
1 INTRODUCTION 
Rock scour downstream of dam foundations and 
spillways is a significant dam safety concern. As de-
sign floods increase and older infrastructure is modi-
fied to pass larger amounts of water, downstream 
river beds and plunge pools are subjected to progres-
sively larger stream power. Excessive scour due to 
plunging jets or high velocity flow in plunge pools, 
specifically, can undermine foundations, compro-
mise the stability of riverbanks, and lead to eventual 
catastrophic dam failure. Traditionally most of the 
geological investigation of dam sites is focused on 
the dam foundation, abutments, and the upstream 
reservoir area. Experience has shown that the inves-
tigation of scour potential downstream of dam spill-
ways is very important; rock quality in this area can 
have a significant impact on long term dam stability. 
Understanding the science of energy dissipation in 

both the atmosphere and the plunge pool can help 
more accurately predict scour and aid in the selection 
of the most effective energy dissipaters and rock re-
inforcement during spillway design. 

This case study presents relationships between to-
tal energy input to plunge pools and scour depth at 
three BC Hydro dams in British Columbia, Canada 
using Annandale’s Erodibility Index Method (EIM) 
(1995, 2006) for estimating rock scour depth in 
plunge pools. Modeled and surveyed plunge pool 
scour at the three dams are compared to the calculat-
ed cumulative energy consumed at the rock-water in-
terface. The analysis accounts for geologic variabil-
ity within the plunge pools, scour along two-
dimensional profiles, progressive plunge pool scour 
from a series of discharge events, and applies Ervine 
& Falvey’s (1987), Bollaert’s (2002), and Castillo’s 
(2006) research on fluctuating and mean dynamic 
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ABSTRACT: This case study presents relationships between total energy input to plunge pools and scour 
depth at three BC Hydro dams in British Columbia, Canada. Total energy is defined as the product of stream 
power and time. The relationship indicates the potential to develop a technique quantifying the rate of scour of 
rock using the Erodibility Index Method (Annandale 1995; 2006).  
The scour assessment used the Erodibility Index Method to theoretically quantify scour extent and compare it 
to observed scour. The Erodibility Index is quantified using in-situ rock parameters including UCS, RQD, 
joint spacing, aperture, alteration, roughness, and orientation. A graph relating the Erodibility Index and 
threshold stream power (Annandale 1995) is then used to quantify the ability of the rock to resist the stream 
power of flowing water. The stream power of the flowing water was quantified using daily discharge records 
and dam spillway geometries for flip-bucket jets.  
Numerically generated scour profiles were used to quantify total energy at the surface of the plunge pool and 
at depth over time. The total energy input was then correlated with both the modeled and surveyed plunge 
pool depth to develop the relationship. 
The study showed a statistically significant semi-logarithmic relationship between both modeled and surveyed 
scour depth and total energy input. In both cases, the rate of plunge pool development decreases over time, 
and continued energy inputs are required to enact changes to depth.  
The study revealed that correlations between calculated and observed scour profiles improved with the quality 
of geologic information and the certainty by which jet stream power and its decay could be quantified. The 
geologic information at one of the sites was incomplete and resulted in poor comparisons between observed 
and calculated scour. At the other two sites, where geologic information was more complete comparisons 
were more favorable. 
 



pressure coefficients to calculate energy decay with-
in the plunge pools.  

In engineering practice, detailed geologic data are 
not always available. The dam sites assessed in this 
study represent different types of geologic environ-
ments, with different levels of geologic data density. 
The variety in data density at the dam sites is dis-
cussed to provide some insight into the influence of 
the amount of available geologic information on the 
accuracy of the results.  

2 BACKGROUND 

To assess plunge pool scour, both the erosive capaci-
ty of the water and the erosive resistance of the rock 
material must be quantified. The erosive capacity of 
the water can be represented by the rate of energy 
dissipation of the plunging jet over the jet impact ar-
ea, also known as the applied stream power of the 
jet. Similarly, the resistance of the rock material to 
erosion can be represented by the amount of stream 
power that the material is capable of resisting over 
the applied area, calculated using Annandale’s EIM. 

2.1 Erosive capacity of water 

The erosive capacity of plunging jets depends on the 
characteristics of the free falling jet (quantified 
based on Bollaert 2002; Ervine & Falvey 1987; and 
Pfister et al. 2014) and the characteristic energy dis-
sipation within the plunge pool (quantified based on 
Castillo 2006, 2007; Bollaert 2002). Jet trajectory 
and degree of breakup vary depending on the type of 
jet and spillway structure. All plunging jets in this 
analysis are rectangular in nature and issue from flip-
bucket structures. 

Characterizing the airborne portion of the jet re-
quires knowledge of the initial flow over the spill-
way and the amount of dispersion that occurs during 
the fall. The issuance velocity can be deduced from 
spillway discharge measurements and specific ener-
gy concepts (Henderson, 1966). The turbulence of 
the free falling jet entrains air. The degree of internal 
turbulence experienced by the plunging jet is a func-
tion of the jet issuance conditions and is represented 
by the initial turbulence intensity, Tu (Ervine & 
Falvey, 1987; Ervine et al., 1997). Ski jump and flip-
bucket jets experience mixing during both flow 
down the spillway face and while airborne, which 
results in greater turbulence intensities. All three of 
the BC Hydro dam spillways assessed here consist of 
flip bucket type energy dissipaters. 

The plunging jet geometry is also dependent on 
the issuance velocity, issuance jet thickness, average 
issuance angle, and Froude Number at the terminal 
structure. Jet breakup lengths for the flip-bucket type 

spillways were best represented by Pfister’s (2014) 
relationships for rectangular jets. 

Further energy dissipation occurs when the falling 
jet impacts the relatively stationary plunge pool. 
Ervine & Falvey’s (1987), Bollaert’s (2002), and 
Castillo’s (2006) research show that in an open, flat 
bottomed plunge pool the pressure component can 
be broken down into the mean pressure and the dy-
namic fluctuating pressure. The mean pressure rep-
resents the relatively constant pressure experienced 
in the plunge pool and the dynamic fluctuating pres-
sure represents the amplitude of the pressure changes 
about the mean over time. Coefficients have been 
developed by the researchers to represent the portion 
of the total pressure at the plunge pool surface that 
exists at a given depth. The two coefficients include 
the average dynamic pressure coefficient, Cp, and the 
fluctuating dynamic pressure coefficient, C’p. 

Horizontal energy dissipation occurs as the frayed 
fringes of the jet mix with the stationary water of the 
plunge pool. Additionally, wall jets that develop at 
the rock-water interface transfer energy laterally 
outward at the contact with the plunge pool bottom. 
Bollaert (2002) addressed the issue of horizontal en-
ergy dissipation by developing radial decay coeffi-
cients that represent the proportion of the total pres-
sure at a given depth that is available a distance r 
radially outward from the jet centerline. 

2.2 Erosive resistance of earth material 

Annandale’s EIM (1995) determined that the erodi-
bility of earth materials was dependent on the mate-
rial strength, block or particle size, discontinuity 
conditions and orientations, as outlined in Equation 
1. Here K is the Erodibility index (EI) value, Ms is 
the mass strength number, Kb is the block size num-
ber, Kd is the discontinuity/bond shear strength 
number, and Js is the relative ground structure num-
ber, as defined by Annandale (1995, 2006). 

 (1) 
Figure 1 shows the distribution of the data from An-
nandale’s (1995) analysis and the derived scour 
threshold for various stream powers. The threshold 
stream power necessary to initiate erosion is related 
to the EI (K) value, with unitless K along the x-axis 
and the associated stream power (in kW/m2) along 
the y-axis. The dashed line represents the threshold 
value, separating cases where erosion occurred from 
cases where it did not. The threshold stream power 
necessary to initiate erosion (Pc) is related to K as 
shown in Equations 2 and 3 (Annandale, 1995, 
2006): 

 for K ≤ 0.1 (2) 
  for K > 0.1 (3) 
 



 

 
Figure 1. Erosion threshold relating stream power and Erodibility Index (Annandale 1995, 2006). 
 
3 DAM SITES 

Three dam sites were selected for this analysis, 
based on the availability of data to both a) character-
ize plunge pool materials and spillway discharge and 
b) validate modeling based on existing plunge pool 
surveys. The three sites include Peace Canyon Dam, 
Seven Mile Dam, and W.A.C. Bennett Dam; all sites 
are located within British Columbia and are owned 
and operated by BC Hydro, public energy utility. 
  Peace Canyon (PCN) and W.A.C. Bennett (WAC) 
Dams are located in north-central BC on the Peace 
River. The geologic environment here consists of 
flat-lying, continuous, sedimentary strata dominantly 
of sandstone, shale, and siltstone. Geologic infor-
mation from the two sites indicates a general in-
crease in rock erosive resistance with depth. With 
the exception of a more highly fractured ‘hinge 
zone’ that transects the PCN plunge pool, no major 
structural features are located within the area of in-
terest. Both sites contain flip-bucket type spillway 
structures. The PCN spillway is a six-bay overflow 
spillway located at the approximate tailwater level. 
The WAC spillway is an overflow spillway with a 
long chute that discharges at a spoon-shaped flip 
structure located approximately 76m above the 
tailwater level. Two profiles were selected for mod-
eling at the PCN site: one downstream of spillway 
bays three and four and a second downstream of 
spillway bays five and six. One profile was selected 

for modeling at the WAC site, projecting out at a 
right angle from the terminal structure through the 
deepest surveyed portion of the plunge pool. 

Seven Mile Dam (SEV) is located in southern BC 
on the Pend d’Oreille River near the US-Canada 
border. The geology at this location consists of a tilt-
ed complex metamorphic environment with a wide 
range of materials of varying erosive resistance. No 
mapping was conducted within the plunge pool, so 
the spatial distribution of the materials is unknown. 
The SEV spillway consists of a five-bay overflow 
spillway with a flip-bucket located approximately 
9m above the tailwater level. The model profile for 
this dam site is located downstream of spillway bays 
one and two.  

4 ANALYSIS 

After cross section locations were identified, the 
analysis for each site consisted of five parts: (1) ge-
omechanical model creation; (2) Erodibility Index 
calculations; (3) hydraulic characterization; (4) scour 
assessment with numeric model; and (5) comparison 
of cumulative energy to modeled and surveyed depth 
results. 

4.1 Geomechanical model creation 
Geomechanical characterization of the dam sites was 
largely based on borehole data, geologic data from 



geologic investigation and design reports, foundation 
and abutment geologic maps, and regional geologic 
maps. Engineering geologic (EG) zones were identi-
fied for rock with similar engineering characteristics, 
including UCS, RQD, number of joint sets, joint 
roughness and alteration, and joint set orientation. 
Higher density geologic data naturally led to greater 
subdivision of materials into EG zones. 

4.2 Erodibility Index calculation 
The geomechanical characteristics of each zone and 
Annandale’s EIM were used to assess the threshold 
stream power for each zone, based on Equation 1. EI 
values were assessed based on average rock parame-
ters across an EG zone. To account for radial flow 
away from the jet at the rock-water interface, Js was 
calculated considering flow in the upstream as well 
as downstream direction and the minimum value 
was selected for use in the model. 

The critical stream power values and initial plunge 
pool bathymetry were then used to create a 300mm 
by 300mm array along each plunge pool profile. 
Each array cell was assigned a K value based on the 
EG zone in which the cell was located. Cells located 
above the rock surface were assigned a K value of 
zero. 

4.3 Hydraulic characterization 
Daily spillway discharge and reservoir elevation da-
ta, provided by BC Hydro, were used with spillway 
rating curves to estimate gate height at the spillway 
crest for each day of recorded discharge at each site. 

The flow characteristics at the crest were then used 
with the US Bureau of Reclamation’s PROFILE Wa-
ter Surface Profile Program for Prismatic Channels 
Version 1.10 (not dated) to estimate flow character-
istics at the downstream end of the spillway. PRO-
FILE is based on calculations and programming 
from the Bureau of Reclamation’s Engineering 
Monograph No. 42 (Falvey, 1990) and uses the 
Standard Step Method to compute the supercritical 
water surface profile for a user-defined channel 
shape and slope. Flow characteristics calculated by 
PROFILE were based on simplified spillway profiles 
for each dam site. 

4.4 Numerical scour assessment 
The developed numerical model approximates the 
location of jet impact with the plunge pool and the 
energy dissipation that occurs with depth as the 
submerged jet moves through the water. Figure 2 
shows the simplified numeric model workflow. The 
model uses the velocity and flow depth at the spill-
way terminal structure and the tailwater elevation to 
calculate the jet trajectory, point of impingement 
with the tailwater surface, turbulence intensity, 
break-up length and diameter of the jet at impinge-
ment. The stream power of the jet at plunge pool 
impingement is calculated based on the total dis-
charge from the spillway gates, the jet footprint at 
impingement, and the elevation difference between 
the issuance Energy Grade Line and tailwater eleva-
tions 

 

Figure 2. Numerical model workflow 



Once the jet is submerged, the four pressure coef-
ficients identified by Castillo (2006, 2007) and Bol-
laert (2002) are combined with the stream power at 
impingement to calculate the total stream power,  
Ptotal, for every defined unit area (0.30m x 0.30m) 
within the plunge pool using Equation 4, modified 
from Annandale (2006). Here pjet is the calculated 
stream power at impingement with the plunge pool 
water surface, Y is any plunge pool depth, Bj is the 
jet thickness at impingement, r is any given distance 
from the jet centerline, and rmax is the maximum ra-
dial distance as defined by Bollaert (2002): 

   (4) 
The model compares corresponding EI values and 
total stream power values for each unit area of the 
profile to assess whether the erosive capacity of the 
plunging jet is sufficient to remove the portion of the 
rock mass at each location.  The erosion threshold 
identified by Annandale in Figure 1 represents a sol-
id boundary at which erosion initiates, however in 
reality the threshold is better represented by a region. 
The model, therefore, uses Wibowo et al’s (2005) 
logistic regression, expressed in Equation 5, to as-
sess the probability of scour based on the stream 
power experienced by the rock mass and the erosive 
resistance of the rock mass from Annandale’s EIM. 
Here P(E) is the probability of scour, K is the EI val-
ue, and Ptotal is the stream power experienced by the 
rock. 

(5) 
Probability values range from 0.0 to 1.0, with 0.0 

representing a 0% likelihood of rock removal and 
1.0 represented a 100% likelihood of rock removal. 
The rock mass at any location along the profile with 
a P(E) ≥ 0.50 is assumed to be removed by the pow-
er of the jet. The EI profile within the model is then 
modified such that locations where the probability of 
removal meets or exceeds the 0.50 threshold are re-
placed with null values to signify their removal. 

4.5 Comparison of cumulative energy to scour 
depth 

The modeled scour depths and surveyed scour 
depths were compared to the total energy from 
stream power used to remove rock along the rock-
water interface. Energy was summed over the period 
of record to generate cumulative energy (in mega 
joules). An additional comparison of the difference 
in surveyed versus modeled depth was also conduct-
ed. A total of 21 data points were included in the 
analysis, spread across four sections at the three dam 

sites. Each plunge pool survey provided a depth for 
comparison to the modeled results.  

Goodness of fit was judged based on the Correla-
tion Coefficient (R2 value) and the Standard Error, 
based on the 21-point data set. A detailed analysis of 
the compared results is included in Rock (2015). 

5 RESULTS 

A summary of model results and plunge pool survey 
invert depths are provided in Table 1. Surveyed and 
modeled depths were taken as the deepest point 
along the profile location. Cumulative energy (in 
mega joules) is calculated as the integral, over time, 
of the product of stream power imparted to the rock 
mass that results in rock removal and the duration 
over which the rock is subjected to the stream pow-
er. 

Plots of the surveyed depth, modeled depth, and 
difference between surveyed and modeled depth ver-
sus cumulative energy for the ‘Mean’ and ‘High’ 
erosive resistance cases and the associated best fit 
lines are provided in Figure 3. A quantitative as-
sessment of the goodness of fit of each line of best 
fit is provided in Table 2. 

The results show the smallest difference between 
surveyed and modeled depth occurred at the Peace 
Canyon Dam site. The nature of the various geome-
chanical units and their distribution within the 
plunge pool at this site were better known as com-
pared to the other two dam sites. The difference in 
surveyed and modeled depth at Seven Mile Dam was 
greater, but still a good fit based on the statistical 
analysis of the sites conducted in Rock (2015). The 
greater difference is likely due to the lack of infor-
mation on the distribution of geomechanical units, 
even though abundant geologic information on the 
units was available. The W.A.C. Bennett Dam had a 
greater difference between surveyed and modeled 
depth, likely due to the more complex spillway ge-
ometry and associated hydraulic conditions. 

6 CONCLUSIONS 

The logarithmic nature of the cumulative energy ver-
sus the modeled depth, surveyed depth, and differ-
ence in depth indicates that the rate of scour decreas-
es over time as each plunge pool develops. Due to 
this decrease higher magnitude discharge events are 
required to enact change within the plunge pool, 
based on data for the dam sites with flip bucket type 
energy dissipaters. This result is not unexpected and 
is observed not only in the modeled depths versus 
cumulative energy, but in the surveyed depths versus 
cumulative energy. In addition, the plot between 
depth difference and cumulative energy indicates 
greater variance between modeled and surveyed 
plunge pool depths with larger cumulative energy 



 
Table 1. Cumulative energy imparted to plunge pool by survey date 

  
  

Survey Date Cumulative 
Energy 
(MJ) 

Surveyed Depth 
 

(m) 

Modeled 
Depth 

(m) 

Modeled vs. Surveyed 
Depth Difference* 

(m) 
Peace  
Canyon Dam 
 
Bays 3 & 4 

10/30/1979 - - - - 
4/15/1980 9.27 x 107 12.2 11.3 -0.9 
9/5/1981 2.80 x 108 12.2 11.3 -0.9 

10/1/1983 4.48 x 108 12.2 11.3 -0.9 
10/8/1985 4.86 x 108 12.2 11.3 -0.9 
8/4/1996 2.72 x 109 12.2 14.0 1.8 

6/12/2007 3.38 x 109 13.1 14.0 0.9 
Peace  
Canyon Dam 
 
Bays 5 & 6 

10/30/1979 - -   - - 
4/15/1980 5.55 x 107 6.7 3.4 -3.4 
9/5/1981 1.20 x 108 8.2 3.4 -4.9 

10/1/1983 2.13 x 108 8.2 3.4 -4.9 
8/4/1996 9.04 x 108 8.2 5.2 -3.0 

6/12/2007 1.06 x 109 8.2 6.1 -2.1 
Seven Mile Dam 
 
Bays 1 & 2 

10/30/1979 - -  - - 
12/14/1979 7.33 x 108 7.3 11.6 4.3 

8/1982 8.11 x 109 14.9 27.1 12.2 
9/20/1984 1.09 x 1010 14.9 27.1 12.2 

10/15/1986 1.27 x 1010 14.9 27.1 12.2 
10/1/1988 1.28 x 1010 15.8 27.1 11.3 

11/18/1997 2.68 x 1010 15.8 27.1 11.3 
12/9/2011 3.76 x 1010 15.8 27.1 11.3 

W.A.C. Bennett Dam 6/13/1972 - - - - 
5/19/1973 1.06 x 1010 27.7 38.4 10.7 
8/4/1996 3.37 x 1010 32.0 38.4 6.4 

10/1/2002 3.69 x 1010 32.0 38.4 6.4 
* Depth difference indicative of modeled versus surveyed plunge pool depth; positive values indicate deeper modeled scour as 
compared to surveyed scour; negative values indicate shallower modeled scour as compared to surveyed scour. 
 

 
inputs; as more energy is absorbed within the plunge 
pool and underlying rock material, more uncertainty 
exists within the model. It is encouraging that the 
difference in modeled and surveyed plunge pool 
depth is highly correlated and exhibits a low stand-
ard error estimate  
 
Table 2. Cumulative energy goodness of fit statistics 
Cumulative Energy 
vs. 

R2 Standard Error* 
(m) 

Depth Difference 0.91 2.0 
Surveyed Depth 0.53 5.2 
Modeled Depth 0.90 3.9 
* R2 and standard error values correspond to best fit equations 

provided in figure 3. 

The comparison between the various depth pa-
rameters and cumulative energy introduces a tem-
poral aspect to the analysis. The temporal distribu-
tion of the discharge events plays an important role 
in plunge pool development and merits further study. 

Scour rate and cumulative energy merit further re-
search to assess the strength, significance, and impli-
cations of the relationship between the two. 
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