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Abstract:  

The Hydro-Quebec Toulnustouc hydroelectric project is located approximately 150 km north of 

the city of Baie-Comeau, Quebec, and was commissioned in July 2005. The water conveyance 

system to the 520 MW surface powerhouse is assured by a 10 km long, 13 m x 11 m unlined 

headrace tunnel and a 175 m high vertical surge shaft, operating under a maximum static head of 

180 m. 

 

In-situ stress measurement tests results indicated the presence of local minimum principal stresses 

lower than the water pressure in the tunnel. Those minimum measured values were also lower 

than the stress predicted by topographic rock cover criteria. Based on stress measurements results, 

the penstock steel liner behind the powerhouse was lengthened and, at a second location, a 

pressure relief curtain was constructed in the low stress zone to control the propagation of 

potential local hydraulic jacking and also to control pore pressures in the near surface zone that 

might destabilize the overburden located above the tunnel. The paper presents the leakage 

estimation, the filling procedure and the monitoring program that was carried out in order to 

closely follow and control progressive rock mass saturation and total tunnel leakage. The tunnel 

was filled in March 2005 and has performed satisfactorily since then, with acceptable water 

losses within the predicted range. 
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Toulnustouc pressure tunnel leakage estimation, filling, 
instrumentation and control 


AJ. Rancourt, C. Chartrand 
RSW Group, Monfr<ial, QC, Canada 


A. Whalen, D. Bergeron 
Hydro-Quebec Equipement, Montreal, QC, Canada 


ABSTRACT: The Hydro-Quebec Toulnustouc hydroelectric project is located approximately 150 kIn nOlth of the city of 
Baie-Comeau, Quebec, and was commissioned in July 2005. The water conveyance system to the 520 MW surface 
powerhouse is assured by a 10 kIn long, 13 m x 11 m unlined headrace tunnel and a 175 m high vertical surge shaft, 
operating under a maximum static head of 180 m. 


In-situ stress measurement tests results indicated the presence of local minimum principal stresses lower than the water 
pressure in the tunnel. Those minimum measured values were also lower than the stress predicted by topographic rock 
cover criteria. Based on stress measurements results, the penstock steel liner behind the powemouse was lengthened and, at 
a second location, a pressure relief curtain was constructed in the low stress zone to control the propagation of potential 
local hydraulic jacking and also to control pore pressures in the near surface zone that might destabilize the overburden 
located above the tunnel. The paper presents the leakage estimation, the filling procedure and the monitoring program that 
waS carried out in order to closely follow and control progressive rock mass saturation and total tuunelleakage. The tunnel 
was filled in March 2005 and has performed satisfactorily since then, with acceptable water losses within the predicted 
range. 


1 INTRODUCTION 


TouInustouc project is located In the north-eastern 
part of province of Quebec, Canada (Figure 1). The 
526 MW hydroelectric facility was constructed in four 
years beginuing in November 2001. 
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Fig. I. Project location. 


The project includes: 


a 77 m high concrete-face dam on the 
TouInustouc River and a uearby 45 m high 
dike; 
a 10 kru long, 13 m x II m unlined headrace 
tuunel operating under a maximnm static head 
of 183 m; 
two 138 m long, 8 m diameter, steel lined 
pressure peustocks; 
a 520 MW surface powerhouse with two 
Francis units; 
a 300 m long tailrace channel. 


Impounding took place in February 2005 and 
~ tuunel filling was carried out over a period of 15 days 


from March 22 to April 5, 2005. The facility was 
commissioned in July 2005. 
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Figure 2 preseuts the general layout of the project 
and a longitudinal profile of the tuunel including .the 
principal geological features encountered. The 
maximnm reservoir level is 301.75 m and the 
minimnm water level in the tailrace channel is 
127.3 m. 
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Fig. 2. Toulnustouc hydroelectric project - plan and tunnel section (vertical x 20). 
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The main purpose of this paper is to present the 
assessment of expected leakage based on tnnnel 
geology and the existence of two low in-sitn stress 
areas along the tnnnel, one near the powerhouse and 
the other around station 7700 (Rancourt et aI., 2006). 
Also the paper presents the tunnel filling procedure 
and the monitoring program along with the principal 
results. Areas of low in-situ stress measurements are 
located on Figure 2. For the low stress zone near the 
powerhouse, the water pressure in the tnnnel is around 
1.8 MPa and the steel liner was lengthened to the 
point where sufficient in-sitn stresses were measured 
with safety factor above 1.3. The other zone is located 
2.36 kID upstream of the powerhouse around station 
7700, with a water pressure of approximately I MPa 
and safety factor around 1.0. ill this area, the low 
stresses were observed on a 250 m long tnnnel section 
where the ground level is below the reservoir level. A 
relief curtain was constructed to avoid high pressure 
water reaching surface and destabilizing the 
overburden. 


Geological and geotechnical iuformation collected 
during construction was utilised to evaluate total 
expected water leakage and to design the pressure 
relief curtain. A detailed filling procedure was carried 
out that included careful monitoring of all leakage 
sources. Total leakage was calculated using falling 
head tests at the intake, which measured the response 
of the whole tunnel. Also the results of leakage 
measurements from relief holes in station 7700 area 
and from Adit No. I near the powerhouse are also 
presented. 


2 GEOLOGY AND STRUCTURE 


The Toulnustouc River is a tributary of the 
Manicouagan River which drains a large basin on the 
north shore of the St-Laurence River. The rocks are of 
Precambrian age, and are composed of mixed grey 
and pink gneisses folded and cut by granitic and mafic 
dykes. The rock mass is cut by at least three joint 
families. 


The tnnnel was excavated in a good to very good 
quality rock mass with GSI values around 80 % and Q 
values always above 10 which will be referred to as 
Class I rock type in the following text. As shown on 
Figure 2, the tnnnel intersected three important 
geological featnres. These are a sub-horizontal 3 m 
thick diabase dyke located between station 890 and 
station 990, a 20 - 30 m thick sub-vertical shear zone 
between station 4340 and station 4410 and a sub­
vertical shear zone around station 7800. Several other 
narrow, widely spaced shear zones (0.1 - I m thick) 
were also observed in the tnnnel. The rock of the 
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tnnnel was classified in two different rock mass types, 
Class I which is the normal rock mass and Class II, 
which represents the fractured rock mass. The soft 
diabase dyke was completely concreted and does not 
influence tunnel leakage. For the purpose of leakage 
analysis, the Class II rock type is applied to two zones 
of fractured rock mass, the shear zone between station 
4300 and station 4400, and the shear zone between 
station 7750 and station 7850. Table 1 gives the basic 
properties for each rock mass class. It can be seen on 
Table 1 that the Class I rock type is dominant while 
the Class II rock type is only encountered along 2 % 
of the tnnnel. 


Table 1. Basic rock mass properties 


Rock Percentage Geological 
mass along the Strength 
type tunnel (%) Index 


(GSI)(%) 


Class I 98 75 - 85 


Class II 2 40 - 60 


3 IN-SITU PERMEABILITY 
MEASUREMENTS 


Young's 
modulus 
(GPa) 


20 - 40 


5 -15 


Joint 
spacing 
(m) 


0.5-3 


0.2 - 0.5 


Some seepage inflows were encountered during 
tnnnel construction. These were all associated with 
shear zones and persistent joints. Seepage quantities 
were generally small, reflecting the low porosity and 
low permeability of the rock mass. However the shear 
zones around station 4400 and station 7800 have both 
shown a significant amount of inflow during 
construction. ill particular, the inflow at station 7800 
was around 8 1/s during 3 days following the 
excavation, after that time the inflow decreased 
rapidly suggesting that water storage was not 
renewed. Those zones were assumed to be more 
permeable based on the assumption (Bremen and 
Tognola, 2002) that there is a relationship between 
zones of water inflow and zones of water leakage. 


Permeability was measured using conventional 
Lugeon tests and the hydraulic jacking stress 
measurement curves. A total of 80 permeability 
values were calculated in both critical areas. Lugeon 
tests and hydraulic jacking tests carried out 
respectively from the ground surface and the tnnnel 
level, between station 7400 and station 8400, and also 
hydraulic jacking tests carried out in the tnnnel for the 
steel liner length, allowed an estimate to be made of 
the unjacked permeability. Table 2 shows the 
principal hydrogeological parameters for both rock 
mass types. 







Table 2. Rock mass hydrogeological characteristics 
Permeability (m/s) 


Rock mass tvDe Class I Class II 
Hi"h 7 X 10' 3 X 10.6 


Low 5 X 10" 1 X 10'6 


Avera"e 1 X 10'7 2 X 10'6 
No. of tests 44 6 


Also jacked permeabilities for low stress zones 
were estimated usiog the hydraulic jackiog test curves 
as shown on Figure 3, and Table 3 presents the 
approximate values. It can be noted that the jacked 
permeability is around one order of magnitude greater 
than the unjacked permeability io Table 2. 


'WATER FLOW' 


UNJACK£O 
PERMEAB!LllY 


JACK(D 
?ERf.iEABILlTY 


'WillER PRESSURE 


Fig. 3. Typical hydraulic jacking curve and penneability 
interpretation. 


T able 3, Jacked rock mass penneabili ty 
Jacked 


I oermeabilitv (m/s) 


Hi"h 5 X 10,5 
Low 5 X 10'7 
Avera!!e 3 X 10,6 
No. of tests 32 


4 EXPECTED LEAKAGE 


Based on the rock mass permeability estimates 
presented above, tunnel leakage was calculated usiog 
the equation given by Fernandez (1994) to estimate 
the water outflow (or inflow) per unit length of a 
circular pressure tunnel, which is given by: 


Q (I) 


This relation is similar to the one given by Goodman 
et aJ. (1965) for the estimation of water inflow. In 
Eq. I, k is the equivalent contiouum rock mass 
permeability, hi iotemal water pressure, ho elevation 
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of the original water table and b the tunnel radius. The 
assumed initial water table along the tunnel is shown 
on the tunnel section on Figure 2. 


In order to estimate total tunnel leakage, the 
tunnel was separated into several sections not 
exceediog 1000 m long. For each section, initial water 
table and tunnel pressure were evaluated and leakage 
was calculated using Eq. 1. Two zones of Class II 
rock type were considered, the shear zone between 
station 4350 and 4400, and the shear zone between 
station 7750 and 7850, Also, total leakage was 
estimated assuming jacked conditions accordiog to io­
situ stress measurements results presented io Rancourt 
et aJ. (2006) which identifies two areas of low stress 
with potential jackiog problems. The two low stress 
areas are located between station 7600 and 7800 and 
near the surface powerhouse, around station 10260. 
Table 4 presents estimated total tunnel leakage for 
unjacked and jacked conditions. 


Table 4. Total estimated tlUlnelleakage 
Totalleaka e (lis) 
Low High 


Uniacked conditions 15 85 
Localiacked conditions 125 1970 


Unjacked leakage values presented on Table 4 are 
io accordance with the reco=endations of Merritt 
(1999) about acceptable tunnel leakage which is 10 
IIslkm. With jacked conditions, most of the leakage is 
associated with the low stress areas (station 7700 and 
station 10260). 


Figure 4 shows the expected average unjacked 
leakage along tunnel axis (negative leakage values 
represent water inflows), It can be seen on the figure 
that io the first part of the tunnel, from the iotake to 
around station 4350, water inflows are expected based 
on the initial assumed water table elevation that is 
higher than tunnel pressure. Further downstream, the 
pressure is gradually increasiog and the initial water 
table is lower (see Figure 2), so outflow appears 
which iocreases toward the powerhouse. 
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Fig. 4. Average lUljacked leakage along llUlnel axis. 
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Based on these results and on the possibility of 
having local jacked conditions and excessive leakage 
that might necessitate tunnel shutdown, a filling 
procedure and a monitoring program was 
recommended and carried out. 


5 FILLING PROCEDURE AND CONTROL 


The initial filling was done slowly in a controlled 
manner in order to limit deformations within rock and 
liners and also to allow progressive saturation of the 
surrounding rock mass and thus limiting seepage 
forces. 


5.1 Rate of Filling 


The filling procedure was planned as shown in Figure 
5, with compulsory stops and waiting times. The rate 
of filling was chosen in accordance with 
recommendations given by Deere (1983) as follows: 
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A first stop at ei. 180 (60 m rise), after a 5mJh 
filling rate, with a 12 hour delay to check 
behaviour near the powerhouse. The PM 7700 
low stress zone is then not flooded yet. 
A second 60 m rise (to ei. 240 m), at a 2.5mJh 
filling rate, followed by a 48 hour delay. At 
fuis point, the water pressure in the tunnel, at 
the PM 7700 low stress zone, is 0.6 MPa, 
which corresponds to the lowest local 
minimum stress measured in that area. 
Five succeeding 10m increases, at the same 
filling rate, separated by 48 to 72 hour 
observation delays. 


Tlme{d~ys) 


Fig. 5. Rate of filling. 
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The tunnel behaviour during the filling procedure 
was such that waiting delays were never longer than 
the minimal planned values. Water level in the tunnel 
was controlled by pressure readings at the 
powerhouse . 


5.2 Leakage Control in the Low Stress Zone (STA 
7400-STA 8400) 


On the basis of the hydraulic jacking tests, this zone 
showed low minimum in-situ stress between station 
7700 and station 7900 and, locally between station 
8100 and 8300 (Rancourt et aI., 2006). To control 
pressurized water from getting near the surface and 
destabilizing rock or overburden, 173 boreholes of 75 
mm diameter were drilled between station 7400 and 
station 8400. The array of drill holes is composed of 
two rows of holes, one sub-vertical and the other sub­
horizontal. Together, the two rows form an umbrella 
between the tunnel and the ground surface as shown 
in Figure 6 and 7. The distance between holes varies 
from 5 m to 40 m depending on the location. A higher 
density of holes was planned around the shear zone 
region, which presented low in-situ stress (Figure 7) . 
A trench was excavated above the tunnel and between 
station 7650 and station 7800. In that area, the sub­
vertical shear zone facilitated the erosion of the rock 
surface, which resulted in a locally thicker overburden 
layer, and thus in a shorter path for the water to reach 
the surface. 


Thirteen of the surface boreholes were 
instrumented with two electronic piezometers, one in 
the rock mass and one in the soil. The information 
was used to follow ground saturation and evaluate 
stability during each step of the filling procedure. 


OFFSET(m) 


Fig. 6. Pressure relief holes between station 7400 and 
station 8400. 







Relief hol,,<_...1 


(horiftontal and vertical) 


Fig. 7. Pressure relief holes location in the low stress zone between station 7400 and station 8400. 


6 LEAKAGE MONITORING 


As it is often the case with complex geotechnical 
situations (Baker, 1991), the filling of the pressure 
tunnel was carried out in accordance with a detailed 
procedure that had been prepared in conjunction with 
a Hydro-Quebec technical co=ittee formed to 
oversee all aspects of the reservoir and tunnel filling 
operations. The monitoring program included: 


-Flow meter in adit 1 near the powerhouse. 
-Relief holes curtain and flow meters along low stress 
area (station 7400 to station 8400). 
-Falling head test for the whole tunnel. 


6. I Leakage at the Powerhouse 


Leakage measured at the powerhouse corresponds to 
the volume of water collected by the drainage system 
inside the powerhouse plus the leakage measured at 
the Adit No. 1. Figme 8 illustrates the total measured 
leakage and the reservoir level versus time. 
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FIg. 8. Total measured leakage at the powerhouse and 
reservoir level along tirae. 


It can be seen on Figme 8 that water leakage 
correlates with the water elevation in the reservoir. 


6.2 Leakage in the Low Stress Zone 


Total leakage coming out of the relief holes was 
measured during and after filling of the tunnel. 
Results are shown on Figme 9 where the total flow 
and the water pressure are plotted with time. 
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Fig. 9. Total measured leakage in the reHefholes at the low 
stress zone versus time. 


A maximum of 24 holes (14 vertical and 10 
horizontal) gave water during the days following 
ttmnel filling. Those holes are located between station 
7500 and station 7770, with a local minor flow in a 
sub-vertical hole at station 8091. Ten of these holes 
presented small leakage and low pressure, and the 14 
others, three month after ttmnel filling, have shown a 
stabilized total leakage of around 6 IIsec. 


6.3 Total Tunnel Leakage 


Total turmelleakage was determined during the filling 
procedure by measuring the falling rate of the water 
level in the ttmnel with the intake gate shut. Results 
are shown in Figure 10. 
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Fig. 10. Falling head test results for the whole tunnel 
according with water level in the tunnel 


Figure 10 shows that total ttmnel leakage at 
maximum reservoir level (301.75 m) would be around 
80 IIsec. The 40 IIsec flow measured at Adit No. I and 
the 6 IIsec flow measured in the relief holes are 
included in the total value. The total measured water 
leakage agrees with the expected unjacked leakage 
presented on Table 4, for the Wgh permeability range. 


It is also interesting to note that according to 
authors such as Bouvard and Pinto (1969) and Benson 
(1987), the amount of leakage should be Wgh in the 
beginning of filling due to re-establishment of the 
groundwater table. However, tWs phenomenon is not 
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observed in the data from figure 10. One explanation 
would be that the rock mass porosity and permeability 
are very low and that the groundwater table was not 
totally drained during construction. 


7 CONCLUSIONS 


The design of the Toulnustouc project was influenced 
by the low confining stress areas discovered during 
construction and the potential problems that could be 
encountered during filling in these zones. Total 
leakage was estimated in order to set acceptable 
seepage limits and to establish a decision tree during 
filling. But for a 10 km long ttmnel, the initial leakage 
estimates were Wghly dependent on parameters 
chosen from the investigation results. Thus a careful 
monitoring program was undertaken for ttmnel initial 
filling. The main results of the monitoring and control 
program are as follows: 


• The total leakage from the ttmnel is in the upper 
range predicted for unjacked conditions. From an 
operational view point the measured leakage rates 
are insignificant and, despite the presence of in­
situ minimum stresses slightly lower than the 
water pressure, there is no evidence of hydraulic 
jacking. 


• There will always remain a possibility that with 
time, local rock mass deformations and associated 
permeability changes will occur due to water 
pressure redistribution. 


• Filling and monitoring procedures have provided 
a large quantity of data that were very useful for 
decision making and in the evaluation of the 
overall ttmnel performance during first filling and 
during the first year of operation. 
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