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ABSTRACT: The nuclear power plant of Blayais is located close to the Gironde estuary in France. The four 900 MWe pressurized
water reactors are able to deliver around 18TWh of electricity per year. After the Fukushima event in Japan, the flooding scenarios
have been revaluated and now the current level of protection is not sufficient. It is planned to reinforce the peripheral flood barrier of
the Blayais NPP in order to protect the Core Unit equipment. The old embankment is raised up and the new geometry is significantly
larger. Concerning the soil profile, very soft clay with interbedded peaty lenses were observed during the geotechnical campaigns. The
poor characteristics of the soil could generate global stability issues and significant settlements. Rigid inclusions type CMC, a soil
reinforcement solution, were installed under the embankment to deal specially with the issues mentioned above. Thanks to that rigid
elements and the load transfer platform, the additional load due to the weight of the embankment is shared between the columns and
the soil. At the design stage, different cross sections were modelled using finite element software. The consolidation phenomenon and
a soil behaviour as hardening soil model were considered. An instrumentation by settlement and total pressures sensors was carried out
during the works and after the embankment installation, more than 1 year of measurements have been collected. Stress and settlement
recordings are now compared to the modelling.
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1  INTRODUCTION and hydraulic breakdown. One conclusion of that calculations
is the definition of a target crest level of the dyke. A typical
cross section of the peripheral protection against the risk of
external flooding by marine submersion is shown in Figure 2.
The green profile shows the current ground level and therefore
the existing dyke. The materials in purple on the left are rockfill
armor and filter. The main part of the new embankment consists
of silt treated by lime.

The nuclear power plant (NPP) of Blayais was built at the end
of the 70’s and the four 900 MWe pressurized water reactors
are able to deliver around 18TWh of electricity per year.
Around 50% of the electricity needs of the region are produced
by this NPP. The buildings are located on the right bank of the
Gironde estuary in the commune of BRAUD and SAINT-
LOUIS, approximately 48 km north-northwest of BORDEAUX
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Figure 2. Typical cross section of the dyke
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Fiéure 1. Location of Blayais NPP (from geoporfgil)

global stability issues and significant settlements. Given the
project's characteristics, a rigid inclusion solution such as

&

Due to the different requirements, the location of the Controlled Modulus Columns (CMC) was installed. The main
building was chosen close to the Gironde estuary. Therefore, objective of CMC soil improvement is to guarantee the crest
the environmental aspects of that location, such as flooding, level of the dyke at +7,65 m NGF O at 40 years in case of the
have been analyzed during the construction. After the above cross section. The expected residual settlement of 20cm
earthquake of Fukushima in 2011, the sea level raising, etc, the was anticipated, therefore the level of the crest was raised at
flooding scenarios have been revalued and now the current level +7,85 m NGF O during the earthworks.
of protection is not sufficient. The actual peripheral flood
protections must be reinforced which mainly consist of 2 GROUND CONDITIONS
embankment dykes 2,4km long. The raising of the existing
dykes with material from the site was chosen. Several geotechnical campaigns have been carried out along the

The hydraulic aspects are not presented in this article, such site and over the time since 70s. Various geotechnical tests are
as the assessment of volumes crossed by waves and choppy available to determine the soil profiles and the soil properties
water, analysis of watertightness and volumes of infiltration such as laboratory tests (Atterberg limits, oedometers tests,
through the dyke, verifications of the risks of internal erosion triaxial tests, etc) and in situ tests (Ménard pressuremeter, Cone
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penetration test (CPT), etc). The following layers have been

defined:

e U0 - Clay-silt embankment (existing dyke) - Clay to silty
clay embankment that may contain some pebbles or
slightly sandy channels, of varying thickness and nature.
Embankment comprising the existing dyke body and the
embankment in place on the surface. Thickness variable
between 2,3 and 3,3 m.

e Ul - Sandy clay fills - Mainly sandy embankment with
locally clayey or silty layers of varying thickness and
nature. A few peaty layers were observed in core samples
in this layer. These embankments constitute the natural
ground elevation around the nuclear power plant's right-of-
way. Thickness variable between 2 and 4,8 m.

e U2 - Flandrian mud - Gray to blackish mudflats showing
traces of organic matter (peat lenses - unit U2bis) and
decaying wood; this horizon has very weak mechanical
characteristics and is very soft. Thickness variable between
6,6 and 12 m.

e U3 - Flandrian gravel - Dense to very dense light gray
sandy gravel; this layer is clean and permeable. It consists
of gravelly sand at the top, sandy pebbles at the bottom,
and gravelly pebbles at the bottom. Thickness around 14m.

e U4 - Eocene marl-limestone - Complex and heterogeneous
horizon at the site scale. Succession in no particular order
and with varying thicknesses of marl-limestone, compact
marl, sandy marl, marly sand, and limestone.

Peat lenses (U2bis) with a water content of 170% in
average were observed interbedded into the layer U2 of
Flandrian mud thanks to core drill holes but in various
elevations and also in various thicknesses. The cumulative
thickness could be from 0 to 1 m. An additional campaign of 43
CPT was conducted in order to assess the elevation and the
thickness of the peat lenses in each geotechnical area. The
classification from Roberson (2009) and Robertson & Cabal
(2015) were used to identify the peat material.

To illustrate the soil profile, a typical CPT with the tip
resistance, the friction ratio, pore pressure and Roberston
classification is presented in Figure 3.
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Figure 3. Typical CPT

Another challenging aspect of the soil profile is the actual
fills layer U1l and U0 which were installed from 70’s to 2010.
The below soft and low permeable soil (layer U2 - Mud) is
under-consolidated. The history of the embankment should be
considered in the design process. Thanks to previous settlement
measurements on the existing dyke and the available
geotechnical tests, the soil parameters and the under-
consolidation have been back calculated and adjusted.

The two first following tables (Table 1, Table 2)
summarize the main geotechnical properties of the different
layers met on site. Then Table 3 presents the characteristics of
the additional material.
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Table 1. U0, Ul and U3 - Geotechnical properties.
Parameter Symbol/Unit uo Ul U3
Unit weight 7 kN/m? 19 18,8 20,8
CPT Tip resistance gc MN/m? 2.1 74 155
hom pressaremeter £ NN o018
L 07 092
Young’s modulus Ey MN/m? 18 18 72
Drained cohesion c'kPa 5 0 0
Friction angle 0° 25 28 30
Table 2. U2, U2bis - Geotechnical properties.
Parameter Symbol/Unit U2 U2bis
Unit weight y kN/m’® 16 13,2
CPT Tip resistance gc MN/m? 0,55 -
Void ratio el 2,1 6,15
Compression index Cc 0,73 2,84
Swell index Cs 0,08 0,36
anrziocﬁll;nglﬁdem of  cvms 3.10° 3.10°
?}f’cr:)znosr(‘fﬁ;;giiﬁ“ent Chm¥s LLI07 11107
Drained cohesion c'kPa 2 2
Friction angle 9° 23 23
Undrained cohesion cu kPa 15t0 30 13

Table 3. Treated new material, Filter and rock armor - Geotechnical
properties.
Parameter Symbo Treated MCW pilter Rock
1/Unit material armor
Unit weight y kN/m? 20 18 18
Young’s modulus  Ey MN/m? 50 100 100
Drained cohesion c'kPa 15 0 0
Friction angle 0° 31,5 40 38

3 CMC RIGID INCLUSIONS

3.1  Ground reinforcement principle

As a solution of soil reinforcement, rigid inclusions (RI) often
serve as a valued engineered substitution to deep foundation
techniques such as piles, and provide cost savings, shorter
schedules, and high effectivity in difficult foundation
conditions such as loose/soft fine-grained soils and organic
soils (Magnan 1994, Briet & Plomteux 2010, Burtin & Racinais
2016, Sahyouni et al. 2021). The technique widely used today
has experienced a great evolution in the number of projects
carried out and the fields of application since the 1990s
(Racinais et al. 2016). The fields of application cover all areas
of construction: housing, industrial and commercial buildings,
road embankments, railway embankments, storage tanks and
finally onshore wind turbine (ASIRI 2013).

Rigid inclusions are an intermediate solution between
shallow and deep foundations to reduce settlement and increase
the bearing capacity and/or ensuring the stability (Figure 4). A
load transfer platform (LTP) is generally placed or not in
between the foundation and the rigid inclusion head, in both
cases the important advantage is to be not linked to the
structure.



Deep foundation

Sallow foundation

Figure 4. The various types of foundations

The ground improvement by rigid inclusion consists in the
transfer of a part of the load into the columns the other part
going into the surrounding soft soil. The load transfer platform
permits to share the load from the structure onto both elements
at the level of column head. Then deeper, the contrast of the
rigidity and loading generates a differential settlement and a
load transfer from the soil to the columns is developed by
negative skin friction along the shaft of the inclusion. At a
certain elevation the settlement of the soil and the column is
equal, that level is called “neutral plan”. Below the column
settles more than the soil, a load transfer from the column to the
soil is generated by positive skin friction. At the toe of the rigid
inclusion a load transfer occurs into the anchorage layer.

3.2 Application for this project

About an embankment project, the rigid inclusions are placed
below the additional loads which are coming from the weight
of the new fill and live load if any. The load transfer platform
could be a part of the embankment, but a thicker arching effect
could be mobilized. In that case the arching effect should be
considered in both layers. About the dyke of NPP of Blayais,
the given characteristic permit to choose the same material for
the LTP and the regular embankment.

Along the 2,4 km of the dyke, more than 25 typical cross
section have been analysed due to geometry, soil, columns
spacing and diameter variations. Additional cross sections were
also performed about un-regular cases. In total around 90 km of
CMC rigid inclusions were installed on site. The average CMC
spacing was 2,3 x 2,3m with a diameter of 360mm. The
columns made of 20MPa strength mortar were not
reinforcement by steel. The following section will present one
typical cross section close to the instrumentations.

3.3 Modelling strategy

The finite element software PLAXIS was used. A plane
deformation model corresponding to a transverse slice of the
dyke of 1 linear meter was chosen in order to estimate the
deformations, the forces in the CMCs and then verify their
integrity. The model, with a width of 100m, looks like this:

5kPa

+7,80 m NGF O JHI‘;.BSmNGFO
v
+3,70 m NGE,
2 5mNGFO
U1
T U2bis
ham cmc1
/
cvcy | — > Spacing 2,2mx2,0 m u2
Spacing 2mx2,8 m ‘<> Anchorage 1m
Anchorage 1m <>
22,0m
«—> 2,4m
«—> 2,8m
2,8m
u3

Figure 5. Typical PLAXIS model

The calculation should consider the different stages of
construction since the general platform in 1977, then the start
of the studied works in 2021 and the design life. Two CMC
phases (in purple and in pink on Figure 5) were adopted in order
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to keep a minimal level of fooding protection of the nuclear
power plant during the works. The embankment was also
installed by step. Therefore, the PLAXIS calculations
considered the consolidation of the layers and the excess pore
pressures evolution. Then the residual settlement at 40 years
after the end of the construction was able to be assessed.

Concerning the complex layers U2 and U2bis, a hardening
soil model was used to model their behavior. The input
parameters were mainly based on the oedometer tests. A back
analysis from the previous settlement measurements was
carried out to take into account the right compressibility and
under-consolidation degree. The other layers were modelled as
elasto-plastic behavior with a Mohr-Coulomb failure criteria.

Knowing that a representation of CMCs by volume
elements does not easily allow for visualization of the forces
and bending moment in the CMCs, Embedded beam rows
(EBR) elements on PLAXIS were used.

3.4  Settlement estimations

Thanks to the consolidation approach, the settlements were
assessed at each step on the project and also at each time of the
excess pore pressure evolution. In this article, the settlement of
the model is only presented at the key steps: at the end of the
construction (Figure 6) and at 40 years (Figure 7).

16,39*103 day)

lode 2190)
-0,08279 m (Element 21 at Node 21803)

Figure 6. Settlement of the model of the construction

Total displacements u, (scaled up 20,0 times) (Time 30,79*103 day)

Maximum value = 0,4705*10-3 m (Element 3211 at Node 4396)
Minimum value = -0,1937 m (Element 16 at Node 22287)

Figure 7. Settlement at 40years

3.5  Structural verifications of the columns

The integrity of the columns was based on the axial forces, the
shear forces and the bending moment from the models at the
different steps. The allowable limits followed ASIRI
recommendations and the Eurocode 2 section 12. The integrity
was verified without steel reinforcement into the columns.

3.6  Bearing capacity and global stability of the ground
improvement system

The global bearing capacity of the reinforced soil was estimated
from the end bearing capacity, the positive skin friction below
the neutral plan and the surrounding soil resistance in between
the columns. Moreover, the global stability of the embankment
was analyzed using FEM models and equilibrium limit method.



4 INSTRUMENTATION

At the middle of the dyke section, total pressure sensors on the
inclusions and settlement sensors at three elevations in the
embankment, at the top of column, +0.5m and +1m above have
been installed. Figure 8 shows the sensor top view at the three
instrumentation levels.
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Figure 8. Sensor layout

All electrical sensors were connected to a stand-alone
Campbell Scientific data acquisition system using its solar
panel. The reservoirs supplying the hydraulic circuits to connect
the settlement sensors were attached to the data acquisition
system's mast.

The following graph shows the total pressure at the top of
the CMC and close to it thanks to a ring-shaped sensor.
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Figure 9. Total pressure measurements

The recordings show some variations during the
embankment installation and gaps have been observed in the
continuous measurements. Globally the stresses at the top of the
column increase with the additional load and after the
finalization of the dyke, the stress increase seems to be slow
down. Compared to the estimations with the FEM model, the
measured stresses are similar or slightly lower. That could be
explained by a stiffer soil in between the inclusions which
decrease the load transferred into the columns.

The next graph presents the settlement measurements.
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Figure 10. Settlement measurements
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The values seen on site present also some variations and
gaps. A certain fluctuation is observed. Only the sensor of the
soil settlement at 0,5m above the inclusion head is presented in
the previous graph. The others presented significant variations
or gaps in the recordings or some issues on the instrumentation
materials or some inconsistency. Compared to the estimation of
the settlement in Figure 6 at the end of the construction of the
8,3cm, the presented recordings are in line with. Concerning the
consolidation, the settlement speed seems to be reduced as well
as the stresses measurements. However, additional records will
be analyzed when available.

Elevation markers were also installed at the crest of the
dykes. The levels were recorded from the end of the
construction until now. Over the project the residual settlements
are measured in the range of 1 to 4cm which are in line with the
FEM estimations and the presented settlement sensors.

5 CONCLUSIONS

A raise of an existing dykes, 2,4 km long, was built at the
boundaries of the nuclear power plant of Blayais in order to
improve the flooding barrier of the core unit following new
specifications. Due to settlement and global stability issues of
the embankment, 90 km of CMC rigid inclusion was installed.
The design strategy has to consider a complex soft soil and
peaty lenses and also a under-consolidation due to previous
filling. The finite element models were able to analyze the main
design verification such as residual settlement criteria, columns
integrity and bearing capacity. The instrumentation permits to
confirm the expected values and additional analyses could be
continued with the next records.
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