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ABSTRACT
This paper presents an application of multicyclic expansion tests carried
out with a pressuremeter at two experimentation sites to evaluate soil sus-
ceptibility to this type of solicitation. These unique pressuremeter tests,
interpreted in terms of deformation (volume change or radial strain) and
number of cycles, offer relationships as a function of cyclic shear ratio.
New test procedures and probe enhancements were also implemented to
develop additional data and to improve the quality of these tests. These
cyclic tests were performed using a pre-bored M�enard pressuremeter as
well as a new pressuremeter probe equipped with a miniature pore pres-
sure transducer. Two sites were studied, one located in French Antilles and
the second one located in Brittany (France), both consisting of normally
consolidated sandy and silty soils profiles. An estimation of the relationship
between cyclic stress ratio applied during the tests and the number of
cycles to reach failure are presented and discussed in this paper. These
results were compared to traditional cyclic laboratory test results and
showed great potential for this in situ testing method. The results were
used to develop preliminary charts for liquefaction prediction. This article
presents a summary of the analysis and application of these cyclic pres-
suremeter tests.
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1. Introduction

Determination of the cyclic resistance potential of soils is of significant importance to safeguard struc-
tures against damages and/or failures during earthquakes. Since the Niigata, Alaska, and Kobe earth-
quakes, several research groups have developed, tested and validated various methods to evaluate this
phenomenon. These efforts have primarily focused on laboratory tests in which conditions such as dens-
ity, fines content, stress history, confining pressure and stress paths are controlled and can be used to
evaluate the effect of various parameters (Bray & Sancio, 2006; Ishihara, 1993; Ueno et al., 2015).

Laboratory tests overwhelmingly rely on reconstituted samples because of the difficulties involved in
obtaining undisturbed samples of granular soils. Although some techniques exist to sample soils with
minimal disturbance such as freezing and impregnation methods, those are not routinely used because
of cost and complexity (Ferreira et al., 2020). Granular soils with plastic or non-plastic fines are also very
difficult to reconstitute in the laboratory to conditions identical to those in situ. These sampling and spe-
cimen preparation drawbacks have led to an increased interest in field testing techniques.
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Depending on the method of insertion into the ground (pre-bored, self-bored or pushed-in), the pres-
suremeter is considered the reference test to determine the in situ horizontal stress state and can pro-
vide a complete stress-strain curve during the test (Benôıt et al., 2020). With minor modifications and
improved data acquisition systems, the pressuremeter can also be used for cyclic loading in which ampli-
tude and frequency can be varied (Dupla & Canou, 2003; J�ez�equel & Le M�ehaut�e, 1982). The interest of
performing unload-reload loops with the pressuremeter to obtain the elastic modulus appeared very
early in the work of M�enard (1960). With a sufficient number of cycles, it is possible to observe pore pres-
sure increases or the equivalent volume changes up to liquefaction (Dupla & Canou, 2003). Overall, these
various improvements suggest that the pressuremeter is well-suited for evaluating liquefaction potential
in situ.

The primary objective of the work presented in this paper is to show the potential of a specially modi-
fied pre-bored pressuremeter and upgraded control system to perform high quality cyclic testing to
study liquefaction in situ. This paper presents the pressuremeter modifications and its application to
study the resistance of soil to cyclic solicitation. The field results are compared to those from labora-
tory testing.

1.1. First approach

The pressuremeter test, initially developed by M�enard in the 1960s, consists in lowering a cylindrical
probe covered with a rubber membrane into a pre-bored hole, and inflating the membrane in incre-
ments of pressure until the cavity has approximately doubled in volume. The test and its procedures are
well-documented in the literature (ASTM, 2020; ISO, 2004).

Cyclic tests using the pressuremeter have also been used since the early introduction of the technique.
These tests included one or more unloading-reloading loop making it possible to determine cyclic
deformation moduli as a function of stress level. The values obtained are somewhere between the mod-
uli measured in small strain from dynamic laboratory tests or with in situ seismic wave propagation tests
and the conventional M�enard modulus evaluated along the quasi-elastic phase of the expansion test
(M�enard, 1960; Tani, 1995; Tatsuoka et al., 1997). These cyclic tests are mainly intended to ‘erase’ the ini-
tial disturbance from predrilling along the borehole cavity wall (AFNOR, 1999; Combarieu & Can�epa,
2001) to provide a more appropriate elastic response of the soil. However, Dupla and Canou (2003) found
that a single cycle of unload-reload is insufficient to identify changes in soil characteristics under cyc-
lic loading.

During the 1970s, the Association for Research in Marine Geotechnics (ARGEMA) in France, brought
together several consultants and research agencies dealing with offshore geotechnical issues and con-
ducted a multi-site cyclic pressuremeter test program. The details of the experiments are summarized in
several reports and articles in the proceedings of the Symposium on the Pressuremeter and its Marine
Applications held in 1982 in Paris (J�ez�equel & Le M�ehaut�e, 1982). As documented in these references, the
cyclic expansion tests were carried out to assist in the design of offshore platform piles. The tests were
preferably performed using self-boring pressuremeter probes.

Other researchers such as Masuda et al. (2005, 2008) also used the cyclic pressuremeter testing to
liquefy soils in situ. Such tests required a very sophisticated and unique probe composed of five cells
that were alternately inflated in order to shear the soil at mid-plane. The measurement of the interstitial
pressure was carried out on the central section. The few trials that have been published show a good
relationship between number of cycles and the increase in pore water pressure.

The use of the conventional pressuremeter for liquefaction studies started as early as 1995 by Dupla
(1995). Although, the idea of cyclic testing during pressuremeter tests appeared very early for evaluating
soil-structure interaction in offshore foundations (J�ez�equel & Le M�ehaut�e, 1982; Little & Briaud, 1988), the
use of the pressuremeter for liquefaction originated from Dupla (1995).

Dupla (1995) carried out several expansion tests in a thick cylinder and in a calibration chamber with
a mini pressuremeter (diameter of 32mm). Figure 1 shows some of the results in terms of volume
change variation with the number of cycles for four relative densities (Id ¼ emax � eð Þ= emax � eminð Þ). The
trend of the experimental accumulation curves follows a power law (Figure 2b).

Figure 2 compares the results obtained by Dupla (1995) during these cyclic pressuremeter tests (cPMT)
to the results of cyclic triaxial tests (cTXT) conducted by Gobbi (2020) and those from Dupla (1995).
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Figure 2b compares the results from calibration chamber tests for a 32mm monocell probe (cPMT in
CC dry) with the reconstituted sand around the probe at a 5% volumetric strain (eV ¼ DV=V0) accumula-
tion to the Ishihara failure criterion from the laboratory tests which considers a double amplitude axial
deformation of 5% (Ishihara, 1993). The results obtained in the calibration chamber show a close agree-
ment to the curve determined from laboratory tests for the low values of density index but more distant
for higher values. A new series of tests in calibration chamber has been performed by Karagiannopoulos
using a 44mm tricell probe in Hostun sand for a density index Id¼0.3 in dry and saturated conditions
(2020). These results showed that using the 5% volumetric strain criteria led to the same trend in both
drained and undrained conditions (Figure 1a).

2. Equipment improvements

2.1. Pressuremeter

The basic principle of the pressuremeter test is to measure pressure-deformations or volume changes
during cavity expansion. For this research project, each test consisted of several cycles of loading-unload-
ing during the expansion test to simulate the effect of repeated loading or dynamic events. These cavity
expansion cyclic tests can be performed with any pressuremeter probe with any insertion procedures
such as self-boring, pre-boring or static penetration. The M�enard pressuremeter test equipment used in
this project allowed operators to achieve monotonic expansion tests (EN ISO 22476-4 similar to ASTM
D4719) and cyclic tests (NF P94-110-2) (ASTM, 2020; AFNOR, 1999; ISO, 2004). These tests included
unload-reload cycles performed in steps using the same test procedures as outlined for the M�enard pres-
suremeter test described in the EN ISO 22476-4 standard. The probe used for this testing program was a
standard M�enard tri-cell probe. The tests were carried out using a pressure volume control unit (PVCU)

Figure 2. Synthesis of laboratory and calibration chamber tests on Hostun sand (a) 44mm probe (Karagiannopoulos, 2020) and
(b) all probes.

Figure 1. Mini cyclic pressuremeter tests after Dupla (1995).
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and datalogger equipment manufactured by Jean Lutz SA. The system, shown in Figure 3a, is connected
to a portable computer which controls every aspects of the test using a series of solenoid valves as well
as pressure transducers and flowmeters. The testing procedures are carried out automatically either dir-
ectly on the control unit or using a software program developed by Jean Lutz. The probe expansion is
measured by recording the volume changes during the various pressure increments.

Evaluation of excess pore pressures during cavity expansion has been shown to be of significant
importance in liquefaction studies (Bensaïd, 1985). Although some self-boring pressuremeters are
equipped with pore pressure sensors, the conventional M�enard pressuremeter only measures the pres-
sure-volume response of the soil. Laboratory experiments have shown that soil liquefaction initiates
when the pore pressure increases to a value close to the confining pressure at which point the effective
stress becomes zero. Consequently, it is important to measure pore pressures during cyclic expansion in
order to estimate the liquefaction potential of soils. The pressuremeter used for this project was specially
equipped with one pore pressure transducer fixed on the outside of the expanding rubber membrane as
shown in Figure 3b. The transducer is glued on the membrane and powered using a thin wire embedded
in a shallow groove in the membrane. The wire runs up to the surface along the pressuremeter tubing.

Preliminary tests were carried out with a Cambridge Insitu self-boring pressuremeter equipped with
two pore pressure sensors (A and B) diametrically opposed using the control system described previously.
The tests were performed in a soft marine clay deposit at the New Hampshire seacoast, USA. Figure 4
shows a typical response from the pore pressure sensors under cyclic pressuremeter loading. It can
observe that changes in total stress generate an immediate response of pore pressures during cyc-
lic loading.

Using the experience gained at the New Hampshire test site, a simple and robust transducer that can
be fixed directly on the membrane was developed for use on the standard pressuremeter probe. The first
prototype tests were carried out on Le Sillon dyke located in the city of Saint Malo, France. The results
presented on Figure 5 suggest that the permeable sand at the site allowed the pore pressures to dissi-
pate rapidly. The response of the pore pressure sensor clearly shows its potential for measuring pore
pressure development during cyclic loading as demonstrated previously at the Dover, NH site.

2.2. Membrane stiffness correction

Depending on the type of pressuremeter, membrane type and soil to be tested, the pressure losses due
to membrane stiffness must be properly taken into account to get accurate soil pressure-volume change
measurements. The pressure loss correction accounts for the increase of resistance due to membrane
stiffness during expansion (ASTM, 2020; ISO, 2004). The correction is obtained by expanding the mem-
brane in air. Figure 6 shows various membrane expansion curves in air for different membrane configura-
tions: rubber, metal sheath with membrane, canvas, rubber with canvas, slotted tube and slotted casing.
The figure illustrates the importance of this calibration especially in soft soils where the stiffness of the
membrane is significant with respect to the actual soil resistance. The correction for membrane stiffness

Figure 3. photograph (a) of cyclic M�enard pressuremeter test equipment and (b) Pore pressure transducer attached to the flexible
membrane cover.
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is usually performed on the pressure-volume test curve after the test has been completed as part of the
analysis of the pressuremeter test measurements. However, for cyclic pressuremeter tests, it is critical to
correct for membrane stiffness during the application of the loading and unloading cycles. The cyclic
loading program allows the user to define any type of loading signal (e.g. harmonic or multiple frequen-
cies) and to account for the membrane stiffness throughout the test.

Figure 7 illustrates the importance of membrane stiffness correction during the test. The lighter grey
curves show the intended loading cycles which should vary between pm and pM. However, for properly
correcting for membrane inertia, the applied pressure has to increase with each cycle an amount

Figure 4. Measure of pore pressure in self-boring pressuremeter tests (Dover, NH site).

Figure 5. Measure of pore pressure in pre-bored pressuremeter tests (Le Sillon, Saint Malo site).

Figure 6. Membranes and correction curves for different membrane cover systems.
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equivalent to the membrane stiffness (Figure 7a). Examples of such application of instantaneous mem-
brane inertia corrections are shown schematically on Figure 7b and on an actual cyclic pressuremeter
test in Planc€oet (France) on Figure 8. These corrections are applied in real-time resulting in a corrected
curve that appropriately cycles between the intended pressure amplitudes as shown by the constant
pressure amplitudes with increasing volume.

3. Testing procedures

Each pressuremeter test holes were cased down through surficial fills, if any, and then hand-augered
using bentonite mud to each test depths. When a slotted tube was used to protect the rubber mem-
brane, the probe was lowered in a pre-drilled hole advanced with a continuous flight auger of the same
diameter. In general, the boreholes were advanced in 1-meter depth increment to minimize borehole
relaxation and disturbance (Reiffsteck et al., 2020). For tests using a slotted tube probe, each advance did
not exceed three meters. Tests were performed below the ground water table level in a borehole full of
flushing medium. Saturation conditions were kept close as possible to their initial state. In this paper, no
corrections were made to account of a potential difference in the saturation quality compared to triaxial
and calibration chamber tests used as reference (Vernay et al., 2020).

Figure 7. Loading pressuremeter test program to account for membrane stiffness (a) loading program without integration of cor-
rection curve and results obtained (b) loading program modified and results.

Figure 8. Comparison of test results with corrected loading program (Planc€oet site).
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In this research, the cycles were applied according to a harmonic signal with a predefined pressure-control
rate without incremental steps as shown in Figure 9. A single loading program was used which consisted in
cyclically loading between two pressure limits, pM and pm. All cyclic parameters are defined on the figure.

The tests were carried out in pressure-controlled mode with a cyclic frequency based on soil type
using a predefined stress level. The duration of the cycle was chosen so that the cyclic stress remained
rapid enough to observe the dynamic response of the soil in almost undrained conditions (especially in
impervious soil) but also taking into account the reaction time of the control unit (PVCU). A parametric
laboratory triaxial tests study with cyclic frequency varying between 0.005 and 2.0 Hz has shown the
need to keep the cyclic loading frequency greater than 0.01 to avoid potential overestimation of the
number of cycle to reach liquefaction (Gobby, 2020). Therefore, in this testing program the cycle frequen-
cies were kept between 0.01 and 0.05Hz. The number of cycles N was limited to 50 for potential use in
daily practice. An initial monotonic loading with a total duration of 160 s was also included to reach the
mean pressure Pav ¼ (pM þ pm)/2. The cavity pressure was varied according to a sinusoidal signal as
described in Eq. (1).

pcav ¼ pM þ pm
2

� 1þ pM�pm
pM þ pm

� sin x � tð Þ
� �

(1)

With x ¼ 2�p=T and T the signal period in seconds.
The initial pressure pm which defines the lower limit of the cycles was kept greater than the horizontal

effective stress rh00 so that the probe is always remain in contact with the surrounding borehole wall
while the maximum pressure pM is selected to obtain a specific stress ratio as defined by Dupla and
Canou (2003). The pressure r0h0 was estimated from previous M�enard type expansion test results using
the minimum curvature point as the probe re-contacts the borehole wall (Benôıt et al., 2020).

3.1. Data analysis

Using the results from cyclic triaxial tests, the Cyclic Stress Ratio (CSR), conventionally defined as the ratio
of the maximum cyclic deviatoric stress over twice the initial effective confining stress, r’c, as shown in
Eq. (2) was used as the basis for a similar CSR for the pressuremeter test:

CSRTXT ¼
d r1 � r3ð Þcy

2 � r0c (2)

In the triaxial test, the failure can be generally defined as the onset of liquefaction where the excess pore
pressure Du is equal to r’c (ru ¼ Du=r0c ¼ 1) or, at a double amplitude axial deformation of 5% (Ishihara,
1993). For the pressuremeter test, the Cyclic Stress Ratio is defined similarly as the ratio of the simple cyclic
amplitude d seð Þcy of shear stress over the mean horizontal stress, rH;mean, during the test as shown in Eq. (3):

CSRPMT ¼
d seð Þcy
rH;mean

¼
d rr � rhð Þcy
2 � rH;mean

(3)

At an early stage of the test, in small strain, when soil can be considered elastic, the increment of cir-
cumferential stress drh is equal to the increment of radial stress drr but for larger strain in loose granular

Figure 9. Definition of cyclic test parameters.
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material the increment of deviatoric stress is equal to the radial stress as the circumferential stress
become negligible (i.e. drh ffi 0). This has been observed by Mokrani (1991) in calibration chamber.

Hence at large strain,

CSRPMT ¼
d rrð Þcy

2 � rH;mean
¼

pM�pm
2

2 � pMþpm
2

� � ¼ pM�pm
2 � ðpM þ pmÞ (4)

According to Castro (1975), during a laboratory cyclic triaxial test (i.e. r2 ¼ r3) the criteria can be
expressed as shown in Eq. (5) and in Figure 10:

soct
roct

¼ 2 � ffiffiffi
2

p

3
� r1�r3
2 � rc (5)

and in the field during a seismic event:

soct
roct

¼
ffiffiffi
6

p

1þ 2 � K0 �
se
rv

(6)

During the pressuremeter test, the cyclic shear stress imposed to the soil close to the probe is applied
in the horizontal plane and the initial vertical and horizontal stresses are identical as in the earthquake
conditions (Figure 10). Consequently, the same formula (6) may be used.

Based on this analysis, the CSR imposed in situ must be corrected by a factor reflecting the stress
path applied to reach the conventional liquefaction (Eq. (7)).

From the equality of Eqs. (5) and (6) we can deduce:

CSRField ¼ CSRPMT ¼ se
rv

¼ 2 � 1þ 2 � K0ð Þ
3 � ffiffiffi

3
p � r1�r3

2 � rc ¼ 2 � 1þ 2 � K0ð Þ
3 � ffiffiffi

3
p � CSRTXT (7)

Which gives for a sand a value close to 0.71 for a friction angle of 35�, and 0.87 for a silt with a fric-
tion angle of 22�, using K0 estimated using the Jaky (1944) formula. In tests performed in calibration
chamber by Dupla (1995), and Karagiannopoulos (2020) an isotropic consolidation state was imposed
leading to a correlation between CSRTXT et CSRPMT close to 1.15 (Figure 2).

As presented on Figure 11, the pressuremeter tests are carried out at different stress amplitudes Dp,
and the resulting CSR evolution curves are plotted against the number of cycles N to failure. During a
cyclic pressuremeter test, failure is defined in a similar way to the triaxial test. In Figure 11, NL corre-
sponds to the number of cycles to liquefaction, er is the radial strain calculated from the volume change
and ru is the pore pressure ratio. Unlike for the laboratory experiments such as the triaxial test or the
simple shear test, for in situ tests it is not possible to change or modify the soil density so the tests are
carried out at the existing in place density and amplitude has to be varied accordingly to reach the CSR
values. When pore pressure measurements are available, the failure is defined using ru ¼ 1 as shown for
the first two cases on Figure 11.

Figure 10. Comparison of stresses in situ during earthquake (a), during a cyclic triaxial test (b) and during a cyclic pressuremeter
test (c) (modified from Castro, 1975).
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To obtain the radial strain er, it requires transforming the measured volume changes during the pres-
suremeter expansion into volumetric strains (Eqs. (8) and (9)).

eV ¼ DV
V0

¼ V�V0
V0

(8)

where: V¼measured current cavity volume during the test
V0¼ initial cavity volume
and

er ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
eV þ 1

p � 1 (9)

For cases when only volume changes are recorded, Dupla (1995) proposed to use the envelope of vol-
ume versus number of cycles fitted with a power law to define the failure for a given er. For the in situ
pre-bored pressuremeter testing, the probe placement is different from the calibration chamber where
the soil is ‘molded’ around the probe. This slightly remolded zone resulting in volume accumulation dur-
ing the preliminary loading phase. In addition, the drainage conditions may induce some dissipation of
the pore pressure takes place during the cycling which further increases the cavity volumetric strain as
compared to the behavior in the equivalent triaxial tests. As a result, a failure criterion with a higher volu-
metric strain such as ev ¼ 50% has been proposed in order to obtain a number of cycles comparable to
the cyclic cavity expansion laboratory tests (calibration chamber, thick cylinder).

3.2. In situ testing program

Testing using the cyclic pressuremeter was conducted at two field sites at different stages of improve-
ments to the probe and testing protocols. The first site was on the eastern part of Guadeloupe (Gosier)
with a standard pressuremeter probe without pore pressure measurement capabilities. The second site
was in Brittany, France (Saint Benoit-des-Ondes) and the testing was carried out with a probe equipped
with pore pressure sensors and the applied load cycles were corrected in real-time for membrane inertia
and stiffness. The following sections present basic soil profiles and geotechnical properties for both sites.
More details can be found in Dupla and Canou (2010), Dang (2019) and Karagiannopoulos (2020). Details
regarding these tests are summarized in Table 1. Indices are used in Table 1 for the 2018 and 2019 cam-
paigns to distinguish the different applied cyclic ratios (CSR) at the same depth. The membrane stiffness
correction was applied only in the 2019 Saint Benoit des Ondes campaign. All pressure values (PM, Pm)
are corrected and for this reason, we can observe zero values for the applied minimum pressure in the
Saint Benoit des Ondes’ silt where the probe’s resistance is important compared to its limit pressure. This
phenomenon is eliminated with the application of the stiffness correction in real time.

3.2.1 Gosier (French Antilles) site

The first field application of the method developed by Dupla in a calibration chamber, was made as part
of the Belle-Plaine project on the Gosier Site in the French Antilles (Dupla & Canou, 2010). This site was
selected to evaluate liquefaction potential using the cyclic pressuremeter because of its location in this
highly seismic area of the Antilles. The site has been investigated using various laboratory, geotechnical
and geophysical field experiments including seismic velocity tests, piezocone (CPTu) and cyclic pressure-
meter. In addition, boreholes have been drilled to collect samples for physical and mechanical laboratory

Figure 11. Pressuremeter cyclic behavior and CSR concept (modified from Ishihara, 1993).
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testing and the boreholes were used to install a series of accelerometers and piezometers to monitor
future seismic events at the site.

Figure 12 summarizes some of the key indicators of stratigraphy and properties relevant to the lique-
faction study obtained from piezocone profiles, pressuremeter testing and seismic shear wave velocity
profiling. The CPTU profile suggests that a sandy zone with varying amounts of silt and clay is located
between approximately 3 and 8m overlying a normally consolidated clay layer. The water table was
found at about 1.2m. The sandy zone was further classified using grain size analyses of samples obtained
from the various boreholes. Figure 13 shows results from the sieve analyses as summarized by Dupla and
Canou (2010) compared to the ranges of grain size distribution for most liquefiable and potentially lique-
fiable soils proposed by Tsuchida (1970). Using the European standard (CEN, 2004) for liquefaction poten-
tial evaluation (Sr ¼ 100%, Cu¼D60/D10<15, 0,05<D50<1.5mm), some of the soils shown in Figure 14
were deemed potentially liquefiable according to the ranges established by Kishida (1966) and by Lee
and Fitton (1968). Such seismic design codes use protocols to predict the susceptibility of fine-grained
soils to liquefaction based solely on the fines content (FC) parameter, which is not sufficient as a single
indicator (Bray & Sancio, 2006; Seed et al., 2003). According to these protocols, resistance to liquefaction
decreases with decreasing fines content (Youd et al. 2001). However, during recent earthquakes, such as
those of Darfield in 2010 and Ecuador in 2016, widespread liquefaction occurred in a significant number
of sand deposits with fines content greater than 15%.

A series of monotonic and cyclic M�enard and self-boring pressuremeter tests were conducted at the
Gosier site using a probe fitted with a rubber membrane covered with a metallic sheath for the mono-
tonic tests and with a reinforced membrane for the cyclic tests. The metallic sheath was used as protec-
tion against the sharp shells present in the soil deposit. The boreholes were advanced by hand using an
auger with bentonite injection. The results from the monotonic tests were previously presented on
Figure 12 in terms of pressuremeter modulus and limit pressure. The profile of limit pressure shows a
clear correlation with the CPT results. The profile of M�enard modulus illustrates the ability of the pres-
suremeter to perform tests in such variable soil stratigraphy.

Figure 14 shows the results of three cyclic pressuremeter tests performed in the vicinity of the CPTU
profiles. Figure 14a shows the pressure corrected for volume accumulation. The results show the increase
in volume accumulation as a function of the vertical position in the sandy layer. The tests performed at
8m depth reached a volume greater than 500 cm3, which corresponds to a volume deformation close to
100% (or er¼41%) for a small number of cycles because of the applied high cyclic ratio (Table 1), while
the other tests at 5 and 10m only accumulated to 60 and 150 cm3, respectively. The series of curves
shown in Figure 14b were approximated by single average curves extrapolated to 100 cycles.

Figure 12. Soil profile at the Gosier site, French Antilles (a) CPT profile (Foray et al., 2008) (b) pressuremeter results (c) shear
wave velocity (Foray et al., 2008) (d) factor of safety FS¼MSF�CRR7.5/CSR (Youd et al., 2001).
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Figure 15 shows the values of the number of cycles at conventional liquefaction as a function of the
CSR. These points were obtained by fitting a power law on the accumulation curve envelope previously
described. The grouping of results obtained for depths between 5 and 8m (shown within the ellipse) fits
within the classification of less liquefiable soils derived from CPTu results (FS > 1.2).

A power law relationship (CSR¼ a.Nb with N number of cycles) was used as proposed by Dupla and
Canou (2003) to fit a curve on triaxial test results. The results derived from the cyclic pressuremeter tests
are in very close agreement to the curve proposed using Eq. (7) (shown as a black solid line curve).

If the 50% volumetric strain is not reached during the test (limited to 50 cycles), the number of cycles
at liquefaction is extrapolated using a power law.

The pressuremeter curve was deduced from the triaxial curve using Eq. (7) for a friction angle of 27�

and a dense state. In this first campaign, the amplitude was almost kept at the same level but still not
corrected during testing. The next test program was designed to investigate the effect of the membrane
correction in real-time.

3.2.2. Saint-Benôıt-des-Ondes site
The results of a series of cyclic pressuremeter tests performed beneath the Duchess Anne embankment
dyke close to the Mont Saint Michel (France) are presented in this section.

The Duchess Anne dike, built between 1020 and 1040, extends from the tip of Château Richeux (south
of Cancale), in the west, to the small massif of Saint-Broladre, to the east. The dike separates the marsh-
land from the adjoining sea. The study focused on a 17 km linear section, the management of which is
ensured by a local owners’ association.

The dike of the Duchess Anne was constructed taking advantage of ancient coastal ridges at this loca-
tion to protect the Dol marshes from high tidal ranges (15m tidal range in the bay). The thickness of
Quaternary sediments is between 15 and 20m below the dike and these are essentially made up of pitch
(silt size) and fine sands. Given the proximity to the sea and being within the tidal reach, these materials
are fully saturated. These marine sands are well-graded. Even if the particle size distribution shown on
Figure 16, does not suggest that these soils are liquefiable, their low density leads to a classification by
the NCEER CPT method as liquefiable soils (Figure 17).

Figure 17 presents the cone penetration (CPT) profiles obtained on site under the embankment and
close to the M�enard pressuremeter tests (MPM) and cyclic pressuremeter tests (PMT) boreholes as well as
the shear wave velocity profile (Vs). The water table was found at about 2m during the tests.

Figure 13. Particle size distribution of granular soils at the Gosier site, French Antilles.
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The results of the piezocone profiles suggest that the upper layer behaves as a coarse soil (shell sand)
overlying a fine silty or somewhat cohesive soil. This was confirmed from observation of samples
retrieved when drilling boreholes for pressuremeter tests. Based on the CPT results, the liquefaction
threshold proposed by Youd et al. (2001) appears to occur below 3m depth (Figure 17).

Figure 14. Accumulation curves obtained from the cyclic pressuremeter and envelope curves (borehole 2).

Figure 15. Comparison of CSR-N curve obtained with the triaxial test (dashed line) by (Dupla & Canou, 2010) and cyclic pressure-
meter results (symbols with test depth in meters indicated on the right).
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At the Duchess Anne dike, three separate cyclic pressuremeter test campaigns have been performed:
2016, 2018 and 2019. The analysis of the first set of data obtained during the 2016 campaign showed
the need for improvement to achieve the same reliability than in laboratory testing. Changes were made
for the 2018 testing, including a first attempt at pore pressure measurements. Figure 18 show the results
using two different membrane protection systems.

During these campaigns, the cyclic loading was imposed between two fixed pressure limit set at the
surface on the test control device. However, once corrected for membrane stiffness, theses limits were
significantly diminished at probe level. To avoid this discrepancy the software was later modified to take
into account the pressure loss due to the membrane resistance, in real-time (Figure 7). Once the correc-
tion is applied, the pressure at probe level stays almost perfectly constant between the initially defined
limits which was not the case for the first two test campaigns in 2016 and 2018.

Figure 18 shows some results from 2019 obtained with the new pressure control approach for both
membrane cover systems (i.e. reinforced membrane cover and membrane with slotted tube). The pres-
sure control using the membrane-slotted tube correction appears very efficient even if some slight

Figure 16. Particle size distribution of silty soil at the Saint-Benôıt-des-Ondes site, France.

Figure 17. Saint-Benôıt-des-Ondes site (a) CPT profile (b) pressuremeter results (c) shear wave velocity (d) factor of safety (Youd
et al., 2001).
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increase or decrease of the mean pressure is observed. This small variation is attributed to a zero offset
from the initial probe volume V0. In the curves of Figure 18 we observe that the strain accumulates more
rapidly as the amplitude of pressure increases, reaching similar volume change for less cycles of unload-
reload and corresponds to the behaviour previously observed by Dupla and Canou (2003).

The numbers of cycles to the conventional failure, according to the CSR applied to all tests of all 3
campaigns, are summarized on Figure 19. The results show that the points obtained during the three
campaigns are close together and as anticipated, the difference appears to be for the highest number of
cycles, i.e. for a higher volume and thus a higher influence of the pressure loss. Data from the 2016 and
2018 campaign obtained using the old control approach as well as a rubber membrane and slotted tube
are more scattered than the corrected data of the 2019 campaign with both membrane covers. Due to
the decrease of the two pressure limits (upper and lower) during the first two campaigns, the actual CSR
increases but the mean pressure decreases significantly during the test.

All the results give a clear trend close to the curve fitted on cyclic triaxial test results performed on
reconstituted specimens and the proposed pressuremeter curve for a friction angle of 22�.

3.3. Pore pressure evolution

During the last test campaign (2019), measurements of pore pressure during the cyclic loading have
been performed at mid-height of the probe as shown previously on Figures 3 and 4. Figure 20 show the
evolution of pore water pressure measured directly on the probe during the tests in borehole 4 at differ-
ent depths. The response of the signal is a good indication that the transducer was working as intended.
The increase in pore pressure follows the increase in the pressure cycle amplitudes.

As an initial approach, a comparison of an in situ pore pressure ratio similar to ru (Eq. (10)) for the tri-
axial test, has been made as shown on Figure 20. As for the CSR calculation (Eq. (4)), the effective

Figure 19. CSR evolution for different cover types.

Figure 18. 2019 test campaign – Evolution of pressure with corrected pressure control for probe with (a) rubber membrane
(borehole 4) and (b) slotted tube (borehole 3).
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confinement stress is considered as the effective mean accumulation pressure.

ru ¼ Du
r0H;mean

¼ Du
pMþpm

2 � uo
(10)

When ru reaches a value close to 1, the soil resistance drops dramatically as shown in Figure20. With
this additional measure, the cyclic pressuremeter can provide a reliable alternative to triaxial testing and
be performed in situ. Either the radial strain threshold or the pore pressure ratio may be used to define
the liquefaction of the soil surrounding the probe (Figure 19).

4. Conclusions

In this paper a new ground investigation procedure to evaluate the cyclic resistance based on multicyclic
pressuremeter testing has been presented. The interpretation of results may be performed similarly to
what is done in laboratory triaxial testing. The results suggest that a CSR curve can be proposed without
the need for sampling and laboratory testing on disturbed or reconstituted samples, especially in cohe-
sionless soils.

Once the appropriate membrane loss corrections were applied to the pressure control system, the
proper test procedures keep the pressure applied to the soil defining the cycles constant and lead to
measurements of pore pressures which showed a progression in agreement with the volumetric strain
measurements from the accumulated unload-reload cycles. The addition of pore pressure measurements
provides new perspectives on the study of the liquefaction risk potential by observing the fluctuations of
the coefficient ru when applying cyclic loading in situ.
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