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The Millau viaduct over the Tarn River is an exceptional bridge considering the height under the deck and
the 2.5 km total length. Each of the seven high piers is founded on a thick raft setting on four large piles
of 5m in diameter and 10-15 m deep. The ground schematically consists of limestone in the north and of
marls in the south. As the bridge is very sensitive to foundation settlements, the concessionary company
decided to use the observational method for controlling the displacements and if necessary stabilize
the foundations. The measurements show that the movements have remained small and admissible,
particularly in terms of the rotations. The settlements have not occurred continuously under the load, but
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1. Geological and geotechnical context

The Millau viaduct links two limestone plateaus separated by
a deep valley eroded by the Tarn River. The sedimentary basins,
which started to form during the middle of the Secondary Era,
appear to be particularly well preserved. The Tarn has revealed the
stratigraphy of the zone which shows Triassic formations at the
bottom of the valley and then displays the full sequence up to the
end of the Jurassic Era which is represented by the limestone at the
top of the Larzac plateau to the south of the viaduct as shown on
the right of Fig. 1.

The rock encountered on the site is exclusively sedimentary,
composed partly of dolomitic limestone and partly of compact
marls (Mennessier and Collomb, 1983).

A study of local tectonics shows that there are old faults which
affect the older horizons in the sequence, back as far as the Lias.
The old faults are located to the north of the viaduct but do not
affect the more recent horizons of the geological structure of the top
of the southern plateau, such as the Kimmeridgian stage. This type
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of fault was specifically encountered by the northern abutment of
the viaduct (C0) as shown in Fig. 1.

There are also some more recent non-active faults that affect
the whole stratigraphy of the zone and cut across the viaduct site
by pier P4 and again between pier P7 and the southern abutment
C8 (Fig. 1). The strike slips on these faults, particularly where the
pier P4 is located, have caused difficulties for the construction and
have required an adaptation of the foundations.

Before starting the earthworks, the concession company and
its public works contractor EIFFAGE TP systematically carried out
additional geotechnical surveys of the soils to support the foun-
dations by means of destructive drilling down to 10 m below the
deepest level of the pile shafts and 15m below the base of the
foundation plates for the abutments.

As everyone knows, the main difficulty with rock mechanics
is obtaining representative samples (Panet, 1976; Duncan, 1996).
Laboratory tests carried out on small samples are not represen-
tative of the scale of all the discontinuities in the rock masses
(especially the direction and size of the faults), which means that
direct use of the results is not at all reliable. Thus the overall
mechanical properties of a rocky block, generally assumed to be
isotropic (¢, c: internal friction angle and cohesion, respectively;
E: modulus of deformation) are more and more frequently deter-
mined by semi-empirical methods which combine geotechnical
tests with geological observation of the borehole samples and exist-
ing outcrops (the RMR (rock mass rating) classification (Bieniawski,
1989) in accordance with the empirical method proposed by Hoek
and Brown (1988) and Hoek et al. (1995)).

The RMR varies from 0 to 105. The mean values recorded on the
Millau viaduct site are 65 for the limestone and 53 for the marls.

There are three different types of foundation rocks along
the viaduct. The first one, the Bajocian dolomitic limestone at
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Fig. 1. Simplified geotechnical cross section of the viaduct.

the northern abutment (CO), is a very hard rock with an uncon-
fined compressive strength Rc = 110 MPa but with karsts filled with
clay. At the top of the platform where the raft was placed, a RMR
value of 70-80 was determined.

The compacted marls from pier P7 to pier P6 constitute the sec-
ond rock type. Slides are visible at the soil surface due to the 2 m
thick scree layer underlain by soft clay above the marls. Labora-
tory tests have given: R.=10-15MPa, E=3-6GPa, y =25kN/m?3.
The mean values of shear strength have been determined in the
15 m thick top layer of marls: RMR =45, c=0.1 MPa, ¢ =30°.

The Hettangian limestone on the two sides of the Tarn River
from pier P4 to the abutment (CO) constitutes the third rock type.
Its bedding is sub-horizontal on the south side and at a 10°/15°
angle on the north side. The results from laboratory tests are:
R:=50-70MPa,E=8t015GPa, y =25 kN/m3. The determined shear
strength values are: RMR =65 to 70, c=2.5MPa, ¢ =37°.

It can be concluded that the marls are less resistant than the
limestone. It is the reason that the piles in marls are enlarged at
their base and are longer than the piles in limestone (Fig. 2).

2. Foundation system

The viaduct design produced by the authorities defined and
designed the foundation systems for the piers and abutments.
Although the final system is based on the same principles, it varies
slightly depending on whether a given bearing is located on lime-
stone or on marls. The marls not only have weaker mechanical
properties than the limestone, but also show superficial slide which
affects the upper part.

i 35m

|12m [

27m
20m

|
Pile P6

Limestone Marls

Fig. 2. Standard cross sections of piers in marls and limestone.

Spread foundations were chosen for abutments CO and C8 which
are founded on limestone. The foundation system is a monolithic
set composed of a 1 m thick raft foundation for each front abutment,
connected to two side footings for each rear abutment with the
abutment platforms at different levels.

The foundation system (Fig. 2) for each of the 7 piers is composed
of 4 reinforced-concrete piles with a diameter of 5m and a depth
of 10-15m drilled in the rock and bonded together at the top by
a 3.5 m thick reinforced-concrete footing, which is itself bonded to
the pier. In marls, the footing is thicker and the piles deeper, with
their base diameter being increased to 7 m.

Foundations of piers 2 and 6 have been taken as the typical
examples in the present paper. The pier 2 is the highest one (245 m)
and is founded in limestone, while the pier 6 is founded in marls
and has a medium height.

The behaviour of this type of pier foundation system is complex.
Itis a piled raft foundation system in which part of the load is trans-
ferred to the footing. The way that this behaviour was simplified
is particularly restrictive as it was assumed that firstly, the footing
bears none of the load and secondly that no skin friction (gs =0) is
created along the shaft except in the case of tensile stress.

This comes down to assuming that bearing capacity depends
solely on the ultimate pressure on the rock at the bottom of the
shaft and that settlement results only from deformations of the
rock at the bottom of the shaft, which makes the foundations more
flexible than they really are.

Bearing capacity was defined using standard Terzaghi equations
adapted to take into account the inclination of the load and the
proximity to the hillside, to which an overall stability calculation
was added for shafts drilled in marly hillsides, as well as for the
foundation of pier P3 in limestone whose overall stability had to be
improved by a reinforced soil retaining wall (Tervoile).

With regard to settlement and foundation rotation subsequent
to service loads (serviceability limit states), the calculation method
used was the modulus of reaction to the behaviour hypotheses
described above.

Several pile-loading trial tests were carried out in the marly soils
to assess the skin friction along the shaft. Fig. 3 shows the results of
one of these tests on a bored pile with a diameter of 0.80 m. Critical
creep load at point Q. is approximately 5200 kN (g = 10 MPa) for a
shaft head settlement of 5.6 mm.

Despite the uncertainties regarding the assessment of the
mechanical properties of the rock and the calculation methods
used, the design for the pier foundations seems to be quite reliable.

3. Foundation design

To optimize the foundation design by using the observational
method required iterations between the calculation results of the
most probable behaviour of the foundation and the results of a con-
stant monitoring during the construction. The overall stability of
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Fig. 3. Results of a pile boring test in marly soils.

the foundation with regard to the proximity to the hillside was not
to be optimized and a large safety factor was taken into account.
As indicated before, a retaining structure has been constructed at
pier P3 in order to increase the factor of safety. However the mon-
itoring was also used to verify that for every pier no problem was
encountered with regard to this stability.

The load bearing capacity and settlement of the foundations
were calculated taking the least favourable combinations for the
ultimate limit and serviceability limit states. Vertical load distri-
bution was applied at the centre of the foundations to evaluate
normal and horizontal strains and the longitudinal and transverse
bending moments (Fig. 4) (Yu and Vayssade, 1991; Duncan, 1996).
Wind load was examined separately (meteorology and wind tunnel
tests).

Unlike the working assumption taken for the authorities’ design
of the project, the construction calculations also took into account
the behaviour of a piled raft foundation where part of the load is
supported by the footing, and skin friction and tip resistance in the
pile shafts are taken into consideration. This assumption, which
is more like the actual behaviour, had to be adopted while the
observational method was to be used.

The foundation system was designed by SETEC on the basis of
the elastoplasticity calculated at the ultimate and serviceability
limit states, modelling soil behaviour by means of springs pos-
itioned vertically beneath the pile shaft and horizontally along it.
This design, which does not take into account either the bear-
ing capacity of the footing or skin friction along the shaft, was
requested by the concession management authorities for greater
safety.

TERRASOL used its own software, FoXta, to study the foreseeable
deformations of the piled raft foundation system and define vigi-
lance and alarm levels for deformation (settlement and rotation),
for permanent loads and for three types of loads (dead weight of
piers, dead weight of piers and deck, permanent loads and maxi-
mum oblique wind load).

Longitudinal
section

Transversal
section

Dead load N = 350 MN
(pier + raft)

Wind load
(loads no concomitant)

245 m

HL=10.6 MN
ML=885 MN

HT=12.5 MN
MT=2360 MN

Fig. 4. Loads applied to pier P2.

In this calculation, the footing is assumed to be stiff and stiffness
springs are applied at several points in order to simulate the ground
and the shaft. The skin friction mobilization law is that of Frank and
Zhao (1982) whilst the Young’s modulus for each geological layer
of soil, which is assumed to be isotropic, is defined by the empirical
equation (Hoek and Brown, 1988, 1996):

RMR-15
0

Emass(GPa) = (1—d/2) \/Rc/100 x 10 4 1)

where RMR is the rock mass rating of the rocky layer, d is the rock
decompression factor, and R (MPa) is the unconfined compressive
strength.

The behaviour is different depending upon the ground condi-
tions: in limestone, only 35% of the load is carried by the shafts,
while in marls this ratio reaches about 90%. In addition, nearly 90%
of the load transferred to the shaft is supported by the skin friction,
whether the ground is limestone or marl. This shows that the shafts
react very little at the base (Table 1).

4. Use of the observational method

From the outset, the concession-holding company, backed by
its consultants and design and construction supervisor, adopted a
cautious approach for the viaduct foundation design. The approach
consisted primarily of using the observational method (Peck, 1969,
2002; Allagnat, 2005) to reduce areas of uncertainty and risk. It
was continued throughout the construction of the viaduct and was
composed of the following stages:

(1) Additional investigations for each pier, particularly by means
of destructive drilling down to 10 m below the bottom of the
pile shafts.

(2) Geotechnical monitoring of all earthworks (slopes and pile
shafts), using the RMRs to validate or modify the initial geotech-
nical properties.
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Table 1
Settlement and rotation of foundations for piers P2 and P6 for three types of loads.
Case Pier s (mm) Rotation (10> rad) Load carried by footing Note
and shaft (%)
WLong WTrans Footing Shaft
Case 1 P2 2.80 0.02 0.12 67 33 Dead weight of the pier
P6 0.46 -0.3 -0.3 12 88
Case 2 P2 3.60 -0.6 -0.6 67 33 Dead weight of the pier
P6 0.83 -0.6 0.7 8 92 and deck
Case 3 P2 3.44 48.7 76.1 62 38 Dead weight of the pier, deck and
P6 0.89 7.8 293 7 93 oblique wind

(3) Adaptation or even modification of pier and abutment founda-
tions.

(4) Calculation of the serviceability limit state of the piled raft
foundation of each pier for each type of load, based on newly
identified rock properties and load transfer to the footing and
skin friction along the shafts.

(5) Close supervision and monitoring of foundation movements
during construction, combined with the definition of thresh-
olds beyond which pre-defined reinforcement measures are to
be implemented.

It should be noted that the observational method is not just
a question of measurements; its purpose is to reduce areas of
uncertainty by constantly comparing the forecasts and the actual
behaviour during the monitoring process, and implementing rein-
forcement measures whenever the behaviour of the structure goes
beyond certain levels.

Adapting the foundations principally involved: (1) turning the
bearing foundation into deep foundations (abutment CO), (2)
replacing with concrete a zone with weak mechanical properties,
like faults or clay-filled karsts, (abutment C8, pier P4), (3) widen-
ing the base of some shafts to reduce differential settlement and
improve load bearing capacity (pier P4), and (4) removing any con-
tact between piers and slopes (pier P7).

The instrumentation installed for the observational method
mainly consisted of markers on the four corners of each footing
on the bases of the piers and clinometers. These allowed precise
topographic measurements to be taken as well as spirit level mea-
surements. Measurements were taken every month during viaduct
construction.

Two types of thresholds have been defined: (1) a vigilance level
beyond which measurements must be taken at short intervals to
confirm the evolution of the displacements, and (2) an alert level
at which pre-defined reinforcement measures are to be imple-
mented (Table 2). Adistinction has been made in the displacements
between the average settlement “s” of the footing and its rotation

“

With regard to the vigilance level for footing rotation, it was
agreed that the threshold would represent a very cautious degree
of displacement at deck level. The limit was thus set at a rotation
®=>5x10"*rad.

The alert level is reached when a series of measurements at
short intervals over a period of one to two months confirms that
the vigilance level has been exceeded. During this period, spe-
cific investigations were carried out at the pier foundation in
order to identify the problem and adapt the reinforcement work

Table 2
Definition of vigilance and alert levels.

Level Settlement s (mm)

Theoretical slope As/AQ 5% 104
Confirmation that the vigilance level has been exceeded

Rotation w (rad)

Vigilance level
Alert level

accordingly. The reinforcement measures depended on the prob-
lem encountered.

Fig. 5 compares the actual settlement and rotation values
recorded for piers P2 (foundation in limestone) and P6 (foundation
in marls) in relation to time and concrete mass, with the theoret-
ical values. It is noted that the settlement values recorded in the
limestone show abrupt variations followed by progress in plateaus,
whereas the settlement observed in the marl is more continuous.
It seems likely that this is due to extensive natural fracturing in
the limestone on one hand, and the disorganization of soil struc-
ture caused by the explosives used to excavate the pile shaft on the
other. Furthermore, the slopes of the average settlement curves are
generally below the vigilance level, bearing in mind the previous
comment. The rotation values are very low and always well below
the vigilance level, which is very important for the structure. It was
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Fig. 5. Comparison of calculations and observations for the total settlements of the
piers (a) P2 in limestone and (b) P6 in marls.
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checked, by the yearly controls, that the foundations deformations
did not change 8 years after their completion.

5. Conclusions

The findings of the studies and monitoring of the Millau vaduct
foundations during pier construction are as follows:

(1) Despite its limitations, the RMR method which was origi-
nally developed for tunnelling in rock masses provides a fairly
reliable assessment of the mechanical properties for the foun-
dations on the limestone and compacted marl encountered on
the site.

(2) The actual behaviour of the pier foundations proved to be that of
a piled raft foundation in which the load carried by the footing
increases with the stiffness of the soil on which it is laid, which
is particularly relevant for piers with foundations in limestone.

(3) The foundation settlement and rotation values recorded during
the construction and after completion are quite close to the
results of the piled raft foundation calculation.

(4) The settlement observed as the piers went up varied according
to the type of ground. Although it was fairly continuous in the
marl, it showed abrupt increases in the limestone, which then
continued in plateaus.

(5) The observational method has been proved to be a sound tool
for monitoring the risk of movement in the pier foundations,
given the possibility of discovering unidentified karsts or zones
of heterogeneity.

(6) Overall settlement of the piers under their own weight does
not exceed 5mm. The rotations are minimal and can barely
be measured. This means that the thresholds used for the
implementation of the observational method have not yet been
reached.
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