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Abstract 

The Cleuson-Dixence pressure shaft broke in December 
2000, flooding a large area and killing three people. In 2003, 
after the end of the judicial inquiry, technical studies began to 
rehabilitate the 1'200 MW hydroelectric scheme. We describe 
this process and the technical solutions used, concentrating on 
the steel lining of the 4 km long shaft. Due to the accident and 
the characteristics of the scheme (1'883 m water head, 3 m 
diameter), specific preparation works were necessary and 
some uncommon specifications for the mechanical properties 
and the qualification program have been required. The 
controls in production (workshops) and erection (site) were 
also reinforced. Specific welding procedures were developed 
for the 12'500 t of S500ML and S690QL steels using SAW, 
SMAW, FCAW, GMAW and GTAW-HW. 

The original scheme 

The Grande-Dixence scheme covers 4% of Swiss energy 
consumption and holds 20% of the storable energy in 
Switzerland with its storage capacity of 400 millions m3. It is 
a unique alternative offer for renewable peak energy. The 
Cleuson-Dixence hydroelectric scheme was built between 
1992 and 1998 to increase the production capability of the 
Grande Dixence scheme. It includes these new elements: 

• a water intake in the Grande Dixence gravity dam,  

• a head race tunnel 15.8 km long from the dam to 
Tracouet,  

• a surge tank at Tracouet, excavated in the "Dent de 
Nendaz" peak,  

• an inclined steel lined shaft 4.3 km long from Tracouet to 
the Bieudron power house,  

• the underground power plant of Bieudron. 

The Bieudron power plant sets on its own three world 
records: highest drop (1'883 m), highest power capacity of 

each of the three Pelton units (423 MW) and highest 
electrical apparent output per pole for the three generators 
(35.7 MVA/pole). It can produce peak and super-peak energy 
thanks to its 1'200 MW capacity. Fionnay, Nendaz and 
Chandoline power plants, that are also part of the Grande 
Dixence scheme, only have a total capacity of 800 MW. 
Building Cleuson-Dixence has increased the installed power 
of Grande Dixence by two and a half, reaching a total 
capacity of 2'000 MW. 

The penstock was also a world première, made primarily of 
S890QL steel (890 MPa yield strength), with plate thickness 
from 21 to 80 mm with a diameter of 3.4 to 3.2 to 3 m. The 
maximal water flow is 75 m3/s.  

The failure of the penstock 

On December 12th, 2000, the underground penstock broke at 
1'234 m elevation. The penstock was torn open on a 9 m long 
and 60 cm wide section. 

 

 
 
Figure 1:  Profile of the scheme with the position of the 
accident of December 12th, 2000. The four main access 
galleries (F4 to F7) define the four lots, each being around 
1'000 m long. 
 

In spite of the fast reaction of the safety devices, a large 
outflow of water occurred in the areas of Nendaz and Fey. 
Several chalets and barns were washed away and a hundred 
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hectares of forest, pastures and orchards laid waste by mud. 
Three persons disappeared. 

The origin of the accident lies in a longitudinal shop weld. 
The main cause of its failure is bad workmanship on a SAW-
weld, causing cold cracking. The non-destructive testing 
(NDT) was also not done properly.  

The official expertise expressed the hypothesis of an 
influence of the stress corrosion cracking (SCC) to explain 
the evolution of the crack, but this opinion was based on very 
limited tests under non-representative conditions. Extensive 
studies carries out by the owners showed that this influence is 
negligible [1], [4]. 

Preliminary works 

Due to the legal inquiry, rehabilitation works began only in 
2003. Considering the accident, careful studies were carried 
out. The chosen design is the full lining of the 4.3 km 
penstock, with a by-pass to go round the accident zone.  

 

 
 
Figure 2:  Design of the by-pass around the zone of the 
accident. 

The preliminary works included: 

• An extensive qualification program, lead by the IWS-TU 
Graz on steels 890 and 690. 

• The geometrical measurement of the penstock to check its 
shape, roundness and straightness. 

• The passing of a 12 m-long template through the penstock 
to assess the maximum diameter of the lining. 

• The reinstallation of a 15 t-cable-way to bring 6 m-pipes 
at the top of the penstock at 2'200 m (no road access 
during winter). 

• The pressure grouting of the outside of the existing shaft 
to limit water circulation and to ensure a good contact 
with the surrounding rock. That meant drilling, injecting 
and plugging 6'000 holes. 

• Civil works to adapt the existing access galleries for the 
building works. 

• The excavation of two new access galleries at the top and 
the bottom part of the by-pass. 

• The excavation of the by-pass itself, consisting of a 
vertical shaft of 70 m and a horizontal gallery of 120 m. 

Design of the lining 

Due to the failure of the penstock, the design, specifications 
and work supervision are well above the ordinary standards. 
This was required by the owners. 

The lining is dimensioned as self-resistant, without taking into 
account the contribution of the first penstock and of the 
surrounding rock. The safety factors is defined as the ratio 
between the equivalent stress according to von Mises and a 
theoretical yield strength equal to min(Rp0.2 ; 0.8 Rm), where 
Rp0.2 and Rm are taken as the minimal guaranteed values. The 
safety factor against the dynamic internal pressure (Pmax = 
2'067 m water head or 20.3 MPa) is 1.8 for concreted zones 
and 2.0 for parts free in gallery. It is 1.7 against the external 
pressure (Pmax = 500 m water head or 4.9 MPa). These values 
are above the minimum of respectively 1.5, 1.7 and 1.6 
required by the CECT [2]. 

The annular space between the two penstocks is around 130 
mm. This space is filled with a self-placing concrete. 

 

 
 
Figure 3:  Design of the lining (red circle) inside the existing 
shaft (green circle). 
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Specifications: Steels 

The preliminary studies have shown that the steel S890QL is 
weldable for such an application. However, special care is 
needed and the allowable operating window is smaller than 
for steels with lower yield strength.  
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Figure 4:  Operating window for the welding of various steels 
(picture Dillinger Hütte). 

Moreover, there are very few other penstocks built with such 
steels. It was therefore decided to limit the choice to steels 
with a yield strength of max. 690 MPa, for which many other 
shafts exist since the 60s. 

The choice was finally the TMCP steel S500ML (according 
to EN 10025-4 extended to this yield strength) for the top half 
with thicknesses of 18 to 52 mm, and the quenched and 
tempered steel S690QL (according to EN 10025-6) for the 
bottom half with thicknesses of 40 to 71 mm (81 mm for the 
connecting part to the distributor). The 12'500 t of steel for 
these works are supplied by Dillinger Hütte. 
 
The requirements for the composition are: 
 
Steel % C % S % P CEViis CET 
S690QL 0.18 0.005 0.015 0.60 0.37 
S500ML 0.09 0.005 0.016 0.45 0.28 

 
TABLE 1: STEEL COMPOSITION LIMITS (MAX . VALUES) 

The phosphorus level was lowered to avoid a possible 
embrittlement after tempering: the usual value is max. 
0.020%. 
 
The toughness shall be: 

On longitudinal samples:  
KV L > 115 J at 0°C. 
KVL > 96 J at - 20°C. 
KVL > 50 J at - 40° C. 
 

On transversal samples: 
KVT > 90 J at 0°C. 
KVT > 70 J at - 20°C. 
KVT > 45 J at - 40°C. 
 

The toughness curve shall be measured up to -60°C. 
 
The tensile behavior shall fulfil the following requirements: 
The minimum value for yield strength Rp0.2, the tensile 
strength Rm and the elongation are according to the standards. 
For the quenched and tempered steels the ratio Rp0.2 / Rm shall 
be < 95 %. An isolated value with a ratio of 97 % shall be 
tolerated. 
For all other steels the ratio Rp0.2 / Rm shall be < 90 %. An 
isolated value with a ratio of 93 % shall be tolerated. 
 
Concerning the properties perpendicular to the plate surface, 
the Z35 quality according to EN 10164 is required. 
 
The internal quality of each plate shall be checked by UT 
according to EN 10160. 

Specifications: Welds 

The weld qualifications are made according to the EN ISO 
15607. The required mechanical properties of the welds are 
the same as the ones of the plates, with some specific points. 

As the original shaft showed cold cracking, the hydrogen 
content was given special care. The filler materials are 
required to have a hydrogen content lower than 5 ml/100 g 
weld metal (WM), and even lower than 2 ml/100 g WM for 
the processes without flux. The NDT is carried out only 48 h 
after welding, if no heat treatment is applied. 

Stress relieving heat treatment is required for S690QL welds 
with thicknesses above 30 mm, wherever it is possible 
(basically all welds except the ones within the shaft). 

The hardness is limited to 350 HV for HAZ and welds. 

The required Charpy V value is min. 100 J at 0°C and the 
Kmat toughness is min. 95 MPa.m1/2. 

Specifications: Non-destructive testing 

Due to the context of the accident, two 100% NDT (VT, MT 
and UT) of all welds were required, including one automated 
UT. The details of the NDT specification and qualification 
program are described in another paper [3]. 
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Qualification program 

Qualification tests were made on different critical elements. 

Stress corrosion cracking (SCC) 

As the official expertise had mentioned the SCC, it was 
necessary to check its possible influence on the chosen steels 
in conditions similar to the environment of the shaft. These 
tests were made by the Ecole Nationale Supérieure des Mines 
de Saint-Etienne. The sensitivity to SCC of the steels 
S500ML and S690QL was tested in synthetic water (similar 
to the water of the mountain), with steel S890QL for 
comparison. The tests were: 

• SSRT (slow strain rate tests), which allows to create and 
to propagate cracks and to compare easily the SSC 
sensitivity of various materials in a well controlled way. 
However, these tests are more severe than the actual 
conditions of the construction.  

• WOL (Wedge opening load test), to see the behavior on 
loaded pre-cracked samples. 

The results showed an influence of the environment on the 
ductility: the most sensitive is S890QL, followed by S690QL 
and S500ML. However, the cracking occurs only at high 
deformation levels (above the yield strength) with pre-
cracking, in a ductile mode. On WOL samples under loading 
conditions similar to the shaft (KI = 80.96 MPa.m1/2 for 
S690QL and KI = 68.67 MPa.m1/2 for S500ML), no cracking 
occurred after more than 8'000 hours of loading. 

Similar results were already produced within the qualification 
program S890 lead by the IWS-TU Graz [4]. 

Welding procedures 

The welding procedure qualifications were made according 
the usual standards (see above). Many welding procedure 
specifications (WPS) were necessary, considering the 
different companies, steels and processes: 17 WPS for SAW, 
33 for GMAW, 31 for TIG (or GTAW, including the TIG-
HW), 24 for FCAW and 20 for SMAW. The joint are X-
shaped (1/3-2/3) when the access is possible from both sides 
and V on backing strip in the other cases. 

All the welding consumables are from Böhler, except for 
FCAW (SAF). 

Mechanical properties of the welds 

A very extensive qualification program was made to evaluate 
the microstructure and the mechanical properties of the welds. 
It included:  

• Gleeble simulations. 

• Wide plate tests. 

• CT20. 

• Charpy V tests. 

• Residual stresses measurements after welding. These 
measurements were made by the hole drilling method on 
the test pipe. 

These tests were made by the Graz University of Technology 
(IWS-TU Graz) and the MPA Stuttgart. The toughness results 
of the different mechanical testing methods were correlated 
and fracture mechanics calculations were performed to 
evaluate the critical crack size. 

The mechanical qualification program is described more in 
details in another paper [5]. 

Only one welding process had to be eliminated, its toughness 
being below the 100 J-limit: SMAW for S690QL. GMAW 
was used instead. 

Hydrogen measurement 

The failure of the first shaft was due to cold cracking. 
Therefore, the hydrogen content of the welds was considered 
with special care. Certificates about the hydrogen content 
were required for all the welding consumables. Moreover, the 
hydrogen content of the welds was tested (acc. to AWS A 
4.3) for GTAW, SMAW, FCAW, GMAW and SAW. All 
were below 2 ml/100 g WM for welding processes with gas 
shielding and below 5 ml for welding processes with flux. 

It was also measured after various time for GMAW and SAW 
to see its evolution. The goal was to validate the 48 h-waiting 
time before NDT as sufficient. The results showed that the 
hydrogen content is below 1 ml/100 g WM after 1 hour and 
below 0.5 ml after 48 hours. No more evolution was observed 
for longer time. 

During the works, hydrogen measurements were made again 
by the SLV Duisburg on shop and site samples, according to 
the EN ISO 3690 standard. The values were slightly higher 
than with the AWS A 4.3 due the different test procedure, but 
however acceptable (hydrogen content up to 6.5 ml/100 g 
WM). 

Test pipe 

A three-rings pipe of S690QL steel (70 mm) was welded in 
an inclined position (angle of  34°, corresponding to the 
maximal slope of the shaft).The goal was to test the welding 
and the NDT procedures in real position. The welding 
processes were:  
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• SAW (three longitudinal seams, X-joint). This seam was 
heat treated at 570°C for stress relieving (furnace 
treatment). 

• SMAW (one circular seam, X-joint). This seam was heat 
treated at 535°C for stress relieving (local treatment). 

• TIG-HW (one circular seam, V-joint on plate). 

Other qualifications 

Concrete: The concrete for the annular room was a self-
placing concrete developed for this application. Many tests 
were done to assess its properties. Moreover, a 30 m-long 
template was built to check the capability of the concrete to 
flow and fill properly the annular space. It was set at an angle 
of 12°, the minimum slope for gravity concreting. For lower 
slope, the concrete was pumped. 

Anticorrosion coating: The anticorrosion inner coating was 
SikaCor SW 500, a well-known product for this application. 
A real pipe was coated in the workshop to test the application 
procedure and evaluate the properties of the finished coating. 

Organization of the works 

The project and the construction management were made by 
the consortium of EDF, Bonnard & Gardel and Stucky. The 
contract for the construction was awarded to the Austrian 
consortium Andritz Hydro – MCE ITL.  

Shop works 

The plates are cold rolled and welded in two workshops by 
MCE-MAP (Linz, Austria) and VAM (Wels, Austria). The 3 
m – rings are welded by SAW (longitudinal and circular weld 
seams) to make 6 m- , 9 m- , or 12 m-long pipes. All seams 
are flush ground (inside of the pipes). 

After stress relieving heat treatment (when applicable) and the 
two independent NDT, the pipes are transported by train to 
Sion, next to the site, and then by truck to one of the six 
access galleries.  

Site works 

For the top quarter of the shaft, the cable-way is used to bring 
the pipes on site.  

The work is performed nearly simultaneously at all access 
galleries, 24 hours/day, 7 days/week. At three places, the 6 m-
pipes are welded (again by SAW) to make 12 m-pipes. 

The pipes are lowered inside the shaft by special pipe carrier 
hold by winches. They are then welded by FCAW (S500ML), 

SMAW (S500ML) or TIG-HW (S500ML and S690QL). 
After NT, the pipes are concreted one after the other. Non-
concreted pipes are welded by GMAW. 

The anti-corrosion coating (SIKA SW500) is applied on each 
lot after completion of all other works. 

Other works 

Simultaneously to these works, NDT was carried out on the 
other steel pipes (in the main gallery, the surge tank and the 
distributor). The machines of the Bieudron power plant are 
currently overhauled. 

Conclusion 

The metal-works contract was signed on October 4th, 2006. 
Thanks to detailed preparation and good organization, the 
works will be finished on time for August 31rst, 2009, and 
within the budget of 200 million CHF (132 million EUR). 
With the Bieudron plant again in operation, this scheme will 
play a key role in providing peak energy and regulating the 
net, which is more and more necessary with the liberalization 
of the electricity market and the increasing market share of 
wind and solar energy, whose production is not predictable.  
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