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Abstract. The research presented in this publication is funded by the French National Project « Terredurable », which
is dedicated to the study of soils in quasi-saturated conditions (close to saturation). Stability and deformation of earth
structures are reanalyzed with a quasi-saturated hydromechanical model. In this paper, IPI tests are modeled with a
two-dimensional explicit finite difference program (Flac 2D). The model presented considers mechanical soil theory
to approach earthwork tests by integrating a compressible bulk modulus. Results of the numerical approach show how
it is possible to link parameters of near saturation soil mechanic (saturation, suction) to earthwork strength of soil
parameters (IPI value).

This communication is devoted to the simulation of
IPI tests. In the first part, details about Proctor test and
IPI tests will be given, with main experimental results.
Then oedometric tests, suction measurement, triaxial
tests, mercury porosimetry and grain density (γs)
measurements have been performed on Proctor samples
in order to feed our model to simulate soils near
saturation. Finally simulations are carried out using
FLAC to reproduce IPI settlement curves.
This paper aims at a better comprehension of IPI tests and
the hydro-mechanical behavior related to those tests.

1 Description of laboratory tests
IPI laboratory tests (standard NF-EN-13286-47) are
carried out in 8 samples from the same compacted soil
with different water contents. Results of IPI test are
represented in Figure 1. For a better comparison with the
numerical results, the complete loading curve of the force
applied on the soil with respect to the settlement is
drawn. The elastic and the plastic part of the curve can so
be appreciated.
The main characteristics of the studied soil are presented
in Table 1 below.
Table 1. Main geotechnical characteristics of the studied soil,
which come from A304 site (marl soil)

Type
of soil
marle
a

GTR
class
A4

%
CaCO3
18,5

wL

IP

80

49

% 80
μm
94

Figure 1. IPI experimental curves for different values of water
content

In Figure 1, decrease of water content coincides with
increase of reaction force. These obtained curves can be
categorized into two groups: the first group with water
content under 25.5% and the second group over this
value. For the first group of curves, a high increase of the
ground reaction force is observed for a small decrease of
the water content. For the second group, the influence of
water content on the reaction force is smaller.
This tendency can be also observed from other
parameters, as suction. Proctor tests with suction
measurements (measured with a filter paper method) are
used. The initial suction and densities determined by
Proctor tests (as shown in Figure 2) are then used for
numerical simulation:
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Figure 2. Evolution of suction and density as a function of
water content

Dry side

It can be found in Figure 2 that the suction values
increase when the water content values decrease. These
results show a change of slope between 23% and 25% of
water content, which correspond the optimum Proctor
water content. A same value can be also identified in the
Figure 1. This value also represents the value of air entry
(Boutonnier 2007).
Depending on if the water content locates at the dry or
wet side (the air entry) of the Proctor curve, two different
hydro-mechanical behaviours can be observed (Cui
1993).
In this paper only the wet side will be considered, since it
concerns most earthworks, as illustrated in Figure 4. A
theoretical model which is able to simulate the IPI tests
will be introduced in the later section.

Figure 4. Division of Proctor curve in 4 domains of saturation

In the quasi-saturated areas, the model is based on the
compressibility coefficient of the interstitial fluid cf
(Equation for domain D2 (1) and Equation for domain D3
(2)) (Figures 3 and 4) which varies with the degree of
water saturation in the soil.

1 1
Sre  Srair   cw
.
Sr sair
1 - Sr  h.Sr
cf =
 cw
uw  rbm  Pa  uwg
cf =

of

the

(2)

This model contains 5 parameters: the degree of
saturation for a null suction Sre, the degree of saturation at
air entry Srair, the air entry suction sair, the mean radius of
air bubbles rbm, and the Henry’s constant h.
The value of air entry suction coincides with the value of
suction at the optimum Proctor (200 kPa). With a
measured value of γs of 27,5 kN/m3, a dry unit weight of
15,3 kN/m3, an optimum water content of 23%, the value
of saturation degree corresponding to the air entry
(equation (3)) is 84,6 %.
is based on the compressibility of the interstitial f
(3)
(3)

2 Description of laboratory tests
2.1 Determination
parameters

(1)

quasi-saturated

The model reported by Boutonnier theory (2007) is
adopted in this work. Some details are available in papers
of Mahmutovic et al. (2014), Boutonier et al. (2015),
Andrianatrehina et al. (2015).
In this model, as shown in Figures 3 and 4, the soil can
be divided into 4 domains of saturation (D1 to D4 –
unsaturated to saturated) (Boutonnier 2007).
A particular attention is paid to the transition zone from
saturation to desaturation (domains D2 and D3)) which
are the domain concerned by the IPI tests and earthworks
(at optimum Proctor and on the wet side).

The degree of saturation for a null suction can be
calculated for each sample (Table 2) if the suction and the
degree of saturation have been tested at the beginning
after the IPI test (equation (4)).
(4)
Table 2. Value of Sre for different water content.
Water
Sre
Sre corrected
content

suction

Area of occluded air
Figure 3. Division of retention curve in 4 domains of saturation

2

23,5%

0,885

0,885

25,5%

0,919

0,920

27,5%

1,000

0,945

29,5%

0,968

0,965

31,5%

0,965

0,97

33,5%

0,940

0,975
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Two values of Sre have been corrected in order to obtain a
smooth curve. The mean radius of air bubbles obtained
with Mercury porosimetry tests is close to 10-5 m.
2.2 Determination
parameters

of

the

constitutive

law

The quasi saturated parameters and the constitutive
parameters have to be determined for the numerical
simulation using modified Cam-Clay model. The
parameters are the slope of the plastic loading λ
(Equation (5)), the slope of the elastic loading κ
(Equation (6)), the critical state line M , the void ratio for
the reference mean pressure of 1 kPa N0 (Equation (7))
and the mean pressure of preconsolidation p’c.
A consolidated and drained oedometric test allows the
determination of λ, κ, and N0 parameters, as illustrated
below (figure 5).

Figure 6. Shearing results of the triaxial Cu+u test on a sample
taken from the soil compacted at the optimum Proctor

Figure 7 shows that the levels of pressure 100 kPa and
200 kPa are overconsolidated, whereas the 500 kPa level
is normally consolidated. The normally consolidated
parameters will be used in the simulations with a value of
M equal to 0.71.

Cc
Cs

Figure 5. Oedometric curves for a sample taken from a soil
compacted at the optimum Proctor and saturated before the test

(5)
(6)
Figure 7. Limit shear strength for different lateral stress

(7)

The preconsolidation stress reflects the history of the
ground in terms of stresses. Each Proctor test, compacted
with a different water content, results from a different
preconsolidation stress. These differences of values
explain the variations observed in the IPI tests. The
significance of the parameter p’c will be discussed with
the future simulations.
In a practical way, p’c is the interception of the κ-slope
and the λ-slope lines (Figure 8). If the initial state of
stress of the soil at a given point in time is known as well
as its void ratio, p’c can be calculated using the virgin
curve. This is where the Proctor tests and the suction
measurements can step in.

Three consolidated and drained triaxial tests are carried
out (samples taken from a soil compacted at the optimum
Proctor), under different consolidation pressures: 100
kPa, 200 kPa and 500 kPa. The experimental results are
represented below (Figure 6):
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Table 4. Value of hydro-mechanical parameters for different
values of water content
Wnat

Suction
s [kPa]

Dry density

Void
ratio e

25,5 %
27,5 %
29,5 %
31,5 %
33,5 %

56
54
45
42
29

1,51
1,53
1,45
1,40
1,35

0,75
0,73
0,83
0,89
0,96

Gs
[kN/
m3]

K0

27,5

1,75
1,55
1,45
1,30
1,20

K0 parameters are determined using Schmid (1966)
relation (Equation (10)).
(10)
Figure 8. Evolution of the void ratio along the Proctor
compaction.

3
Description
simulation

γd values determined through the Protor tests allow to
calculate the initial void ratio before the IPI test, and the
suction measurements allow to identify the initial vertical
effective stress value (and the initial mean effective stress
value afterwards). The value of the preconsolidated
effective stress is given by the following formula (Eq. 8):

of

the

numerical

Flac software is used to implement the quasi saturated
theory and simulate the IPI tests. Flac is based on a finite
differences calculation code.
3.1 Geometry and boundaries condition
An axisymmetric calculation is used because of
axial symmetry of the IPI test. The geometry of
numerical model is drawn with the dimensions of 12
in height and 7,5 cm in radius which corresponds to
size of the CBR mould .

(8)
The value of the mean effective stress p’ini can be
deduced from the vertical effective stress and the
coefficient K0 (Equation (9)) with the following equation:

the
the
cm
the

(9)
2.3 Summary of parameters deduced from
laboratory tests
Parameters derived from laboratory tests are presented in
the Table 3 and Table 4 below.

Figure 9. The illustration of the numerical simulation

model
No displacement is allowed in x-y directions at the
base of the model and in x direction at the lateral
boundary of the model. Large strain and a re-mesh of the
grid are used during the simulation

Table 3. Value of constitutive parameters for different values of
water content
Wnat
25,5 %
27,5 %
29,5 %
31,5 %
33,5 %

λ

0,153

κ

0,04

p’c
[kPa]
1360

975
655
369
184

M

N0

3.2 Stress fields initialisation
0,7

The IPI test is performed after the Proctor test, thus after
the compaction of the soil. The effect of this compaction
has to be considered in the initialization of the stress
field.
In order to implement this stress field, a silo type
calculation was initially used considering the friction of
the metallic mold with the soil. This calculation has been
then simplified using a null friction as lubrication was
used on the mold before compaction.

1,73
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Finally only weight of the soil and K0 coefficient are
considered.
Suction is considered to be homogeneous inside each
sample of soil (with different water content).The
hypothesis is true only at the beginning of the IPI test
(before the penetration of the piston).

Strength [N]

400
300
200

w=31,5 suction = 42 kPa
w=31,5 suction = 42 x1,5 kPa
w=31,5 suction = 42 / 1,5 kPa

100

3.3 Use of a compressibility interstitial fluid

0

The Equations (1) and (2) allow the use of a two phases
model (soil and interstitial fluid) in our code. The value
of the compressibility coefficient changes during the test
with the value of the degree of saturation of water. The
Terzaghi effective stress principle is used because the
value of suction is under the air entry value.

0

3

110

3

210

3
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3

3

410

510

Displacement [m]

Figure 11. Study of the effect of initial suction on the result of
reaction strength of soil for one example of IPI test (Wnat =
31,5%)

Figure 11 shows that the suction has a large influence in
the initial slope of the curve and in the final value.

4 Results of the simulation and
comparison with experimental results

600
500

Strength [N]

A numerical modeling is conducted for each Proctor test
on the wet side of the optimum. The experimental Proctor
values are then compared to those obtained by the
proposed theoretical model, as shown in the Figures 10.
An accurate agreement is observed between experimental
and theoretical models, which validates the proposed
model. The same constitutive parameters have been used
for all the simulations (with different water contents)
.

400
300

w=31,5 % gd = 14 KN/m3
w=31,5 % gd = 14 - 0,03 KN/m3
w=31,5 % gd = 14 + 0,03 KN/m3

200
100
0
0
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Figure 12 Study of the effect of initial void ratio on the result of
reaction strength of soil for one example of IPI test (Wnat = 31,5
%)

Strenght [N]

Figure 12 shows that the lower is the void ratio (and the
bigger is the dry unit weight), the bigger is reaction force
of the soil. Figure 8 shows how the variation of the void
ratio influences the value of preconsolidation pressure
p’c.

300

200

100

w=31,5 wit h cf = cf(Sr)
w=31,5 wit h cf = cw

0
0

Figure 10. Comparison between experimental and numerical
results of IPI test on the wet side of the Proctor curve.
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Figure 13. Study of the effect of compressibility coefficient (cf)
for air/water phases on the result of reaction strength of soil for
one example of IPI test (Wnat = 31,5 %)

The small discrepancies between numerical and
experimental results may result from experimental
uncertainties on the measure of suction and dry density of
the soil. Influence of different parameters has been tested,
including the suction, void ratio, compressibility
coefficient.
Results of this parametric analysis are plotted in the
Figures 11, 12 and 13.

Figure 13 attest that the reaction force of the soil is
strongly dependent of the value of the compressibility
coefficient of interstitial fluid.
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Conclusion

References

IPI tests on marl have been presented. These tests are
completed by, suction measurements, oedometric and
triaxial tests. These different tests give us a better
understanding of hydro-mechanical response of
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account an extension of effective stress principle which
depends on suction and the χ coefficient (Khalili et
Khabbaz, 1998).
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