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ABSTRACT: This document describes the work currently being carried out at the Grand Palais in Paris,
followed by a case study about the first movements recorded during the excavation. The work studied is
composed mainly of diaphragm wall excavation around the existing foundations, providing both foundations
reinforcement and future excavation support. An automatic monitoring system is in place, due to the
sensitivity of the structure." The first monitoring results are presented, together with an analysis and
correlation with the work in progress.

1 PRESENTATION OF THE SITE

1.1 Historic and future

The Grand Palais was built between 1897 and 1900
for the “World Exhibition” of 1900. It is composed
of a glass dome and a steel structure of imposing
dimensions (14 000 m2 of glass). See Figure 3.
The topography of the site is horizontal at +32m
NVP (Paris Datum).
The general geology beneath the site comprises the
following simplified sequence :
- fill,
- recent alluvium deposits (silts and fine sands),
- ancient alluvium deposits (sands and gravel)
- limestone
- clay

But, due to the presence of an old river arm
the soil conditions are poor over the southern part of
the site (silts, loose sands, weathered limestone)
although they are good over the northern part (dense
fine to coarse sands, slightly weathered limestone)

The table on the other column shows the
pressuremeter data (limit pressure, pressuremeter
modulus and the coefficient of structure that is the
ratio between the pressuremeter and Young’s
moduli) in both areas, along with other geotechnical
data taken into account in the design.

On the North Side, the columns are
supported by spread masonry footings built at the
top of the sand deposits, whereas on the South side
these masonry structures are supported by wooden
driven piles.

Soon after construction (from 1910
onwards), structural disorders and differential

settlements occurred, and have continued ever since.
The water-table lowering has exposed and rotten the
wooden pile. The total settlements are in the order of
100-150 mm, and up to (-50 mm) between 1972 and
2001.

It was decided to carry out global remedial
works, both at foundation and structural level. And
in the process, to build a retaining wall to allow for
excavation of two basement levels within the main
hall (future extension). Foundation works started at
the beginning of 2002.

structure limit pressure pressuremeter
soil area coefficient Pl _ MPa moduluso. Ep - MPaSouth 2/3 0,5 2,5Am * North 1/2 1,5 13,5
Aa * South 1/2 2,4 ‘_ 17,5North 1/3 . 5,2 46CGa * All 1/3 2,7 21CG * All 1/3 7,0 95

table 1 : pressuremeter data

soil area kg; qi," kia kN¥m3South 80 0 10 20Am * North 75 20 10 20
Aa * South 0 35 0 18North 0 35 0 18CGa * All 450 O 0 22CG * All 1000 0 1000 22

table 2 : geotechnical data

* Am = recent alluvium
Aa = ancient alluvium
CGa = weathered limestone
CG = sound limestone
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The water levelis at +23/24 NVP _(m Paris
Datum) and varies little, even during flood, as the
river bed is clogged. Nevertheless the design criteria
regarding the water level are :

min level 24,50 NVP
during construction 29,00 NVP
10' years return period 30,00 NVP
100 years return period 30,60 NVP

1.2 Scope of works

Strengthening of the metallic frame foundations in
the southern hall fis to be achieved by installing a
diaphragm wall around the existing foundations and
transferring loads to the _diaphragm wall through a
reinforced concrete belt built at the bottom of the
column. I

This diaphragm wall is_ designed to future
excavations specifications, and is' installed using an
Hydrofraise® equipment specially designed for low
headroom.

Strengthening of ' the metallic frame
foundations in the Northern hall and of the Southern
part of the masonry building itself is achieved
through jet-grouting columns installed beneath the
existing footings and extending to the top of
limestone. This article will focus mainly on the
existing building movements during the diaphragm
wall construction. Hence, the remedial works are not
presented in detail. i

Figure 3 : The CYCLOPS below the Grand Palais glass dome

2 MONITORING SYSTEM

The complexity and sensitivity of the works required
an advanced monitoring system to be put in place in
order to achieve real time measurement of the

movements at the base of the supporting columns, as
specified.

2.1 CY CLOPS System

It was decided to install a CYCLOPS system
(automated monitoring using a motorised'
theodolite). Sol Data and IGN, the French National
Geographical Institute, have co-developed this
concept in 1997, and are operating it jointly on sites
around the world.

CYCLOPS is a fully automated surveillance
system comprising a motorised total station with
video target acquisition under computer control. The
system includes additional software to create an
extremely powerful, versatile and user friendly
monitoling solution. Incorporating corrective
calculation sequences to compensate for self
movement of the instrument and changes in
temperature or other external elements, CYCLOPS
provides absolute movement measurement,
continuously. The corrective calculation sequences
are based on real time least square calculations,
followed by statistical treatment of results.

On the Grand Palais site the CYCLOPS is
mounted in the centre of the building, on a mast 2.5
m high, to ensure optimal lines of sight. See Picture
l. The targets are located on each of the supporting
columns. Some additional targets have been located
on the back of the same pillars, to provide
information about any differential movement.

2.2. Temperature sensors

There was a question about the behaviour of the
steel structure with temperature. Although the area
of interest was the lower part of the pillars (possible
settlement or movement during the work), it was
possible that the temperature effect on the rest of the
structure causes a “natural” change in the stress
pattem, and causes a movement that would not be
related to the works being executed.

It was therefore decided to install 2
temperature sensors, one at ground level, and one at
the top of the columns, below the dome. The sensors
are read automatically and recorded in real time on
the same database as the CYCLOPS data, therefore
allowing an accurate study of any correlation.

2.3 Data acquisition and data management

One computer located in the site offices controls the
CYCLOPS, carries out all the calculations, stores
and presents the data, and manages alarms.

The cormections between the CYCLOPS and

the temperature sensors on site on one hand and the
computer in the office on the other hand, are
performed by radio link.



The final result of the system is that a picture
of the latest state of the whole site is available at any
time on the computer in the site office, without any
cable link to the instruments, hence ease of
installation and limitation of nuisance to the site
activities.

3 A CASE STUDY ON THE FIRST PANELS

The first diaphragm panels _were excavated in March
2002. We shall describe here the movement
recorded, and the correlation with the work carried
out.

3.1 Building signature

The specification on site limited the authorised
settlement to 5 mm only, for the 'whole of the site
operations. However, this value does not include the
building signature, ie the normal daily and seasonal
movements of the building

The graph below shows the values of
movement recorded on one target outside the work
area, over one week in April 2002, in function of the
temperature. The movements shown are the total
difference of vertical position (delta Z) since
beginning of February 2002.

The direct relation of the movements
recorded over the week with the temperature appears
clearly. Here, for a l4 °C temperature spread, a 2
mm vertical amplitude is recorded.24 =
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Figure 4 : Vertical target values in function of temperature.

The CYCLOPS data is automatically
corrected for temperature effect, so the above values
are essentially a description of the structure
signature.

It is also interesting to notice that the
temperature movements are not as clearly identified
in the long term 1 If variations are neatly visible over
periods of one day and one week for example, it is

not so much the case for the global temperature
change between February and April 2002.

3.2 South West part ofthe structure : Settlement
with diaphragm wall construction

This is the zone where the largest settlements have
been recorded since the Grand Palais completion.

The foundations in this area of the nave have
shown immediate reaction to each phase of work.
Figure 5 clearly shows :
- Some very small settlements during the

regeneration works (grouting beneath the
existing footings to backfill possible voids) : less
than l mm in amplitude.

- During the initial diaphragm wall excavation (in
dry conditions from 0 to 2.5 m deep : pre-hole),
no settlement was recorded. The holes were left
open overnight, again without settlement.

- Rapidly upon pouring the bentonite into the pre
holes, settlement was recorded on the column
being worked on, and also on the adjoining
columns. The rapid settlement was usually in the
order of l mm, and continued at a lower rate for
a few days. To be' noted that this occurred at the
first panel of each area. Important bentonite

losses must also be mentioned : Up to 100 to 200
m3, for a pre-hole volume of 10 m _

- Settlement then continues regularly as the
diaphragm wall excavation is in progress, but
with phases of acceleration and deceleration :

- Clear acceleration when the back panels are
excavated : Each pillar foundation is surrounded
by 5 panels, 2 at the back and 3 at the front. Now
the steel structure above is such that the rear part
of the foundation is in compression, supporting
the major part of the load, while the front part is,
in theory, virtually at zero load or even in
tension.

- This explains why usually the excavation of
iront panels induces no further settlement, or
even decreases the settlement rate, as shown on
Figure 5.

- There is also deceleration when work is being
canied out at adjacent columns : unlike the
initial excavation in dry conditions, the next
panels mainly affect the column around which
they are installed.

- The total additional settlement is usually in the
order of 2 to 3 mm, leading to an total absolute
settlement of 4 to 5 mm based on initial
conditions.

- Settlement stops rapidly when panels excavation
is completed.



3.3 South East and centre. parts ofthe nave
Virtualbz no settlement,”

Diaphragm wall panels construction in other areas of
the Site has induced very little movements, although
the sequenceof works has been identical. Refer to
Figure 6.
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Figure 6 : Comparison of vertical targets movements, for 2
pillars in North and South areas, as diaphragm wall excavation
work proceeds.

3.4 X and Y (Horizontab movements

The CYCLOPS system also provides X and Y
values for each target. In fact the X and Y
movements were not limited in the 1 Works
Specifications, and were not to be measured in real
time. The reason being that little or no X' and Y
movements of the columns were expected. Where
settlements have been recorded (South part of the
nave), a slight tilt can be visible, but the value at
target level (7 to 10 m above ground) does not reach
more than 1.5 mm. The other columns do not show
any si gniticant movement (all values below 1 mm).

ii'

4 CONCLUSION

This document constitutes another case study of the
settlement” induced by diaphragm wall excavation ;
Diaphragm walls are usually constructed and
designed to protect excavations and reduce
settlement around the excavations. Adequate design
usually means that movements during excavation
inside the diaphragm wall can be well limited. But
possible settlement during the diaphragm wall
construction must also be accounted for.

This paper shows that, although interesting
movements were recorded, they remained very
limited.

A deeper study of this site would pro-ve
attractive. The other phases of work to come could
be considered, including the future excavation inside
the diaphragm wall, the jet grouting, etc  Also
some of the events described here, like the initial
settlement when the ground is re-humidified by the
first bentonite pour, would win at being better
understood.

ovement, in mm Y I R l l
Bentonite loss in dry ggi

_ conditions, on
` another pillar Front and 1

.Regeneration From anel 2grou ing| 1 i _ l I | 1
Rear anel 2' V

2 .
I

15/02 Ol/03 15/03 30/03
Figure 5 : Vertical movements of target on column “Nave South 2”, in function of time,
with related work activities


