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1. INTRODUCTION 

1.1 General 

This report addresses the geotechnical issues associated with the design of the 
Dunvegan Power Project, an 80 MW, run-of-river hydropower project proposed by 
Glacier Power Ltd. for construction on the Peace River, near the hamlet of 
Dunvegan, Alberta.  Thurber Engineering Ltd. has undertaken this work under the 
terms and conditions of a sub-consultant agreement with Canadian Projects Ltd., 
the prime consultant for the project.  Note that this report was first issued as a 
“Draft Report” on April 29, 2003 as part of the project feasibility study.  The current 
report content has not been modified other than to be signed and stamped by the 
authors so that it can be included as part of the proponent’s application to the 
E.U.B. / N.R.C.B. Board for project approval.  It must be recognized by all 
concerned that significantly more geotechnical investigation and design will be 
required as part of the detailed design phase of this project.  

This report is subject to the Statement of General Conditions that is included at the 
end of the text.  The reader’s attention is specifically drawn to these conditions as 
it is considered essential that they be followed for proper use and interpretation of 
this report. 

1.2 Background Information 

In the mid 1970’s, Monenco Engineering Ltd. completed a preliminary study for the 
Alberta government evaluating the feasibility of a major hydro development project 
on the Peace River near the hamlet of Dunvegan, Alberta.  Three different 
scenarios were investigated: a 70 m high dam, a 100 m high dam and a 155 m 
high dam.  Considerable investigative work was undertaken at that time but 
ultimately the project was shelved prior to completing detailed design.  In the early 
1980’s, additional studies were completed by Acres International, but again the 
project was shelved. 

The hydropower project being proposed by Glacier Power is for the same site on 
the Peace River as previously investigated, but the Glacier Power project is 
different in concept, in that it is based on a low head, run-of-river design.  This 
entails constructing a series of low-head, modular turbine units across 
approximately two thirds of the river, with a continuous weir structure across the 
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other third.  Separate fishway structures will be constructed near each abutment 
next to the shoreline.  The proposed design is based on 40 turbine units, each of 2 
MW capacity (total of 80 MW), which, under normal operating conditions, will 
increase the river level upstream of the structure by about 6 m.  Figures 1 and 2 in 
Appendix A show the proposed configuration. 

From a geotechnical perspective, many of the design issues associated with a run-
of-river dam are different than for a conventional dam project.  For example, a 
relatively high seepage rate through the foundation soils of a run-of-river project 
does not have the same economic impact as it does for a conventional dam, 
provided internal soil erosion and piping of the foundation soils is controlled. 
Conversely, scour at the downstream toe may be more significant for a run-of-river 
project than for a conventional dam. 

1.3 Scope of Work 

The scope of this preliminary geotechnical study has included the following: 

• Summarize the available geological and geotechnical information relevant 
to the project area, including the relevant information from the proposed 
1976 hydro project (that was never built), as well as from the Dunvegan 
Bridge over the Peace River, built in the 1950’s about 2.1 km downstream 
of the project site. 

• Conduct a geophysical investigation along the approximate powerhouse-
weir alignment, and a limited test pitting program from a sand/gravel bar 
downstream of the project site to provide additional information on the 
riverbed conditions. 

• Review the available types of sub-surface cut-off walls (e.g. sheet piling, jet 
grouting, etc.) and evaluate their feasibility for this particular project. 

• Use the collected information to develop preliminary design 
recommendations for the power house and weir structure foundations. 

• Conduct preliminary seepage analyses under various operating conditions 
to assess the potential for internal erosion or piping within the foundation 
soils, and the magnitude of expected uplift pressures acting on the base of 
the structure. 

• Identify additional investigative work that will need to be done as part of 
detailed design. 
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Only very limited work has been completed with respect to other geotechnical 
issues, such as design of the site access road and laydown areas, as well as 
identifying potential granular and rip rap borrow sources.  A brief summary of what 
has been done in this regard is included at the end of this report.  

Thurber has also conducted preliminary analyses of potential flooding of the West 
Peace area within the Town of Peace River, about 80 km downstream of the 
selected dam site.  This has been reported under a separate cover and is not 
included in this report. 

Slope stability issues related to the upstream reservoir is not within the scope of 
this assignment.  

2. SUMMARY OF AVAILABLE GEOTECHNICAL INFORMATION 

2.1 1976 Monenco Report 

2.1.1 General 

An extensive geotechnical investigation was undertaken by Monenco Engineering 
Ltd. and R.M Hardy and Associates for the major hydro-electric project proposed 
for the Peace River at Dunvegan in the 1970’s.  Twenty-seven test holes were 
drilled at the dam site, including six within the river, at the locations shown on 
Figure 3 in Appendix A.  As part of this investigation, in-situ permeability tests 
were conducted in both the alluvial sediments and the underlying bedrock.  
Strength-deformation properties for the overburden soils and for the bedrock were 
also obtained using in-situ testing techniques as well as laboratory testing of 
collected soil and bedrock core samples. 

It should be noted that Figure 3 also shows eight test holes immediately 
downstream of the proposed dam alignment, identified on the drawing as “1968 
Test Holes”.  We contacted Alberta Environment and were able to obtain a copy of 
a data report prepared by Bernard and Hoggan Engineering Ltd. that included the 
logs from these eight test holes (that were actually drilled in 1965).  Copies of 
these logs are included in Appendix B (they were reproduced from a microfiche 
record and hence the quality of the reproduction is quite poor).  The measured 
depth to bedrock at each of the eight test hole locations is shown on the site plan 
of Figure 8. 
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The following sections summarize the relevant findings of the 1976 Monenco 
investigation.   

2.1.2 Regional Geology 

Ground contours and the surficial geology of the project area is shown on Figure 3 
in Appendix A. 

The Peace River District is underlain by a series of marine and non-marine 
sandstones, shales and siltstones of Cretaceous age (66.5-144 Mya). In general 
the strata dip gently to the southwest into the Alberta syncline and thicken in the 
same direction.  Dips are on the order of one metre per kilometre.  In descending 
order, the three primary strata units are the Kaskapau, Dunvegan, and 
Shaftesbury Formations.  The Kaskapau Formation is comprised of approximately 
90% light and dark, soft marine shales with the other 10% consisting of sandstone 
distributed as thin beds. Often, the upper contact of the Kaskapau Formation is 
weathered to a highly plastic, soft clay, which is subject to slumping.  The 
underlying Dunvegan Formation consists of 30-50% interbedded freshwater 
sandstones and 70-50% dark grey freshwater shales.  The Shaftesbury Formation 
is composed of a series of hard, fissile, dark, silty marine shales. These strata 
units have been heavily overconsolidated by glaciation.  Isostatic rebound has 
lead to lateral swelling and development of a distinct decompression zone, in 
which stress relief jointing is widespread. 

Till, glaciolacustrine sands, silts and clays, and glaciofluvial sands and gravels 
cover most of the Cretaceous bedrock.  These deposits are generally thick in the 
valleys and become thinner at the uplands. 

Pre-glacial channel deposits consisting of sands and gravels are common in the 
area.  These deposits appear to have been laid down by old river systems and 
have been found overlying the bedrock strata, and underlying the surficial and 
recent deposits. 

2.1.3 River Bed Stratigraphy 

Figure 4 in Appendix A, reproduced from the 1976 Monenco report, shows the 
observed stratigraphy along the dam alignment.  Based on the four river test 
holes, the maximum thickness of alluvial sediments observed along the alignment 
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was 24 m, with the deepest sediments occurring on the right (south) side of the 
river.  In addition, the eight Bernard and Hoggan test holes from 1965 show the 
thickness of gravel sediments to range from 4.9 m to 23.2 m, as shown on Figure 
8.  Copies of the relevant test hole logs from the 1976 Monenco report and the 
1965 Bernard and Hoggan report are included in Appendix B. 

Gradation of Alluvial Sediments 

A total of 48 samples of the alluvial material were tested for gradation, as 
summarized on Figures B-1 and B-2 in Appendix B.  The river drilling was done 
from a barge using a Becker percussion drill rig.  This drilling method is well suited 
for penetrating through gravel deposits but it breaks up any cobbles or boulders to 
smaller fragments, generally less than 75 mm in diameter.  Hence, it is suspected 
that the gradation curves may not reflect the coarse end of the material and the 
actual material may be coarser than what the gradation curves would indicate. 
Based on the range of gradation curves shown, the “fine” portion  of the alluvial 
material appears to consist of a well graded sand or gravel (SW or GW according 
to the Unified Soil Classification System), although some of the material is poorly 
graded (GP according to the Unified Soil Classification System).  The odd shape 
of the gradation curves summarized on Figure B-2 suggests that in some areas 
there has been a loss of fine material within the coarser alluvial deposits, and that 
some of the alluvial deposits are gap-graded. 

Permeability of Alluvial Sediments and Bedrock 

Monenco performed one hundred and thirty in-situ permeability tests in the river 
alluvium and bedrock.  Falling head and rising head tests were performed in the 
river alluvium, while packer tests were performed in the bedrock.  Table 2.1 
summarises the results of the permeability testing. 
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TABLE 2.1 – SUMMARY OF PERMEABILITY TEST RESULTS 
 

Material Description Permeability 
(cm/sec) 

Permeability 
(m/sec) 

Alluvium River Bed Material 10-1 to 10-3 10-3 to 10-5 

Bedrock Decompression Zone 10-3 to 10-4 10-5 to 10-6 

Bedrock Deep Foundation 10-4 to 10-6 10-6 to 10-8 

Bedrock Below River 10-6 10-8 

 

Figures B-5 to B-9, from the Monenco report are included in Appendix B and 
summarize the test data, including the in-situ permeability test results, for the river 
test holes. 

2.2 Dunvegan Bridge (1957-1960) 

2.2.1 General 

Considerable historical information is available on the design and construction of 
the Dunvegan Bridge that carries Highway 2 across the Peace River at the Hamlet 
of Dunvegan.   Of primary interest was the 32 page document titled “Final Report 
on Dunvegan Suspension Bridge Construction”, prepared by Structural 
Engineering Services Ltd., the bridge designers (there was no date on the report). 

The bridge is located approximately 2.1 km downstream of the proposed 
powerhouse and weir alignment. Construction on the Dunvegan Bridge 
commenced in August, 1957 and was completed three years later in August, 1960. 

2.2.2 Summary of Foundation Investigation 

A preliminary foundation investigation for the Dunvegan Suspension Bridge was 
carried out in October of 1956.  The investigation was limited to the north and 
south shore, where undisturbed samples were taken in Shelby tubes for the softer 
soils and core samples were obtained from the underlying bedrock.  Laboratory 
tests were conducted by Materials Testing Laboratories Ltd. and consisted of: 

• natural moisture contents, 
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• Atterberg limits, and 

• Strength and load-deformation tests. 
Information regarding the riverbed materials was taken from Alberta 
Transportation’s Bridge Branch files.  All the data concerning foundation conditions 
was analyzed and interpreted by Dr. R.M. Hardy, P.Eng.  No quantitative data 
from the investigation was available, however, the following is a summary of Dr. 
Hardy’s interpretation of the foundation conditions: 

• The river has eroded approximately 213 m into the bedrock at the bridge   
site. 

• The bedrock consists of laminated beds of shale, sandstone, and sand. 

• The hardness of shale and sandstone varies widely. 

• When exposed under low confining stress, the shale weathers into medium  
to high plastic clay and the sandstone reverts to sand. 

• The deposits in the area are over-consolidated and have a tendency to  
swell or rebound. 

• If the shales come into contact with seepage water they rapidly swell and  
disintegrate into clay. 
 

2.2.3 Bridge Construction 

North Pier 

The North Pier is located about 85 m from the north shore line and is supported on 
a deep concrete caisson founded in clay shale bedrock at a depth of 21 m below 
river bed level.  The caisson consists of three open cells, installed in three 
separate lifts of 3.4 m, 6.1 m and 8 m.  The following is a summary of the 
conditions encountered during construction. 

• A clam shell was used for excavating material inside the cells of the  
caisson, allowing the caisson to sink under its self weight. 

• Only three days were required to sink the first lift. 

• On the second lift, an airlift pump was used for excavation in addition to the  
clam shell. 
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• The second lift was sunk at a rate of 0.6 – 1.2 m per day, taking  
approximately 8 days to sink. 

• During the sinking of the second lift, intermittent layers of hard and soft  
gravel were encountered, as well as large slabs of sandstone.  A 300 mm 
spud beam, presumed to consist of a heavy steel H-beam was dropped 
from a cable and used as a “chisel” to loosen the hard layers and break up 
the sandstone. 

• The third lift was sunk at an average rate of 1 m per day for the first 6.4 m  
and then dropped to 25 mm per day. 

• Gloryholing was initiated during sinking of the third lift to reduce side  
friction. 

• The base of the caisson was eventually secured on the shale at an 
elevation of approximately 321.1 m, 20.9 m below river bed level. 
 

South Pier 

The South Pier is located approximately 95 m from the south shore in the main 
channel of the river and is founded in clayshale bedrock on a conventional spread 
footing at a depth of about 10.4 m below river bed level.  The footing was 
constructed inside of a temporary sheet pile cofferdam.  The average depth of the 
river during construction was approximately 5 m. 

The ground conditions encountered during construction consisted of approximately 
4.3 m of river gravel from river bottom to elevation 330.7 m, followed by over-
consolidated shale to the base of the pier at elevation 324.6 m.  The sheet pile 
cofferdam was constructed to dewater the area prior to excavating.  The following 
is a summary of the conditions encountered during installation of the sheet piling. 

• A No. 1 Vulcan steam hammer was used to drive the sheet piling.  It was  
felt that the single acting hammer with the slow velocity resulted in the 
maximum penetration with minimum damage to the piling. 

• Driving of the sheet piling began on July 29, 1958 and was completed on  
October 23, 1958. 

• A graded drainage ditch was dug around the cofferdam under the walers to  
handle sheet pile leakage. 
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• At one point percolation around the base of the sheet pile began and the  
cofferdam was filled with water.  The sheet piles were driven to complete 
refusal, which appeared to stop all percolation when the cofferdam was 
dewatered.  

2.3 Recent Field Work  

2.3.1 General 

In the early stages of design for this project, one of the key issues identified was 
the feasibility of installing some form of seepage cut-off wall along the length of the 
structure, either as a permanent component of the structure, or as a temporary 
measure required only for construction.  Hence it was agreed that a geophysical 
assessment of the alignment using Ground Probing Radar would be undertaken, 
as well as the excavation of some exploratory test pits from an existing 
sand/gravel bar located along the north shore, just downstream of the proposed 
alignment. 

2.3.2 Ground Probing Radar (GPR) Investigation 

Thurber Engineering Ltd., retained Komex International Ltd. to conduct a 
geophysical investigation using Ground Probing Radar (GPR) across the river 
channel along the approximate alignment of the proposed power project.  The 
objective of the GPR investigation was to qualitatively assess the sub-surface 
conditions in the river specifically with respect to evaluating the feasibility of 
installing some form of cutoff wall.  The GPR survey was completed on October 
30, 2000, 

GPR is a geophysical investigation technique that measures the propagation time 
of high frequency electromagnetic pulses that are reflected from interfaces 
between materials of different electrical properties.  GPR is best suited for coarse-
grained materials, which were expected to exist within the river alluvium. 

The GPR survey was completed using a three man crew (plus pilot) working from 
a jet boat.  A total of 6 profiles of the riverbed were obtained with a maximum 
depth of penetration of about 2 to 3 m.  The following observations were 
interpreted from the GPR results: 

• Some depositional bedding is present (stratified material) and is likely due  
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to an increased presence of fine (i.e. sand) material. 

• A number of diffraction patterns and isolated reflections were identified,  
suggesting that the riverbed alluvium includes large boulders. 

• Based upon the shape of the diffraction events the majority of the boulders  
appear to be tabular in shape (i.e. two dimensions larger than the third 
dimension) and not completely horizontal. 

The GPR investigation provided some valuable information on the river bed 
materials.  It was disappointing, however, that the depth of penetration was limited 
to just 2 to 3 metres. A copy of the Komex report is included in Appendix C. 

2.3.3 Test Pitting Program 

To provide additional information on the nature of the river alluvium, three test pits 
were excavated on October 29, 2000, using a large, tracked excavator (Cat 235C) 
on the western tip of the point bar that has developed at the Peace River and 
Hines Creek junction.  The approximate locations of the test pits are shown on 
Figure 8. 

The following observations were made during the test pitting program: 

• The alluvium consisted of tightly packed cobbles and gravel in a sand 
matrix (Photo 1 & 2 in Appendix B), with occasional boulders as large as 
50-60 cm in diameter (Photo 3 & 4).  Excavation was generally difficult. 

• •he cobbles, gravel and boulders were primarily igneous in origin and were 
rounded or sub-rounded and smooth (Photo 4). There was no obvious 
stratification or layering to the deposit. 

• The rate of seepage into the excavation was relatively slow, however, 
higher permeability gravel layers with increased seepage were encountered 
at specific depths (Photo 5 & 6). 

• Out of three test pits, each approximately 5 m x 3 m x 4 m (Length, Width, 
Depth), four large sandstone blocks with average dimensions of about 1 m 
x 1 m x 0.25 m (Length, Width, Thickness) were encountered (Photo 7 & 8).  
The sandstone blocks could be broken by hammering on the block with the 
bucket of the hoe. 

• In two of the test pits the hoe was able to reach to a maximum depth of 
approximately 6.5 m; however, due to seepage and sloughing the pit 
remained open to a depth of only 4 m. 
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• In the test pit located closest to the river, the alluvium was observed to be 
denser and excavation was more difficult.  The seepage rate was also much 
greater due to the proximity of the river. 

 
Two samples from the test pits were tested for gradation and are included as 
Figures B-3 and B-4 in Appendix B.  Note that these were samples of the finer (ie 
gravel size) material observed in the test pits, and thus the gradations are not 
representative of the coarser layers (cobbles and boulders) 

2.4 Summary Comments 

Based on the historical information reviewed, as well as the recent test pitting and 
GPR investigation, it is anticipated that the riverbed along the proposed alignment 
will consist of densely packed alluvial sands, gravels and cobbles with occasional 
boulders.  There is not expected to be much silt or clay, particularly in the upper 
sediments, due to the relatively fast flow rates maintained throughout the river.  
Some of the material may be gap-graded, as shown on Figures B-2 to B-4, and 
may be susceptible to internal erosion under high flow gradients.  

It should also be noted that large slabs of bedrock buried within the alluvial 
sediments are expected, similar to what can be seen along the shoreline (see 
Photos 9 and 10) and was noted in the description of the caisson sinking at the 
north pier of the Dunvegan Bridge.  This will make installation of any type of 
seepage cut-off wall difficult. 

3. DAM FOUNDATIONS AND SEEPAGE CONTROL 

3.1 General 

This section of the report provides an overview of the geotechnical design issues 
commonly associated with design of dams on pervious foundations.  It also 
reviews the different design and construction methods used to control excessive 
seepage and hydraulic gradients in the foundation soils beneath the dam. 

Foundation conditions for dams or weirs commonly involve deep, pervious alluvial 
deposits overlying lower permeability soil or bedrock, similar to what exists at the 
Dunvegan site.  Such conditions can provide a suitable foundation for the structure 
provided adequate precautions are taken.  Important design issues include: 
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• Seepage rate through foundation soils, 

• Uplift pressures acting beneath the structure, 

• Erosion or scour, particularly at the downstream toe,  

• Piping or internal erosion of the foundation soils due to high seepage 
gradients beneath the structure.  

Excess seepage and piping of the foundation soils, and excessive uplift pressures, 
can be controlled through the use of cutoffs and/or downstream aprons, and by 
using graded filters at the downstream toe. 

Scour at the downstream toe usually can be avoided by the use of concrete or rip 
rap aprons of adequate size and shape, and by maintaining an adequate pool of 
water to cushion the action of the overflowing water. 

3.2 Design Considerations 

3.2.1 Piping 

Piping is the phenomenon whereby a portion of the soil matrix is removed by water 
flowing through a soil, and ultimately can lead to undermining and loss of the 
structure.  Piping will initiate when the hydraulic gradient at the downstream exit 
point (exit gradient) exceeds the critical hydraulic gradient for the soil, where the 
critical hydraulic gradient is defined as the point at which the drag forces from the 
water flowing through the soil equal the soil resisting forces (the primary force 
being the buoyant unit weight of the soil particles).  When this condition occurs, 
the soil particles will begin to “float” or “boil”.  Cedergren (1977) recommends that 
a margin of safety of 0.3 to 0.4 be maintained between the exit gradient and the 
calculated critical hydraulic gradient. 

It can be seen, in the example case illustrated in Figure 5, that without any type of 
seepage control, the exit gradient on a typical overflow weir is 1.0, while the critical 
gradient is only marginally higher at 1.07, implying a very low (and unacceptable) 
factor of safety against piping. 

Figure 6 shows how the position of a cutoff influences the magnitude of the exit 
gradient and the degree of safety against piping.  The exit gradient for the design 
proposed in Figure 6a is very high and the factor of safety against piping very low.  
In Figure 6b, with the cutoff at the downstream edge of the structure, the exit 
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gradient is about 0.2, which is reasonably safe.  However, the most satisfactory 
design involves placing a cutoff at the upstream edge of the structure in 
combination with a drain under the downstream edge (Figure 6c).  

3.2.2 Internal Soil Erosion Along an Interface 

Piping will typically propagate along an interface, such as the boundary between 
soil and concrete, soil and a steel pipe, or two different soil types. To assess the 
propensity for erosion along an interface, an empirical approach has been 
developed based on the “weighted creep ratio” (Terzaghi, Peck and Mesri, 1996).  
This approach has been developed from numerous dam case histories and 
considers the ratio of total length of the flow path, including the positive effect of 
any vertical cut-off, relative to the total differential head acting across the structure 
according to the formula: 

Cw =
max

3/1

H

tB

Δ

+∑  

Where        Cw =   weighted creep ratio 

                   B  =   total horizontal length of flow path below structure 
                   T  =   total length of vertical flow path below structure  
                             maxHΔ    =   maximum differential head across structure 

 
The acceptable “weighted creep ratio”, Cw, will depend on the nature of the soil, 
as summarized in the following Table 3.1. This is discussed in more detail in 
Section 4.3. 

 

 

 

 

 

 



Client:  Canadian Projects Ltd.  Date: November 6, 2007 
File No.: 19-3351-11  Page 14 of 40  
E file: Dunvegan Geotechnical Report FINAL.doc  

TABLE 3.1 
WEIGHTED CREEP RATIOS, CW 

 

Material Type 
Acceptable 

Weighted Creep 
Ratio, Cw 

Very fine sand or silt 
Fine sand 
Medium sand 
Coarse sand 
Fine gravel 
Medium gravel 
Coarse gravel including boulders 
Boulders with some cobbles and gravel 

>8.5 
>7.0 
>6.0 
>5.0 
>4.0 
>3.5 
>3.0 
>2.5 

 

 

Note: Soils with more erosion-resistant particles have lower acceptable creep 
ratios. 

3.2.3 Uplift Pressure 

The design in Figure 7a, which provides a downstream apron and cutoff, reduces 
the exit gradient to a moderate level, but creates excessive uplift pressures 
beneath the downstream apron.  In Figure 7b the design is modified by placing a 
deep upstream cutoff and a shallow downstream cutoff below the edge of the 
apron.  This modification reduces the uplift pressures somewhat, but not enough 
to prevent uplifting of the apron.  This design, modified further in Figure 7c 
provides a shallow upstream cutoff and a downstream drain.  It is subject to 
increased seepage (Q = 240%) but has a large factor of safety against uplift 
pressures and piping. 

3.3 Seepage Control 

Various methods of seepage and percolation control can be used, depending on 
the need for preventing uneconomical loss of water and the nature of the 
foundation soils.  Established methods for control of underseepage in pervious 
foundations include impermeable cutoff walls, impermeable blankets, horizontal 
drainage blankets and pressure relief wells.  Each of these is discussed in more 
detail in the following sections.  
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3.3.1 Impermeable Cutoff Walls 

Impermeable cutoff walls are most effective if they penetrate through the pervious 
strata and tie into a relatively impermeable stratum at depth.  Partial cutoffs (i.e. 
that only partially penetrate through the thickness of pervious strata) will produce 
only limited reductions in uplift pressures and seepage quantities. For example, 
experiments on homogeneous isotropic pervious foundations have shown that 
extending the cutoff half way through the pervious stratum will reduce the seepage 
by only 25%, or conversely, the cutoff must penetrate through 80% of the pervious 
stratum to reduce the seepage by 50% (Army Corps of Engineers).  It should also 
be noted that a downstream cutoff will protect foundations against progressive 
scour in the event protective rip rap is washed out, however, they can also cause 
increased uplift forces under the structure if they are not used with properly 
located drains. 

3.3.2 Impermeable Blankets 

Blankets of impervious material, extending upstream from the structure and 
possibly covering all or part of the abutments, are frequently used for the same 
purpose as cutoffs.  Upstream aprons are preferable to downstream aprons 
because they will reduce uplift forces.  However, upstream aprons are relatively 
inefficient if used without some form of vertical cutoffs and drains (Cedergren, 
1977). 

Downstream blankets provide for dissipation of the energy of the overflowing 
water.  They are susceptible to uplift if not adequately tied down or drained. 

3.3.3 Horizontal Drainage Blankets or Pressure Relief Wells 

Horizontal drainage blankets may be placed immediately downstream of the 
structure where percolating water may escape under an appreciable head.  The 
purpose of these blankets is to permit free flow and dissipation of pressure without 
disruption of the foundation structure and loss of fine soil particles (piping).  
Pressure relief wells are devices that can be used in a similar manner to a 
downstream drainage blanket.  Cedergren (1977) states that the most positive 
protection for weirs on soil foundations is good drainage. 
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3.4 Types of Cutoffs 

3.4.1 Sheet Pile Cutoffs 

Steel sheet piling is relatively expensive, and experience (USBR) has shown that 
leakage through the interlocks between the individual sheets is considerable.  
Steel sheet piling is not commonly used as a cutoff to prevent under-seepage 
beneath conventional (non run-of-river) dams due to its relatively poor efficiency.  
Sheet piling cutoffs are most suitable for use in foundations of silt, sand, and fine 
gravel.  Where cobbles or boulders are present, or where the sub-surface material 
is highly resistant to penetration, driving becomes difficult and costly, and there is 
an increased tendency for the piling to wander or be damaged by breaks in the 
interlocks or tearing of the steel. 

It is not possible to drive sheet piling so that it is watertight.  Under the best 
conditions, including the use of compounds to seal the interlocks and good 
embedment of the pile tip in an impervious stratum, it can be expected that the 
piling will only be 80-90% effective in preventing seepage (USBR).  With poor 
workmanship, unfavorable soil conditions, or if the piles cannot be seated in an 
impervious stratum, they will not be more than 50% effective and may be much 
less (USBR). 

The U.S. Army Corps of Engineers has used steel sheet piling as a method of 
controlling seepage below dams in the past.  From their experience they 
recommend not using steel sheet piling as a method of controlling under-seepage.  
Table 3.2 lists several U.S. Army Corps of Engineers projects that used a sheet 
pile cutoff wall and their measured effectiveness.  It is interesting to note that the 
effectiveness of the sheet piling often will improve with time, presumably due to 
increased sedimentation and reduced permeabilities upstream of the sheet piling. 
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TABLE 3.2 
DAMS WITH SHEET PILE CUTOFFS 

 

Effectiveness (%) 
Project Location Foundation 

Materials Initially With 
Time 

Ft. Peck Dam Missouri River, 
Montana 

Gravels, sands, 
and silts 

12 30(a) 

Garrison 
Dam 

Missouri River, 
North Dakota 

Sand with gravel 
lenses 

18 50(b) 

Oahe Dam Missouri River, 
South Dakota 

Sands, gravels, and 
silts 

16 22(c) 

(a) After 17 years. 
(b) After 10 years. 
(c) After 4 years. 

 

3.4.2 Concrete Wall 

When the depth of the pervious foundation is excessive and/or the foundation 
contains cobbles, boulders, or cavernous limestone, the concrete cutoff wall may 
be an effective method for control of under seepage.  Concrete cutoff walls are 
generally constructed by tremie placement of concrete in a bentonite slurry 
supported trench or borehole.  Excavation is accomplished using either a clam 
shell or large rotary drill.  Various construction methods are available.  The 
permeability of a concrete cutoff wall is influenced by cracks in the finished 
structure and/or by void spaces left in the concrete as a result of honeycombing or 
segregation.  With reasonable quality control a permeability of 10-12 m/s can be 
obtained.  The U.S. Army Corps of Engineers has found that concrete cutoff walls 
are 90% effective, based upon field measurements of head loss across the wall.  
In fact, the measured effectiveness of the concrete cutoff wall for the Kinzua Dam 
(formerly Allegheny Dam) was 100% (USACE).  Concrete cutoff walls are used 
extensively for seepage control below dams and even through dams.  Some 
projects that have had concrete cutoff walls installed include: 

• Mud Mountain Dam, Washington, U.S. 
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• Bonneville Navigation Lock, Oregon, U.S. 

• Bonneville 2nd Powerhouse, Washington, U.S. 

• James Bay Hydroelectric Project, Quebec, Canada 

• Wells Dam Hydroelectric Project, Washington, U.S. 

• Walter F. George Lock and Dam, Georgia, U.S. 
 

3.4.3 Jet Grouting 

Jet grouting was developed for use on conventional civil engineering problems 
such as excavation support.  Methods of jet grouting are based on a water cutting 
technology that includes a single-rod system (injecting grout alone), a double-rod 
system (injection grout and air) or a triple-rod system (injecting grout, air, and 
water).  Typically, a Portland cement or cement-bentonite grout is used.  Jet 
grouting involves injecting a grout mixture at very high pressures (up to 35-70 
MPa) and velocities (as great as 250-300 m/s) into the pore spaces of the soil or 
rock.  The jetted grout cuts, replaces, and mixes the soil with cementing material.  
Rotation of the drill rod, as it’s being removed, will form a column.   This technique 
can be used to form a soil-cement wall, but with lower cutoff efficiency than that 
obtained with concrete walls formed in trenches. 

3.4.4 Others 

Other types of seepage cutoff not discussed include the soil cutoff trench and soil-
bentonite or cement-bentonite slurry cutoff walls.  These methods were explored 
during the preliminary design; however, they were deemed unsuitable for the 
Dunvegan Hydro Project from an economic and constructability standpoint. 

3.5 Drains and Relief Wells 

3.5.1 Horizontal Drains 

When a complete cutoff is not required or is too costly, a horizontal drain placed 
immediately downstream of the structure may be used to prevent excessive uplift 
pressures and piping through the foundation.  Horizontal drains must have 
sufficient discharge capacities to remove seepage quickly without inducing high 
seepage forces or hydrostatic pressures (Cedergren, 1977).  The drain must be 
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properly graded so that seepage pressures can be relieved without the loss of 
fines that would lead to piping.  

3.5.2 Relief Wells 

When a complete cutoff is not required or is too costly, relief wells installed along 
the downstream toe of the dam may be used to prevent excessive uplift pressures 
and piping through the foundation.  Relief wells increase the quantity of under-
seepage from 20-40% depending upon the foundation conditions.  Relief wells 
may be used in combination with other under-seepage control measures (cutoffs) 
to prevent excessive uplift pressures and piping through the foundation.  Relief 
wells are particularly valuable if there is a pervious foundation with a natural or 
unnatural (e.g. concrete) impervious cover. 

The well screen section, surrounded by a filter (not filter fabric) if necessary, 
should penetrate into the principal pervious stratum to obtain pressure relief, 
especially where the foundation is stratified.  The wells, including screen and riser 
pipe, should have a diameter that will permit the maximum design flow without 
excessive head losses, but in no instance should the inside diameter be less than 
150 mm.  The relief wells typically should penetrate more than 50% of the 
permeable stratum they are meant to drain. If they do not, very close spacing of 
wells is necessary to achieve significant pressure reduction between wells. 

A comprehensive study of the efficiency of relief wells along the Mississippi River 
levee (USACE) showed that the specific yield of 24 test wells decreased 33% over 
a 15-year period.  Incrustation on well screens and in gravel filters was believed to 
be the major cause (Montgomery, 1972). 

3.6 Run-of-River Dams 

Many of the design issues associated with a run-of-river dam are different than for 
a conventional water storage dam.  Most notable of these is that leakage through 
or beneath a run-of-river dam is of less consequence, provided the design 
upstream water levels can be maintained and internal erosion or piping of the 
foundation soils does not occur.  Uplift pressure acting on the base of a run-of-
river dam structure is also a significant design issue as it will affect the overall 
stability of the structure. 
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It is also important to note that a run-of-river dam differs from a conventional dam 
in that the base of the dam is always submerged.  This is significant in terms of 
monitoring the dam’s performance.  With a conventional dam it is possible to 
visually inspect the downstream face of the dam, including the toe and any 
downstream filters, checking for points of unexpected or excessive seepage.  With 
a run-of-river dam this is not possible and much more reliance has to be placed on 
instrumentation.  This is discussed in more detail in Section 7 

With respect to the Dunvegan project, it is anticipated that some form of temporary 
seepage cutoff wall will be required during construction.  Based on constructability 
issues and overall costs, it has been assumed that this will consist of driven steel 
sheet piling, although the feasibility of installing sheet piles to the required depth 
within the Peace River has to be confirmed.  Assuming that this can be achieved, 
there is considerable benefit associated with incorporating the upstream row of 
sheet piling into the permanent structure, as it will: 

• Reduce hydraulic gradients within the foundation soils, thereby reducing the 
potential for internal soil erosion and; 

• Reduce the magnitude of the uplift pressure acting below the structure, 
thereby improving stability. 

On this basis, it has been concluded that the permanent structure will include 
some form of upstream cutoff and it has been assumed that this will consist of 
driven steel sheet piles.  There was no perceived benfit to maintaining a 
downstream cutoff and hence it has been assumed that the downstream row of a 
sheet piling required for construction will be removed prior to putting the dam into 
service. 

4. SEEPAGE ANALYSES  

4.1 General 

Seepage analyses of the powerhouse structure were performed using the two-
dimensional, finite element program, SEEP/W for both early construction and long 
term operating conditions.  It should be noted that the dimensions and 
configuration of the powerhouse structure, as well as the design head conditions, 
changed throughout the course of this study.  All of the analyses reported herein 
are based on the most recent design configuration provided, as shown on Figure 2 
in Appendix A.   
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For modeling purposes a “base case” model was established for both the 
temporary construction condition and for the long term operating condition.  
Sensitivity analyses were then performed to assess the significance of the various 
input parameters and to establish which parameters may warrant further 
investigation and refinement during detailed design.  

Input parameters that were varied during the analyses included:  

• Horizontal permeability of foundation soils (Kh) 

• Anisotropy of foundation soils (Kh/Kv) 

• Hydraulic head conditions 

• Cut-off wall (sheet pile) penetration depth 

• Sheet pile permeability (leakage) 

• Upstream Impermeable Blanket Length 
 

The key output parameters from the modeling included: 

• Total flux (seepage) through foundation soils (or into excavation for 
construction condition) 

• Hydraulic gradient within foundation soils and at key interfaces (e.g. 
alluvium-filter materials) 

• Uplift pressure acting beneath structure or aprons 
 

4.2 Seepage Model 

4.2.1 Temporary Construction Conditions 

The base case “construction condition” model simulates the expected construction 
sequence required to build the structure.  This entails an excavation 64 m long (in 
the direction of river flow) and extending 2 m below riverbed level.  A sheet pile 
cutoff wall extending 8 m below riverbed level is included at both the upstream and 
downstream ends of the excavation. 
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The hydraulic head applied to the “Construction Condition” model (as provided by 
Canadian Projects Limited) was as follows: 

Upstream Water Level 343.0 m 

Downstream Water Level 343.0 m 

Base of Excavation 335.0 m 

Head Differential 8.0 m 

Figure D-1 in Appendix D presents a schematic drawing of the base case 
“construction condition”. 

4.2.2 Operating Conditions 

The base case model used to simulate operating conditions includes a 24 m long 
powerhouse structure (measured in the direction of river flow), with a 12 m long 
upstream concrete apron (to accommodate a trash rack) and a 20 m long 
downstream apron (for scour protection), providing a continuous, impermeable 
concrete base 56 m long.  An 8 m long toe filter armoured with rip rap extends 
beyond the downstream apron. 

The concrete base for the structure including the downstream apron was modeled 
as 1 m thick, underlain by a 1 m thick concrete mudslab.  The downstream apron 
is underlain by a 1 m thick “blanket drain” comprised of free draining gravel filter 
material.  A permanent sheet pile cutoff wall extending 8 m below riverbed level is 
maintained at the upstream end of the structure.   

The hydraulic head applied to the model represents the “Normal Maximum Head” 
condition (as provided by Canadian Projects Limited) and was as follows: 

Upstream Water Level 347.0 m 

Downstream Water Level 339.8 m 

Base of Excavation 337.0 m 

Head Differential 7.6 m 
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Figure D-2 in Appendix D presents a schematic drawing of the base case 
“operating conditions” model. 

4.2.3 Stratigraphic Section and Assigned Permeabilities 

All modeling done to date has considered the section of the river where the alluvial 
sediments are thickest (24 m). 

For the base case models, the permeability assumed for each material type is 
summarized in Table 4.2. 

TABLE 4.2 
SUMMARY OF BASE CASE PERMEABILITIES 

 

Material Type KH 
(m/s) 

KV 
(m/s) 

KH/KV 

River Alluvium 
Filter Gravel 

Rip Rap 
Sheet Piling 

Concrete and Mudslab 

1 x 10-4 
1 x 10-2 

1 x 100 

1 x 10-7 

Impermeable 

5 x 10-5 

1 x 10-2 

1 x 100 

1 x 10-7 

Impermeable 

5 
1 
1 
1 

N/A 

 

The assumed permeability of the river alluvium reflects the middle range of the 
measured permeabilities reported in the 1976 Monenco report (KH generally 
ranged between1 x 10-3 and 1 x 10-5 m/s).  An anisotropy ratio of 5 was used for 
the alluvium based on the expected bedded nature of the deposit with 
discontinuous layers of finer grained sediments.  The assumed permeabilities for 
the filter gravel and rip rap were chosen based on previous experience with similar 
materials. 

A permeability of 1 x 10-7 m/s was used for the sheet piling and was based on 
work by Cherry, et al (1992) that accounts for leakage between the individual 
sheet piles.  The actual permeability of the sheet piles will depend on the integrity 
of the sheets after driving and hence is an important construction issue. 
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4.3 Seepage Model Results – Operating Conditions 

4.3.1 General 

The key output from the seepage modeling under operating conditions is: the rate 
of seepage (flux) through the foundation soils (alluvium); the magnitude of the 
hydraulic gradient generated within the foundation soils, and; the magnitude of the 
uplift pressures acting along the base of the structure. 

Table 4.3 presents a summary of the key output from the seepage analyses under 
operating conditions.  Figures and graphical output from the seepage analyses are 
included in Appendix D. 
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TABLE 4.3 
SEEPAGE SENSITIVITY ANALYSES – OPERATING CONDITIONS 

Maximum Gradient Maximum Uplift 
Pressure 

Variable 
Flux 

(m3/s/m) U/S Sheet 
Pile 

Start of 
D/S 

Apron 
Filter 

U/S 
Sheet 
Pile 

Start of 
D/S Apron 

Figures 
Referenced  

1 x 10-3 
m/s 1.57 x 10-3 0.75 0.15 0.15 80 58 

1 x 10-4 

m/s 1.70 x 10-4 0.80 0.50 0.08 80 50 Alluvium 
Permeability (Kh) 

1 x 10-5 
m/s 1.77 x 10-5 0.70 0.55 0.10 80 50 

Figure D 1a, b

1 2.54 x 10-4 0.60 0.25 0.03 92 50 
5 1.70 x 10-4 0.80 0.50 0.08 80 50 Anisotropy Ration 

(Kh/Kv) 10 1.35 x 10-4 0.85 0.50 0.12 73 50 
Figure D 2a. b

6.7 m 1.53 x 10-4 0.70 0.45 0.07 90 63 
7.6 m 1.70 x 10-4 0.80 0.50 0.08 80 50 Head Difference 
9.2 m 2.10 x 10-4 0.95 0.60 0.09 75 33 

Figure D 3a, b

0 m 2.05 x 10-4 0.35 0.62 0.09 110 50 
4 m 1.93 x 10-4 0.81 0.58 0.09 92 50 
8 m  1.70 x 10-4 0.80 0.50 0.08 80 50 

Sheet Pile 
Embedment 

12 m 1.45 x 10-4 0.60 0.40 0.07 72 50 

Figure D 4a, b

10 m 1.65 x 10-4 0.75 0.30 0.09 80 50 
20 m  1.55 x 10-4 0.62 0.27 0.09 78 50 

U/S Impermeable 
Blanket 
Length 30 m 1.44 x 10-4 0.55 0.25 0.08 75 50 

Figure D 5a, b

1 x 10-2 
m/s 1.70 x 10-4 0.80 0.50 0.08 80 50 

1 x 10-3 
m/s 1.58 x 10-4 0.72 0.32 0.15 83 59 

Gravel Blanket 
Drain 

Permeability 
1 x 10-4 

m/s 1.41 x 10-4 0.63 0.09 0.30 86 73 

Figure D 6a, b
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4.3.2  Seepage (Flux) 

The total estimated seepage flow through the foundation soils under the base case 
operating conditions, was 1.7 x 10-4 m3/s per metre length of dam.  Allowing for a 
400 m long structure, this equates to <0.1 m3/s of seepage beneath the structure.  
The most significant input parameter to affect the calculated seepage rate was 
horizontal permeability, KH. If KH was to increase by an order of magnitude above 
the base case (i.e. KH = 1 x 10-3 m/s vs. 1 x 10-4 m/s), the total seepage would 
still be <1 m3/s (under probable maximum head conditions). 

The total estimated seepage under the base case operating conditions (ie with 8 m 
long U/S sheet pile cutoff) is approximately 20% less than the case with no 
upstream sheet pile, under the same conditions.  These results are consistent with 
the sheet pile cutoff wall effectiveness, outlined in the US Army Corps of 
Engineer’s findings (Table 3.2).  Because this is a run-of-river project the relativity 
poor effectiveness of the sheet pile cut-off wall is less significant. 

Impact on Design 

Because the calculated rate of seepage through the dam foundation is significantly 
less than  the average flow rate of the river, understood to be in the range of 1500 
m3/s, the impact of seepage beneath the dam from a loss-of-water perspective is 
expected to be minimal. 

4.3.3 Hydraulic Gradient 

Based on the design head (under probable maximum head conditions) of 7.6 m, 
and the total horizontal flow path length of 56 m, the average hydraulic gradient 
across the structure (ΔH/ΔL) is 0.14.  Locally, however, the gradient will vary 
depending upon the relative permeability of the foundation soils (and filters), and 
the shape of the different components of the structure. 

The seepage analyses calculate the hydraulic gradients that develop throughout 
the foundation soils and are presented as isopach drawings in Appendix D for 
each of the individual runs.  Figures D-1a to D-6a, also in Appendix D, compare 
the variation in hydraulic gradient for each of the input parameters addressed by 
the sensitivity analyses. 
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Typically, the highest gradients occur just below the toe of the upstream sheet pile 
wall, and at the interface between the native alluvial gravels and the downstream 
blanket drain.  For the base case condition, the maximum gradient measured at 
the toe of the sheet pile wall is approximately 0.8, but ranges between about 0.6 
and 1.0 over the range of values used in the sensitivity analyses, as summarized 
on Table 4.3.  Similarly, at the alluvium-filter interface, the hydraulic gradient is 
about 0.3 for the base case condition, but ranges between about 0.1 and 0.6 over 
the range of values used in the sensitivity analyses.   It should be noted that these 
analyses have assumed that the alluvial soils are homogeneous in nature.  In fact, 
the alluvium is expected to consist of discontinuous layers of varying gradation 
and permeability.  Hence the calculated gradients are estimates only.  

Impact on Design 

The current design protects against initiation of piping at the discharge point by 
provision of a suitably graded filter drain.  This leaves only the consideration  of 
the impact of high hydraulic gradients within the foundation.  There is no threshold 
“not to be exceeded” value for internal hydraulic gradient, as the impact of a high 
internal gradient is dependent upon the nature of the soils.  For example: 

• Very fine sands or silts are more prone to internal erosion or piping under 
high gradients than a coarse, well graded gravel. 

• Gap-graded sandy gravels are subject to internal erosion and loss of their 
“fines” (sand). 

• Alluvial deposits with abrupt discontinuities between materials of differing 
gradation may be subject to internal erosion or piping at the material 
interfaces, 

For this reason, assessing the potential for internal erosion or piping is usually 
done on an empirical basis, such as the concept of the weighted creep ratio, as 
previously discussed in Section 3.2.2. 
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The native alluvial soils at this site appear to consist primarily of coarse sands to 
medium gravels (See Figures B-1 and B-2).   Using the Equation: 

 

Cw =
max

3/1

H

tB

Δ

+∑    (see Section 3.2.2) 

 

Where        Cw =   weighted creep ratio 

                   B  =   56 m 
                   T  =  16 m (8 m deep sheet pile at u/s end)  
                             maxHΔ    =  7.6 m (Probable Maximum Head), 

 
The calculated “weighted creep ratio”, Cw, is 4.6 which just meets or exceeds the 
criteria given in Table 3.1 for a fine gravel.  It is important to note that this 
calculation has relied on an upstream cutoff wall penetrating 8 m below river bed 
level. 

The concept of weighted creep ratio is wholly empirical and cannot be equated to 
a conventional factor of safety.   Because the values provided in Table 3.1 are 
based on dams where failure has not occurred, it is believed that the factor safety 
is relatively conservative.  However, given the range of hydraulic gradients 
calculated in the seepage analyses, localized internal erosion (such as loss of 
“fines” in gap-graded gravels or at material boundaries) cannot be ruled out. 

4.3.4 Uplift Pressure 

The variation in uplift pressure has been plotted on Figures D-1b to D-6b for each 
of the input parameters addressed by the parameter sensitivity analyses.  For the 
base case condition, the uplift pressure at the upstream end acting along the 
underside of the structure is about 80 kPa, but varies between about 70 kPa and 
110 kPa over the range of values used in the sensitivity analyses, as documented 
in Table 4.3.  Similarly, at the start of the downstream apron, the uplift pressure 
under the base case condition is about 50 kPa but varies between about 30 and 
70 kPa over the range of values used in the sensitivity analyses. 
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Impact on Design 

The magnitude of the uplift pressure acting along the base of the structure will be 
a key factor in analyzing the overall stability of the power house and weir 
foundations.  It should be noted that the calculated uplift pressure will be offset by 
the buoyant weight of the structure, as well as the hydrostatic pressure from any 
tailwater that may be present (i.e. above the downstream apron). 

If the calculated pressures are considered excessive, consideration could be given 
to reducing these pressures by installing vertical relief wells below the downstream 
apron.  Alternatively some form of tie-down anchors may be required. 

4.4 Seepage Model Results – Construction Conditions 

4.4.1 General 

The key output from the seepage modeling under construction conditions is: the 
rate of seepage (flux) into the excavation, and; the magnitude of hydraulic 
gradients, recognizing that excessively high gradients could cause the foundation 
soils to “boil” and the excavation to fail. 

Table 4.4 presents a summary of the key output from the seepage analyses under 
the short term construction conditions.  Figures and graphical output from the 
seepage analyses of the construction conditions are included in Appendix D 
(Figure D-7 to D-10). 
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TABLE 4.4 
SEEPAGE SENSITIVITY ANALYSES – CONSTRUCTION CONDITIONS 

 

Hydraulic Gradient Variable Flux 
(m3/s/m) Sheet Pile Toe 

ixy 
Edge of excavation 

iy 

Figures  
Referenced 

1 x 10-3 m/s 4.17 x 10-3 1.50 1.20 
1 x 10-4 m/s 4.20 x 10-4 1.50 0.55 Alluvium Permeability (Kh) 
1 x 10-5 m/s 4.37 x 10-5 1.50 0.45 

Figure D 7a, b 

1 1.01 x 10-3 1.80 0.40 
5 4.20 x 10-4 1.50 0.55 Anisotropy Ratio (Kh/Kv) 
10 2.72 x 10-4 1.30 0.60 

Figure D 8a, b 

4 m 5.28 x 10-4 2.75 1.20 
8 m 4.20 x 10-4 1.50 0.55 Sheet Pile Embedment 

12 m 3.31 x 10-4 1.10 0.40 
Figure D 9a, b 

1 x 10-6 m/s 4.37 x 10-4 1.10 1.20 
1 x 10-7 m/s 4.20 x 10-4 1.50 0.55 Sheet Pile Permeability 
1 x 10-8 m/s 4.17 x 10-4 1.50 0.45 

Figure D 10a, b 

Note: Shaded rows reflect “base case” construction methods. 
 

4.4.2  Seepage (Flux) 

The total estimated seepage flow through the foundation soils under the base case 
operating conditions (i.e. alluvium permeability = 1 x 10-4 m/s), was 4.2 x 10-4 
m3/s per metre length of excavation (measured perpendicular to the direction of 
river flow).  In rough numbers, if the excavation was 64 m wide (in the direction of 
the river) by 100 m long (perpendicular to the river), the estimated rate of seepage 
into the excavation, including an allowance for 3-dimensional effects would be in 
the range of 0.06 m3/s (800 igpm).   

It should be noted that the calculated flux varies almost directly with the 
permeability of the alluvium. Hence, if the alluvium permeability is an order of 
magnitude higher than what has been assumed in the base case, the flux, and 
hence construction pumping requirements, would increase by a factor of ten.  
Similarly, if the anisotropy ration is one instead of 5, as used in the analyses, the 
flux will increase by a factor of 5. 

The length of the sheet pile cutoff wall has a less dramatic effect on flux.  For 
example, if the length of the sheet pile cutoff wall was only 4 m instead of the 8 m 
assumed in base case, the rate of seepage would increase by about 25%.  
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Conversely, if the length of the sheet pile cutoff wall was 12 m, seepage rates 
would decrease by about 20%. 

It must be recognized that these analyses have all assumed that the sheet piles 
remain reasonably intact.  If in fact the sheets become damaged during 
installation, the rate of seepage could be much higher. 

Impact on Design 

It is readily apparent that the calculated rate of seepage into the excavation is 
strongly dependent upon the permeability of the foundation soils, as well as the 
integrity of the installed sheet piles. Furthermore, based on the calculated seepage 
rates, pumping requirements will be a significant construction issue.  

4.4.3 Hydraulic Gradient 

The hydraulic gradient was calculated at two locations under the design 
construction conditions: at the toe of the sheet pile cutoff wall and just inside the 
sheet pile wall at the base of the excavation.  The latter location is where excess 
gradient can lead to piping/boiling of the foundation soils and failure of the 
excavation. 

Based on the design construction head of 8.0 m (i.e. a river elevation of 343.0 and 
a 2 m deep excavation), the hydraulic gradient near the toe of the sheet pile cutoff 
wall ranges between 1.0 and 2.8, with the base case condition yielding a gradient 
of 1.1, as summarized on Table 4.4.  Under the same hydraulic conditions, the 
gradient at the base of the excavation next to the sheet pile wall ranged between 
0.4 and 1.2, with the base case yielding a gradient of 0.55. 

It should be noted that these analyses have assumed that the alluvial soils are 
homogeneous nature.  In fact, the alluvium is expected to consist of discontinuous 
layers of varying gradation and permeability.  If there is a layer of low permeability 
near the base of the excavation, the calculated gradients would be higher.  

Impact on Design 

The relatively high gradients that develop at the toe of the sheet pile wall are not 
necessarily a problem.  Some localized internal erosion and soil migration may 
occur at the toe of the cut-off wall but it is not expected to lead to a piping failure. 
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The gradients that develop at the base of the excavation are a greater concern.  In 
theory, as the hydraulic gradient approaches 1.0, the effective stress in the soil 
approaches 0, at which point the soil will “boil”, leading to failure of the excavation.  
Under the base case conditions, the gradient is 0.55.  However, the sensitivity 
analyses show that for each parameter investigated, the hydraulic gradient 
exceeds 1.0 in the extreme case, as shown on Table 4.4 and on Figure D-7b to D-
10b.  It should also be noted that even with a gradient of 0.55, achieved under the 
base case condition, there is only a factor of safety of 1.8, which is unacceptably 
low, even for the short term “construction” condition. 

There are several ways to improve the factor of safety against failure of the 
excavation.  One option would be to install and pump from a series of de-watering 
wells around the inside perimeter of the excavation.  A second option would be to 
reduce the depth of the excavation, at least adjacent to the sheet piling, or 
surcharge the soils in this area by adding additional filter gravel to weight down the 
native alluvium.  The most low-risk option, however, to avoid a potential “blow-out” 
of the excavation would be to only partially de-water the excavation.  This would 
require construction of the various foundation elements in the wet.  However, the 
pumping requirements would reduce significantly, as would the risk of any “blow-
out” of the excavation. 

5. FOUNDATION DESIGN PARAMETERS 

5.1 Allowable Bearing Pressure 

Although the actual construction method for the structures has not yet been 
determined, it is anticipated that the riverbed will be dredged or hydraulically 
excavated to expose competent river gravels for the structure foundations.  It also 
is anticipated that the weir/powerhouse will be constructed using cast-in-place 
concrete, or, in the event it is constructed using pre-cast modules, the underside of 
the modules will be grouted to achieve intimate contact with the foundation 
gravels. 

The allowable bearing pressure for the powerhouse and weir structures will be 
affected by the seepage pressures within the zone of influence beneath the 
structure.  Provided the structures are wholly founded within the native river 
gravels, bearing capacity should not be a limiting factor.  It is recommended that 
once the design loads are known, the required bearing capacity be calculated and 
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reviewed to confirm that it is within the acceptable range for river gravels under 
these conditions. 

5.2 Base Friction 

The frictional force acting against the base of the structure can be calculated as 
follows: 

 

Where: 

 

 

 

The structure-soil friction angle, �, will depend on the nature of the river alluvium 
as well as the method of construction.  For example, a concrete structure cast neat 
against dense river gravels will mobilize a higher base friction angle than a pre-
cast concrete structure placed on the same deposit.  Similarly, if the river alluvium 
is stratified, the base friction angle may be reduced if weaker layers exist at depth.  
This may be particularly significant near the north side of the river where the 
thickness of alluvial sediments is reduced, as shown on Figure 3, and horizontal 
stability may be governed by the underlying weathered bedrock. 

It should also be noted that the base friction is based on effective stress and any 
seepage induced uplift pressures acting on the base of the structure will reduce 
the effective contact pressure and hence the mobilized friction. 

Due to the many uncertainties with respect to the design and construction details, 
as well as the thickness and nature of the river gravels, it is recommended that a 
range of friction values, �, varying from 25o to 35o be considered for preliminary 
design.  An appropriate factor of safety must also be applied. 

5.3 Ground Anchors 

It is anticipated that some form of anchoring will be necessary to provide the 
required horizontal stability for the powerhouse and weir structures.  This 

PH (Ult.)  =   σ’v tan(δ) x Area of Base 

PH(Ult.) =   ultimate horizontal base friction 

σ’v =   effective vertical stress acting along base of structure

δ  =   structure-soil friction angle 
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potentially could consist of double-corrosion protected, pressure-grouted anchors, 
anchored in the river gravels, or where the bedrock is shallow, in the bedrock.  
However, the subsurface conditions beneath the river are not well known and 
additional exploratory work will be required to establish the feasibility of installing 
such anchors and their required bond length.  This should include some test 
anchor installations with pull-out tests. 

The design of the anchors will depend on many factors including the nature of the 
sub-surface ground conditions, the loading conditions (static versus dynamic) and 
the seepage pressures that develop within the bond zone (seepage pressures will 
reduce the effective stress, which will reduce the anchor capacity).  For preliminary 
design, it is recommended that a design anchor load of 500 KN per anchor be 
used.  This is consistent with what is achievable in the Bow River gravels here in 
Calgary using a 32 mm (1-1/4”) Dywidag bar.  It should be noted, however, that 
the required bond length will depend upon the nature of the river gravels including 
both density and gradation.  Sizing of the drill holes and estimating the soil-grout 
bond strength can be done at later date when more site-specific information is 
available on the sub-surface conditions.  

6. OTHER GEOTECHNICAL ISSUES 

6.1 Site Access Road 

Figure 8 in Appendix A shows the project site superimposed on an aerial 
photograph .  Also shown are the significant geological features such as landslide 
scarps and areas of pronounced gullying. 

The main access road to the power house is expected to originate from Highway 2 
about 0.5 km south of the south abutment of the Peace River Bridge, as shown on 
Figure 8.  The access road will be graveled and will have a finished road width in 
the range of 8 m. 

The proposed road alignment crosses an abandoned gravel pit before winding 
south, down the east bank of Dunvegan Creek.  A bridge will carry the access 
road across Dunvegan Creek.  The road then follows the west slope of the 
Dunvegan Creek valley before swinging west, paralleling the south shore of the 
Peace River, approximately following the 355 m contour, about 10 to 15 m above 
river level.  The access road will terminate at a temporary construction laydown 
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area that will be constructed just west of the weir’s south abutment and the power 
house. 

The proposed alignment for the access road does not impinge on any existing 
areas of instability along Highway 2 and hence it should have no negative impact 
on the stability of the main highway. 

Portions of the access road, particularly along the west side of Dunvegan Creek, 
will cross localized areas of recent or historic slope instability.  Particular care will 
be required during detailed design, and during construction, to ensure a stable 
road alignment.  On-going maintenance of the road should be anticipated. 

The access road design must endeavor to minimize disturbance to the existing soil 
and groundwater regime.  This will include minimizing the removal of any trees 
and vegetation and avoidance of any deep cuts or fills.  It is anticipated that 
culverts will be used extensively to avoid disruption of existing surface water 
drainage paths.  It is also anticipated that the detailed road design will include 
extensive use of geogrids or geotextile fabrics to achieve a stable subgrade 
without extensive sub-excavating and importing of granular material.  If significant 
fill is required in some areas, consideration will be given to the use of light weight 
fill. 

Special measures will be needed to control erosion both in the short term during 
construction and in the long term, particularly near Dunvegan Creek.  This will 
include rip rap armouring at the bridge structure.  Other erosion control measures 
could include hydroseeding of any cut or fill slopes, as well as the use of hay 
bales, wattle fencing, or other synthetic erosion control products, as required. 

6.2 Aggregates 

6.2.1 Existing Information 

The following facts have been gleaned from previous studies of the Dunvegan 
hydro project. 

• The 1983 Acres-Monenco report identifies an estimated 3 x 10-6 m3 of 
gravel in the Hines Creek fan, described as “relatively free of silt and clay 
and would require only minor screening and washing”  (for processing as 
concrete aggregate). 
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• The same report also notes that “glacially derived sands and gravel occur in 
the right bank close to Dunvegan Bridge.  These deposits which are 
currently being exploited, tend to be very silty and clayey and would require 
washing and screening for use as concrete aggregates.”  

• The same report notes, “Additional sources of glacial sand and gravel are 
indicated downstream from Dunvegan Bridge with extensive buried 
deposits available north of Fairview.”. 

 
6.2.2 Local Gravel Sources 

• There are several gravel suppliers in the Dunvegan area. 

• Tri-S Concrete has a large pit in the area (3/4 section).  They are located 
about 40-50 km from the construction site. 

• Contacts: 
o Tri-S Concrete – Bob Salmond (780) 835-2050 
o M.D. Fairview – Brian Alexander (780) 835-8429 
 

6.2.3 Rip Rap Sources 

Preliminary indications are that the proposed Glacier Power project will require in 
the order of 16,000 m3 of Class III rip rap.  Potential sources of rip rap include the 
following: 

Smokey Mine Site 

• Located near Grande Cache. 

• Waste rock from coal mining.  Rock consists of sandstone, siltstone, shale.  
May be hard to find Class III rock.  Basically the geologist that worked in the 
area said that if they did their job when blasting it should be smaller.  The 
geologist believed that the compressive strengths ranged from: 

 
o Sandstone = 120-160 MPa most competent 
o Siltstone/Shale = 60 – 100 MPa  not as good 

• The waste dumps are approximately 25 km from the highway. Grande 
Cache is approximately 300 km from Dunvegan. 

• Currently Rock River Coal is applying for a license to re-start coal mining 
operations in the area and something could be worked out with them to gain 
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access to the rock if they get permission to re-open operations.  However, 
since this is Crown Land the Alberta Environment representative said that 
Rock River Coal doesn’t get exclusive rights to the rock just because they 
are mining in there. 

• Will require Alberta Environment and EUB Approvals and possibly an 
Environmental Impact Assessment. 

• Contacts: 
o Alberta Environment – Quinn (780) 723-8369 
o Alberta Energy – Brian Hudson (780) 427-9077  
o Rock River Coal – Bob Stan (403) 543-7073 
o Rock River Coal – Geologist – Brian Klappstein (780) 827-4649 
 

Cadomin Quarry – Inland Cement 

• Cadomin is located just south of Hinton. 

• Type of rock is dolomitic limestone.  Apparently they recently supplied rip 
rap for TransMountain Pipelines and the rock met the following 
specifications: 
o Rock Durability = <40% loss of weight after 500 revolutions 
o Soundness = <10% loss of weight after 10 cycles (Magnesium sulphate 

test) 
o Absorbsion = max. 2% 
o Min. Specific Gravity = 2.6 (actual was 2.71) 

• Could possibly meet the quantity required.  Will need plenty of advance 
notice. 

• Inland has a CN rail track at or near the quarry, and they have shipped rip 
rap by rail car before.  Must speak to Alberta Rail Net to confirm off-load 
location then CN for shipping. 

• Contacts: 
o Inland Cement and Cadomin Quarry – Mike Latimer (Assistant 

Manager) (780) 692-3741 
o CN Rail – Morris Laval 1-888-668-4626 Ext:0689 
o Alberta Rail Net – Wendy Kempert (780) 831-0401 
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Alberta Rail Net  

• Alberta Rail Net has a couple of quarries and can supply rip rap.  One 
quarry is near Denard? (south of Grande Prairie). 

• They claim they can provide the quantity required.   

• Contacts: 
o Alberta Rail Net – Wendy Kempert (780) 831-0401 
 

7. SUMMARY 

7.1 Key Geotechnical Issues 

In summary, this run-of-river hydro project proposed for construction on the Peace 
River is considered feasible from a geotechnical perspective but it is a difficult site 
that will require special design considerations.  Of these, perhaps most significant 
will be the need for some form of seepage cutoff wall, both for construction and for 
long term operating conditions.  To date, a heavy-section, sheet pile wall has been 
considered to be the most cost-effective type of cutoff.  It is known that sheet piles 
were installed successfully during construction of the Dunvegan Bridge, but only 
through about 4.3 m of gravels, where they toed into bedrock.  Significantly deeper 
installation will be required for this project and maintaining the integrity of the 
sheets at depth is essential.  

A second key aspect of the project will be the stability of the excavation during 
construction and the required pumping rates.  Seepage analyses have shown that 
for a temporary excavation 2 m below riverbed level, sheet pile penetration depths 
of 8 m into the gravel alluvium provide only a marginal factor of safety against 
“boiling” and heave of the excavation.  In addition, there is considerable 
uncertainty with respect to estimating the required pumping rates to keep the 
excavation dry.  The risk associated with both of these issues (i.e. depth of sheet 
piling and required pumping rates) could be reduced significantly if the 
construction methodology allowed for installation of the base concrete slab and 
any granular filters to be done in the wet.  That is, install a sheet pile cofferdam but 
only partially de-water within the cofferdam. 

A third geotechnical design issue relates to the potential for internal erosion and 
piping within the foundation soils.  The seepage analyses indicate that the overall 
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dimensions of the structure as currently proposed (See Figure 2), should be 
acceptable under the design operating conditions, provided there is some form of 
upstream cutoff wall.    The most recent analyses suggest that a cutoff wall 8 m 
deep should provide adequate factor of safety against a gross piping failure, but it 
is still possible that some localized internal erosion could occur. This should be 
looked at in more detail during detailed design and potentially can be reduced 
depending upon the nature of the foundation soils, judicious use of filters, etc.  It 
also will be important that the granular filters be properly designed to be 
compatible with the riverbed alluvium. 

7.2 Instrumentation Requirements 

As previously noted, a significant aspect of a run-of-river dam, is that once it is 
built, in cannot be visually inspected in the way a conventional dam is. Hence, a 
good instrumentation program will be necessary to monitor the long term 
performance of the structure.  Details on the required instrumentation will have to 
be established as part of the detailed design but it is expected to include extensive 
use of piezometers beneath the structure and within the foundation soils.  
Installation of total pressure cells and displacements transducers may also be 
appropriate. 

7.3 Future Investigative Work 

7.3.1 Dam Site 

Drilling additional test holes within the river would be expensive and will provide 
only limited additional value to the project.  What is more important is to 
investigate the feasibility of some of the construction issues – most notable of 
these being the feasibility of installing a suitable cutoff wall.  It therefore is 
recommended that some form of pilot sheet pile installation program be 
undertaken.  Ideally this should be done in the middle section of the river where 
the river gravels are expected to be deepest and would include constructing an 
enclosed “cell”.  Pumping from within the cell could also be done to provide a 
better estimate of expected pumping requirements.  

It is recognized that a pilot test installation of this scale would be very expensive.  
However, it would provide valuable information on the feasibility of installing the 
sheet piles and allow for better estimating of short term construction de-watering 
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requirements.  It would also allow better sampling of the alluvial gravels for design 
of the granular filters. 

7.3.2 Access Road and Transmission Lines 

Very limited work has been done on this aspect of the project to date other than to 
identify that slope stability issues need to be addressed particularly along the 
south shore in the area of Dunvegan Creek.  As part of detailed design it will be 
necessary to undertake a detailed site reconnaissance to confirm the selected 
alignment of the access road and transmission lines and to identify potential 
borrow sources if additional fill material is required.  Some survey information 
along the alignment(s) should also be collected at this stage to allow the road 
designers to estimate volumes of required cuts and fills, culvert locations, etc. 

Test hole drilling will also be required at key points along (or above) the alignment, 
particularly in areas where slope stability issues are identified. Slope indicators 
may also be required in selected holes to allow ongoing monitoring of the slopes. 

7.3.3 Aggregate Supply 

Significant quantities of aggregate will be required for the project, including 
concrete aggregate, graded filter materials and rip rap.  It is known that the quality 
of aggregates local to the project site are generally poor and hence it is anticipated 
that much of the material may need to be transported considerable distances at 
significant cost. 

Some potential aggregate and rip rap sources have been identified.  However, 
additional information is required on potential aggregate suppliers within economic 
haul distances of the site (recognizing that rip rap will likely need to be 
trucked/railed from the Edson/Hinton areas).  Existing aggregate suppliers will also 
need to be contacted and, if found to be promising, representative samples should 
be collected and tested for suitability as concrete aggregate, or other purposes. 

If permission can be obtained for mining the river gravels within the Hines Creek 
fan, this should also be sampled and tested. 
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