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Foreword 

From the Chairperson of the Local Organising Committee of ICOLD 2016 and 
Chairperson of the South African National Committee on Large Dams (SANCOLD) 

 

We are extremely happy that this ICOLD Symposium was staged in South Africa as part of the 
84

th
 ICOLD Annual Meeting held in Johannesburg in May 2016. 

Sunny South Africa is known: 

 for its friendly “rainbow” nation as demonstrated during the highly successful 2010 Soccer 
World Cup event; 

 for its beautiful scenery with the Big Five animals in our National and Private Game Parks, the 
Drakensberg Mountains with its Lesotho Highlands dams and Cape Town with its world 
heritage site Table Mountain; 

 to have 5 030 registered dams of which more than 1 114 are large dams; 

 for contributing significantly since 1965 to ICOLD and Africa regarding development of the art 
and science of dam engineering.  

Our SANCOLD Local Organising Committee worked very hard to ensure that this event was well 
organised, had a high technical content and could provide a forum to experience Africa. 

This Symposium reflects much of local, regional and international experience with dams with an 
emphasis on the developing Africa.  The keen interest we received from authors reflects that the 
subject matter is apt and we hope that these Proceedings together with the delivered Symposium 
Presentations will form a valuable resource for the future of dams throughout the world. 
 
 
 
 

 

Danie Badenhorst 
Chairperson of the Local Organising Committee of ICOLD 2016  

Chairperson of SANCOLD 
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Preface 

 

Not only do many countries in Africa and other developing countries still require major water resources 
and dam engineering development for both water and energy supply but these countries also 
experience problems with proper long term operation and maintenance of their existing infrastructure. 
These problems in many cases lead to unsafe and unsustainable conditions that negatively impacts 
on the surrounding communities as well as the environment. 

To try and mitigate this and share the some of the collective wisdom and knowledge available in the 
larger ICOLD family it was decided have organise an International Symposium titled “Appropriate 
technology to ensure proper Development, Operation and Maintenance of Dams in Developing 
Countries” to address some of these issues, in conjunction with the 84

st
 Annual Meeting of the 

International Commission on Large Dams (ICOLD).  The ICOLD Meeting host, the South African 
National Committee on Large Dams (SANCOLD), organized the Symposium.  

These Proceedings contain papers on 9 different themes. Before the Symposium call for papers, 
8 different themes were identified as appropriate. A number of relevant abstracts that satisfied the 
main theme but that did not necessarily satisfied any of the 8 chosen themes were received and 
subsequently categorised under a theme called “Other”. The 9 themes for the Symposium therefore 
are: 

1) Social and environmental impacts and mitigation measures; 
2) Advances in the rehabilitation of dams and appurtenant works to extend their service life 

including the following: 
a) Improving spillway capacity and flood hydrology determination; 
b) Structural improvements to mitigate the effects of Alkali aggregate reaction, internal 

erosion potential, foundation failure; 
3) Innovative river basin management including the optimisation of the operation of dams; 
4) Reservoir sedimentation and management; 
5) The state of the art of the tailings dams for their complete lifespan; 
6) Strategies for proper surveillance of dams; 
7) Sustainable hydropower development in developing countries; and 
8) Other 

We have received a total number of 333 papers for the Symposium. After the review process 245 
papers from 42 different countries were chosen for publication in the proceedings. Of these 245 
papers, 96 papers from 34 different countries were chosen for oral presentation in 4 parallel sessions 
and another 68 papers from 26 different countries were chosen for poster presentation. 

All papers submitted for the Symposium were subjected to a full process of peer review and the 
proceedings contain only those papers that were accepted following this process. The review of the 
papers was undertaken by the members of the review panel acting independently on one or more 
assigned papers. This invaluable assistance, which has greatly enhanced the quality of the 
Proceedings, is gratefully acknowledged. 

Finally, the editor wishes to thank the authors for their efforts at producing and delivering quality 
papers of appropriate quality and relevance. We trust that the Proceedings will be a valued reference 
for those working in the various fields covered and that it will form a suitable basis for discussion and 
future development and research. 

 

 

Louis C. Hattingh 
Editor 
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ABSTRACT  

The widely used Ogee relationship is one of the most studied hydraulic relationships in the world 
(Savage & Johnson, 2001).  Various attempts were made to accurately describe the shape of the 
lower nappe of water flowing over a sharp-crested weir, known as the Ogee profile.  The current Ogee 
profile relationship was formulated from 2-dimensional hydraulic assessments.  Recent studies, which 
included varying upstream geometry layouts, have indicated that the 2-dimensional approach flow 
conditions may be insufficient and, that 3-dimensional flow should be considered (van Vuuren, et al., 
2011).  An accurate Ogee flow profile is hydraulically efficiency and minimizes the possible occurrence 
of sub-atmospheric pressures on the surface of the spillway.  An asymmetrical and/or skew approach 
channel causes 3-dimensional flow over the Ogee spillway that may contribute to the separation of the 
lower nappe from the surface that was designed with a 2-dimensional flow relationship.     

Based on the results obtained from physical model studies and numerical analyses the VC-Ogee 
relationship was developed to incorporate the upstream 3-dimensional flow conditions.  The VC-Ogee 
relationship utilizes the Hager formula (1987) for the upstream quadrant and the power function of the 
WES profile for the downstream quadrant.  These relationships were extended to include the 
upstream topography, asymmetricity of the approach channel, orientation of flow relative to the 
spillway as well as the curvature of the spillway.  The VC-Ogee relationship, which incorporates the 
influence of 3-dimensional flow conditions, reduces the potential of sub-atmospheric pressures and 
provides a more realistic discharge relationship. 

LIST OF SYMBOLS 
 

A - cross sectional flow area in the approach channel, (m²) 
 - Euler’s mathematical constant (approx. = 2.71828) 

CFD - Computation Fluid Dynamics 
 Ha - velocity head, (mm) 

Hsd - measured water depth upstream relative to the crest, (mm) 
 He - total head (sum of Hd and Ha), (mm) 

Hd - design head of the Ogee spillway, (mm) 
Ho - actual head measured at the Ogee spillway (mm) 
 - number of observations 

SPVD - Sum of the Positive Vertical Differences (mm) 
 - upstream depth of the weir, (m) 

Q - flow rate, (l/s) 
 Tp - turning point (apex position) on the lower nappe of the Ogee profile 

SCW - sharp-crested weir 
 vo - mean velocity in the approach channel, (m/s) 

 - actual elevation of the observed/modelled Ogee profile, (mm) 
 - numerical estimated elevation of the Ogee profile, (mm) 
 - radius of the curvature of the crest, (m) 
 - curvilinear co-ordinate along the crest shape 
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1. INTRODUCTION 

The Ogee profile is one of the most studied hydraulic relationships used for the design of spillways 
(Savage & Johnson, 2001) and due to its high discharge efficiency, the nappe-shaped profile is used 
for most spillway control crests (Khatsuria, 2005).  The Ogee spillway can be divided into three 
regions: the upstream quadrant, the downstream quadrant, and the rear slope.   

Improvements of the Ogee relationship continued throughout the 20th century using physical modelling 
and applying empirical and mathematical curves.  The increased computational resources available in 
the 21st century introduced detailed numerical assessments by means of Computational Fluid 
Dynamics (CFD) modelling.  Data obtained from a detailed physical model study and extensive CFD 
modelling (Van Vuuren & Coetzee (2015a)) provided a qualitative and quantitative comparison of the 
fluid flow over a sharp-crested weir (SCW).  CFD models were extended to incorporate different 
upstream approach channel layout configurations for straight and curved spillways.  The algorithms 
used to solve the 3-dimensional flow regime in the CFD model included turbulent flow -, aeration - and 
cavitation modules.  

2. THEORETICAL CONSIDERATION 

The Ogee spillway relationship (USBR, 1987; Hager, 1987) describes the bottom nappe associated 
with the flow over a sharp-crested weir.  The historical development of the Ogee profile relationship 
based on a singular mathematical function is summarized in Table 1. 

Table 1. Historical development of the Ogee profile relationship (Chanson, 2004) 

Relationship Equation Comment 

Creager 
(1917) 

 For  derived from Bazin’s 
(1888-1898) experiment 

Scimemi 
(1930)  

For  also called WES 
profile (as given by Chanson, 

2004) 

Knapp 
(1960) 

 
 

Continuous spillway profile for 
crest region only (as given by 

Chanson, 2004) 

Hager (1987) 
 

 

Continuous spillway profile with 
continuous curvature radius: 

 

Montes 
(1992) 

 

 

 

 

 

Continuous spillway profile with 
continuous curvature radius  

Lower asymptote: i.e. for 
small values of  

 
Smooth variation between the 

asymptotes 
 

Upper asymptote: i.e. for 
large values of  

 
Note:  x, z -  horizontal and vertical co-ordinates with the dam crest as origin 

z -  measured positive downwards  

If the nappe detaches from the surface of the spillway due to 3-dimensional flow, it may lead to 
cavitation.  This emphasizes the need to incorporate the influence of 3-dimensional flow, and mitigate 
the formation of sub-atmospheric pressure (U.S. Army Corps of Engineers, 2009). 

The existing Ogee relationship only accommodates 2-dimensional flow parameters and fails to 
accommodate the 3-dimensional flow in the upstream approaching channel (van Vuuren, et al., 2011).  
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In this paper, the VC-Ogee relationship, which was developed by including the upstream 3-
dimensional flow conditions, is discussed.  The VC-Ogee relationship applies a uniform smooth sloped 
numerical function for determining the Ogee profile of the spillway.   

3. CFD MODELLING - THE NUMERICAL MODEL 

The results obtained from the physical model described in van Vuuren, et al. (2015) was used to 
calibrate the numerical model, which was setup in the computational fluid dynamics (CFD) software 
package STAR-CCM+ V. 9.06.  The baseline scenario consisted of a symmetrical approach channel 
with the flow being directed perpendicular onto the weir and included symmetrical contraction from 
both sides (Layout A).  A curved spillway and a spillway with an oblique approach channel, both with 
symmetrical side contractions, (Layout B and Layout C, respectively) were also investigated. 

The workflow, adapted for STAR-CCM+ from Ho, et al. (2003), for setting up a CFD model was 
summarized as follows: 

 Create the 3-dimensional flow domain and geometry that represent flow and no flow regions; 
 Select the governing physics equations, fluid properties and method for calculating the 

Reynolds stresses i.e. the turbulence model to be solved (k-ε turbulence model) (turbulent 
kinetic energy dissipation equations); 

 Create a mesh continuum to generate an appropriate solving grid that can be refined where 
high resolution detailed results were required; 

 Define the boundary and initial conditions for the model i.e. mass flow rate through the 
model, upstream head and surface boundary conditions; 

 Initiate the solver to compute the velocities in each cell by using the initial conditions as 
specified or the previous time-step values for all advectives, pressures, and other 
accelerations based on the explicit approximations of the Navier-Stokes equations; 

 Post-process the results to extract the desired information for the design – in this case the 
lower nappe (Ogee profile). 

The software solves the Navier-Stokes equation by the finite difference method.  The volume of fluid 
(VOF) multiphase model is applied to capture the sharp interface of the free surface motion (Hirt & 
Nichols, 1981).  A transient flow analysis was carried out for a period of time until pseudo- steady state 
condition was attained.  This was achieved by inspecting the net mass transfer rate and the residuals 
calculated for the system.   

The 3-dimensional flow domain and geometry of the different layouts are shown in Table 2. 

Table 2. 3-dimensional flow domain and geometry of the Layouts A-C 

Layout A Layout B Layout C 

  
 

A constant weir length of 1 201 mm was used for all the layouts.  The width of the approach channel 
was 3 125 mm and had a total length, measured perpendicular form the inlet of the approach channel 
to the weir, equal to 7 660 mm.  The extended approach channel allowed the formation of a realistic 
upstream approach velocity distribution at the weir.   

Table 3 indicates the principal hydraulic parameters recorded for the different layouts. 
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Table 3. Principal hydraulic parameters recorded for the different layouts 

 Layout  
Parameter A B C Units 

Hsd (Upstream head at SCW) 152.12 148.98 152.32 mm 
Q (Flow rate) 122.20 122.25 121.62 l/s 

A (Cross sectional area of approach channel) 2.56 2.55 2.56 m² 
vo (Mean flow velocity in approach channel) 0.05 0.05 0.05 m/s 

Ha (Upstream energy head) 0.12 0.12 0.12 mm 
He back calc (Total head back calculated) 129.16 129.19 128.75 mm 

Hd back calc (Design head back calculated) 129.04 129.07 128.63 mm 
He (Actual total head) 134.39 131.70 132.68 mm 

Hd (Actual design head) 134.28 131.58 132.56 mm 
ΔHe (Change in total head) +4.052% +1.940% +3.053% - 

ΔCd (Change in discharge coefficient) -5.784% -2.841% -4.411% - 
C’ (Elevation of inflection point) 17.84 17.40 19.76 mm 

P/Hd (Ratio of upstream wall height to the design head) 5.161 5.160 5.178 - 

For each of the layouts, a 2-dimensional Ogee profile was back calculated based on the unit discharge 
over the weir.  The discharge can be estimated by applying Equation 1 to Equation 5 (USBR, 1987; 
Vischer & Hager, 1999): 

  
Equation 1 

With:  Equation 2 

And  Equation 3 

Where: 
  

Equation 4 

And  Equation 5 

The calculated Ogee profile represents the profile for the design head (discharge) and therefore the 
ratio of .  This indicates that the coefficient of discharge (Cd) for the equivalent Ogee spillway will 

be 0.49487 provided that  exceeds 3.  By ensuring that the ratio of  exceeds 3 the velocity 
component in the approach channel will be marginal and .  The head during flow for this 
condition was referred to as the design head ( ) for which the pressures over the Ogee crest profile 
were expected to be atmospheric for the discharge of a 2-dimensional flow layout.   

Previous research by van Vuuren, et al. (2015) has indicated that the existing Ogee relationships, 
based on 2-dimensional flow, were insufficient to accommodate upstream 3-dimensional flow.  Hager 
(1987) has derived a relationship for a continuous Ogee profile based on the compound curve 
formulation by the USBR (1987).  The relationship by Hager shown in Equation 6 was used for a 
transformed coordinate system where  and . 

 valid for  
Equation 6 

With  
Equation 7 

and  
Equation 8 
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By re-arranging and applying numerically manipulation of the Hager (1987) relationship, it can be 
represented as: 

  Equation 9 

The coefficients A and B can be used to manipulate the horizontal and vertical geometry of the Ogee 
profile respectively.  The default values of these coefficients were A = 0.766 and B = 0.3697.  By 
reviewing Equation 9 it is clear that the lognormal-term (ln-term) > 0 defines the vertical 
asymptote.  Depending on the slope of the upstream wall, this term can be used to determine a 
tangent point on the upstream side of the Ogee profile.  This will ensure a smoother transfer of the 
curvature from the upstream wall to the Ogee profile. 

The downstream quadrant of the Ogee profile was defined by using a modified version of the WES 
power function (Equation 10).  This corresponds to the approach followed by the USBR (1987) and 
USACE (1970).  The upstream and downstream quadrants intercepts at  = 0.  This ensures a 
smooth uniform transfer of the curvature without any discontinuities.  

  Equation 10 

The default values for a vertical dam wall for parameters C (used to adjust the curvature of the 
downstream quadrant) and D (magnitude of the profile) were 1.85 and 2 respectively (USBR, 1987). 

The proposed VC-Ogee relationship in the Macaulay notation is reflected in Equation 11: 

for the upstream quadrant

for the downstream quadrant
 

Equation 11 

The four parameters A, B, C & D that denotes the horizontal spread (A), vertical elongation (B), 
curvature (bulging effect) (C) and magnitude (D) of the Ogee profile were altered (increased and/or 
decreased) to provide a profile (VC-Ogee profile) which incorporate the 3-dimensional flow conditions 
and hence will alleviate sub-atmospheric pressures (Table 4).  The values of the parameters to be 
used in the VC-Ogee relationship for future design of these types of spillways are given in Table 5.  
Interpolation between the default parameter set and the different calculated layout parameters are 
recommended for layouts that differ from the layouts that were assessed. 
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Table 4. Exaggerated illustration of the influence of the different parameters 

Parameter A:  
Horizontal 

displacement of an 
upstream quadrant 

Parameter B: 
Vertical displacement 
of upstream quadrant

Parameter C: 
Budging of a 

downstream quadrant 

Parameter D: 
Increase the extent of 

the downstream 
quadrant 

 Existing Ogee profile considering 2-dimensional flow 
 Influence of VC-Ogee parameter to incorporate the effect of 3-dimensional flow 

Table 5. VC-Ogee parameter set for the different layouts 

Layout Parameter A: 
Horizontal 

Parameter B: 
Vertical 

Parameter C: 
Curvature 

Parameter D: 
Magnitude 

Default 2-D flow 0.7660 0.3697 1.850 2.000 
A 0.7725 0.3820 1.825 1.975 
B 0.6000 0.3725 1.850 1.825 
C 0.7800 0.4150 1.850 2.050 

This profile, (as determined by the VC-Ogee relationship) would differ in dimension to that of the 
theoretical Ogee profile that was derived for 2-dimensional flow.  The vertical difference between the 
profiles as determined by the different relationships (USACE and VC-Ogee) was compared with the 
results obtained by the CFD modelling.  To determine the extent of optimally increasing the 2-
dimensional Ogee profile required for accommodating the 3-dimensional flow, a specific parameter 
which can be used to assess the extent of the positive vertical differences between the observed (3-
dimensional CFD modelled) profile and 2-dimensional profile was used.  This parameter is referenced 
to as the SPVD: sum of the positive vertical differences.  In the case where the calculated CFD 
profile was higher than the profile determined by applying the different 2-dimensional ogee 
relationships, this parameter is positive.  All the negative outcomes were discarded because it implied 
that the 2-dimensional relationships provided a conservative (over-designed) profile.  Over-designing 
of the Ogee profile were mitigated by adjusting the VC-Ogee parameters (A, B, C & D) in such a 
manner that the threshold of the SPVD/He ≈< 1% was met.  Equation 12 determined the SPVD 
between the CFD profile and the VC-Ogee profile. 

   Equation 12 

4. RESULTS AND DISCUSSION 

The profile of the lower nappe, perpendicular to the plane of the sharp crested weir, was extracted at 
seven locations along the crest of the SCW.  The SPVD was calculated along the Ogee profile where 
separation from the theoretically approximated profile was the greatest.  The profiles with the greatest 
SPVD were selected to determine the VC-Ogee relationship.  The calculated SPVD for the different 
layouts are given in Table 6 and are graphically presented in Table 7.  The SPVD of the proposed VC-
Ogee profile was significantly lower for all the layouts compared to that determined by the relationship 
based on 2-dimensional flow.  The threshold of ≈1% for the proposed VC-Ogee profile was also met.  
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Table 6. Calculated SPVD and threshold for Layouts A to C 

 Layout  
Relationship Parameter A B C Units 

USACE (1987) 
SPVD 

26.54 13.29 186.94 mm 
VC-Ogee 1.34 1.36 1.19 mm 

USACE (1987) 
Threshold 

20.55% 10.29% 145.20% 
 

VC-Ogee 1.03% 1.05% 0.92% 

The graphs in Table 7 indicated that breakaway would most likely occur on the downstream quadrant 
of the spillway for Layouts A and C.  Likewise, it would be more likely to occur on the upstream side of 
the crest for the curved spillway of Layout B.  All the profiles were under-estimated by the 2-
dimensional Ogee relationships.  The crest of the spillway is located at approximately 35 mm 
measured horizontally along the profile.  The black vertical arrow in each graph in Table 7 reflects this 
position.  By applying the VC-Ogee relationship (Equation 11), which accounts for the effect of 3-
dimensional flow, an improved spillway profile was determined.   

Table 7. Graphical view of SPVD for Layouts A to C 
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The section plots of the profiles for the different layouts are given in Table 8.  From these plots, a 
similar trend can be observed as noted in the plots of the SPVD (Table 7).   

The VC-Ogee relationship has a smooth slope similar to that of the relationships developed by the 
USACE and USBR, but with the added advantage of no discontinuities.  The VC-Ogee relationship 
was also an improvement on the profile of the downstream quadrant suggested by Hager (1987). 

Breakaway from the theoretically estimated profiles are apparent where the observed lower nappe 
extended above the numerically approximated Ogee relationship’s surface.  Breakaway tends to be 
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most severe in the centre of the spillway for Layout A.  The curved weir of Layout B increased the 
occurrence of breakaway at the upstream quadrant of the spillway.  While the oblique approach 
channel of Layout C resulted in the most severe divergence of the lower nappe, which occurred off-
centre to the spillway.  The VC-Ogee relationship, was setup to accommodate a downstream slope of 
the dam wall up to 1:0.8 (V:H) and showed a significant improvement compared to the 2-dimensional 
relationships.  All the discontinuities of compound arcs that were present in the 2-dimensional 
relationships are also eliminated. 

The 3-dimensional flow in the upstream approach channel contributed to a reduction of the discharge 
coefficient.  The recorded head upstream of the spillway was in all cases higher than the theoretically 
estimated head (using Equation 1).  It was also noted that the Tp was under-estimated compared to 
the position for an uncontacted weir approximated by Rajaratnam et al. (1968).  Since the observed 
upstream heads were larger than the theoretical head, an adjustment to the discharge coefficients 
needed to be made.  The adjustment of the discharge coefficients are shown in Table 9. 

Table 8. XZ-plot of the Ogee profiles for the different layouts 

Layout A Layout B Layout C 

   

 

Table 9. Observed head upstream of the weir and adjusted discharge coefficients 

 Scenario  
Parameter A B C Units 

He 134.39 131.70 132.68 mm 
Hd 134.28 131.58 132.56 mm 

Cd USBR 0.49487  
Cd ADJUSTED 0.46625 0.48081 0.47304  

ΔHe 4.052% 1.940% 3.053% - 
ΔCd -5.784% -2.841% -4.411% - 
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5. CONCLUSION AND RECOMMENDATIONS 

The VC-Ogee relationship accommodates upstream 3-dimensional flow regimes.  By using the VC-
Ogee relationship, a safer design was achieved that would reduce the occurrence of sub-atmospheric 
pressures that may contribute to the formation of cavitation damage on the spillway.  The VC-Ogee 
relationship has the added benefit of a smooth curvature with no discontinuities.   

The current formulation of the VC-Ogee relationship (Equation 11) is valid for: 

1.   exceeding 3; 
2. Oblique approach channels of up to 25°; 
3. Curved dam walls with  < 5. 
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