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1.0 INTRODUCTION 
This report documents the dam break and inundation study conducted for the Bethlehem No. 2 
Tailings Pond (Trojan Pond) at the Highland Valley Copper (HVC) site in Logan Lake, British 
Columbia (BC).  This report has been prepared by AMEC Environment & Infrastructure, a 
division of AMEC Americas Limited (AMEC).  This study has been conducted as per our 
proposal submitted to HVC in August, 2013.  

2.0 BACKGROUND 
The HVC Mine is located near Logan Lake, approximately 50 kilometres (km) southwest of 
Kamloops, BC.  A general site location plan is shown in Figure 2.1.  Trojan Pond is part of the 
larger Bethlehem Tailings Storage Facility (TSF), which contains two ponds: Bethlehem No. 1 
and No. 2 Tailings Ponds.  A site plan of the Bethlehem TSF is shown in Figure 2.2.   
 
The Bethlehem No. 2 Dam (Trojan Dam) is an earth embankment dam impounding both water 
and tailings of the Trojan Pond.  Figures 2.3 and 2.4 show the plan view and cross section of 
Trojan Dam, respectively.  Tailings disposal in the Trojan Pond ceased in 1989 and the facility is 
being operated in its current configuration indefinitely. 
 
The Trojan Dam was constructed across the original Trojan Creek to form the Trojan Pond.  A 
610 millimetres (mm) diameter culvert was initially installed through the dam foundation at the 
dam section, which was used for passing Trojan Creek Flow.  The culvert was blocked at its 
upstream end in October 1983.  A permanent spillway with a rock control section was 
constructed in 1996 at the west abutment of the dam.  Plan and section drawings of the Trojan 
Dam Spillway are presented in Figure 2.5. 
 
Some of the key elevations and dimensions of Trojan Dam are as follows: 

• embankment crest elevation = 1441.5 metres above sea level (masl); 
• embankment length = 1.7 km; 
• embankment toe elevation = 1390 masl; 
• nominal height of embankment = 51.5 metres (m); 
• spillway crest elevation = 1435.5 masl; and 
• tailings beach elevation = 1441.5 masl. 

 
A diversion ditch system exists upstream of No. 2 Pond and has been designed to convey flows 
around the Pond up to a 1 in 100-year return period event.  However, for flow above that event, 
the water bypasses the diversion ditch and enters the No. 2 Pond.   
 
Since the construction of the spillway in 1996, the water level in the Bethlehem No. 2 Pond has 
varied between 1431.9 and 1435.2 masl.  Inflow to the No. 2 Pond is generated by surface 
runoff from adjacent watersheds located primarily to the north of the facility.  As a result, 
seasonal variations in pond levels are evident in the data.  Pond elevation records show a slight 
increasing trend in water surface elevations since 2008, with a maximum pond level of  
1435.21 masl recorded in June 2011.  
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Trojan Dam was previously classified as “High” in accordance with the 1999 Canadian Dam 
Association (CDA) Guidelines (Klohn Crippen Berger (KCB) 2003).  The inflow design flood 
(IDF) for this classification would correspond to the 1:1000-year rainfall event under the updated 
CDA 2007 Guidance.  However, the spillway that was installed in 1996 was designed to convey 
the probable maximum flood (PMF) (KCB, 1994). 
 
Under flood conditions, it is possible that there will be an accumulation of flood water behind 
Trojan Dam.  Breach of the dam under flood conditions would cause the release of flood water 
and tailings material.  The flood water would potentially result in the flooding of downstream 
areas.  
 
The area downstream of Trojan Dam contains BC Highway 97C, a provincial highway 
connecting the community of Logan Lake with the City of Merritt to the south, and the Village of 
Ashcroft to the west.  There are also extensive mine workings downstream of the Trojan Dam; 
the Valley Open Pit is an active mining area with an estimated depth of approximately 430 m.  
HVC has indicated that there are workers present in the pit on a regular basis.   
 
Witches Brook also lies in the downstream environment.  It is believed that Witches Brook 
supports wild Rainbow Trout that spawn in the gravel deposits along Witches Brook.  The 
coarse gravel substrate may also provide rearing habitat for Chinook Salmon and Coho Salmon.  
Recent efforts have been made by the BC Ministry of Forests, Lands and Natural Resources to 
promote passage of salmonids in Witches Brook. 
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3.0 STUDY OBJECTIVES 
As part of HVC’s commitment to responsible tailings management, HVC requested AMEC to 
conduct a dam break analysis for Trojan Dam.  In the proposal issued to HVC in August 2013, 
the objectives of the study were identified as the following: 

• to complete an inundation study for the dam; 
• to estimate the deposited tailings in the event of dam breach; and 
• to classify the dam in accordance with the 2007 CDA Guidelines (CDA 2007). 

 
The following tasks were outlined in the August 2013 scope of work: 

• hydrological modelling to estimate IDF hydrographs into the reservoir and at other 
locations of interest in the potentially affected area along the flood path; 

• dam break analysis and inundation modelling to delineate flood zones in the areas of 
interest; 

• delineation of potential areas of tailing deposit; 
• dam classification, including evaluation of population at risk and incremental loss; 
• reporting; and 
• project management. 

 
The area downstream of Trojan Dam consists primarily of undeveloped HVC property, BC 
Highway 97C, and the Valley Open Pit.  The primary concern for flood inundation is interruption 
to traffic on Highway 97C and the mine workers in the Valley Open Pit.  To assess flood 
inundation, detailed inundation mapping has not been prepared for this study.  Rather, a  
hydraulic analysis has been completed to determine the flow depth over Highway 97C, and also 
to determine the fill rate and flood depth in the Valley Open Pit. 

4.0 FAILURE SCENARIOS 
Dam breach analysis is used to determine the ultimate discharge from a hypothetical break of 
the dam facility as outlined in the 2007 CDA Guidelines.  The outcome of the analysis is a flood 
peak or flood wave generated immediately downstream of the dam which is routed through the 
topography downstream of the facility to a point where the effects are considered negligible.  
Two hypothetical failure scenarios have been considered for Trojan Dam:  
 

1. sunny-day failure, and  
2. flood-induced failure. 

 

4.1 Sunny-Day Failure 
This failure mode simulates a sudden dam breach that occurs during normal operation caused 
by internal erosion, piping, earthquakes, improper operation, or another unanticipated event.  It 
is assumed that there is no precipitation in the catchments at the time of the breach.  While the 
sunny-day failure may not result in the largest flood peak, this type of failure can occur suddenly 
and with little warning (such as an earthquake).  For this reason, a sunny-day failure may result 
in a higher incremental consequence than a flood-induced failure.  
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4.2 Flood-Induced Failure 
This failure mode simulates a dam breach resulting from a natural flood.  As noted above, the 
spillway is designed to pass the PMF, hence the potential for overtopping is very low.  To 
simulate the flood induced event, it is assumed that the failure of the dam could be triggered at 
the peak of the flood event resulting in the subsequent release of a flood wave.  It is assumed 
that flow conditions associated with the flood event are occurring in the surrounding catchments 
at the time of the breach.  
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5.0 HYDROLOGY 
The objective of the hydrological modelling is to generate hydrographs for the predetermined 
modelling scenarios at the location of interest downstream of the Trojan Dam.  These 
hydrographs will subsequently be used as input in the inundation assessment. 
 
The watersheds located upstream of the No. 2 Pond are comprised of undeveloped, 
mountainous terrain.  A map of the drainage areas contributing to the No. 2 Pond, and near-by 
watercourses, is presented in Figure 5.1.  A summary of these watersheds and respective 
drainage areas are presented in Table 5.1.  During a storm event, inflow would be generated 
from these watersheds and migrate into the No. 2 Pond.  As noted above, flows in excess of the 
1 in 100-year event bypass the diversion ditch system and enters the No. 2 Pond.   
 
Once the water elevation in the pond exceeds the spillway invert elevation, water will flow 
downstream through the spillway toward Highway 97C and ultimately to the Valley Open Pit.  A 
portion of this discharge may bypass the pit and flow into Witches Brook located approximately 
2 km east of the Valley Open Pit.  However, for the hydrological assessment it will be assumed 
that all discharge enters the pit.   
 

Table 5.1 Watershed Summary for Trojan Dam Hydrological Model 

Watershed Name 
Drainage Area 

Square Kilometres 
(km2) 

T1-U 7.26 
T2-U 1.71 
T3-U 0.99 
T4-U 0.43 
T5-U 4.18 
T6-U 0.36 
T7-U 1.20 
T1-D 2.43 

 

5.1 Design Rainfall Distribution 
The following flood events were considered for the hydrological modelling: 

• 1:100-year; 
• 1:1000-year; 
• 1/3 between 1:1000-year and the PMF; 
• 2/3 between 1:1000-year and the PMF; and 
• PMF. 

 
Modelling for each scenario was completed using a 30-day duration. 
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The probable maximum precipitation (PMP) was estimated in the early 1990s to support the 
spillway design for Trojan Dam (KCB 2002).  That estimate was generated using a Hershfield 
probabilistic method for estimating PMP (KCB 1994).  According to that study, the 24-hour PMP 
rainfall depth was estimated to be 260 mm, and was based on rainfall data for the Kamloops 
Airport and Mamit Lake weather stations; these stations are located approximately 20 and  
50 km from the HVC site, respectively.  The study notes that records from the Highland Valley 
Lornex station, which is closer to the site, were not used due to a relatively short record 
available at the time.  The Highland Valley Lornex station is located approximately 5 km away 
from the No. 2 Pond.   
 
Precipitation records at the Highland Valley BCCL Station ceased in 1989.  However, 
precipitation records at the Highland Valley Lornex Station (#1123469) are available from 1967 
to 2007 (40 years).  These data have been used by the Hydrometeorology Division of the 
Canadian Climate Centre to estimate PMP values for a range of storm durations.  The Canadian 
Climate Centre has generated a 24-hour PMP total rainfall depth of 182.2 mm.  Given the 
proximity of the Highland Valley Lornex Station (5 km), it is now advisable that these updated 
PMP estimates developed by the Canadian Climate Centre be adopted for the HVC site. 
 
Intensity-duration-frequency data for the Environment Canada weather station in Kamloops, BC 
(Station #1163780) were used to derive the incremental rainfall depth for the 1:100 year rainfall 
event.  A 1:100-year design rainfall distribution was then generated using the Alternating Block 
method (Chow 1988).  This rainfall distribution was then applied to the other rainfall events 
listed above.   
 
Given the size of the drainage areas contributing to the Bethlehem No. 2 Pond (Table 5.1), it 
was determined that a 30-day composite design storm would be most suitable.  The 30-day 
incremental rainfall depths were also derived using the Alternating Block method (Chow 1988).  
The 30-day, PMP rainfall distribution is shown in Figure 5.2, having a total rainfall depth of 556.5 
mm (according to Canadian Climate Centre estimates).  The 24-hour distribution was 
considered to be the wettest day and was embedded on the 16th day of the 30-day rainfall 
event.  The 24-hour, PMP rainfall distribution is shown in Figure 5.3 having a total rainfall depth 
of 182.2 mm. 

5.2 Hydrological Modelling 
The hydrological modelling was completed using the US (United States) Army Corps of 
Engineers (ACE) software HEC-HMS (version 3.5) as the modelling platform.  The model 
encompasses the watersheds draining into the No. 2 Pond, and watersheds upstream of 
Highway 97C.  Initial modelling considered the pond under normal operating conditions (ie. no 
dam break) and accounted for discharge from the Trojan Dam Spillway only. This is considered 
to be the base case for the flood assessment.   
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Figure 5.2 Rainfall Hyetograph for 24-hour, PMP Rainfall Event for the HVC Site 

 

 
Figure 5.3 Rainfall Hyetograph for 24-hour, PMP Rainfall Event for the HVC Site 
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The US Soil Conservation Service (SCS) unit hydrograph method was used to model the rainfall 
runoff response within each watershed.  The SCS unit hydrograph method has been derived for 
wide range of catchment sizes and types (Ponce 1989), and has been deemed appropriate for 
the drainage areas contributing to the Bethlehem No. 2 Pond. 
 
The SCS runoff curve number method has been used to determine the amount of runoff 
generated for each watershed.  According to Ponce (1989), a runoff curve number of 77 is 
suitable for a wooded drainage area for average antecedent rainfall conditions. This value 
represents the upper limit for undeveloped watersheds as there has been considerable logging 
activity (clear cutting) in the surrounding catchment area.   
 
The design storms were modelled when the surrounding catchment is in a saturated state (high 
antecedent rainfall condition).  Therefore, the runoff curve number has been adjusted to 90 to 
reflect a saturated catchment condition (Ponce 1989).  The HEC-HMS model was run for the 
five rainfall events noted above.  Specific parameters for each watershed have been 
summarized in Table 5.2 below.  A percent impervious value of 100% has been used to 
simulate rainfall on the No. 2 Pond (T7-U).  A 30% impervious value has also been assigned to 
T1-D to account for the mine workings located downstream of the dam (interpreted from aerial 
photography). 
 

Table 5.2 Watershed Parameter Summary for Trojan Dam Hydrological Model 

Watershed Name Runoff Curve 
Number % Impervious 

T1-U 90 0 
T2-U 90 0 
T3-U 90 0 
T4-U 90 0 
T5-U 90 0 
T6-U 90 0 
T7-U N/A 100 
T1-D 90 30 

 
Stage-storage data for the Bethlehem No. 2 Pond was obtained from KCB (1994) and the 
stage-storage curve is shown in Figure 5.4.  Stage-storage data for the Valley Open Pit was 
derived from the 2012 LiDAR data provided by HVC.  Geometry of the Trojan Dam Spillway has 
also been obtained from KCB (2002) and is included as Figure 2.5.  It has been assumed that 
the water surface elevation in the No. 2 Pond was at the spillway invert elevation (1435.5 masl) 
prior to each design rainfall event. 
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Figure 5.4 Stage-Storage for Bethlehem No. 2 Pond 

 

5.3 Base Case Modelling Results 
The base case conditions were modelled for the five rainfall events outlined in Section 5.1.  The 
resulting inflow and outflow hydrograph for the No. 2 Pond during the 30-day, PMF design storm 
is shown below in Figure 5.5.  Figure 5.5 shows a peak inflow to the No. 2 Pond of 133.2 cubic 
metres per second (m3/s) for the PMF.  The corresponding spillway outflow has a peak value of 
26.1 m3/s.  The difference between the peak inflow and outflow values is due to attenuation of 
inflow by the pond prior to discharging through the spillway.  A summary table of the HEC-HMS 
results is also presented in Table 5.3.   
 
The Trojan Dam Spillway design described by KCB (1994) notes that the spillway was designed 
to safely pass the PMF.  The PMF flow through the spillway was estimated by KCB (1994) to be 
in the order of 54 m3/s.  This is greater than the peak flow modelled as part of this assessment 
(26.1 m3/s).  The difference in peak flow can be attributed to the updated PMF rainfall depth 
used in this study, which is lower than that used for the KCB (1994) study. 
 
As noted in Table 5.3, the peak water level in No. 2 Pond during the PMF event is estimated to 
be 1438.5 masl, which compares to the peak water level of 1439.0 masl estimated by KCB 
(1994).   
 
The peak flow values modelled for each watershed contributing to Trojan Pond were also 
compared to regional equations developed for Agriculture and Agri-Foods Canada 
(Abrahamson and Pentland 2010).  It was found that the modelled peak flows were generally in 
agreement with the regional equations for the BC Interior.  The percent difference was found to 
range between 75 and 115%, depending on the watershed considered.  Some variation 
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between modelled flows and the regional equations is expected due to the inclusion of site 
specific hydrological parameters in the model.  Overall, however, it was found that the modelled 
flows were generally in agreement with the regional equations. 
 

 
Figure 5.5 Hydrograph of Inflow to No. 2 Pond and Outflow (Spillway Only) during 30-

day PMF Rainfall Event for the Base Case 
 
 

Table 5.3 Summary of Hydrological Model Results for Base Case 

Flood Event 
(Base Case - No Failure) 

Peak Water Level Peak Inflow to 
No. 2 Pond 

Peak 
Outflow 

(Spillway) 

(masl) (m3/s) (m3/s) 
l00-year return period  1436.5 35.7 5.1 

l000-year return period  1436.8 54.0 7.7 

1/3 between 1:1000 and PMF 1437.3 84.3 12.7 

2/3 between 1:1000 and PMF 1438.0 119.0 20.2 

PMF 1438.5 133.2 26.1 
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6.0 DAM BREAK ASSESSMENT 
Two failure modes have been considered for this assessment: a flood-induced failure, and a 
sunny-day failure.  A breach simulation was conducted for both a flood-induced and sunny-day 
failure. 
 
For a flood-induced failure, overtopping of Trojan Dam is not expected under any of the flood 
events modeled since the peak water levels in the pond do not exceed the dam crest elevation 
of 1443 masl (refer to Table 5.3).  Therefore, dam failure due to overtopping is considered 
unlikely.  Another possible mode of failure is due to piping through the internal structure of the 
dam, but this is also very unlikely given that the pore pressures and seepage through the dam 
are low.  While neither failure mode is considered likely, both have been considered for the 
Trojan Dam and are discussed below. 
 
Dam overtopping failure occurs when water is able to flow over the dam crest, causing erosion 
of the dam crest material.  This erosion results in the formation of a dam breach that expands 
progressively downward into the dam structure.  It may be possible to force overtopping of 
Trojan Dam by introducing a blockage in the spillway.  A complete blockage of the spillway is 
considered unlikely, but is still conceivable.  Such a blockage may occur due to accumulation of 
debris or ice in the spillway. 
 
Failure due to piping could be caused by seepage through the dam core.  Seepage through the 
core may increase in velocity and quantity eroding the fine sediments from the dam core.  When 
enough material erodes, a direct hydraulic connection is made between the impoundment 
reservoir and the downstream dam face (USACE 2010).  Once such a connection is made, dam 
failure is imminent and a full breach of the dam is likely.  It should be noted that the probability 
of a piping failure coinciding with flood conditions in the pond is considered extremely low. 
 
The hydrological model discussed in Section 5.2 has been modified to include both a forced 
overtopping failure and piping failure of Trojan Dam.  The timing of both failure modes has been 
set to coincide with the peak water level in the pond.  This timing of dam failure allows for the 
greatest possible flood wave downstream. 

6.1 Breach Parameters 
The parameters defining the configuration of the dam breach were estimated from available 
literature and are discussed below.  Froehlich (2008) provides methods to estimate breach 
parameters for both piping and overtopping failures.  The peak water level for the PMF of 
1438.5 masl, corresponding to an impoundment volume of 4.9 million cubic metres (Mm3) was 
used to develop breach parameters for piping failure.  For the overtopping failure scenario (with 
a blocked spillway), the peak water level for the PMF in the pond was modelled to be  
1441.5 masl (at the dam crest elevation), corresponding to an impoundment volume of 
approximately 7.7 Mm3.  These flood conditions were used to develop the following breach 
parameters: 
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Breach Height and Elevation:

 

 The crest elevation of the Trojan Dam is 1441.5 masl.  
According to stage-storage information for No. 2 Pond, the elevation of the pond corresponding 
to zero storage is 1426 masl.  Therefore the breach would have a maximum possible height of 
15.5 m, and a minimum elevation of 1426 masl (bottom of pond).  A breach height of 15.5 m 
was used for both overtopping and piping failures. 

Breach Side Slope Ratio:

 

 The breach side slope ratio for an overtopping failure is estimated at 
1H:1V (Froehlich 2008) based on down cutting of the flood wave through the compacted 
embankment fills.  The side slope ratio for piping failure is assumed to be steeper and is 
estimated to be 0.7H:1V (Froehlich 2008). 

Breach Width:

 

 The average dam breach width varies between 1 to 5 times the height of water 
against the dam at failure.  According to methods outlined in Froehlich (2008), the dam breach 
width has been estimated to have a bottom width of 47 m for overtopping failure, and 31 m for 
piping failure.  

Breach Development Time:

6.2 Dam Break Modelling Results 

 Breach development time can range between 0.1 to 4 hours 
depending on the impoundment volume (Harrington 2012).  The estimated breach time for 
overtopping has been estimated to be approximately 1.0 hour, and 0.8 hours for piping 
(Froehlich 2008). 

The HEC-HMS model framework used to model base case conditions (no dam failure) was 
modified to include both an overtopping and piping dam failure.  The dam failures were set to 
coincide with the peak water level in the pond, which resulted in the largest flood wave 
downstream.  Modelling results for the dam failures are presented in Tables 6.1 and 6.2 for 
overtopping and piping failure, respectively.  The No. 2 Pond inflow and outflow hydrographs for 
the PMF are presented in Figure 6.1 for overtopping and in Figure 6.2 for piping failure. 
 
It can be seen in Tables 6.1 and 6.2 that the overtopping failure results in a considerably larger 
flood wave.  This is due to the increased volume of water impounded against the dam as a 
result of the (hypothetically) blocked spillway.  Since the overtopping failure results in the largest 
flood wave, these results have been carried forward and used for the inundation assessment to 
follow. 
 
It should be noted that despite efforts to force an overtopping failure, only the PMF and the 2/3 
between 1:1000-year and PMF storms resulted in a peak water level greater than the dam crest 
elevation, with a blocked spillway.  For storms less than the 2/3 between 1:1000-year and PMF, 
overtopping of the dam crest is considered extremely low.  Moreover, the probability of 
overtopping for any of the storm events is very remote, since a blockage of the spillway would 
have to happen simultaneously with the flood event.  However, as noted above, these scenarios 
have been considered to investigate the maximum consequence associated with failure of the 
Trojan Dam. 
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The piping failure did not result in the largest flood wave and will not be considered further.  
However, as noted above, the probability of a piping failure occurring during a flood event is 
also extremely low. 
 
 

Table 6.1 Summary of Hydrological Model Results for Overtopping Dam Failure 

Flood Event 
(Overtopping Failure) 

Peak Water 
Level 

Peak Inflow to 
No. 2 Pond 

Peak 
Outflow 
(Breach) 

(masl) (m3/s) (m3/s) 

l00-year return period  1438.5 35.7 1739.1 

l000-year return period  1439.5 54.0 1926.1 

1/3 between 1:1000 and PMF 1440.1 84.3 2043.3 

2/3 between 1:1000 and PMF 1441.5 119.0 2492.8 

PMF 1441.5 133.2 3055.1 

Sunny-Day Failure N/A N/A N/A 
 
 

Table 6.2 Summary of Hydrological Model Results for Piping Dam Failure 

Flood Event 
(Piping Failure) 

Peak Water 
Level 

Peak Inflow to 
No. 2 Pond 

Peak 
Outflow 

(Spillway) 

Peak 
Outflow 
(Breach) 

(masl) (m3/s) (m3/s) (m3/s) 

l00-year return period  1436.5 35.7 5.1 953.6 

l000-year return period  1436.8 54.0 7.6 1005.2 

1/3 between 1:1000 and PMF 1437.3 84.3 12.7 1946.8 

2/3 between 1:1000 and PMF 1438.0 119.0 20.2 2026.6 

PMF 1438.5 133.2 26.1 2069.0 

Sunny-Day Failure 1435.5 N/A N/A 779.0 
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Figure 6.1 Hydrograph of No. 2 Pond Inflow and Outflow (Spillway and Breach) during 

30-day PMF Rainfall Event for Overtopping Dam Failure 
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Figure 6.2 Hydrograph of No. 2 Pond Inflow and Outflow (Spillway and Breach) during 

30-day PMF Rainfall Event for Piping Dam Failure 
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7.0 INUNDATION MODELLING 
This section describes the inundation modelling conducted for the area downstream of the 
Trojan Dam for the overtopping failure hydrographs generated as part of the hydrological 
modelling.  Inundation mapping is typically conducted for watercourses with existing 
development.  During the extreme flood events with or without the dam failure, flood water 
released from the Trojan Dam will flow over the area between the Trojan Dam and  
Highway 97C.  The flow path in this area is not defined and there is very limited development in 
this area.  When the flood water reaches Highway 97C, a portion of the flood water will flow 
across Highway 97C through the existing culvert or over the top of the highway into the Valley 
Open Pit, depending on the peak flow rate.  A portion of the flood water will flow along  
Highway 97C, crossing it at some point into Witches Brook.  The following evaluates the 
inundation effect on Highway 97C, Valley Open Pit and Witches Brook respectively.   

7.1 British Columbia Highway 97C 
An estimated 6 m diameter corrugated steel culvert exists beneath Highway 97C.  The capacity 
of this culvert has been determined to be sufficient under the base case for flows up to the PMF.  
However, in the case of a dam breach, the capacity of this culvert will be exceeded and 
overtopping of the highway is expected.   
 
A hydraulic model was developed using the HY-8 software package by the US Federal Highway 
Administration.  HY-8 is designed to model culvert hydraulics and is capable of estimating the 
flow depth over the road based on the culvert and roadway geometry.  A model of the BC 
Highway 97C crossing downstream of the Trojan Dam suggests that overtopping of the highway 
will occur for all of the failure scenarios presented in Table 6.1.  The overtopping depth is 
estimated to have a peak value of 2.3 m for the PMF event. 

7.2 Valley Open Pit 
Once the flood wave passes the highway, it will enter the Valley Open Pit a short distance 
further downstream.  The pit is currently operational and work crews are routinely present in the 
pit.  In the event of dam failure, there is a potential danger to those working in the pit. 
 
After review of the 2012 LiDAR data, a stage-storage relationship for the pit has been 
developed.  The LiDAR data began at elevation 776 masl and extends to elevation 1206 masl.  
It was assumed that the effective bottom of the pit lies at elevation 776 masl, suggesting a total 
pit depth of approximately 430 m.   
 
Using the stage-storage data developed for Valley Open Pit, the volume of water and 
corresponding flood level in the pit has been modelled.  Table 7.1 shows the final water surface 
elevation within the pit after each of the rainfall events considered for this study.  This exercise 
was completed for both the base case and for overtopping failure.  The fill rate is also presented 
in Figure 7.1 for both the PMF and 1:1000-year storm. 
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Table 7.1 Summary of Hydrological Model Results for Flood Level in Valley Open Pit 

Inflow Design Flood 

No Failure Overtopping Failure 
Flood Level in 
Valley Open 

Pit 
Total Water 

Depth 
Flood Level in 
Valley Open 

Pit 
Total Water 

Depth 
(masl) (m) (masl) (m) 

l00-year return period  800 24 814 38 
l000-year return period  806 30 819 43 
1/3 between 1:1000 and PMF 810 34 822 46 
2/3 between 1:1000 and PMF 828 52 838 62 
PMF 842 66 854 78 
Sunny Day N/A N/A 804 28 
 
 

 
Figure 7.1 Water Level in Valley Open Pit after 1:1000-year Storm and PMF Failure 

Scenarios 
 
HVC has indicated that the number of workers in the pit is generally in the order of 200 people.  
Generally, these workers are located above elevation 805 masl in the pit.  Occasionally, smaller 
work crews (100 or fewer) may be present below elevation 805 masl.   
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It can be seen in Figure 7.1 that the water level would raise rapidly in the pit within the first two 
hours after failure.  It should be noted that the fill depth exceeds elevation 805 masl within the 
first 40-60 minutes after dam failure.  The information provided in Figure 7.1 should be used in 
the preparation of the Emergency Preparedness Plan (EPP), as it provides information 
regarding an acceptable evacuation time after dam failure. 

7.3 Witches Brook 
A portion of the flood water released from the Trojan Dam will flow along and across  
Highway 97C and eventually into Witches Brook.  The proportion of the flood water entering 
Witches Brook is dependent on the localized topographic features and is difficult to determine.  
However, in order to enter Witches Brook, the flood flow must flow along Highway 97C for a 
distance where it will also be spilled into the Valley Open Pit, and then flow through an 
underpass.  These features are expected to significantly limit flood flow entering Witches Brook.  
For the purpose of this project, the proportion of total volume of flood water entering Witches 
Brook is estimated to be less than one tenth of the total flood volume.   
 
Water accumulating in Trojan Pond is not toxic to fish.  However, flood water released during a 
dam break event may have elevated metal concentrations resulting from interaction between 
the flood water and tailings.  The elevated metal concentrations may be harmful to fish.  The 
water quality effect resulting from the dam breach events is beyond the scope of this study. 
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8.0 TAILINGS RUNOUT 
The analysis in the previous section describes the flood wave caused by failure of the Trojan 
Dam.  It is also expected that tailings will be released as a result of dam failure.  There are two 
mechanisms for tailings release at Trojan Dam.  First, the flood wave will entrain tailings solids 
during the breach and carry them in suspension as it travels downstream.  It is assumed that the 
flood wave can carry a solids content of up to 35% and as the flood wave continues and the 
velocities reduce, the percentage of solids that can be retained in the flow will reduce and 
tailings solids will settle out.  Secondly, following the initial release of the flood wave, a bulk 
mass of tailings may mobilize due to the loss of confinement and shear strength; it is expected 
that this release will be in the form of debris flow (liquefied mass).   
 
The volume of tailings impounded in the No. 2 Pond has been estimated from the pond 
geometry presented by KCB (1994).  Based on this information, the estimated total volume of 
impounded tailings within the Bethlehem No. 2 Pond is 51.9 Mm3.  This estimate was calculated 
using a top of tailings elevation of 1441.5 masl, tailings bottom elevation of 1388.2 masl, and a 
total surface area of 1.03 km2. 
 
Two scenarios have been considered for tailings runout: a flood-induced failure, and a sunny-
day failure (such as an earthquake).  Both scenarios are presented in the following sections. 

8.1 Flood-Induced Failure 
Using the methods outlined in Froehlich (2008), the breach geometry for tailings release was 
estimated.  It should be noted that this estimate is intended for water and is therefore a rough 
approximation of the actual breach size.  The breach geometry was calculated to have a bottom 
width of 68 m, and a total depth of 51.5 m (to bottom of dam).  The development time for the 
breach was estimated to be 0.8 hours. 
 
There is uncertainty regarding the terminal slope of the tailings runout, and this slope is 
dependent on the liquid content of the tailings runout.  Literature used in the course of this study 
(Blight 2003) documented the final slopes resulting from flow failure (liquefied failure) ranging 
from 2-4%.  In a study for a similar facility (AMEC 2013), AMEC adopted a slope of 5%.   
 
For the purposes of this study, the resting slope of tailings within the pond was assumed to be 
3%.  Using the estimated breach geometry, and a 3% resting slope, the volume of spilled 
tailings has been estimated to be roughly 13.9 Mm3.  This estimate assumes that the zone of 
mobilized tailings expands in a radial shape upstream from the breach, up to the top elevation of 
tailings.  This total volume has been assumed to account for both entrained tailings released in 
the flood wave, and that released as a liquefied mass. 

8.1.1 Effect on Highway 97C 

A portion of the released tailings, especially the liquefied tailings mass, will be deposited on 
Highway 97C.  This tailings deposition will cause interruption to traffic on this highway.  Cleanup 
effort will be required to reopen the highway.  
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8.1.2 Effect on Valley Open Pit 

It is assessed that a dominant portion of the spilled tailings will be deposited in the Valley Open 
Pit, causing additional water level rise.  The flood levels in the Valley Open Pit (presented in 
Table 7.1) have been updated to include the spilled tailings component of the flood.  It has been 
assumed for this analysis that once the pond water has evacuated through the breach, tailings 
will then begin to release.  The final flood levels for all failure scenarios (including both water 
and tailings) are presented in Table 8.1. 
 

Table 8.1 Flood Level in Valley Open Pit for both Water and Deposited Tailings 

Inflow Design Flood 
Flood Level in 
Valley Open Pit 

(masl) 
Total Fill 
Depth (m) 

l00-year return period  874 98 
l000-year return period  876 100 
1/3 between 1:1000 and PMF 878 102 
2/3 between 1:1000 and PMF 887 111 
PMF 897 121 

 
As shown in Figure 7.1, it will take approximately two hours for the flood water to fill the pit.  It is 
assumed that only after this time that any significant amount of tailings will begin to enter the pit.  
Therefore, it is believed that the flood water poses the most immediate risk to workers in the pit. 

8.1.3 Effect on Witches Brook 

It is unlikely that significant amount of the liquefied tailings mass will migrate into Witches Brook 
due to obstructions along this path.  A portion of the entrained tailings may enter Witches Brook 
with the flow.  The entrained tailings will deposit along Witches Brook, resulting in a 
deterioration of the gravel habitat conditions favored by the wild Rainbow Trout, Chinook 
Salmon and Coho Salmon.  As indicated previously, the proportion of the flood flow entering 
Witches Brook will be limited.      

8.2 Sunny-Day Failure 
Only about 1.5% of historical embankment dam failures have been attributed to earthquakes 
(USBR 2012).  The shaking motion during an earthquake could cause the earthfill material to 
liquefy and lose its shear strength.  The reduction in shear strength may potentially cause the 
embankment slopes to deform, flatten, slide, and fail.  The crest elevation of the dam may drop, 
with large longitudinal cracks developing along the dam alignment.  There may also be 
differential settlement along the dam alignment.  Earthquake will significantly reduce the ability 
of the earthfill dams to contain its contents.  In the most severe condition, the embankment dam 
may fail, causing the contents (tailings, water) behind the dam to be released. 
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An embankment dam may fail during an earthquake and release its contents.  Under this 
scenario, there will be very little advanced warning for emergency measures to be implemented 
to reduce potential losses, particularly when the loss of life may be expected.  An embankment 
dam may also fail after the earthquake.  Under this scenario, there will be time available to 
evacuate the potentially affected population or workers, as well as properties of significance. 
 
An earthquake may potentially cause significant damage along the entire alignment of the dam.  
However, Dam No. 2 is partially a rockfill dam and will retain a portion of its containment ability 
even through the most severe earthquake.  There is a potential for settlement of the rockfill 
during an earthquake which may cause the dam crest to drop.  The dam would still continue to 
provide containment to the tailings storage behind the dam, although the containment would be 
reduced from its former capacity. 
 
For the purposes of a dam break analysis, the CDA (2007) Guidelines state that a hypothetical 
dam breach should be considered.  The probability of such a dam breach is not an explicit 
consideration.  Hence, for this analysis, we assumed that a breach could hypothetically develop 
during a seismic event, despite the probability of this being very low. 
  
The volume of tailings run out is dependent on many complex factors, including the damaged 
condition of the dam and the liquefied state of the tailings after the earthquake.  The tailings run 
out will form a beach downstream of the dam.  The final slope of the beach will be such that the 
sliding force on the tailings mass resulting from the slope is balanced by the internal friction in 
the tailings mass.  The migration of tailings run out will be governed by this terminal slope and 
will be limited.   
 
In the case for Dam No. 2, the tailings run out is further compounded by the presence of 
significant volume of water in the Trojan Pond.  The presence of this water will enhance the 
liquefied state of the tailings, causing it to migrate further and faster.  This volume of water will 
also enhance and accelerate breach development.  
 
An estimated path of tailings run out is shown in Figure 8.1.  In the event of a dam breach and 
associated tailings run out, the terminal point of the tailings run out will be the Valley Open Pit.   
 
There is uncertainty regarding the terminal slope of the tailings run out, and this slope is 
dependent on the liquid content of the tailings run out.  Literature used in the course of this 
study (Blight 2003), documented the final slopes resulting from flow failure (liquefied failure) 
ranging from 2-4%.  In a study for a similar facility (AMEC 2013), AMEC adopted a slope of 5%.  
For the purpose of this study, tailings run out from the Dam No. 2 was estimated using a final 
slope of 3%, which was judged to be a conservative value.   
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Figure 8.2 shows the existing profile along the path of the tailings run out.  It also shows the 
assumed final slope of 3% at the end of the tailings run out.  Based on a comparison of the two 
profiles, the volume of tailings to be released has been estimated to be 32 Mm3.  It is apparent 
that the topography downstream of the dam has a slope steeper than 3%.  This suggests that 
the topography downstream of the dam is too steep for the released tailings to deposit, and a 
dominant portion of the released tailings will continue to migrate until it reaches the Valley Open 
Pit.    

8.2.1 Effect on Highway 97C 

The effect of a sunny-day failure of Trojan Dam on Highway 97C is expected to be similar to 
that for a flood-induced failure.  

8.2.2 Effect on Valley Open Pit 

The inflows of water accumulated in the Trojan Pond and tailings run out will cause the Valley 
Open Pit to be infilled to an elevation exceeding elevation 900 m, jeopardizing people working in 
the Valley Open Pit.    

8.2.3 Effect on Witches Brook 

In a sunny day failure scenario, a portion of the water in Trojan Pond will find its way into 
Witches Brook with associated entrained tailings.  The effect on Witches Brook is expected to 
be similar to that for a flood-induced failure, although the total volume of water entering Witches 
Brook will be substantially less.   
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9.0 DAM CLASSIFICATION 
9.1 2007 CDA Guidelines 
For the Trojan Dam, a classification is required for determining the recommended IDF, 
freeboard requirements, seismic criteria, and surveillance program.  A summary of the 2007 
CDA Guidelines regarding dam classification is presented in Table 9.1.  Based on the 2007 
CDA Guidelines, a dam structure is classified by considering the following four consequence 
categories: 
 
Population at Risk (PAR):

 

  This considers if population exists in the potentially affected area 
resulting from the failure, and the permanent nature of the population.  If permanent population 
is present in the potentially affected area, regardless of the size of the population, the dam must 
be classified as “High and Above”.  It should be noted that, unlike the other consequence 
categories, PAR is determined based on the total population that may be affected, rather than 
the incremental population resulting from the failure of the dam. 

Incremental Loss of Life (LOL):

 

  This is the potential life that may be lost as a consequence of 
the failure of the dam structure.  CDA provides bench mark values for the incremental LOL.  A 
dam may be classified up to extreme based on this consequence category. 

Incremental Loss of Environmental and Culture Values:

 

  This is the potential loss that may 
be incurred as a consequence of the failure of the dam structure.  CDA provides qualitative 
descriptions for guiding the evaluation of this determinant factor.  A dam may be classified up to 
extreme based on this determinant factor. 

Incremental Loss of Infrastructure and Economics:

9.2 Classification for Trojan Dam 

 This is the potential loss that may be 
incurred as a consequence of the failure of the dam structure.  CDA provides qualitative 
descriptions for guiding the evaluation of this determinant factor.   A dam may be classified up to 
extreme based on this determinant factor. 

Classification of Trojan Dam according to the 2007 CDA Guidelines has been undertaken.   
With respect to a flooding failure event, based on the evaluation outlined below, a Dam 
Classification of “Very High” has been assigned to Trojan Dam.  This classification is higher 
than the previous dam classification based on the 1999 CDA Guidelines, which resulted in a 
classification of “High” (KCB 2003).  Comments for each consequence category are discussed 
below and summarized in Table 9.2. 
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Table 9.1 2007 CDA Dam Classification Guidelines 

Dam Class PAR1 
Incremental Losses 

LOL2 Environmental and Cultural 
Values 

Infrastructure and 
Economics 

Low None 0 
Minimal short-term loss Low economic losses; area 

contains limited 
infrastructure or services No long-term loss 

Significant Temporary 
Only Unspecified 

No significant loss or 
deterioration of fish or wildlife 
habitat 

Losses to recreational 
facilities, seasonal 
workplaces, and infrequently 
used transportation routes 

Loss of marginal habitat only 
Restoration or compensation 
in kind highly possible 

High Permanent 10 or fewer 

Significant loss or 
deterioration of important fish 
or wildlife habitat 

High economic losses 
affecting infrastructure, 
public transportation, and 
commercial facilities Restoration or compensation 

in kind highly possible 

Very High Permanent 100 or fewer 

Significant loss or 
deterioration of critical fish or 
wildlife habitat 

Very high economic losses 
affecting important 
infrastructure or services 
(eg., highway, industrial 
facility, storage facilities for 
dangerous substances) 

Restoration or compensation 
in kind possible but 
impractical 

Extreme Permanent More than 
100 

Major loss of critical fish or 
wildlife habitat 

Extreme losses affecting 
critical infrastructure or 
services (eg., hospital, major 
industrial complex, major 
storage facilities for 
dangerous substances) 

Notes: 
1:  Definition for PAR: 
None – There is no identifiable PAR, so there is no possibility of loss of life other than through unforeseeable 
misadventure.  
Temporary – People are only temporarily in the dam-breach inundation zone (eg., seasonal cottage use, passing 
through on transportation routes, participating in recreational activities). 
Permanent – The PAR is ordinarily located in the dam-breach inundation zone (eg., as permanent residents); three 
consequence classes (high, very high, extreme) are proposed to allow for more detailed estimates of potential LOL (to 
assist in decision-making if the appropriate analysis is carried out). 
 
2:  Implications for LOL: 
Unspecified – The appropriate level of safety is required at a dam where people are temporality at risk depends on 
the number of people, the exposure time, the nature of their activity, and other conditions.  A higher class could be 
appropriate, depending on the requirements.  However, the design flood requirement, for example, might not be 
higher if the temporary population is not likely to be present during the flood season. 
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Table 9.2 Dam Classification of Trojan Dam (CDA 2007) 
Consequence 

Category 
Matching 

Description of 2007 
CDA Guidelines 

Rational Consequence 
Category 

Population at Risk Permanent There are workers in the Valley 
Open Pit on a regular basis. High and Above 

Incremental Loss of 
Life 100 or fewer Loss of life is limited to workers 

below elevation 805 masl  Very High 

Incremental Loss of 
Environmental and 

Cultural Values 

Significant loss of 
important fish habitat 

Loss of important habitat in Witches 
Brook and loss of recreational 
opportunities in Trojan Pond 

Very High 

Incremental Loss of 
Infrastructure and 

Economics 

Disruption of public 
transportation 

Temporary disruption of traffic on BC 
Highway 97C High 

Dam Classification   Very High 
Effect on HVC Dam repair, tailings and water removal from pit. 

 
PAR:

 

 The Valley Open Pit is located down gradient of Dam No. 2, and there are workers in the 
pit on a regular basis.  These workers are therefore considered “permanent”, and the dam 
classification for this consequence category is assessed to be “High and Above”.  There is also 
danger to the transient population present on BC Highway 97C.   

Incremental LOL:

 

 There are often more than 100 workers in the Valley Open Pit.  Deposition of 
water and tailings into the pit will cause infilling of the pit and cut-off of the escape route used by 
the workers.  This may result in a potentially high fatality rate, however, it is understood that 
many of the workers would be able to exit the pit, and/or seek refuge in the event of dam failure.  
Therefore, the LOL is believed to be “100 or fewer”, and the dam classification for this 
consequence category is assessed to be “Very High”. 

Incremental Loss of Environmental and Cultural Values:

 

 In the event of dam failure most of 
the flood wave and tailings are expected to enter the Valley Open Pit. However, it is likely that 
Witches Brook would receive some of the released material.  Witches Brook is believed to 
support Rainbow Trout, and provide habitat for important species such as Chinock and Coho 
Salmon.  It is expected that this habitat would be significantly deteriorated if a significant amount 
of tailings were deposited into Witches Brook.  For these reasons, a consequence category of 
“Very High” has been assigned.  Failure of the Trojan Dam will also cause the loss of Trojan 
Pond, which is used to support a triploid trout population for recreational purpose.  This triploid 
trout population will be lost and associated recreation opportunities interrupted.  

Incremental Loss of Infrastructure and Economics: The area immediately downstream of 
Trojan Dam consists primarily of HVC mine property.  Public Highway 97C also passes through 
the downstream environment and is expected to be overtopped in the result of dam failure.  
However, overtopping of the highway is expected to be temporary and would only cause a 
short-term disruption to transportation along Highway 97C.  Therefore, a consequence category 
of “High” has been assigned. 
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9.3 Potential Effects on HVC 
The study demonstrates that there would be a temporary disruption to HVC operations in the 
Valley Open Pit if Trojan Dam were to fail.  This disruption would occur for all of the failure 
scenarios considered for this study.  After failure, HVC will be required to repair the dam and 
remove both water and deposited tailings from the Valley Open Pit before mining operations in 
the pit can resume.  Habitat restoration and/or compensation would also be required if tailings 
are deposited into Witches Brook.  These clean up and repair efforts would come at a significant 
cost to HVC.     

9.4 Closure Implications 
The dam classification outlined above has been prepared for the current operational condition of 
the dam and mine site.  Closure of the mine will have implications on the classification of the 
Trojan Dam.  In particular, the fate of the Valley Open Pit and the absence of workers within the 
pit will likely reduce the dam classification.  However, the presence of aquatic habitat in Witches 
Brook is likely to maintain a dam classification category of at least “Very High”.  It should be 
noted, however, that classification of the dam should be re-assessed once closure conditions 
become better defined.  
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10.0 EMERGENCY PREPAREDNESS PLAN 
The dam break and inundation analysis for Trojan Dam is intended to support the development 
of an EPP.  The EPP should be prepared in accordance with the specifications provided in the 
2007 CDA Guidelines.  This study suggests that particular emphasis should be placed on 
Highway 97C and the Valley Open Pit in the development of the EPP.    

11.0 CONCLUSION AND RECOMMENDATIONS 
A dam break assessment has been completed to estimate the resulting flood wave and 
inundation downstream of Trojan Dam.  This assessment suggests that Highway 97C, located 
approximately 2 km downstream of Trojan Dam, will be overtopped by the flood wave.  
Moreover, the Valley Open Pit will be filled with flood water and tailings to an estimated 
elevation of 897 masl for the PMF, and 916 masl for a sunny-day failure.  There is also some 
potential for tailings deposition in Witches Brook, and loss of important aquatic habitat 
downstream. 
 
Classification of the Trojan Dam was also undertaken according to the 2007 CDA Guidelines.  
The dam classification was found to be “Very High” due to the risk posed to the permanent 
population working in the Valley Open Pit, and also the potential loss of important aquatic 
habitat in Witches Brook.   
 
It is recommended that current mining practices within the Valley Open Pit be reviewed to 
develop an evacuation plan for the pit in the event of failure of the Trojan Dam.  This may be 
addressed as part of the EPP to be developed for the HVC site.  The temporary disruption of 
Highway 97C should also be addressed as part of the EPP. 
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12.0 CLOSING 
We trust that our submission meets your requirements.  Please do not hesitate to contact us if 
you have any questions regarding this submission. 
 
Prepared by: Reviewed by: 
 
 
 
 
 
 
 
Jeff Melanson, EIT., MSc.E. 

 
 
Hui Xie, P.Eng. M.Sc.Eng. 

Hydrotechnical Engineer-in-Training Lead Hydrotechnical Engineer 
Direct Tel.: (506) 652-4563 Direct Tel.: (506) 444-9585 
E-mail: jeff.melanson@amec.com E-mail: huixi.xie@amec.com 
 
 
 
Senior Reviewed by: 
 
 
 
 
C.A. (Andy) Small, M.Sc., P.Eng. 
Project Manager 
Direct Tel.: (506) 444-9585 
E-mail: andy.small@amec.com 
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