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for the truck and a traffic light were the preferred options against a new on purpose made round-about for the 
trucks to get into the traffic. The effect of site works on traffic was estimated to represent an increase of 0.5 %. 
All the excavated rocks were taken to Carriere Arvel SA, a quarry located 4.2 km from the site works. Excavated 
rocks were crushed and transformed in gravel and sand as much as possible to produce concrete for works on the 
power plant. The remainder was used by Carriere Arvel SA for other site works. 
 
2.3 Vibration studies to nearby infrastructures: highway, railway and power plant 
Building the cavern and galleries near the operating power plant as well as near pillars of highway bridge 
supporting heavy traffic was also a major challenge. 
In the late sixties, when the current power plant was built, the construction works of the highway bridge were 
under way. In 2008 the vibration upon highway bridge pillars due to drill and blast excavation method was a 
challenge. Due to rock hardness no other means of excavation was possible. 
 

Investigations 
Specials investigations such as exploratory excavation works with different drill and blast method were made to 
evaluate, measure and minimize the impact of drill and blast excavation onto the foundation of the existing 
highway bridge and on the existing power plant. 
Already in 2008, a total of 7 explosive exploratory works were undertaken in a gallery located progressively 
from 50 to 15 m off the foundation of the pillars as well as from the power plant. The vibration generated by 
these exploratory works were registered and analysed by geologists and by a team of structural experts. These 
investigations were also communicated and discussed with representatives of the highway infrastructure. The 
results permitted to conclude that the drill and blast method was feasible. During excavation works, 
recommendations and a monitoring system were implemented to register, verify and communicate the generated 
vibrations. Based on these intensive exploratory works and discussions with expert representatives of the 
highway owner, an agreement was signed with the highway owner before the acceptance procedure. 
 

Monitoring system during site works and defined limits 
A monitoring system made by a network of vibration sensors placed at the foundation of the bridge, in the bridge 
deck as well as in the existing power plant close to equipment was set up (Figure 5). All these sensors were 
connected to a central unit and the vibration measurements were sent “live” by cellular network to experts in 
charge of the analysis of this vibration. After each blast this monitoring system allowed the engineer to adjust 
drill and blast method if necessary. 
As for the highway structure, an agreement with the highway owner representative established an acceptable 
vibration speed of 6 mm/s with a frequency under 60 Hz as information value. 
With respect to Swiss norms the absolute maximum value was defined at 12 mm/s with a frequency under 60 
Hz. 
On site, adjusted blasting patterns were used to limit the vibration. For each borehole, a charge of 4.2 kg of 
blasting material permitted to stay under the value of 6 mm/s. Additionally, if needed, mining boreholes were 
also reduced from 3 to 1.5 m long and in some special cases, section of excavation front was executed in 2 
stages. 
The preparations (exploratory works and agreements performed with the highway representative) made before 
beginning excavation works allowed safe execution with no major constraints. During excavating works only a 
few vibration measures reached the allowed speed of 6 mm/s, however these were far from the maximum 
absolute value. 
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Figure 6. Matrix of feasible possibility for the extension project. 

 
3.3 Phase 3 - Selection of the best solution regarding transient analysis 
Among the 11 feasible solutions previously identified, the main criteria to determine the best solution, above 
profitability, was the fitting with the requirement of the already designed and in use pressure shaft. The 
overpressure limits of the pressure shaft are determined as follow : 

 
Figure 7. Overpressure criteria of the existing pressure shaft in percentage of static load. 

For an accuracy approach, transient analysis had to be done with up to date data (i.e. the exact S-curve of the 
pump or Francis turbine) to evaluate the overpressure for the defined cases (Figure 7). 
The main suppliers of equipment were contacted to feed the computer simulation with the characteristics of their 
equipment. As far as knowhow of supplier equipment is concerned for this data, FMHL had to sign 
confidentially agreements with each supplier and requested the support of the LMH (Laboratory for Hydraulique 
Machinery at EPFL) for this critical phase. 
The results of this transient analysis showed that the two-stage reversible unit generated an overpressure ranging 
to 18% for exceptional cases and up to 30% for accidental cases. All the other solutions fitted in the required 
criteria of overpressure. Thanks to this transient analysis combined with operational criteria such as 
maintainability as well as services provided to the electrical grid, FMHL finally implemented a ternary 
arrangement unit of 120 MW composed of a Pelton turbine and a 5-stage-pump. 

 
4. On-going commissioning and finishing works 
The main milestones of the works are described as follows : 
• site works started on March 7th 2011, 
• excavation works were completed by January 31th 2014 (Figure 8), 
• concreting and installation of embedded part ended in October 2014 (Figures 8 & 9),  
• hydro-mechanical equipment was installed in the cavern from October 2014 to September 2015 and electro-

mechanical works started in September 2015 (Figures 9 & 10), 
• commissioning of the power plant is under way since the end of March 2016, a first synchronization to 

the grid for the first unit was done on May 25th. This first unit has already delivered its maximum power 
to the grid amounting 118 MW and produced the first kilowatt-hours. The first operation in pump mode 
took place on June 23rd. As far as the second unit is concerned, its first synchronization to the grid was 
done on August 11th 2016. 

Finishing and commissioning works are under way and FMHL expects to benefit from this new power capacity 
by the end of the year. FMHL would like to acknowledge all engineers, suppliers and workers who were 
involved in the development and delivery of this project. 

Ternary unit Separate unit (multistage 
pump and pelton turbine)

One stage reversible pump-
turbine

multi-stages reversible 
pump turbine

power adjustment with 
short circuit operation no-adjustment variable speed without power 

adjustement
1x180 temporarily discarded temporarily discarded
2x90 2GT90 4GS90
3x60 3GT60
4x45 too low efficiency

1x240 1GT240 2GS240 1GR 240 1 GRV 240
2x120 2GT120 4GS120 2 GRM 120
3x80 temporarily discarded
4x60 4GT60

dewatering for start up 
sequence

Two-stages reversible pump 
turbine

Too high gross head

too many units

too many units too severe transient analysis

temporarily discarded

In
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d 

Po
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18
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W
24

0 M
W temporarily discarded

too severe transient analysis

Case Description operation Limits Goal
Normal case Normal shutdown 106% 104%
Exceptionnal case Emergency shutdown 115% 109%
Accidental case Degraded operation 115% 115%
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