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ABSTRACT

As part of the Grand Paris Express project, the Pont de Sévres station required the use of retaining structures
in the form of diaphragm walls. Forty-five meters long, they are anchored in the underlying Campanian
chalk. Base dlab levd, thirty-five meters below ground level, was reached using top-down construction.
Even with this method, control over the deformations of the diaphragm wall required reinforcing the
weathered chalk to improve passive soil pressure during both construction and final stages. Two processes
were implemented in different sectors of the structure: localized unreinforced concrete cross walls (using
diaphragm wall excavation technology); or wide-reaching soil reinforcement through Deep Soil Mixing.
The article explains how to model retaining structures and these passive soil pressure reinforcement
methods. Results of calculations using subgrade reaction coefficients are compared to those obtained by
finite-element modelling. Issuesrelated to the verticality tolerances of Soil Mixing columns being accounted
for are also addressed: a computational approach enabling to consider possible gaps in soil treatment
generated by column deviation is put forward.

Keywords. passive pressure improvement, deep soil mixing, diaphragm walls, cross wall supports, weathered
chalk

INTRODUCTION
Pont de Sevresis one of the new metro stations being built for the Grand Paris Express railway project. It
is located on the shores of the river Seine, in the west of Paris.
The diaphragm wall is anchored in the mediocre weathered chalk and was under strict limitation of
displacements to prevent damages on surrounding structures. To improve passive pressure, two systems
were combined:

e Unreinforced concrete cross walls

e Deep soil mixing

Cross walls have a more rdiable and stronger modulus. But they are discontinuous and might slow down
and damage the TBM when it enters the station (the tunnel must be constructed before the station is
excavated). DSM columns are better for the TBM but its parameters must be confirmed with atria before
construction, as described in Mathieu (2021).

This article describes the modelling of these solutions by the design office, using computational methods
that needed to take into consideration uncertainties on the verticality of the soil improvement method. It
also compares results between cal culations using finite el ements and subgrade reaction coefficients.



PROJECT CONTEXT
L ocation and geology

Themain excavationis 109 mlong, 23 m wide and 35 m deep. It is supported by diaphragm walls, anchored
in weathered chalk 45 m below ground level. Close to the station are sensitive buildings and mains that
require a strict limitation of ground displacement around the structure.

Fig. 1—Aerial view of the station’slocation and surroundings
The geology comprises alluvium deposits covering layers of Campanian chalk. At the levels considered for
the project the chalk is weathered and its geo-mechanical characteristics are quite mediocre with pressure
meter modulus ranging from 15 MPato 30 MPa, and limit pressures ranging from 1 MPato 2.2 MPa.

Therefore, ground improvement solutions were required below the bottom of the excavation to limit
maximum displacements.

Below are the geology and a representative cross-section view of the project (Fig. 2):



Fig. 2 — Geology and cross-section

Proposed solution

For this project, displacements were limited as follows:

Sensitive Other

buildings buildings
Max deformation at the top of the d-wall 1,5cm 2,0cm
Max deformation at mid-level 3,0cm 4,0cm

The chosen solution is composed of two elements (see fig. 4 below):
e Deep soil mixing below excavation level, covering most of the station’ s footprint
e Fivecrosswalls, made of unreinforced concrete, located just in front of a sensitive building



DEEP SOIL MIXING —COMPUTATIONAL ANALYSISOF DEVIATIONS

For the Colmix® process (deep soil mixing), a pile boring machine is used to create columns of mixed soil
and binder (cement). Thejunction with the surrounding diaphragm wallsis achieved with jet-grouting. DSM
columns are supposed to completely overlap within each line, and partially between separate lines.

Fig. 3—Pile boring machine making deep soil mixing columns ©C.Heldly

The expected characteristics for the improved mixed soil are asfollows:
e Ey=1000MPa
e C=04MPa
o ¢ =i +10° = 37° for Cal and 45° for Ca2

But, given the depth of the project, the design office had to take into consideration possible uncertaintiesin
the verticdity of the columns, that could potentially create gaps of untreated soil in between them and
weaken the structure.

To reach thistarget value of 1000 MPafor the soil mass, the construction team decided to aim for a' Y oung
modulus of 3000 MPa. This value was confirmed by the outcomes of thetrial described in Mathieu (2021).

Then, amodel to assess the effect of these deviations on the Y oung modulus was constructed.

First, a CAD drawing of the columns actual layout was created (see Fig. 4 below).



Fig. 4 — Theoretical layout of the DSM columns

Thefirst step in this modelling is estimating the possible deviations during the construction of the columns.
Column deviations follow anormal distribution. Deviation values were assessed using past experiences and
the on-site trial.

The design office created an Excel program that could - when given parameters like the depth of the
columns, average theoretical deviation, 95% confidence interval deviation or standard deviation - randomly
generate statistically redlistic columns layouts.

The average deviation was put at 1%, which is rather conservative when compared to previous experiences.

An example of agenerated layout:

) =
Fig. 5— Randomly generated DSM layout
This layout is then imported in the program Robot Structural Analysis as a slab, where it is given the
characteristics of the treated soil (for the columns) and the characteristics of the weathered chalk (for the
gaps in between columns).

The weathered chalk geo-mechanical parameters are asfollows:



e Ey0=45MPa
e Poisson coefficient = 0.3
e y=195KN/m3

A 1 MN/m effort isthen applied on this slab and the displacement induced cal cul ated to estimateits stiffness
(asshown in Fig. 6 below).

Fig. 6 — Displacement calculation — Input and results

The stiffness and Y oung Modulus of the structure can be cal cul ated:
1. k=FAy (Ay the output of the Robot calculation)
2. With the stiffness k comes the Y oung modulus E: k=((ExS)YL«

With:
e S=section=1n7
o Lg=¢dadticlength =20.5 m, the width of the station.

The results obtained with this model were as follows:
Filling rate = 85 % (of the treated zone)

e Ay=128mm

e k=78 MN/m

e E=1402 MPa

This confirms that the final Y oung modulus for the dlab of mixed soil would be higher than the expected 1
GPa, even when considering possible deviations during the construction of the columns.

For safety, more than onelayout can be generated, and the same cal cul ations run to estimate Y oung’ s moduli
with different configurations.



CONCRETE CROSSWALLS—-COMPARISON OF FINITE ELEMENTSAND
SUBGRADE COEFFICIENTSMODELS

In addition to deep soil mixing, five crosswalls are placed in front of a sensitive building located acrossthe
street from the future station.

These walls run from one side of the excavation to the other, are 1.5 m wide and made of unreinforced
concrete. Each cross wall supports one 6.3 m long diaphragm wall panel. They act as ground improvement
and, as such, are modelled as soilsin the cal culation models. This meansthat the required verificationisthe
safety factor on passive pressure, following Eurocode 7 regul ations.

Two calculations were run, one using subgrade reaction coefficients and one using finite elements.

Subgrade reaction coefficients model

The cross walls are made of C40/50 concrete. Their mechanical characteristics are;
e Compressive strength = Rc = Fck* = 25.6 MPa
e Tenslestrength = Rt = Fctk* = 1.8 MPa

Using the Mohr-Coulomb criterion, we can extrapolate geo-mechanical parameters that can be used to
integrate these cross walls as soil clustersin the subgrade reaction coefficients models:

e Sing = (Rc-Rt)/(RctRt)

e Rc=2.c.tan(n/4+ ¢/2)

Hence:
e Cohesionc =3.400 MPa
e Internal friction angle ¢’ = 60°

In the models, passive earth pressure is cal culated using Caquot & Kerisel (1948) tables and the formula:
L Op = pr.G,V + Kpc.C,

The tables provide us with :
o Kpy=173
e Kpc=14

N.B.: the Caguot-Kerisel tables don’t provide values for friction angles superior to 45°. The values were
chosen for 45°.

The parameters calculated here are for the cross walls alone. But their width (1,5 m) doesn’'t cover the full
length of each diaphragm wall panel (6,3 m). The values for Kpy and Kpc must be reduced by a factor
1.5/6.3. We end up with the following parameters:

e Kp=41

o Kx=33

Thefina geo-mechanic parameters used in the subgrade reaction coefficients modelsfor the crosswalls are
asfollows:

vy = 20 KN/m?

¢ =34MPa

Kh = 460000 kN/m?

Kpy=41



e Kpc=33

The other soil clusters were modelled using Schmitt (1995) for stiffness calculations. The model also
accounts for asymmetrical active pressure by introducing a berm on the river's side (it automatically
considers lines of minimum passive pressure, as described in Schmitt & Dodel (2002)).

The model is shown below in Fig. 7:

(PC1] Py
EB (NO; i

M=3odd) d=17 X

25.600 \ 258 22250
19.000
N . M=1037
A s N2) M9 V60

- _ y‘E]m:fErnde: ’-Er“de'- / 13500 \ "
T T e B

\ /
CAlg f./ 35;‘ .}e." JA?{L cald CAld

\
CAlg 244 Fe\ %ﬁ L CA2d cA2d
/ 8000 Ref\ / Ref '*
\ / Cross-wall soil cluster

-14.000 -14.000

RGN 20000 csmd 200 4 csd

Fig. 7— Subgradereaction coefficients model
Finite Elements model

The finite elements model was conducted using the program Plaxis 2D. It is not possible to use the same
method as previously described, as one cannot manually enter passive pressure parameters (Kpy and Kpc).
The soil improved with cross walls had to be described using the shear strain parameters: ¢’ and ¢’.

Passive earth pressure must be the same in both models. Starting with the parameters found above:
e Kpy=41
e Kpc=33
e C =34MPa

Thisvalue of Kpy isfound for an interna friction angle of ¢’ = 27°. We can keep this value and work out a
value for the soil’ s cohesion to use in the Plaxis model, €’ praxis.

We need: Kpc(27°) X € paxis = Kpc x €
Hence: € piaxis = 3.3 X 3400/ 5.6 = 2 MPa

Eventually, the cross walls cluster can be defined with shear strain parameters:
e E=5200 MPa

e C =2MPa
° (P’ =27°
e y=20kN/m?



Cross-walls soil cluster

Fig. 8 — Finite elements model

Results analysis

Both models showed that adding cross walls to support the excavation was enough to limit deformations
within contractual limits (1.5 cm at the top, 3 cm near excavation bottom).

In addition, the design office compared results between subgrade reaction coefficient models and finite
elements models. The graph below shows bending moments versus depth for finite elements (in dotted
yellow) and subgrade reaction coefficients (in blue) for both diaphragm walls.

Fig. 9 below shows very similar behaviour of the diaphragm walls for both models.

Fig. 9 — Diaphragm walls bending moments vs depth



CONCLUSION

This project was quite complex as it combined two different methods for improving passive earth pressure
inside the excavation. Both these methods carry different challenges when it comes to integrating them in
the calculation models.

Deep soil mixing comes with clear geo-mechanical parameters but need to be computationally assessed to
consider the effects of vertical deviations that occur in the making of the columns. The model had to
incorporate probabilistic elements to anticipate possi bl e gaps and ensure they did not affect the overall added
resistance too severdly.

Cross walls came with a different challenge, as soil parameters had to be extrapolated from the concrete's
compression and tensile strengths. Calculations had to be conducted using both subgrade reaction
coefficients and finite elements. These methods require different input, hence different extrapolations were
used to determine the soil parameters. Eventually, both models were compared to ensure that the results
showed a similar and realistic behaviour of the diaphragm walls.

The station’s construction is currently in the early stages of excavation. Deformations of the diaphragm
walls will be monitored using inclinometers. The results will be compared to the deformations anticipated
in the calculation models.
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