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tests. The methods from the results of the Ménard pre-borehole pressuremeter tests (MPM)
and the self-boring pressuremeter tests (PAF, for Pressiométre AutoForeur in French)
are described. Especially, the -z and p-y methods derived from the MPM test results
are commonly used in the French practice. For both 7-z and p-y curves, some theoretical
background (usually FEM calculations in linear elasticity) is given. The results of the #-z
and p-y analyses are compared to the measurements from loading tests on full scale piles.

A proposal concerning barrettes is also presented.

1. Introduction

It is widely accepted that pile foundations should be
designed not only with regard to their bearing capacity,
but also with regard to their vertical and horizontal
displacements. This comes, in particular, from the need to
check the deformation of the structures which they carry,
under serviceability conditions, as recommended in most of
the recent codes, such as Eurocode 7 (CEN, 2004). In other
words, the traditional way of mastering pile movements
by applying relatively large factors of safety to the bearing
capacity does not appear to be anymore the ‘good’ solution.
Piles movements are to be assessed directly.

This paper describes how the approaches using the
‘load-transfer functions’ #-z and p-y were developed in
France for determining, respectively, axial (vertical) and
lateral (horizontal) displacements of single piles from the
results of pressuremeter tests. The behaviour of barrettes is
also mentioned.

The results of two different types of pressuremeter tests
are used: the results of pre-borehole Ménard pressuremeter
tests (MPM) and the results of self-boring pressuremeter
tests (PAF, for ‘Pressiométre AutoForeur’ in French).
The advantage of pressuremeter tests is that they allow to
measure in situ deformation properties of the ground (as the
expansion curve represents a full shear curve measured in
situ). Furthermore, because of the pre-borehole, the MPM
can be performed in all kinds of ground from soft soils to
very stiff or very dense soils and soft rocks. The advantage

of the PAF is that it measures in situ nearly ‘intact’ elastic
shear moduli G of the ground. In the case of the MPM, the
(Ménard) pressuremeter moduli E, are used in an empirical
manner. This is due to the pre-borehole which does not allow
to control and/or ‘measure’ accurately the disturbance of the
ground. In the case of the PAF, the moduli G (or the whole
expansion curve), can be used in ‘theoretical’ solutions
obtained for an elastic continuum.

Figure 1 compares typical expansion curves. It clearly
shows that the PAF curve is stiffer than the MPM curve.
From the PAF expansion curve different shear moduli are
defined G,G,,G,etc. corresponding to an expansion AV/
V,, respectively equal to 0% (tangent initial), 2%, 5%, etc.
For the MPM, a single modulus is defined, i.e. G,, between
D, (initial at rest pressure for the MPM) and Py the ‘creep
pressure’. With the assumption that Poisson’s ratio v =
0.33, the conventional (Ménard) pressuremeter modulus is
obtained from G, :

E, =2.66G), (1)

Table 1 gives some mean values of the ratios G /G ,,
sz/pr sz/GM’ Gp5/GM and Gpﬂ/GM for clays and sands.

At working levels, the mean strain in the ground around
a pile under axial loads is of the order of € = 1073, while it is
of the order of € = 102 in the top layers around a pile under
lateral loads. The initial stiffnesses of the ¢~z and p-y models
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established from MPM and PAF test results for single piles
are consistent with these orders of magnitude (see, e.g.,
Hoang et al., 2018, for the -z model from MPM test results).

Finally, the models for single piles described in this
paper, are meant to be inserted into the so-called ‘hybrid’
approach for assessing the displacements of group of piles
(O’Neill etal., 1977; Estephan et al., 2003, 2006; Perlo et al.,
2005).

2. Axial displacements (settlements)

The determination of the load-settlement curve of a
single pile under axial loading is based on the concept of
shaft friction mobilisation curves, also known as #-z curves
(‘load-transfer functions’ for the axial direction).

2.1 t-z curves from MPM results

The first work on the settlements of piles from
MPM results was the work carried out by Gambin (1963).
The ‘Fascicule 62-V’ French Code (France, 1993) and more
recent French Standard (AFNOR, 2012) suggest, in case
a settlement estimate must be made, to use the t-s curves
(unit shaft friction-local displacement curves) and g-s,curve
(mean base pressure-base displacement curve) proposed
by Frank & Zhao (1982) and Frank (1984). These curves
are shown on Figure 2, with k_and kq (Equations 2 and 3)
given as functions of the pressuremeter modulus £, and the
diameter (2r,) of the pile:
for cohesive soils and soft rocks:
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Figure 1. Typical pressuremeter MPM and PAF expansion curves
(Baguelin et al., 1978).

for granular soils:
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These curves were originally proposed for bored piles
in cohesive soils. They were extended to granular soils by
using correlations such as those shown in Table 1 and using
theoretical results for linear isotropic elastic media (see next
section). They are proposed for bored piles and driven piles.

The limit values of unit shaft friction ¢ _and base
pressure g, are estimated from any well accepted method
of calculation of the bearing capacity of piles, e.g., from
MPM or PAF tests.

Examples of the use of this MPM method for predicting
load-settlement curves of piles are given by Frank (1984),
Bustamante et al. (1989) and Bustamante & Frank (1999).
More recent developments about the Frank & Zhao curves
are given by Abchir et al. (2016) and by Bohn et al. (2017).
Figures 3 and 4 show such examples of the use of the Frank
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Figure 2. MPM (a) 1-s (= #-z) and (b) g-s, (= g-z,) curves (Frank
& Zhao, 1982).

Table 1. Correlations between PAF and MPM moduli (Jézéquel & Le Méhauté, 1979).

G,/G, G, /G, GG, GG, G,/G,
Clays 2.09 1.72 5.42 3.03 11.3
Sands 1.19 1.29 3.47 2.53 4.1
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& Zhao (1982) MPM method for the analysis of full-scale
static load tests. The Koekelare pile of Figure 3 is a cased
screw pile B = 350mm/650mm constructed in an Ypresian
clay. It can be seen that the prediction of the load-settlement
curve is excellent.

Figure 4 shows all the results of the prediction exercise
which was organized for the International Symposium
ISP5-PRESSIO 2005, taking place at the occasion of the
50 years of pressuremeters’ (Reiffsteck, 2006). The pile is
a CFA (continuous flight auger bored pile) with a diameter
B =0.5 m and a length D = 12 m. The pile is embedded
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Figure 3. Comparison of measured and calculated load-settlement
curves for the Koekelare pile (Bustamante & Frank, 1999).
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Figure 4. Comparison of the experimental curve with the participants’
predictions (Reiffsteck, 2006).
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in a 9.6 m thick clay layer, below a 2.4 m thick silt layer.
The water-table is located 1.8 m below ground level. It is
interesting to note the predictions made by Robas & Kuder
(2006) and by Said et al. (2006) are the closest predictions
to the whole initial part of the measured load-settlement
curve, both used the Frank-Zhao MPM method, and were
established completely independently.

2.2 t-z curves from PAF results

2.2.1 Theoretical background

The finite element method (FEM) was used to study
the mechanism of shaft friction in isotropic linear elastic
media (Frank, 1974). The mechanism was confirmed for
linear cross-anisotropic elastic media of vertical axis, also
using the FEM (Orsi, 1978). The FEM mesh used for the
study is shown on Figure 5. No soil-pile interface elements
are inserted. The soil and pile are bound together.

The analyses carried out allowed to establish the
predominant mode of deformation near the pile shaft: it is

a pure shearing of vertical concentric annuli, as shown on
Figure 6.
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Figure 5. FEM mesh for the study of the mechanism of shaft friction
of piles in isotropic linear elastic media (Frank, 1974).
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Figure 6. Sketch of the mechanism of pure shearing of vertical
concentric annuli (Frank, 1974).

The main outcome of the studies is that the initial
stiffness of the #-z curve is related to the elastic shear modulus
G, of the ground through the relation:

yz =0 )
kTO

where the dimensionless parameter k is a function of the
slenderness ratio of the pile D/2r0 (D is the embedded length
of'the pile and r0 is the diameter of the pile) and of Poisson’s
ratio v of the ground. Figure 7 shows the values of k obtained
from Poulos & Davis (1968) and by Randolph (1977) and Orsi
(1978). The modulus GO can be obtained from undisturbed
samples or from the results of PAF tests. In the case of the
PAF tests, it is to be noted that the (tangent) initial modulus
from the expansion curve Gp0O usually corresponds to an
expansion AV/V0 around 0.2%.

The model was further extended to non-linear media.
Figure 8 is a typical example showing the influence of the
non-linear terms of the shear curve of the ground (t,y) on
the friction curve (¢,,w /r,). As seen, the non-linearity of
the ground behaviour has a very limited influence on the
t-z curve until the mobilization of the limit shaft friction g .
Thus, a bi-linear curve (initial mobilization followed by a
plateau at = g ) is quite acceptable for all practical purposes.
For more details, see e.g. Baguelin & Frank (1980) and
Baguelin et al. (1982).

The procedure to establish the bi-linear ¢-z curve from
the results of PAF test is the following:

*  make an estimate of the elastic shear modulus G, of
the ground (e.g. G, from the tangent initial stiffness
of the PAF expansion curve);

»  apply the parameter k (Figure 7) in order to derive
the stiffness of the -z curve: k= G /kr;

*  make an estimate of the limit shaft friction g (as in
the case of the MPM method).

With regard to the base of the pile, a simple tri-linear
curve g-z, is also proposed. The initial slope is derived from
the Boussinesq settlement of a shallow foundation:
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Figure 7. Parameter k as a function of D/2r, and v (in isotropic
elasticity) (Baguelin & Frank, 1980).
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Figure 8. Shear curve (1,y) derived from a PAF expansion test and
corresponding shaft friction curve (t,,w /r)) at 3 m depth for the
Plancoét pile (Baguelin et al., 1982).
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where I is around 0.85 to 1 (Randolph & Wroth, 1978; Frank,
1984). The mean base pressure q is then limited by the limit
base pressure g, (as in the case of the MPM method).

2.2.2 Examples

The PAF method was applied, in particular, to analyse
full scale pull-out tests of two close-ended steel pipe piles
driven in marine soils at Cran and Plancoét (Baguelin et al.,
1982). Both piles are 27.3 cm in diameter and 6.3 mm thick.
The load-displacements curves obtained are compared to the
measured (experimental) ones shown on Figures 9 and 10.
Results from FEM analyses are also shown. They include
interface elements which allow limiting the shear stress to the
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limit shaft friction g . The Cran pile is 17 m long. The soils at
Cran are soft plastic clays underlain by plastic, slightly organic
silt. The Plancoét one is 13 m long. The soils at Plancoét are
sandy silts, underlain by loose sands and silty clays.
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Figure 9. Comparison of measured and calculated load-settlement
curves for the pull-out test at Cran.
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Figure 10. Comparison of measured and calculated load-settlement
curves for the pull-out test at Plancoét.
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In the case of Cran, the t-z load transfer function analysis
matches quite well the experimental results, especially near
the working load of the pile (around 150 kN).

In the case of Plancoét, the #-z analysis underestimates
the displacement in the vicinity of the working load by a
factor of about 0.7 to 0.75, which seems quite acceptable.

3. Lateral displacements

The methods using the subgrade reaction modulus (or
p-y reaction curves, p — reaction pressure, y — horizontal
displacement) are now well known for the design of piles
under lateral loads.

In the following some features of the research carried
out by the French Bridges and Highways Laboratories
(LPCs) are given. They concerned not only overturning
loads at the head, but also lateral thrusts when the soft soil
pushes directly on the pile, due to lateral soil movements
(at the toe of an embankment, for instance). In this latter
case, the pile soil movement y is replaced by the relative
displacement A = y — g, where g is the displacement of the
soil in absence of the pile.

3.1 P-y curves from MPM results

The basic method from MPM results (Ménard, 1962)
is also detailed by Baguelin et al (1978). From the results of
the test at the considered depth (£, , Ménard pressuremeter
modulus; p, creep pressure and p,, limit pressure), the reaction
curve (p, y) of a single pile at a given depth, is established,
for long duration loadings, as shown on Figure 11.

The subgrade reaction modulus k= p/y of part OA is the
one originally proposed by Ménard (1962). When multiplying
by the frontal width (or diameter of the foundation) B, the
Meénard (horizontal) reaction modulus £, = k B is obtained:
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Figure 11. p-y reaction curve from MPM results for long duration
loadings (Baguelin et al., 1978).
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E,, is the pressuremeter modulus measured at the level
under consideration, « is a ‘rheological factor’ depending
on the nature of the ground and B, is a reference width (or
diameter) equal to 0.6 m.

Table 2 gives the values of £ /E, for B < 0.6 m and
for B = 1.2 m for the various values of a. Note that £ /E
ranges between 1.33 and 4 (even 5, or so, for larger piles).

Above the creep pressure p, (p/. = p/2 can be used as
an estimate), the non-linear effect is taken into account by
reducing the tangent reaction modulus by one half (segment
AB on Figure 11). Finally, the ultimate pressure on the pile
P, is taken as being equal to the limit pressure p, measured
with the MPM (segment BC). However, in current practice,
the creep pressure should normally not be exceeded, and the
displacements and moments should be determined using the
law OAB’, which is on the safe side in the case of loads at
the head of the pile (it might be the contrary when the pile
is submitted to lateral thrusts from the soil — see below).

The p-y curve is, in principle, modified for depth values
z lower than a critical depth z , due to surface effect. For z =
0, the pressures are divided by 2 for the same displacement
Ay (or y — g) and are then linearly interpolated until z = z .
For cohesive soils z, is taken equal to 2B (B is the diameter
of the pile) and for granular soils it is taken equal to 45.

The design of piles subjected to lateral soil thrusts,
created by nearby slopes for instance, is based on the ‘free
soil displacement’ concept. It is assumed that the lateral
reaction curve now links the lateral reaction pressure p to the
‘relative’ displacement A=y — g, where y is the equilibrium
soil-pile lateral displacement sought, and g is the free lateral
soil displacement (or displacement in absence of the pile) —
see e.g., Bigot et al. (1982) and Frank (1984). The ‘Fascicule
62-V’ French Code (France, 1993) and more recent French
standard (AFNOR, 2012) suggest a method for predicting
g(z), as a function of depth z, of the characteristics of the
slope, of the characteristics of the underlying soft soil and
of the location of the pile (see also Frank et al., 2018).

It must be admitted that there are not many cases of
comparison of the prediction of the Ménard MPM method
with full-scale test results for piles under lateral loadings.
However, a certain number of such comparisons are available,
in particular some experiments carried out by the LPCs (see
Baguelin et al., 1978).

Table 2. Ratio £ /E, for estimating the Ménard horizontal reaction
modulus £, from the pressuremeter modulus £, (Baguelin et al.,
1978).

B<0.6m B=12m
Peat o= 1.33 1.33
Clay a=2/3 1.9 225
Silt a=1/2 2.3 3
Sand a=1/3 2.8 4
Sand and Gravel

As for those with the determination of the reaction curves
along the shaft, the experiment on Provins site (which will
be briefly reported below) and different research projects at
Plancoét on isolated piles, on a group of two piles and on a
group of six piles must be mentioned. Also, the measurements
taken during 16 years on a steel pipe driven through an unstable
slope at Salledes (Puy-de-Déme) are very valuable (Frank
& Pouget, 2008). For the group of two piles at Plancoét it is
interesting to note that the reaction measured on the trailing
pile is found to be reduced by a factor of 0.4 to 0.5 relatively
to the leading (front) pile, the distance between the 2 axes
being 3 times the frontal width.

From the various experimental evaluations, Baguelin et al.
(1978) conclude that the standard MPM method (Figure 11)
is, in general, pessimistic for quick monotonic loadings.
It tends to overestimate the head displacements and maximum
bending moments of piles submitted to loads at their head,
and thus is conservative. In reality foundations must often
sustain cyclic and/or long duration loads, and the soil can be
severely damaged by the installation of the piles, all being
parameters very difficult to quantify in everyday practice.

These different facts allow one to think that the method
is quite acceptable.

The experiment on the site of Provins in 1974 is interesting
because the behaviour of a full scale instrumented pile was
examined under head loading, and also when being submitted
to lateral thrusts due to the construction of an embankment.
The pile is a steel instrumented pipe, of OD = B =0.926 m
and thickness e = 0.015 m. Furthermore, the 4 stages of the
experiment (initial head loading to 120 kN, then embankment
construction to a height of 3.8 m, to a height of 6.8 m and
after 3 months of consolidation under this final height) were
analyzed in detail by using different pressuremeter prediction
methods (Bigot et al., 1982).

Figure 12 compares the measured values M of bending
moments (left) and displacements (right) (1) for the last
level of applied load at the head (120 kN shear load at 0.2 m
from ground level) to the results of 3 prediction methods:

*  method A, with MPM reaction curves (Figure 11);

*  method B uses p-y curves built in the same manner as
MPM reaction curves but using appropriate moduli
obtained with the PAF. For brevity method B is not
discussed in the present paper;

*  method C1, with p-y reaction curves constructed on
the basis of PAF tests results (see next section).

In the surface layer (silt and clay), the governing one for
head loadings, the use of the MPM method of Figure 11 yields
a mean soil reaction modulus:

E s =k,B=2900 kPa(method A) @)
It is clear from Figure 12 that the MPM method (method

A) is on the safe side for short duration head loadings: the
maximum bending moment is slightly overestimated and
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Figure 12. Provins pile: comparison of measured and calculated bending moments and displacements for head loading (Bigot et al., 1982).

the displacements are overestimated by a factor of 2. This is
consistent with the conclusions of Baguelin et al. (1978). This
also shows that for long duration loadings at the head, the
MPM method is quite acceptable, given all the uncertainties.

Figure 13 compares the measured values M of bending
moments (left) and displacements (right) (M) after 3 months
of consolidation under the final height of the embankment to
the results of 3 prediction methods (A, B and C2). Here, the
difficulty is the prediction of the bending moments, as it is
a ‘displacement-imposed’ problem. The measured bending
moment (curve M) in the upper part is well predicted by
the MPM method (curve A). In the lower part the method
overestimates the bending moment by a factor of around
1.8, which is largely on the safe side.

The full scale experiment of Salledes (steel pipe pile
installed through an unstable slope), where the measurements
were taken during 16 years, confirmed the great difficulty in
predicting accurately the long duration behaviour of piles
undergoing lateral thrusts from a moving ground; it is clear
that the MPM method overestimates the bending moments
of such piles (see Frank & Pouget, 2008, for the extensive
analysis of this unique experiment).

3.2 P-y curves from PAF results
3.2.1 Theoretical background
Several theoretical and numerical studies were carried

out in order to investigate the behaviour of piles under lateral
loads. Bi-dimensional (2D) as well as three-dimensional (3D)
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FEM were used, in isotropic linear elasticity. No soil-pile
interface elements are used. The pile section (in 2D) or pile
(3D) is bound to the soil. Plasticity effects around a pile
section were also studied in 2D (Said, 1977; Baguelin et al.,
1977). For the 3D analyses, because of the axi-symmetrical
geometry of the problem (in the case of circular piles), the
method consisting in expressing the loads and displacements
in Fourier series is used. Only one single Fourier harmonic
is needed here (Carayannacou-Trézos, 1977; Baguelin et al.,
1979). For more details, see Baguelin & Frank (1980).

The effects of the shape of the horizontal cross-section
of the pile (L/B) were assessed by a 2D study, where L is
the length in the horizontal plane and B is the frontal width
(the dimension perpendicular to the lateral load). The L/B
ratio ranged from 1/5 to 5. Figure 14 shows the mesh used
for L/B = 2.

For studying the behaviour of barrettes under horizontal
loads, the soil reaction P is split into its frontal reaction
PTRONT. (in front and on the back of the pile or “barrette”)
and its tangential reaction P™Y (on the sides of the pile
or “barrette”) — see next section, where P is the total soil
reaction per unit length of the pile (P = -d7/dz, with T the
shear load; note that P = pB, p being defined as the soil lateral
‘reaction pressure’).

Figures 15 and 16 show the influence of /B on PFRONT
and P™NG in the case of a homogeneous (intact) linear
elastic medium (with E, Young’s modulus and v, Poisson’s
ratio). The influence of various degrees of remoulding was
also studied.
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Figure 13. Provins pile: comparison of measured and calculated bending moments and displacements after 3 months of consolidation

under final height of embankment (Bigot et al., 1982).

Figure 14. Bi-dimensional FEM mesh in isotropic linear elastic
media for a cross-section L/B = 2 (Baguelin et al., 1979).

The charts of Figures 15 and 16 allow assessing the
corresponding horizontal reaction moduli £ *°"". and E "¢
for the frontal and tangential reaction curves, respectively,
which are needed for the calculation of the displacements
of barrettes.

plang. plionl.
P P

» =033

Figure 15. PFROM: and P™NG for v = 0.33 from 2D finite element
calculations.

The effects of the relative pile-soil stiffness, of the
slenderness ratio of the pile D/2r, and of the type of head
loading (horizontal force H or bending moment M) are
studied in 3D conditions. Two slenderness ratio values are
used: D/2r,=10 and D/2r,=25. The mesh for D/2r =10 is
shown on Figure 17.

The soil is represented by a homogeneous (intact) linear
elastic medium with Young’s modulus £ and Poisson’s ratio
v =0.33 (Poisson’s ratio has nearly no influence). E is the
modulus of the pile.
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Figure 16: P"*°NT and P™VN¢ for v = 0.45 from 2D finite element
calculations.
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Figure 17. FEM mesh in isotropic linear elastic media for 3D study
of laterally loaded piles for piles with D/2r, = 10.

The study aimed at determining a single ‘equivalent’
reaction modulus £ =~ which would yield the same head
horizontal displacement as the FEM calculation. The main
findings are reported on Figure 18 for the two slenderness
ratios, for the force and moment loadings and for a large
range of the relative pile-soil stiffness EP/E (Frank, 1984).

The main conclusion of this 3D study is that, for all practical
purposes,s =E/E  ~0.6-0.7. Thus the following approximate
relation is obtained for the (horizontal) reaction modulus:
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Figure 18. Equivalent horizontal reaction modulus in an intact soil
E, . as a function of the slenderness ratio I/2r, (= D/2r,), of the
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relative pile-soil stiffness £ /E and of the head loading (H or M).

E. =4G (®)

N

where G is the shear modulus of the elastic soil.

The way of applying PAF test results is then shown
on Figure 19 (Amar et al., 1981a, b). For quick monotonic
lateral loading the p-y corresponds to the PAF expansion
curve itself. The reaction pressure p on the pile is the net
pressure p* = p —p, of the PAF test and the relative horizontal
displacement y/r, of the pile is then the radial strain Ar/r,
which is approximately half'the expansion AV/V of the PAF
probe [Ar/r ~ (AV/V)/2]. The ultimate pressure on the pile
p,is equal to the net pressure p*, at 20% of expansion of the
PAF probe. For repeated or permanent (long duration) lateral
loadings, such as lateral thrusts on piles, the displacement y
(or y—g) is multiplied by 2 for the same reaction pressure p.
Furthermore, p is respectively limited to pu = 0.75p*, for
sandy soils and to p, = 0.5p*, for clayey or silty soils.

Given the fact that the slope of the curve [p*, (AV/
V )/2]is 2G , for an isotropic linear elastic medium (Lamé’s
solution for the thick cylinder), the use of the PAF expansion
curve itself as a p-y/r comes to assume that the (horizontal)
modulus of reaction is

2
g =PB_P2h _ 4G, ©)
vy
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(G, is G,G,orG from the PAF expansion curve).

It thus can be said that the use of the PAF expansion
curve as the p-y/r, curve for quick monotonic loadings
matches the theoretical findings for an isotropic linear elastic
medium (given in Figure 18).

In the case of repeated or permanent loading:

E, =2G, (10)

Furthermore, the non-linearity of the reaction curve (until
p, is reached) is assumed to be same as for the pressuremeter
expansion curve.

Table 2 indicates that £ /F, ranges between 1.33 and
4, or, in other words, that £ /G, ranges between 3.5 and
10.6 which is consistent with the fact that G, < Gp. (Table 1).

3.2.2 Examples

The PAF method indicated on Figure 19 was applied
to the Provins pile (Figures 12 and 13).

Figure 12 compares the measured values M of bending
moments (left) and displacements (right) for the last level of
applied load at the head (120 kN horizontal load at 0.20 m

Quick monotonic loading

=PAF 1 AV p =p%
950 _ cuer,,_,z._v; \ u*P 20
= Sondy soils
0.75P20 -
//(pected or permanent loading
1) S (- |
Clayey or silty soils
A M N
4 o
ANz2AM
0 10 r/ro%

Figure 19. p-y curves derived from PAF expansion curves
(Amar et al., 1981a, b).

F Y
v

P e e

—_——m

B2 Ls Bi2

from ground level) to the calculations with the p-y reaction
curves for quick monotonic loadings constructed on the basis
of PAF tests results, as shown on Figure 19 (method C1).
In the surface layer (silt and clay), the governing one
for head loadings, the use of the PAF expansion curve yields:

E, =4G ,, =11700kPa(method C1) (11)
which is 4 times larger than the Ménard reaction modulus £, .
Indeed, this leads to underestimating both the displacements
along the pile, as well as the maximum bending moment.
Figure 13 compares the measured values M of bending
moments (left) and displacements (right) after 3 months of
consolidation under the final height of the embankment to
the calculations with p-y reaction curves for permanent (long
duration) loadings constructed on the basis of PAF tests
results, as shown on Figure 19 (method C2). For this stage
of the experiment, the prediction using the PAF expansion
curve with the factor 2 on the y axis is quite satisfactory.
In the case of the experiment of Salledes (steel pipe pile
installed through an unstable slope), where the measurements
were taken during 16 years, the PAF method also overestimates
largely the bending moments, as reported above for the
MPM method (Frank & Pouget, 2008). It confirms the great
difficulty in predicting accurately the long duration behaviour
of piles undergoing lateral thrusts from a moving ground.

4. Behaviour of barrettes

Barrettes are bored deep foundations of large dimensions
in the horizontal plane. They are cast in place with the help
of slurry. Usually: L/B > 2, where B is the frontal width,
perpendicular to the lateral loading (Figure 20).

For axial displacements, the MPM ¢-z and g-z_curves
of Figure 2 can be used, as well as the PAF method described
in section 1.

As these methods are meant for circular piles, some
geometrical conversion should be made. The ‘equivalent’
diameter B = 2r, can be obtained from:

7B?

A= (12)
4

F
L J

— e e et

m

'
—_————

B2 Ls B2

Figure 20. Design lengths for the reaction curves of barrettes (France, 1993; AFNOR, 2012).
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where 4 is the area of the ‘full” horizontal cross-section of
the “barrette” 4 = BL.

The limit values of the unit shaft friction ¢ _and of
the base pressure g , can be determined from the bearing
capacity rules for bored piles with slurry, together with the
real area of the shaft and base, respectively. Nevertheless,
in the case of barrettes, special attention should be paid to
the estimate of the equivalent limit pressure p,* at the base
and equivalent embedment depth for the determination of
q,» as their slenderness ratio B/D may lead to consider them
as semi-deep foundations.

The method for assessing behaviour of barrettes under
lateral loadings is described on Figure 21 (Baguelin at al.,
1979).

The principle of the method is to split the total reaction
force P (soil reaction per unit length of the pile, in kKN/m or
MN/m) at a given level into a frontal reaction P*ROM (on the
front and on the back) and a tangential reaction P (on the
sides) for the same horizontal displacement U:

P(U)= PfrontA (U)+Ptang.(U) (1 3)

On Figure 21, the lateral reaction forces P, PRONT
and P™NG are drawn as functions of the horizontal displacement
U. The slopes E_ are thus reaction moduli (in kPa or MPa).

The two reactions PFRONT and P™N¢ correspond,
respectively, to the soil reaction (Figure 20):

* on the front and the back and taking into account
B/2 on each side of the “barrette”;

+ onthesides, taking into account L = L — B on each
side of the “barrette”.

front. _tong.

PP, P

t Vs front.
+

P=p tang.

p

Figure 21. Lateral reaction curves for the design of barrettes.
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The determination of the reaction curves is the following:

o for PFRONL(UJ), the same curve is used as for a pile
of diameter B (see previous section);

+  for PPN%(U), the initial slope E "¥¢ upto P=P "N
is assessed from the results of the 2D FEM analyses
described in the previous section (Figures 15 and 16).
These results allow to determine the ratio £ "%/
E FRONT The ultimate reaction P, "N is equal to:

F, fang- = 2q‘vh Ls (14)

max.

where the horizontal unit shaft friction g, can be taken as
equal to the (axial) limit shaft friction g _for bored piles
with slurry.

5. Conclusion

This paper presented the main results concerning
the determination of displacements of single piles from
pressuremeter test results. The methods for constructing the
‘load-transfer functions’ -z and p-y are described. The great
advantage of pressuremeter tests is that they provide for
deformation parameters measured in situ.

In the case of the Ménard pressuremeter tests (MPM),
the pressuremeter modulus £, is used for deriving such
load transfer curves which, in turn, allow to assess the axial
(vertical) and lateral displacements of the piles. The transfer
curves are mainly empirical. Both the -z and p-y models
derived from the MPM parameters (£, and p)) are commonly
used in practical design in France.

These types of models, obtained for “simple” problems,
are also used for calibrating and validating the choice of moduli
of deformation when it comes to solving more complicated
problems by numerical methods, such as the finite element
method (see, e.g., Bourgeois et al., 2018).

The corresponding curves from the self-boring
pressuremeter (PAF) are mainly based on theoretical studies
carried out for elastic media. These studies assume that
‘intact’ shear moduli are used. They are taken from the PAF
expansion curves.

In all cases, the limit values of shaft friction and end-
bearing (for #-z and q-z, curves) can easily be obtained from
any well accepted method for assessing the (vertical) bearing
capacity of piles. The (horizontal) ultimate pressures (for
p-y curves) are derived from limit pressures measured with
the pressuremeter.

The proposed #-z and p-y curves are meant to be inserted
into methods for assessing the displacements of group of
piles, such as the ‘hybrid’ approach method.

Their validity was exclusively checked on the basis of
the results of loading tests on full scale piles. Clearly more
well documented full scale test results would help develop
them further. But this also means that the influence on the
ground of the insertion or of the casting of piles is better
known and quantified.
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