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The Wanapum Dam is located 
in the State of Washington on 
the Columbia River, approxi-

mately four miles downstream 
of I-90 and the town of Vantage 
(Figure 1). The layout for the pro-
ject is shown in Figure 2. Comple-
ted in 1964, the Wanapum develo-
pment consists of an earthen em-
bankment on the left abutment, a 
left gravity section with fi sh faci-
lities, a powerhouse with 10 ge-
neration units, six future unit in-
takes, 12 spillway monoliths with 
large radial gates, a right gravity 
section with fi sh facilities, and 
another earthen embankment on 
the right abutment. 

The discharge facilities for the 
project consist of 12 spillway bays 
with 50-foot (15.3 m) wide by 67-foot 
(20.4 m) high radial gates supported 
by 15 foot (4.6 m) wide piers. At the 
time of construction in the early 1960s 
they were the largest radial gates 
ever installed and the fi rst to utilize 
post tension anchors for the trun-
nion anchorages. The overall length 
of the spillway monolith is 110 feet 
(33.5 m) and the structure includes 
a 69-foot (21.0 m) long apron com-
plete with an end sill. The spillway 
crest is set at El. 505 ft (153.9 m), 
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Le barrage Wanapum se trouve 
sur le fl euve Columbia, dans l’État de 
Washington, à quatre milles en aval de 
l’autoroute I-90 et de la ville de Van-
tage. Ce projet, achevé en 1964, se 
compose d’un endiguement de terre 
sur la culée gauche, d’une culée-poids 
gauche avec des installations pour les 
poissons, d’une centrale avec 10 tur-
bines, six points de prélèvement pour 
des turbines futures, 12 blocs de dé-
versement avec de grandes vannes à 
segment, une culée-poids droite avec 
des installations pour les poissons et 
un autre endiguement de terre sur la 
culée droite.

Conformément aux recommanda-
tions de la FERC, partie 12D sur les 
inspections de sécurité, Hatch Acres a 
reçu le mandat d’examiner le barrage 
Wanapum Dam dans des conditions 
de charge qui comprenaient la crue 
maximale probable (CMP). Un pre-
mier examen des analyses antérieures 
a révélé que les analyses de stabilité 
avaient peut-être sous-estimé les for-
ces de crête.

Les forces hydrodynamiques agis-
sant sur un radier et un déversoir en 
temps de crue viennent du change-
ment de vitesse et de direction de l’eau 
alors qu’elle s’écoule sur le déversoir. 
La plus récente édition des règles de 
la FERC pour les barrages-poids inclut 
une nouvelle méthode d’évaluation 
des forces hydrodynamiques s’exer-
çant sur le déversoir lorsque l’écoule-
ment est supérieur au débit de calcul.

Grâce aux récents progrès de la 
dynamique numérique des fl uides 
(DNF), les modèles numériques offrent 
maintenant une méthode économique 
pour représenter les forces de lame 
déversante pour divers régimes, dont 
la CMP. L’évaluation d’une gamme de 
débits permet de confi rmer les condi-
tions critiques du point de vue de la 
stabilité structurale. Cet article fait état 
des analyses de stabilité effectuées 
pour les blocs de déversement du 
barrage Wanapum sous diverses pres-
sions modélisées par DNF. Il explore 
aussi l’infl uence des hypothèses d’ef-
fi cacité de drain et de sous-pression, y 
compris l’effet de l’arrière-radier.

Above: Figure 2 - Project  Layout

Left: Figure 1  - Project Location
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on the spillway fl ow surfaces under 
design discharge conditions.

The depth of fl ow over the Wa-
napum spillway bays would be sig-
nifi cant during passage of the PMF,  
and it was not immediately clear 
what the pressure distribution on 
the ogee crest would be, or where 
the hydraulic jump would form – 
on or downstream of the apron sill. 
Therefore, previous stability analy-
ses had used a variety of assump-
tions ranging from full water weight 
over the submerged spillway to no 
water weight and 60% of the tailwa-
ter height above the apron to resist 
sliding. This led to a signifi cant vari-
ation in previous study results.

Hydrodynamic forces will begin 
to act on a spillway and apron dur-
ing passage of a fl ood due to the 
change in the speed and direction 
of the water as it passes over the 
spillway. The 2002 FERC engineer-
ing guidelines for gravity dams in-
clude a revision to the manner in 
which nappe forces on the spill-
way are to be evaluated for fl ows 
greater than the design discharge:

“The forces acting on an overfl ow 
dam or spillway section are compli-
cated by steady state hydrodynamic 
effects. Hydrodynamic forces result 
from water changing speed and di-
rection as it fl ows over a spillway. At 
small discharges, nappe forces may 
be neglected in stability analysis; 
however, when the discharge over 
an overfl ow spillway approaches the 
design discharge, nappe forces can 
become signifi cant and should be 
taken into account in the analysis 
of dam stability.”  

Accordingly, the Hatch Acres 
team sought to fully integrate pres-
sure profi le data into the stability 
calculations for the structure. This 
involved the development of a 
two-dimensional CFD model, and 
the application of this model to 
estimate nappe forces on the pro-
fi le. These calculated forces were 
then incorporated into stability 
analyses carried out to check spill-
way stability during passage of the 
PMF. The stability analyses for the 
PMF condition were fi rst carried 
out using a conventional analysis 

and the base of the monolith is at El. 
450 ft (137.2 m). The top of the six-
foot thick apron is at El. 456 ft (139.0 
m) and incorporates a four-foot (1.2 
m) high end sill. Figure 3 shows a 
typical section through the spillway. 

Hatch Acres was retained by Grant 
County PUD No. 2 to complete engi-
neering assignments required as a 
follow-up engineering review after 
the U.S. Federal Energy Regulatory 
Commission (FERC) Part 12 D dam 
safety inspection completed in 2005. 
The FERC regulates and oversees en-
ergy industries including hydroelec-
tric facilities in the US. They address 
economic, environmental, and safety 
interests of the American public. 

One of Hatch Acres’ assignments 
was to confi rm the stability of the 
Wanapum spillway monoliths un-
der a variety of load conditions. 
These load conditions included the 
passage of the Probable Maximum 
Flood (PMF), which is the design 
fl ow for the facility. Initial results 
indicated that previous analyses 
had not fully accounted for possible 
variations in hydrodynamic forces 

Figure 3 - Wanapum Spillway Section
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approach, and secondly by using 
CFD generated nappe forces. The 
results for the two were compared 
and are presented in this article. 

COMPUTATIONAL 
FLUID DYNAMICS 
ASSESSMENT

With the advancements in 
computing power made since 
the 1980s, Computational Fluid 
Dynamics (CFD) analysis has 
emerged as a powerful hydraulics 
design tool. CFD was selected for 
this study to provide additional 
insight into the nature of the pres-
sure distribution over the crest of 
the Wanapum Spillway, and how 
it may vary for full as well as par-
tial gate openings. 

Selected Model - 
FLOW-3D

The FLOW-3D computer model, 
developed by Flow Science In-
corporated of Los Alamos, New 
Mexico was selected for use in 
this study. FLOW-3D has been de-
signed for the treatment of time-
dependent (transient) problems 
in one, two and three dimensions, 
and is based on a solution of the 
complete Navier Stokes equations. 
Because the program is based on 
the fundamental laws of mass, mo-
mentum and energy conservation, 
it is applicable to almost any type 
of fl ow process. For this reason, 
FLOW-3D is often referred to as a 
“general purpose” CFD solver.

One of the major strengths of 
the FLOW-3D program for hydrau-
lic analysis is its ability to accu-
rately model problems involving 

free surface fl ows. An interface be-
tween a gas and a liquid is referred 
to as a free surface. In FLOW-3D, 
free surfaces are modeled with the 
Volume of Fluid (VOF) technique. 
The VOF method consists of three 
ingredients: a scheme to locate the 
surface, an algorithm to track the 
surface as a sharp interface mov-
ing through a computational grid, 
and a means of applying bound-
ary conditions at the surface.

FLOW-3D uses a simple grid of 
rectangular elements so it has the ad-
vantages of ease of generation, regu-
larity for improved numerical accu-
racy, and requires minimal memory 
storage. Geometry is then defi ned 
within the grid by computing the 
fractional face areas and fractional 
volumes of each element that are 
blocked by obstacles. The equations 
of motion are then solved based on 
a fi nite difference technique.

Figure 4 - CFD Model
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CFD Model Setup
Since all 12 spillway bays are of 

an identical size and confi guration, 
a two-dimensional numerical mod-
el representing a unit width of the 
spillway was developed to analyze 
the hydraulic pressure distribution 
over the spillway structure. A sec-
tional model was run in lieu of a 
full three-dimensional simulation 
in order to help minimize overall 
computational effort, and thereby 
allow maximum resolution of the 
computational mesh over the ogee 
section. Three different discharge 
conditions were tested to simu-
late a range of possible hydraulic 
pressures and forces expected on 
the spillway monolith. However, 
only the results of the PMF simula-
tions are presented in this article.

The developed numerical model 
included the Wanapum Dam spill-
way, its stilling basin, and associat-
ed approach and tailrace channels. 
The model extended from a point 
approximately 450 ft (137.2 m) up-
stream of the spillway to a point ap-
proximately 300 ft (91.4 m) down-
stream of the apron sill. Care was 
taken in selecting the upstream and 
downstream boundary conditions of 
the model to ensure that entrance 
condition and approach losses and 
the tailrace water level impacts were 
being reasonably simulated.

Information used in the “con-
struction” of the model was gath-
ered from a number of sources in-
cluding past construction drawings 
and earlier study reports. The fi nal 
physical representation of the spill-
way as a unit “slice” at the center 
of a bay is shown in Figure 4. The 
model was built entirely within Au-
toCAD, and was then imported into 
the numerical model as a stereo-
lithographic (STL) fi le. 

The upstream and downstream 
boundaries for the model were set as 
a prescribed elevation boundary. The 
model then automatically calculates 
fl ows through the spillway based on 
the prescribed boundaries, and the 
spillway geometry. The numerical 
model was run for just over eight 
minutes (prototype time) to simulate 

Figure 5 - Pressure Graph under PMF conditions

Figure 6 - Pressure Contours for PMF (lb/ft2)

Figure 7 - Velocity Contours for PMF (ft/s)
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each scenario. This time frame was 
suffi cient for the model to achieve 
convergence and each run took ap-
proximately 1.5 hours of computer 
time on a 3.2 GHz Pentium 4 work-
station with 2GB of RAM.

The PMF fl ow for the Wanapum 
Dam was previously estimated to be 
1,400,000 cfs (39640 m³/s). During 
the PMF, the gates were assumed to 
be fully open and the powerhouse 
was assumed not to be operating. 
The model was set up based on the 
expected reservoir and tailwater 
levels of 575.0 ft (175.25 m) and 
527.2 ft (160.7 m) respectively.

This scenario simulated passage 
of the PMF event – the design fl ow 
for this facility. It also provided an 
excellent opportunity to compare 
the results of the numerical model 
with those of earlier physical model 
studies conducted prior to its con-
struction in the early 1960s. This 
was an important step as it allowed 
validation of the numerical model’s 
ability to replicate the hydraulic per-
formance of this structure.
 
CFD Model Results

The CFD model was run until a 
steady fl ow was achieved through 
the spillway structure. The fi nal dis-
charge achieved, based on a head-
water elevation of 575 ft (175.25 m), 
was 1,400,000 cfs (39640 m³/s) with 
the tainter gates fully opened. This 
compared exactly with discharge 
estimates provided by the physical 
model studies which were conducted 
prior to the construction of the dam. 
Figure 5 compares the pressure distri-

317482_Kiewit.indd 1 2/2/07 4:24:31 AM

www.thurber.ca

• Water Retention and Tailings Dams

• Dam Safety Reviews and Audits

• Geotechnical Instrumentation

• Laboratory testing for strength, deformation and permeability

• Dam and Canal Rehabilitation

• Calgary    • Edmonton    • Fort McMurray    • Kamloops
• Squamish    • Toronto    • Vancouver     • Victoria

278654_Thurber.indd 1 8/3/06 11:46:36 AM

www.divingservices.net
bmc@divingservices.net

BUS.: 705-742-5817
CELL.: 705-749-7297

FAX: 705-742-0807

DIVING SERVICES
A DIVISION OF 755050 ONTARIO LTD.

CERTIFIED   CONSTRUCTION    MILLWRIGHT - MECHANIC
UNDERWATER PROJECT CONSULTANTS

171 RINK ST., SUITE 140
BRIAN McCRODAN PETERBOROUGH, ON  K9J 2J6



22 Fall 2007

bution over the spillway as determined 
from both the CFD Model and the ear-
lier Physical Model Study. 

 The physical model and CFD analy-
sis appear to have good agreement, 
especially if the physical model study 
results were to be smoothed. The phys-
ical model did not include the defl ector 
or the apron sill. This is refl ected in the 
higher pressures predicted by CFD at 
the defl ector location and the differenc-
es in predicted pressures at the apron 
sill location.

Figure 6 shows pressure contours 
over the spillway and apron for the 
PMF condition, while Figure 7 shows 
the corresponding velocity profi le. As 
shown, the maximum hydrodynamic 
pressure on the spillway monolith 
would be 7,340 lb/ft² (352 kN/m²), at 
a location just upstream of the vertical 
face of the spillway. This is about 6% 
less than hydrostatic pressure with the 
reservoir at elevation 575.0 ft (175.25 
m). Negative pressures would occur 
over a section of the crest extending 
from a point 10 ft (3.0 m) upstream of 
the crest to a point 10 ft (3.0 m) down-
stream. The minimum (negative) pres-
sure was computed to be -556 lb/ft² 
(-27.0 kN/m²), and would occur very 
near to the spillway crest. These CFD 
results under PMF are consistent with 
earlier physical model study tests that 
were performed in 1964. 

Under PMF conditions, the CFD re-
sults showed that although the hydrau-
lic jump would begin to form immedi-
ately downstream of the structure, full 
tailwater would not be established until 
200 to 250 ft (61.0 to 76.0 m) down-
stream of the apron sill. This was con-
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Figure 8 - PMF Load diagram for Conventional Analysis

Figure 9 - PMF Load diagram for CFD Based Analysis 
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sistent with the sectional physical 
model study observations.  

STABILITY ANALYSIS 
RESULTS

Stability under PMF 
Condition

The stability of spillway struc-
tures is often sensitive to nappe 
pressure and tailwater elevation 
assumptions especially under high 
fl ow conditions. When performing 
conventional stability analysis un-
der high fl ow conditions it is typi-
cally assumed that: 
1. Water weight over the spillway 

is negligent because of poten-
tially low or negative pressures 
on the nappe

2. Tailwater is 60% of expected 
height at the base of the spill-
way slope

3. Full tailwater hydrostatic pres-
sure exists downstream of the 
apron establishing the down-
stream uplift pressure on the 
apron. 
The 60% reduction in tailwater 

assumed in conventional analysis 
is intended to account for a pos-
sibility that a hydraulic jump might 
occur over the apron. 

Figure 8 shows the assumed 
forces acting on the monolith for 
a conventional stability analysis. 
Analysis showed that the base of 
the spillway remained in compres-
sion under all cases considered so 
the uplift pressure distribution was 
not effected by crack propagation. 

CFD analysis for the PMF condi-
tion provided estimated pressures 
at one-foot increments across the 
entire spillway crest and apron. 
The CFD pressures were integrated 
across the spillway monolith fl ow 
surface to determine the resultant 
magnitude and location. 

Sliding safety factors were com-
puted for a range of uplift pressures 
below the apron sill. The analysis 
was carried out for uplift pressures 
at the end of the apron varying from 
50% and 100% of expected tailwa-
ter. CFD results indicated pressures 
downstream of the apron would be 

TABLE 1

PMF Condition: SSF for CFD and Conventional Analysis

Apron Sill Uplift CFD Based Analysis Conventional Analysis

1. 60% of Max Tailwater 3.09 2.23

2. Full Maximum Tailwater 2.07 1.39

NOTES:

1. Assumed drain efficiency = 75% and friction angle (phi) = 59 degrees.

TABLE 3

PMF Condition: Minimum Required Phi Values (SSF = 1.3)

Apron Sill Uplift CFD Based Analysis Conventional Analysis

1. 60% of Max Tailwater 35º 45º

2. Full Maximum Tailwater 47º 58º

NOTES:
1. Assumed drain efficiency = 75%.

TABLE 2

PMF Condition: Minimum Required Drain Efficiency (SSF = 1.3)

Apron Sill Uplift CFD Based Analysis Conventional Analysis

1. 60% of Max Tailwater 0 % (2) 27% (3)

2. Full Maximum Tailwater 20% 67%

NOTES:
1. Assumed phi = 59 degrees
2. Minimum SSF = 1.42 with drain efficiency = 0.
3.  Cracking of the base appears to start with drain efficiencies less than 26% for 

conventional analysis.
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approximately 55% of expected tail-
water. Under PMF the CFD results 
showed that although the hydraulic 
jump would begin to form immedi-
ately downstream of the structure, 
full tailwater is not established until 
200 to 250 ft (61.0 to 76.0 m) down-
stream of the apron sill.

Figure 9 shows the assumed pres-
sure distribution on the monolith 
and apron. Hydrostatic pressures 
were applied to the upstream verti-
cal surfaces of the spillway mono-
lith and to the base of the structure 
as uplift. As with the conventional 
analysis, it was determined that the 
entire spillway base remains in com-
pression for the cases considered.

Stability analysis results for the 
spillway monolith alone are present-
ed in Tables 1 through 3. The sliding 
safety factor (SSF) based on the CFD 
analysis was found to be approxi-
mately 40 to 50% higher than the 
sliding safety factor calculated us-
ing the conventional method. Table 
1 shows the SSF assuming that the 
drain effi ciency and friction angle are 
not reduced from the normal operat-
ing condition. If the apron weight, 
hydrodynamic pressure and uplift 
are included the SSF increase could 
be up to 30% higher than the SSF 
computed for the monolith alone. 
This increase is due to the pocket 
of high pressure that develops over 
the apron due to the change in fl ow 
direction. Inclusion of the apron in 
the PMF analysis may be justifi ed 
in the case of Wanapum since the 
base remains in compression and 
the spillway monolith to apron joint 
should remain intact under a high 
fl ow event.

Table 2 shows the mini-
mum drain efficiency required 
to achieve a sl iding safety 
factor of 1.3 assuming the friction 
angle remains the same as under 
normal operating conditions. It is 
interesting to note that the much 
lower drain efficiencies are required 
to meet FERC requirements.

Table 3 shows the minimum phi 
values required to achieve the a slid-
ing safety factor of 1.3 assuming the 
drain efficiency remains the same 
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as under normal operating condi-
tions. Phi values can be significant-
ly reduced from the value assumed 
under normal operating conditions 
and FERC minimum sliding safety 
factor of 1.3 can still be met.

SUMMARY
In summary, spillway nappe pres-

sures were estimated successfully 
using computational fluid dynam-
ics (CFD). Nappe pressures under 
the Probable Maximum Flood (PMF) 
produced a net positive contribution 
to the stability of the spillway mono-
lith. PMF pressures along the ogee 
were slightly negative over 20 ft (6.1 
m) but positive pressures dominat-
ed in the vicinity of the deflector 
and at the base of the spillway. The 
CFD results and model study results 
showed good agreement.

Stability analysis results for the 
PMF based on CFD pressures for 
the Wanapum spillway indicate 
that the conventional stability 
analysis approach may underes-
timate the sliding safety factor by 

40-50% for the monolith alone. 
The authors recommend that CFD 
analysis be more widely used as 
a tool in the stability analysis of 
spillways under PMF and other 
flow conditions. It appears to 
provide an accurate estimate of 
pressures on spillway flow sur-
faces and of tailwater flow con-
ditions and, in some cases, may 
eliminate the need for installation 
of anchors that might be found 
necessary based on conventional 
analysis.  ■
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