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ABSTRACT: The purpose of this study is to solve for pressuremeter the passage of pressure measurements
to basic mechanical quantities (E; c; ®) with undrained conditions but interpreted in effective stress. This research takes
into account the interstitial pressure and the effective stresses for an unsaturated undrained soil. Occluded air is mostly
present in natural soils and its compressibility leads to a partial transfer of the total isotropic stresses on the skeleton
during undrained stress, which changes for an important way the soil response to undrained stress. This paper presents
the theoretical developments and numerical validation in the case of linear elasticity. This is a first step to interpret the
pressuremeter test differently and more precisely. For small deformations into finite volume, this study shows the exist-
ence of large variations of interstitial pressures related to the variation of the average volume of soil around the pres-

suremeter.

Keywords: pressuremeter, undrained test, unsaturated soil, elastic interpretation

1. Introduction

In the field of civil engineering, the pressuremeter is
widely used for the design of structures such as shallow
foundations (Appendix D - [1]) or the settlement of
foundations (Appendix H - [2]). These methods use the
geotechnical characteristics of the soil related to the
pressuremeter test, namely the Ménard prm limit pres-
sure and the Ménard Em pressuremeter module. It is
now known that these quantities are not intrinsic charac-
teristics of the soil and can not be introduced as data in a
calculation by Finite Elements or Finite Differences for
the study of civil engineering works (retaining walls,
Tunnels, slope stability, Embankments ...). These mod-
ern calculation require at least the knowledge of the
elastic characteristics of the soil (Young's modulus E,
Poisson's ratio v) and the shearing resistance (cohesion
¢, friction angle ®@).

This study assumes undrained conditions which are
frequently encountered in practice, but interpreted in to-
tal stress so far [3-5]. The assumption of total stress test
does not allow to reach the fundamental mechanical
characteristics of the soil, because the effect of the suck-
ing or the interstitial overpressure is integrated in the
mechanical resistance of the soil to represent the test in
an equivalent elastic body.

We propose in this paper to take into account the in-
terstitial pressure and the effective stresses for an un-
drained unsaturated soil. Indeed, occluded air is mostly
present in natural soils [6-7] and its compressibility
leads to a partial transfer of the total isotropic stresses
on the skeleton during an undrained stress, which signif-
icantly changes the response of the soil to undrained
stress. In the interpretation of the pressuremeter, these
phenomena remain to be taken into account. This paper
presents the theoretical developments and numerical
model validation in the case of linear elasticity. This is a

first step to interpret the pressuremeter test differently
and more precisely.
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Figure 1. The main steps in carrying out the pressuremeter test

2. Theoretical model of undrained soil

2.1. The Ménard pressuremeter test

The Ménard pressuremeter test is carried out with a
preliminary drilling (b, Fig. 1), possibly drilled after a
prehole (a, Fig. 1). The auger is then removed from the
borehole (c, Fig. 1), which has the effect of discharging
the soil in horizontal stress, either under or above the
water table. The unloading of the soil under the water
table leads to a negative water pressure variation, which
can go as far as the generation of suction. Then the
probe (d, Fig. 1) is introduced and the test begins by
progressively inflating until contact with the borehole.
This phase partially restored the initial conditions in the
soil, neglecting the 3D effects and if the unloading of
the soil did not reaches plasticity. The test is continued
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by increasing the total horizontal stress up to the limit
pressure. This phase produces an increase in the intersti-
tial pressure that we quantify in order to estimate an ef-
fective pressuremeter module.

2.2. The saturation domains proposed by
Boutonnier [6-7]

The behavior of an wunsaturated soil can be
decomposed into 4 domains according to the degree of
saturation.

2.2.1. Domain D1 : s > s, et S, < S,.ir

The gas phase is continuous in the soil. This state
corresponds to suction greater than the air inlet suction
and a degree of saturation lower than the saturation
degree of air inlet. The degree of saturation of air inlet is
often close to 90%.

2.2.2. Domain D2 : s < s ;. et Spir < S; < Spe

In this area, the free air has disappeared. The air is
occluded in the soil. Suction increases the forces of
interparticle contacts.

2.2.3. Domain D3 :S,, <S, < 1letu, > uy,

The occluded air is considered as independent
bubbles separated to the skeleton. The capillary tension,
which exists on the surface of each bubble, has no effect
on the contact forces between soil particles at the
macroscopic scale. We consider that D3 corresponds to
the case of positive interstitial pressures with S, <I,
which results in the assumption uw. = 0. The degree of
saturation where the positive interstitial pressures
appear is close to 96%

2.24. DomainD4:5, =1

There is no air in the gaseous state in the soil sample
under consideration. The soil is perfectly saturated. The
boundary between D3 and D4 can also be expressed
through the interstitial pressure uwsy for which S; = 1.
This pressure is usually a few hundred kPa.

2.3. Mechanical behavior of unsaturated
soils

2.3.1. Suction and effective stress

Suction has an effect on the effective stresses:
- in the saturated D4 and quasi-saturated D3 domains,
there is no suction and the Therzaghi [8] eq. (1) applies
o' =0—uy (D
- in the unsaturated D2 domain, there is a suction s
and the eq. (2) applies
o'=0+s @)
- in the unsaturated D1 domain, the effective stress is
given by eq. (3). We have y <1 for suction greater than
the air inlet suction; Terzaghi's theory no longer applies.
S =Ug — Uy (3)

o'=0+y.s 4)

2.4. Skempton [9] Coefficient B for Triaxial
Test

In the undrained triaxial test Skempton [9] assumes
eq. (5) that the variation of interstitial pressure Auy is
composed into a variation Au; which depends on the
average stress and a variation Aug which depends on the
shear eq. (6).

The coefficient B of Skempton [9] relates the
variation of interstitial pressure to the variation of total
average pressure.

Using the Eq. of Terzaghi [8], Skempton [9] obtains
for the triaxial test, with a compressibility of the soil
skeleton cg and that of the interstitial fluid cg, the
expression of the coefficient B eq. (7) connecting the
interstitial pressure Au; with the total mean pressure
increase Ap

Au,, = Au; + Auy (5)
Au,, = B.[Ao; + A. (Ao, — Aojy)] (6)
Au;/Ap = B =1/[1 + n. (c¢/cs01)] ()

2.5. Coefficient of compressibility ct
interstitial fluid

2.5.1. Definition of the compressibility
coefficient cr

For unsaturated soil, the interstitial fluid is composed
of a mixture of water and air of very different
compressibility. However, assuming a homogeneity of
the air and water, we consider following Boutonnier, [6]
the interstitial fluid as an equivalent compressible fluid.
The definition of the compressibility coefficient c of the
interstitial mixture of water and air bubbles is indicated
in eq. (8) and can be found in [6].

cs = —dV,/(V,.duy,) = —dV,/(n. V,.du,,) (8)

It is obtained for unsaturated soils by the derivation
of the degree of saturation S; according to eq. (9) which
is demonstrated in [10].

¢s = dS;/(S;.duy) + ¢y 9

2.5.2. Domain D2: the coefficient cr is quasi-
constant

In the D2 domain, Boutonnier [6] found that a simple
linear expression between degree of saturation and
suction allowed to model laboratory tests. This
expression has been simplified by assuming a linear
Eq.ship eq. (10) with water pressure [7]. The
compressibility coefficient of the resulting air + bubble
mixture is therefore almost constant with this
assumption as illustrated in Fig. 2 and equation eq. (11).

St = Sre — Uw/Uw air - (Sre — Srair) (10)

Cg = _(Sre - Sr air)/(sr- Uy air) + Cw (11)
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Figure 2. Evolution of the compression coefficient of the interstitial
fluid c¢(water + occluded air) calculated with S, = 0.96, S..;; = 0.85:
for domain D2 (blue curve) with S, varying between 0.90 and 0.96; for
the domain D3 (red curve) with S, varying between 0.96 and 0.995

2.5.3. Domain D3: the coefficient cr varies

In the D3 domain, Boutonnier [6] establishes the
Eq.ship eq. (12) between water pressure and degree of
saturation taking into account Henry's law (dissolution
of air in water, h = 0, 02 at 20 ° C) and the ideal gas
law. He also considers that occluded air bubbles have a
constant capillary radius rom (approximately close to the
largest voids of the soil). These air bubbles are saturated
with water vapor (water vapor pressure Uy, = 2.3 kPa at
20° C). The capillary radius rpm is most often a few
microns with P, the atmospheric pressure (P, =~ 101kPa
at sea level). The degree of saturation S is the degree
of saturation for a water pressure of zero eq. (12).

The compressibility coefficient of the air + air bubble
mixture varies (Fig. 2) in the domain D3 according to
eq. (13).

S;=1/(1-h+((1 S+ h.Se))/ (12)

Sre . ((Sbm + pa - uwg))/((uw + Spm T pa -

Ue))

¢t =Cyw + (1 =S +h.5:))/(uw + Spm (13)
+F)

2.6. Theoretical model in effective stress of
the expansion of pressuremeter probe

Undrained condition implies the impermeability of
the boundaries of the elementary prism used to represent
the soil (Fig. 3), but it allows the volume variation by
the compressibility of the interstitial fluid and it also al-
lows the variation of the interstitial pressures by the flu-
id hydrostatics .The quasi-saturated soil theory present-
ed previously will be useful for fine soils where the test
is too fast for drainage. The limit is usually set around a
permeability of 108 m /s [11]..

2.6.1. Deformation for a probe in a slice of
soil of infinite outer radius
The elementary volume (Fig.3) deforms in the hori-

zontal plane. In the case of small deformations, the vari-
ation of volume is the sum of the principal deformations

eq. (14), but as one assumes a slice of ground in state of
plane strain (Fig. 8) the vertical deformation is null (g,=
0). In linear elasticity the deformations €. and gg are
equal and opposite, the volume variation is zero eq.
(14).
e, =dV/V, = g +eg+¢, =(du/dr+u/r) (14)
In the case of large deformations the variation of vol-
ume dV of the elementary prism is related only to the
variation of volume of the voids. It is equal to dV,
whose expression depends on the porosity n and the
compressibility coefficient of the interstitial fluid c.
The negative sign comes the volume decreasing, the in-
terstitial pressure increases. This Eq. is written for the
pressuremeter as a variation of volume which is related
to the displacement by eq. (14); we can write the equali-
ty of the two volume variations eq. (14) and eq. (15)
which leads to eq. (16) for a constant c;. The pore pres-
sure variation eq. (17) is shown to be precise enough to
represent the calculated finite element pore pressure.

g, =dV /Vy, = —ce.n.duy, (15)

uw = —1/(c_f.n) ((u.du)/(r.dr)) + u_w0 (16)

du,, = —1/(c_f.n).[(u.du)/(r.dr)] 17)
r+dr

Initial

P
ptdp

Figure 3. Elemental deformation condition in the horizontal
plane by Baguelin [12].

Deformed state

2.6.2. Equations of effective undrained
linear elastic equilibrium for infinite
radius

The equilibrium condition is given by eq. (18). For a
linear elastic modulus there is no volume variation and
no increase of pore pressure.

0. —0g+r.o'/dr+r.du,/dr=0 (18)

2.6.3. Equations of effective undrained
linear elastic equilibrium for finite
radius

It is commonly considered that the pressuremeter im-
pacts an outer radius of the soil of the order of 1 to 2m,
which represent the no-displacement limit. The outer
radius is therefore Rmax, Wwhen the radius of the pres-
suremeter probe is a, we find the volume of the corre-
sponding circular ring by the equation eq. (19). This



practical method introduces a model-related interstitial

pressure eq. (20).

V=m(R*-r?.h (19)

Au,, = —(2.a.u,)/((R* —r?).n.c) (20)
For a cylinder whose outer diameter Ry« is fixed, the

general solution is eq. (21)

u= ClND' (1/1' - 1/Rmax ) (21)
The strains become

g = du/dr = —Cynp/r? <0 (22)

gg = u/r = Cynp/T- (1/r = 1/Rpax ) > 0 (23)

The effective stresses are eq. (23) and eq. (24) with A
and p the Lamé elastic coefficients

0'r = 2.1.Cinp/1? + A Cinp/ (- Rinax ) (24)
+K,.0',
0'g=—=2.1.Cinp/T2 + (A (25)
+ 2.1).Cynp/(r.-R_max)
+ Ko.0',
The total stress at the borehole is (26)
Ora = 2.11.Cynp/a? + A. Cyyp/(a. R_max) (26)

+ (2.a.u_a)/((R%,«
—a%).n.cp) + Kp. 0, + Uy
The value of the constant Cixp depends of the pres-
sure applied at the borehole wall o, and is equal to eq.
(27), and the pore pressure varies with the eq.(29)

Cinp = (Ora — Ko. OJZ — Uwo)/[(2. ll)/az 27)
+ /(@ Rmax) + (2. (Rpax
- a))/(Rmax- (R%nax
—a?).n.cp)]

Uy = (2.Cynp- (Rimax — @)/ (Riax- (anax (29)
—a?).n.c) + Uy

3. Validation of the undrained unsaturated

analytical model

The Finite Elements calculation was performed by
Plaxis with the parameters (Table 1) in large
deformations. The boundary conditions are in undrained
conditions without displacement (Fig. 4) with a
borehole of 2.5 cm in diameter, for 15 cm high (in a
cylinder of 7.5 cm radius) as for the experiment of
Anderson [13]. The mesh used is refined around the
borehole (Fig. 4). The parameters used in the calculation
are indicated (Table 1). Some parameters (n, Eocd, G, K,
Csol, Ksol) are superfluous, but are included in the table
for better readability; The calculation allows to check
the different hypotheses used in the modeling.

The limit conditions are no displacement for the
upper, lower and rigth limit. The pressure p is applied at
the borehole wall at the left limit. The comparison of the
numerically calculated interstitial pressure with Plaxis
and that deduced from eq. (29) when the total pressure
at the borehole is increased is indicated for a coefficient
B of 0.989 in the case of large deformations (Fig. 5) as
well as for a B coefficient of 0.342 in the case of large
deformations (Fig. 8).

Table 1. The parameters used in validation with Plaxis - Numerical

results EGIS
unit Soil A Soil B
Pressure at borehole 0-100 - 0-240 -
kPa 240 - 360 360
Radius a m 0.0125 0.0125
€y 0,6 0,45
n 0,375 0,310
E kPa 7428.5 74290
v 0,3 0,3
Eoed kPa 10000 100000
A kPa 4285 42859
Gorp kPa 2857 28573
Ko 1 1
G, kPa 0 0
ct kPa’! 5.10¢ 1.10*
K¢ kPa 200.10° 10.10°
Cool kPa 200.10° 10.10°
Ksot= A +2/3. kPa™! 1,62.10* 1,62.10°
Uyo kPa 6190 61908
B kPa 0 0
Rext ModeleEF 0,984 0,342
Hext ModuteER m 0.15 0.15

Figure 4. Plaxis mesh used for the Finite Element calculation.
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We may notice :

The elastic linearity of the Eq. between the pressure
applied to the borehole and the interstitial pressure,
the small difference between the interstitial pressure
calculated numerically by EF and the theoretical re-
sult given by the eq.(27)
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Figure 8. Large Deformation - Comparison of pore pressures at the

borehole versus total the total stress applied, B = 0.342.
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e the great influence of the coefficient B on the value

of the interstitial pressure which passes from 200kPa
on average for B = 0.989 and 360kPa applied to the
drilling at 2.7kPa for B = 0.342 with the same load-
ing at the borehole, which decreases the interstitial
pressure with a factor close to 74.

The comparison of the displacements calculated by

Plaxis at the borehole and the theoretical displacements
given by the eq.(20) shows a good coincidence between



Plaxis calculation and theory for the soil A in large
deformation (Fig. 6) while the difference reaches 40%
for soil B (Fig. 9).

The comparaison Plaxis versus theory for the strains
shows a good agreement either for the radial and
circumferential strains (Fig.7). The comparaison Plaxis.

The comparaison Plaxis versus theory for the
effective stress also shows a good agreement either for
the radial and circumferential strains (Fig.10).

3.1. Theoretical Eq.s

For the pressuremeter, the total radial stress at the
borehole is written according to the equation (25) which
gives in variation (29); the circumferential deformation
to the borehole is written according to equation (22)
which gives a variation (30); the ratio of these two
quantities is equal to twice the apparent shear modulus
which allows to find the apparent Young modulus by
eq. (32)

Ao, = [(2.pn.)/a* +A/(@ Rmax ) + (2. (Rpax (29)
- a))/(Rmax- (ernax
—a?®).n.c; )] ACynp

Beg = Bufa = [1/a = 1/(a.Rpa)] ACivp (30)
2.Gap = Egp/(1+v) (31)
=[(2.p.)/a* + /(@ Rmax )
+ (2. (R_max

- a))/(Rmax- (ernax
—a?).n.cp)]/[1/a
- 1/Rmax ] -a
Ep = [(2.u.)/a® + A/(a.Rpax ) + (2. (R_max  (32)
- a))/(Rmax- (ernax
—a?).n.cp)]/[1/a
—1/Rpax ]-a. (1 +v)
The Eq.ship between the apparent Elastic Module E,,
and Young's modulus E can be considered (33):
Eap/E = [(2./1.)/32 + A/(a.Rpax ) (33)
+ (2. (R_max
- a))/(Rmax- (R%nax
—a®).n.cr)]/[1/a
—1/Rpax | -a
Introducing the value of Bpes €q.(34) in eq.(33) and
choosing Ry, as the ratio between Rmax (limit of the
pressuremeter influence) and a (borehole radius) leads
to eq. (35) for the theoretical ratio between apparent and
effective Young modulus.

Bpres = 1/(1 + ¢.n. Egeq) (34)
Eap/E = Rap/(Rap -D[1+ V/(Rap- 1 (35)
—-2v))+(2.(1—-v). (Rap
- 1)/((1 = 2.v). Rap- (Rip
- 1) ) Bpres/(l - Bnres)]

3.2. Numerical applications

Considering the values of (Table 2) and the ratio

Rap=Rmax/a equal to 12, Fig.11 is drawn. It can be see:

e the overestimation ratio depends only on three
variables v, Epres and Ry

o the closer the B, coefficient is to 1, the greater the
overestimation of the Young's modulus of the soil is.

o the less is the effective Young's modulus, the more
is the overestimation ratio, but remaining on the
same general curve (see blue curve, Fig.11). For
modules greater than or equal to 100 MPa, there is
small overestimation (see yellow curve, Fig.11).
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Figure 11. Overestimation factor of Young's modulus of soil as a
function of E; for different degree of saturation Sr; uy, = +/ - 1000kPa;
v=03.

4. Conclusions

This study has shown the following points:

e The calculation of the undrained and unsaturated
hydro-mechanical equilibrium (domain D2 and D3)
with a linear elasticity has been solved in small
deformations and large displacements for a system with
finite or infinite limit conditions

e The assumption of linear elasticity leads to the
first order a uniform distribution of interstitial pressure
along the radius

e The model shows that the linear elastic resolution
in a volume of soil of infinite dimension is of no
practical interest because there is no variation of the
pore pressure:

e For large deformations, the Plaxis calculation
shows that the variation of pore pressure is of second
order and can be neglected; as the shear deformations
are symmetrical, the interstitial pressure does not vary.

e For small deformations, the volume variation is
zero and the pore pressure does not vary

The main interesting case is for the test carried out
in a soil of finite dimensions Rpax.

e For large deformations, the volume variation is of
the second order and can be neglected in front of the
variation in average soil volume.

e For small deformations in finite shows the
existence of strong variations of interstitial pressures
related to the variation of average volume of the soil
around the pressuremeter.

e The overestimation of the Young modulus can
reach a factor of 100 from the effective Young modulus,
mainly depending on the value of the compressibility
coefficient of the mixture water-+air.

The perspectives of this research are studying:



Table 2 : Parametric study of the effect of B coefficient

B Bpres e n E Eoed Cr Ki=cf! Koo Eup
Mpa MPa MPa-1 Mpa Mpa Mpa
0,999 0,998 0,60 0,375 7 10 5,00E-04 2000 6,2 105,58
0,989 0,982 0,60 0,375 7 10 5,00E-03 200 6,2 18,31
0,896 0,842 0,60 0,375 7 10 5,00E-02 20 6,2 9,58
0,812 0,727 0,60 0,375 7 10 1,00E-01 10 6,2 9,10
0,683 0,571 0,60 0,375 7 10 2,00E-01 5 6,2 8,85
0,463 0,348 0,60 0,375 7 10 5,00E-01 2 6,2 8,71
0,342 0,244 0,45 0,310 74 100 1,00E-01 10 61,9 86,69

e The suction generated after drilling which will
allow to estimate the drilling's stability

e The comparison of the effective modulus to the
apparent modulus calculated in total stress which
should be as a function of B and the amount of
occluded air

e The Non-Linear elasticity hypothesis which
should allow a more realistic analysis with the
possibility of a mean stress variation and
consequently a more significant interstitial
pressure variation along the radius, as observed
on experiments
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