = C]2.G.(1 +N) >“/‘5> o)

Pr= 0Ny Koy 2 [(1 = N).(1 + 1) — 2.G.C, (1 + N)]
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It appears that the conventional limit pressure is proportional to the vertical stress.

3. Application of the proposed method
3.1. Experimental study

Full-scale pressuremeter tests were performed by Manassero (1989) in a calibration
chamber, on dry Ticino sand. The specimen measured 1.2 m in diameter and 1.5 m in
height. In a first step, it was subjected to one-dimensional vertical loading. In a second
step, pressuremeter tests were carried out under controlled boundary conditions. The pres-
suremeter probe was the Camkometer apparatus, and 21 tests were carried out on a
relative density between 42.2% and 92.3%. The overconsolidation ratio (OCR) was from
1 to 7.7. The results for the test 228 (D, = 77%, OCR = 5.5) are shown in Figures 5 and 6.

3.2. Calibration of the mechanical parameters

The elastic parameters of the test are chosen on the initial elastic part of the loading,
for a pressure lower than the creep pressure which should be equal to 338 kPa. With a
Poisson’s ratio assumed to be 0.3, the Young modulus of the sand is 65,000 kPa for an
elastic slope of the loading (Figure 5) identical to the experimental one. The mechanical
parameters used are shown in Table 1.

The friction angle is chosen to be the mean value obtained by Silvestri (2001) on
this test, which is 40°. The dilatancy angle is chosen to be 10° as measured by Manas-
sero (1989) on this sand. The parameter k is 1 for the Carter model related to a cylin-
drical expansion. The interparticle angle of friction ¢, is chosen to be 32.3° so that the
use of Equation (13) allows the same dilatancy angle y to be found for the two theo-
ries. This interparticle angle of friction is 1.7° smaller than the value of the 34° of the
critical void ratio angle @, reported by Silvestri (2001), which is considered to be an
acceptable difference.

The horizontal and vertical stress are fixed to the experimental initial value reported
by Silvestri (2001), i.e. 200 kPa.

400
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200 F

150 A —®— Ticino sand
—— Carter theory
—a&— Theory

Pressure (kPa)

100 -

50 -

0 0,001 0,002 0,003 0,004 0,005
u,/a

Figure 5. Calibration of the elastic parameters of the Carter theory and the theory presented in
this paper.
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Figure 6. Comparison between experimental data on Ticino sand, the Carter et al. (1986) theory
and presented model.

3.3. Comparison between experimental and theoretical curves

The theory proposed by Carter et al. (1986) is used here with the parameters given in
Table 1 and the condition of stress presented previously. It appears (Figure 6) that this
theory gives a larger strain than that observed by Manassero (1989).

For the same parameter set, the proposed model (Figure 6) finds a small discrepancy
between the experimental and theoretical deformations and validates on this test the pre-
sented theory.

4. Conclusion

We have presented a theoretical study of the interpretation of the pressuremeter test.
This new theory takes into account the vertical and the horizontal non-standard elasto-
plastic equilibrium around the pressuremeter probe. Plastic behaviour is assumed
between the radial stress and the circumferential stress and also between the vertical
stress and the circumferential stress.

The analysis shows that four mechanical parameters and the vertical stress have an
influence on the pressuremeter results for a granular soil (shearing modulus, friction
angle, interparticle angle of friction and coefficient of at rest pressure). The use of this
new theory on a pressuremeter test performed by Manassero (1989) shows a very small
discrepancy between theoretical and experimental results. This allows validation of this
theory for the pressuremeter test on sand.
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