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Facing a major geological hazard for a highway tunnel in the French Alps

A.Guilloux
Terrasol, Geotechnical C onsultants, M ontreuil, France

ABSTRACT : The paper presents a case history of a twin tunnel for a motorway in French Alps, to be
excavated in metamorphic rocks, but which had to face to a major soil & water ingress due to an unforeseen
paleo-valley filled with sands and gravel‘s, with high water table. The paper presents the geological data
showing the very uneven shape of the paleo-valley and the ground treatments performed to cross the accident
zone : bentonite & cement grouting, compaction grouting and jet-grouting (umbrella, face reinforcement,
micropiles and reinforcement under the invert). For these jet-grouting works, the paper deals with the design
of the project, the FEM calculations performed, the actual progress of the works in the tunnels and the
incidence of this geological hazard on the tunnels construction.

l INTRODUCTION

The A43 motorway in French Alps, required the
construction of two double-track twin trmnels :
"Aiguebelle“ (900 m long) and "Les Hrutieres"
(1200 m long). The section is about 85 mz, and the
cover reached 80 rn for Aiguebelle and 140 m for
Les Hurtieres. The geological investigations
revealed that the four tunnels had to be excavated in

metamorphic rocks, with some paleo-valleys filled
with alluviurn materials and up to 25 rn deep. The
route of the project was therefore designed in order
to have a sufficient rock cover everywhere.

Nevertheless during the excavation of major soil
& water ingresses (about 5000 m3 in two phases)
occurred at the face of the western tube of "Les
Hurtieres" tunnel, due to an unforeseen paleo-valley.

The paper will present (i) the geological data
acquired during the preliminary investigations and
after the accident, (ii) the grouting procedures used
to improve the ground around the western tube,
tangent to the paleo-valley, and finally (iii) the jet
grouting works intensively performed for the eastern
tube, crossing in full section the paleo-valley, with
non-cohesive material, and up to 60 m water head.

2 DESCRIPTION OF THE GEOLOGICAL
ACCIDENT AND INVESTIGATIONS

As the tunnels had to be excavated only in rocks
(shales and gneiss), with compressive strength of 15

45 MPa, the construction method involved blasting
and shotcreting, with bolting if required.

On 24 October 1994, 7 hours after the last blast,
a violent water & mud ingress flowed in several
steps into the western tube of "Les Hurtieres" tunnel,
and was followed two days later by another one,
both totalling 2000 m3 _ The debris included sands,
gravels, silts, and a small "window" in the rock, only
few m2 area, could be seen on the left shoulder.

At the ground level, 70 m above the tunnel
level, a hole with a depth of 15 m and a diameter of
15-20 m had been caused by the tunnel collapse.

The tunnel was immediately refilled by a
concrete wall and a 30 m long backfill, and the
advance of the eastern tube was stopped, yet full
face in the rock.

Then intensive geological investigations were
performed, both hom the ground level (about 10
boreholes) and from the eastern tube (about 50
destructive drill-holes), in order to get information’s
about the geometry of the paleo-thalweg,
piezometric level and nature of the filling material.

They revealed a very deep canyon (60 to 80 m)
which had been dug during the glacial period Wiirrn
(-120.000 to - 11.000 years), and afterwards filled
by fluvio-glacial materials. The shape of this canyon
was very cdmplex (see fig. 1 & 2) :
- It was very narrow, about 6 to 15 m wide at the

timnels level



Hole at ground level
After the collaps 

After the first collapse

J t- outing
foil' tg; Eastern\ \

-9

Location of the faces CANYON
at the collapse day *-°° go -gf’5 K I '

~,»° aioéo/ _.\ I _-'viv- “QQ -  - -E»~S'1'ERN_ if'-3s S  S _
,v -- I I =.,-¢---;=- _~-_-_ ---;_- -'.:.-j__5.:>3-=`:"

‘(Q <{§¢¢B’ _ ,;1SE_ E; Classical grouting
%2~ ==~%.  ‘°’ t€‘§b‘i"“°“

_jg 0 7 Q \ \ \ _‘P / _A _ I TUBEOd; ® I _ _ _ ` '/ Cross sections
0 ‘om som -Jsol Levelling of the

canyon walls

Figurelz plan of the works, canyon geometry and treatment zones

a) Section A b) Section B
EAST (at the collapse location) WEST EAST WEST5* / wl, °’ /Hole at  | _ `I ground level   /_   _ '-Q ' x ,- iv

- / F -?’13'f<`? Ti 7. _ 4 _  `;§  Shale t..- -jj Ij§,._f..M _._`1,:  ....:"`   /"',:_: if-1.` %  f`Alluv'ium  /
/   "" '._ u / 'fir  TI; :‘.`1_"S1181 _ _"‘»i;_ / mms l I   1:9  1 i;~Q'7_‘§ S1;1%

'   __ / _ /Shaqe 'f'}_ Jet grouting for the/' ._ _Er I / W 1 __-_--ea§te_rn_ tub  y350- QF'  350- J f- -.'    ~% Z 4 5 ‘ `1}_' ' -1. __’  Grouting for the- ///western tube '_  T/ + umbrella , ffij : 5 af?)I (steel tube) T  ` ` ` ` /o 50m T  M/
Figure 2: cross sections

88



Its bottom is much uneven : upstream its level is
located few meters above the westem tube, then it
shows a deep "bow1", rises_up to 15 m above the
tunnels vault, and finally goes down to 15 m below
the tunnels invert
- Its direction is about 45° from the ttmnels axis z

therefore it tangents the westem tube over 25 m,
while it crosses the eastem tube over 50 m.

The ground inside the paleothalweg was mainly
permeable sands and gravel's at the bottom, while
the upper soils were more silty and less permeable.

A 3D numerical model was built, by using the
code Earthvision, in order to better understand the
geometry of the canyon (Gaudin et al, 1997).

3 GROUTING WORKS FOR THE WESTERN
TUBE

3.1 Conception and first treatment works

Due to the presence of pervious soils around the
tunnel, the treatment design for the western tube was
to create a grouted vault, 6 m thick, around the
tunnel, by using a cement-bentonite grout (see Fig.
2). The perforations mesh varied from 2 m x 2 m up
to 1 m x 1 m in the collapsed zone, with a average
impregnation ratio of about 50 %, in order to get a
minimal compressive strength of 2 MPa at 7 days.

The works, performed from the eastem tube,
showed many large grout absorption‘s, but the
control boreholes revealed a satisfactory treatment.

3.2. A new collapse

Unfortunately, during the removal of the fill placed
in the tube after the accident, another major soil &
water ingress flowed into the tunnel, totalling 3000
m3 during few minutes, with boulders and grout
blocks (1 to 2 m3) and some tree trunks, revealing
that the collapse went up to ground level (inducing a
widening and deepening of the hole at ground level).

The explanation can be found in heavy rainfalls
during the preceding weeks, which caused an
increase Hom 25 to 40 m of the water head of the
superficial water table (over a silty layer) over the
grouted zone. Furthermore the presence of blocks
caused large deviations of the grouting boreholes,
and gave a false idea that all the boreholes were
stopped inside the rock side of the paleo-valley.

3.3 The second set of treatment

A new campaign of ground treatment was therefore
required, including :
- Drainage of the perched water table, by two

shafts crossing the silty layer and lowering the
water table at the tunnel level, where it was
collected through horizontal drains ;

- Compaction grouting performed from the
eastem tube, in order to push the very soft
materials of the collapsed zone towards the
westem tube through the existing window, and
to densify the remaining soils (mortar dosed
with 150 kg/m3 of cement and 250 kg/m3of Hy
ash - slump = 5 to 10 cm). It was grouted with
3.5 MPa pressure, and 170 m3 were pushed in
the ground, which allowed to close the window ;

- Final grouting by 3 procedures : (i) bentonite
cement grout with low pressure (1.5 MPa), in
order to close the larger cavities ; (ii) silicate gel
with moderate pressure (4 MPa), in order to
impregnate the finer soils ; (iii) bentonite
cement grout with high pressure (5 to 7 MPa).
All these works were performed together with

horizontal drains allowing the water excess to be
evacuated from the ground.

Furthermore, an umbrella was realised in the
collapsed zone from the eastem tube, by placing
steel tubes 71/89 mm and 25 m long over the
western tube, in order to create a reinforcement of
the grouted zone.

After all these works, it was possible to start
again the excavation, by blasting in the intact rock
mass, and mechanically in the grouted alluvium.
Shotcrete and bolting were placed as support, and no
further problem occurred during this step.

4 JET-GROUTING WORKS FOR THE
EASTERN TUBE

4.1 Review ofthe solutions

The situation was very different for the eastem tube,
as the paleo-thalweg was much deeper 1 the tunnel
crosses the alluviurn over a length of 50 m,
including 15 m where the excavation section is
completely inside the non-cohesive water bearing
ground ; in the remaining 35 m length, the excavated
section is partly alluvium, partly hard rock, with a
vertical contact between the two.

Two methods were analysed to cross this very
difficult zone :

- Conventional grouting, by bentonite-cement and
silicate gel grouts, to be realised either from the
tube itself by 15/20 m long steps, or from
working galleries which could be excavated in
the sound rock surrounding the zone to be
treated;

- A pre-lining and reinforcement method, by
intensively using jet-grouting.
After analysis of the costs and works planning,

it was finally decided to retain the jet-grouting
solution, which was considered as more safe,
particularly with regard to delays.



4.2 Description of the jet-grouting project

It was firstly decided that the excavation should be
done by half-sections, mainly due to human risks
associated with the large boulders occurring inside
the alluvium with a full height face.

The very complex geometry of the canyon
obviously required treatment profiles which were
different all along the zone, as no jet-grouting was
required ~ and furthermore impossible to realize - in
the sound rock which formed the banks of the paleo
thalweg. We describe hereafter the principle of the
treatment for the zones full section in the alluvium,
knowing that in transition zones, no treatment was
performed as soon as it was sure, from the
perforations, that the sound rock was reached.

Each column was designed with a 0.60 m
diameter, due to the monojet technique used inside
the turmel. Actually the jet-grouting technique was
used for multiple purposes (see Figs. 3 & 4) I

i. Umbrella, with 15 m long subhorizontal
columns reinforced with steel tubes (71/89
mm) : each set included 2 layers of JG
columns, with 0.60 m spacing (67 columns for
each step). As a new set was performed after an
advance of 7 m, each section was protected by
4 layers of reinforced JG columns.

ii. Face reinforcement, with 18 m long horizontal
columns, reinforced with fibreglass bolts (tubes
34/46 mm) : 20 bolts were placed at the end of
each 7 m long step ; therefore, due to the

overlappinlg, 40 bolts were present at each face
(1 per 2 m ).

111. Consolidation under the footings of the
support, in order to fill the possible existing
voids or very soft silts pockets : 7 JG columns
15 m long were grouted every 7 m.

rv. Micropiles under the supports (steel sets +
shotcrete) of the upper half section by 10 m
long columns 45° inclined, with 0.5 m
longitudinal spacing, reinforced by steel tubes
71/89 mm ; it can be noted that the 10 m length
was not everywhere sufficient to reach the
sound rock below the tunnel, but the FEM
modelization (see § 4.3) showed that such
contact between micropiles and rock was not
required.

v. Improvement of the walls for the lower half
section, by 3 rows of subvertical 6 m long and
secant JG columns, in order to consolidate a
2.5 m wide zone before the excavation of the
walls, to avoid instabilities and water incomes.

vi. Improvement of the ground below the final
invert by 4 m long vertical JG columns, with
1.5 m x 2 m spacing. The aim of this works
was to create an homogeneous foundation for
the finished tunnel, by consolidation of the
loose zones and possibly filling of the voids.
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Steps (i) to (iii) were performed from the tunnel
face, every 7 m. They were followed by realisation
of 6 to 8 horizontal drains (15 to 20 m long, both
outside and inside the jet-grouted crown). The
excavation itself was done by 1.5 m length steps,
with blasting in sound rock and milling head or
hydraulic hammer in the alluvium. A support made
of HEB 220 steel sets and 20 cm thick shotcrete was

placed up to the umbrella (i.e. with variable
geometry). It was followed by a provisional invert of
reinforced concrete, 25 cm thick, placed each 3.5 m,
in order to quickly close the support ring and reduce
the deformation.

The whole upper half-section in the alluvium
zone was realised before beginning the lower half
section, which included JG steps (iv) to (vi) from the
existing provisional invert. As piezometers showed
some water head above the level of the final invert,
small shafts were digged, equipped with pumps, in
order to lower the water table and allow a safe
excavation.

The final lining is designed with 0.60 m
thickness for the vault and the walls, and 1 II1 for the
invert (radius 15.7 m).

4.3 FEM calculations

For these jet-grouting works, the project was
designed by performing FEM calculations, as the
strong heterogeneity‘s in locations and mechanical
parameters between sound rock, natural alluvium an
JG could not permit a realistic evaluation of the
whole behaviour.

Two sections were analysed, the first full
section in the paleothalweg, the second one with a
vertical limit between rock and alluvium (see fig. 5).
The parameters were the following ones :
- Rock : elastic behaviour with E = 20000 MPa
- Alluvium : elasto-plastic behaviour, with Mohr

Coulomb criteria : E = 100 MPa, c = 0 and mb =
30°

- Jet-Grouting : due to the mainly granular nature
of soils, the jet-grouting colurrms are considered
with high characteristics : E = 2500 MPa, and
parabolic failure criteria, with compressive and
tensile strength respectively equal to Rc = 10
MPa and Rt = 1 MPa `

- The calculations were done by using the
convergence-confinement concept, with a
deconfinement ratio K variable with the
excavation steps 2

° Step l : stresses initialisation, by considering free
sliding along the canyon banks

° Step 2 : upper excavation, K = 0.45
° Step 3 : support ofthe upper half-section, X = 0.6
° Step 4 : provisional invert and micropiles, K = 1.0

0 Step 5 ; jet-grouting behind the walls and under
the final invert, lower excavation, X = 0.65

» Step 6 : support of the lower section, 7». = 1.0
0 Step 7 2 end of excavation and concreting of the

final lining, with long term characteristics
~ Step 8 : water loading, with 70 m head.
The results of the symmetrical section showed a
globally satisfactory behaviour up to step 7, with
small deformations : 2 cm settlements of the crown
(+ 3 cm ahead of the face) and 2 cm convergence's.
The results showed a marked stress concentration in

the jet-grouted zones, with principal stresses not
exceeding 5 MPa, i.e. half of the anticipated
compressive strength (see Fig. 6), and very limited
plastified zones. The stresses in the support and the
invert were wholly allowable. The lining required
only limited reinforcement in the invert and walls,
before application of the water pressure. The results
of the disymmetrical model showed smaller
deformations, but larger bending moments in the
vault and the invert, without overdesigning of the
structures.
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But the 70 m water pressure applied on the lining
in step 8 resulted in unacceptable stresses in the
invert and walls. After further analysis, it was
considered that a high performance concrete
(compressive strength of 40 MPa), reasonably
reinforced in vault, walls' and invert), could
withstand up to 50 m water head at working state,
and the maximum 70 m water head at ultimate state.

Furthermore, as the tunnels act as hydraulic barrier
for the water seeping at the bottom of the paleo
thalweg, permanent radial drains were installed in
order to avoid excessive water loads on the lining.
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Figure 6: stresses in the ground

4.4 Observations during the works

The jet-grouting was performed with two machines 1
a big one with a 18 m long jib in order to realize the
horizontal columns in one step, and a smaller one for
the vertical columns. The jetting was performed by
using the following procedure: simple jet with a
2.2/2.8 mm nozzle ; grout including 655 1 of water
and 800 to 1000 kg of cement per m3 (density equal
to 1.65) ; vertical speed during jetting varying from
2.5 to 4 min/ml ; grouting pressure of 40-45 MPa ;
grout flow rate of 80-120 1/min.

All the perforations were done with continuous
parameters logging, in order to get a good
knowledge of the contact between rock and
alluvium, thus allowing permanent adaptation of the
jet-grouting works. The diameter of the columns
revealed to be close to the anticipated values (0.50 to
0.7 0 m), and there was a very good contact between
the jetted columns and the rocks (boulders and banks
of the canyon) 1 a good stresses transmission was

therefore possible. Furthermore, there was no major
problem of deviations.

Up to 6200 m of jet-grouting columns were
realised, and the tunnel excavation in the canyon
zone (about 50 m) was finished within 7 months,
without any major difficulty and showing a much
favourable behaviour :

0 The deformation‘s during the tunnels excavation
did not exceed few millimetres, smaller than
anticipated,

0 The samples of jetted soils showed much higher
characteristics than anticipated 2 the com
pressive strength ranged from 10 to 77 MPa
with an average value of 30 MPa (23 samples).

Such characteristics can explain the very good
behaviour during excavation, as the grouted crown
acted as a stiff material, guiding the stresses around
the excavation, and a coherent material avoiding any
instability.

5 CONCLUSIONS

Several worthwhile conclusions can be drawn from
this case history :
0 Whatever the geological investigations

performed before the excavation, tunnel projects
in mountain areas can have to face to major
unforeseen and adverse geological conditions,
due to the hazardous glacial erosion forms ;

0 In cases where major collapses occur, a classical
impregnation grouting can be a risky solution,
due to the heterogeneous ground conditions,
which cause deviations of the boreholes and
uneven grout circu1ation's and treatment ;

0 The jet-grouting method is well suited to
tunnelling in difficult ground conditions (non
cohesive materials, with high water table and
deep cover) : it is possible to create stiff and
much cohesive zones, with directions and
geometry's which can be adapted to the existing
solicitation‘s during excavation.
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