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Summary. This paper presents a recommended design procedure for assessment of rock
scour which is illustrated for the case study of Petit-Saut Dam in French Guiana. The
methodology, referred to as a “hydro-geotechnical scour assessment”, promotes a multi-
discipline approach, applying expertise in both rock mechanics and hydraulics, and guides the
diagnosis of scour and response to risk by application of currently available scour assessment
techniques.

1 INTRODUCTION

This paper illustrates the practical application of a “hydro-geotechnical scour assessment”
methodology. This methodology features a sequence of stages which: guide the assembly and
interpretation of available data; give balanced consideration of rock mechanics and hydro-
dynamics using current industry practices; assist with the selection of scour assessment
methodology, and; guide the assessment of, and appropriate response to, risk. The application
of each stage is illustrated for the case study of Petit-Saut Dam, in French Guiana..

2 HYDROGEOTECHNICAL SCOUR ASSESSMENT

A proper assessment of erosion of rock masses must consider both geotechnical and
hydraulic factors. A “hydro-geotechnical scour assessment” is a methodology for assessment
of erosion of rock masses which provides a framework for applying best practice methods in
engineering geology and hydraulics. This methodology is achieved by following the
flowchart in Figure 1, which was prepared for the European Group of ICOLD and the French
Committee on Dams and Reservoirs following a specialist workshop on spillway scour in
Aussois, France, December 2017. The rationale for, and various features of this methodology
is discussed in proceedings from this workshop and also in Pells and Douglas, 2019. This
methodology guides the systematic collation and assessment of data; encourages synthesis of
independent hydraulic and geologic assessments; organizes the currently available scour
assessment technologies into separate strands of analysis, and; guides the appropriate
response to scour through assessment of risk, mitigations strategies and surveillance.
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Figure 1: Flow chart for a “hydro-geotechnical scour assessment”

3 HYDROGEOTECHNICAL SCOUR ASSESSMENT OF PETIT-SAUT DAM

“Petit-Saut” (“little step” in English) is a local name for a zone of rapids over a natural
rock weir caused by an exposed granite intrusion across this Sinnamary River in French
Guiana (5° 3' 45"N, 53° 2' 54"W). The construction of Petit-Saut Dam in February 1995 to
meet local hydroelectricity and water supply demands capitalized on this natural geological
feature.

3.1 Geometry and topology

The primary dam at Petit-Saut is a roller compacted concrete gravity structure, 740 m long
and with crest elevation of 37m NGG and a maximum height 44 m. A photographic overview
of the dam is shown in Figure 2. The dam features four (4) outflow locations (Figure 3):
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NS

Four power plant turbines discharging to the tailrace via a re-oxygenation weir
The bottom outlet which features three gated outlets

A 60m wide free overflow stepped spillway, located on the left bank.

A single 10m wide outlet gate adjacent to the powerplant.

Figure 2: Overview of Petit-Saut Dam (1 July 1995)

Figure 3: Plan view of the dam and outlet structures

The bottom outlet is the focus of this paper. It comprises three gated outlets, with
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numbering convention as shown in Figure 4. Each gated outlet is 7 m width and 6.7 m high.
Flow is controlled by sluice gates — there is an upstream guard gate (usually open) and a
downstream service gate, which is manipulated to control flows. Whereas the power station
discharges are released into a constructed tailrace, flows from the bottom outlet are released to
the right bank of the original river channel. A concrete wall retains earth and rock materials
on the right bank for a distance of approximately 80 metres downstream of the bottom outlet,
as seen in Figure 4.

Figure 4: View of bottom outlet (showing numbering convention) and overflow spillway (1 July
1995)

3.2 Historical performance

Flow releases through the bottom outlet have been made typically in response to seasonal
flooding. There were regular releases between commissioning of the dam and mid-1997.
Large releases in early 2000 corresponded with a large flood at this time. Since 2000 there
have been 8 further flow releases, many of them relatively minor. Releases prior to 2015
favoured Gates 1 and 2, whereas releases since that time have been primarily through Gate 3.

As-constructed ground surveys have not been sourced, but it is assumed that, at
commissioning, the floor of the chute downstream of the bottom outlets was set at
approximately Om NGG, in accordance with designs. Two bathymetric surveys have since
been undertaken, being in November 2014 and November 2017. The bathymetric surveys
were rendered as hillshade rasters in Figure 5 below. Long- and cross-sections through the
bottom outlet are shown in Figures 6 and 7, respectively.
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Figure 5: Hill-shade perspectives of bottom outlet bathymetry, November 2014 and November 2017

The following observations are made:

* The November 2014 survey reveals erosion that has occurred over the 20-year period
since commissioning of the dam. This erosion arose from 12 flood seasons and the flood-of-
record release in 2000.

* A large scour hole has developed, which has a shape that clearly reveals that rock
mass has been removed between persistent subvertical and upstream-dipping joint sets, which
strike perpendicular to the flow direction. The upstream dipping defect-surface is interpreted
to be sheet-jointing. The remaining rock mass has the appearance of fresh granite, and it is
postulated that the scour hole shape reflects the extents of a deeper but localised weathering
zone, as is commonly observed in granitic formations.

» Erosion against the retaining wall has revealed the wall footing, reflecting preferential
operation of Gate 1 prior to 2014 but may also have been facilitated by rock-mass disturbance
from excavation for the wall footing.
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» A npile of loose rubble located at the left bank is visible in the 2014 survey, interpreted
to be derived from erosion extending laterally into the left-hand bank (Figure 8). In the 2017
survey, the rubble adjacent to the left-hand bank was removed with a corresponding accretion
of rubble at the right bank in the 2017 survey. This is considered to be relocation of the same
rubble by circulation patterns following the preferential operation of the left-hand gate
(number 3) since the 2014 survey.

e The large volume of rock mass eroded prior to 2014 must have been transported
downstream. Site photographs show accretion of rocks downstream of the bottom outlet,
which may be the eroded material. This is indicative of movement of large intact rock units,
perhaps weathered core-stones, rather that erosion of the rock substance.

* The erosion profile in Figure 6 follows the decline of the wall footing, which may
indicate the profile of competent rock, as sought and encountered during construction of the
wall.

»  Comparison between the November 2014 and November 2017 surveys indicates that
little additional erosion of the rock mass occurred, despite the occurrence of significant flows.

Figure 6: Long section through bottom outlet, 2014 elevation

Figure 7: Cross-section through bottom outlet looking downstream, 2014 elevation



S.E Pells, F. Al-Qassab, F Weir, A Faivre, T Leturcq and B Blancher

Figure 8: Erosion of the left bank to the bottom outlet (2018)

3.3 Hydraulics

FLOWS3D was used to simulate hydraulic conditions through the bottom outlet. FLOW3D
is a Computational Fluid Dynamics (CFD) code which provides 3-dimensional analysis of
fluid motion by solving the equations governing the conservation of mass, momentum, and
energy including the evaluation of turbulence. The CFD model domain was 100m wide by
300m length, encapsulating the bottom outlet from approximately 100m upstream of the dam
axis to 200m downstream. A global mesh size of 1m was used but was refined to 0.5m within
the outlet and 0.2m around the gates. A “Renormalized Group (RNG)” solution was used for
viscosity evaluation. Four model scenarios were run as summarized in Table 1. Selected
result, showing velocity and flow path tracking, are shown in Figure 9.

Table 1 : Numerical flow scenarios

Scenario Reservoir ~ Topography Gate opening Total
Level discharge
m NGG 1 2 3 m.s?

1 35 As constructed  50% - - 465

2 35 2014 50% - - 465

3 35 2014 - - 50% 465

4 35 2014 100% 100% 100% 3255
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Figure 9: Flow velocity and patterns from CFD modeling

Unit stream power dissipation (ITup) is used in as an index of erosive power in various
erosion assessment methods (a review of various methods is presented in Pells, 2016).
FLOWS3D does not include in-built functions for directly reporting ITup. Representations of
power dissipation were made by post-processing CFD results, including: depth-integrating
turbulent dissipation; the product of mass discharge, density and energy gradient and; as the
product of shear stress and velocity (Figure 10). There were significant differences in values
derived from alternative methods. To obtain estimates of ITup that were compatible with
published erosion assessment methods (which are based on depth-averaged assumptions),
spatial and temporal averaging of the CFD results was required. Discussion of suitable
approaches is presented in Pells et al 2021.
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Figure 10: ITup as product of shear stress and velocity (Scenario 4)

Five different hydraulic domains (HD) were defined as shown in Figure 11. Assessed
hydraulic indices for each HD is presented in Table 2.The following observations are made on
the results from FLOW3D:

* Releases from the Gate 1 with the as-constructed topography show the high-velocity
jet remaining close to the wall and extending over the excavated section without entering a
hydraulic jump. This, along with the possibility of disturbed rock mass adjacent to the
retaining wall toe due to excavation for its footings, may explain the elongated extent of
erosion observed adjacent to the retaining wall.

*  With development of a scour hole, the extent of high velocity flows and high energy
dissipation is shortened, and focused onto the upstream region.

» The locations of peak hydraulic dissipation are similar for flows from the left hand and
right hand gates. The peak hydraulic dissipation extends from the end of the concrete lining
and over the upstream edge of the bed-slope descending into the scour hole.

« At many locations, larger discharges associated with wider gate openings do not
appear to result in higher unit stream power dissipation values, as the energy is dissipated
over a longer distance.
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Figure 11: Interpreted hydraulic domains

Table 2 : Interpreted hydraulic indices for hydraulic domains

Gate  Reservoir Approx. Hydraulic  As constructed bathymetry Eroded bathymetry
opening level discharge  Domains  Velocity Shear JJyp  Velocity Shear TIup
amount per gate stress stress

m NGG m/s m/s kPa  kW/m? m/s kPa kW/m?

50% 35 400 HD1 22.5 3 140 22.5 3to6 140 to 280

HD2 21 2.7 130 22 2t03.5 120to 160
HD3 20 2.5 100 141019 1lto2 40 to 80
HD4 17 2 60 81010 1to 1.5 10to 40
HD5 15 15 40 7108 <1 <20
100% 35 1000 HD1 - - - 24 3to5 140 to 200
HD2 - - - 21 2t03.5 80to 150
HD3 - - - 19 2t02.75 80t0120
HD4 - - - 19 2t03 80 to 120
HD5 - - - 17 1t02.5 40 to 80

3.4 Engineering geology

A conceptual engineering geology model for a granitic rock mass, based on experience in
similar conditions, is summarised in Figure 12. The primary features are:

»  Corestones, rounded boulders of largely unweathered rock in a matrix of weathered
soils. They occur individually or in piles as a result of chemical weathering.

» Sheet joints, which are highly continuous defects that form as a result of stress release.
These joints are more closely spaced near the surface and can extend to depths of greater 60m.
These joints are commonly referred to as “onion skin weathering”.

» lrregular weathering profile, which is related to preferential weathering along joints
(particularly sheet joints) and the development of corestones.

Geological data were compiled from various sources, including regional geological maps
in the public domain and geological reports, site investigations, laboratory measurements,
defect measurements, mapping and photographs taken during construction (eg Figure 13).
Based on these data sources, four key engineering geological units were defined: soils (sandy-
clay laterites); Highly to Moderately Weathered Granite (“HWG”), Weathered Granite

10



S.E Pells, F. Al-Qassab, F Weir, A Faivre, T Leturcq and B Blancher

(“WG”) and Fresh Jointed Granite (“FG”). The interpreted stratigraphy in the spillway,
comprising these geological units, is presented in Figure 14.

Figure 12: Conceptual engineering geology model for a granitic rock mass

Figure 13: Previous mapping and photographs of geology — right wall of outlet

Interpretation of Rock Mass Indices were made for each of the engineering geological
units, selecting those systems previous published as inidcators of erodibility (eg Kirsten
Index, after Kirsten, 1982; Erosion Geological Strength Index (eGSl), after Pells et al 2016,
and; Rock Mass Erodibility Index, after Douglas et al 2018). Interpreted values of eGSI are
presented in Table 2. Detailed description of this Rock Mass Index is presented in Pells et al
2016, but in summary eGSl is calculated as the sum of GSI and eDOA, where GSI is the
Geological Strength Index (after Hoek et al 1995) and eDOA is a Discontinuity Orientation
Adjustment to account for increased erodibility from unfavourable orientation of rock mass
defects.

11
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Table 3 : Interpreted hydraulic indices for hydraulic domains

Parameter HWG WG FG
GSI Geological Strength Index (after Hoek et al 1995) 40 55 65-70
eDOA Discontinuity Adjustment Orientation -9 -3 -2
eGSI Erosion Geological Strength Index 31 52 63-68

Figure 14: Example of interpreted stratigraphy

3.5 Scour domains

Scour domains are regions with common geological and hydraulic conditions. Fifteen
scour domains are defined by to the geological and hydraulic domains above (Table 3).

Table 4 : Interpreted scour domains

Rock type Hydraulic domain

HD1 HD2 HD3 HD4 HD5
HWG HWG-HD1 HWG-HD2 HWG-HD3 HWG-HD4 HWG-HD5
WG WG-HD1 WG-HD2 WG-HD3 WG-HD4 WG-HD5
FG FG-HD1 FG-HD2 FG-HD3 FG-HD4 FG-HD5

3.6 Scour assessment

Comparative scour assessment

Various methods have been published which allow an estimation of scour vulnerability of
a rock mass based on comparison to case studies, where a rock-mass index is used to compare
rock conditions and the unit stream power dissipation is used to compare hydraulic conditions
(van Schalkwyk et al 1994; Annandale 1995; Kirsten et al 2000; Pells et al 2016; Douglas et
al 2018). These methods were applied to assess erosion vulnerability for each of the scour
domains. An example using the eGSI (Pells et al 2016) is presented in Figure 15. Results
from the various comparative methods showed general agreement indicating that previously
present HWG and WG domains would be subject to moderate to large erosion, but the
remaining Fresh granite (FG) domains may experience minor to moderate erosion under
future major spills.

12
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Figure 15: Previous mapping and photographs of geology — right wall of outlet

Analytical scour assessment

Freebody diagrams were used to explore the kinematic stability of selected “blocks” across
the spillway. Figure 16 shows example blocks and their associated stability freebodies,
through incorporation of surface pressures predicted by the CFD model, and interpretation of
the possible propagation of such pressures into defects in a manner similar to experimental
results observed in Pells (2016). The estimated uplift force on Block 1 is exceeded by the
mass of the block suggesting that the block is kinematically stable under mean pressures. For
Block 2 a more tenuous condition is seen, with a restraining force in excess of 148 kN
required from strength of the defects to maintain stability. As hydraulic pressures are subject
to fluctuation, larger pressure pulses potentially apply an impulse into defects, and have the
capacity to displace the block, albeit momentarily. A timescale of gradual dislodging of the
block is thus inferred by the passage of multiple pressure fluctuations over time.

These 2D free-bodies are approximations, but illustrate the perceived nature of erosion: the
current scour hole is considered to be stable against sudden and widespread erosion, but the
persistent fluctuating hydraulic conditions have the potential to incrementally strain blocks,
ultimately allowing liberation of key blocks. This could then trigger further scour in episodes
from time to time.

13
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Figure 16: Example of kinematic analysis of selected blocks

Coupled numerical scour assessment

Methods of coupled finite-element rock mass models and CFD modelling are currently
being developed by the present writers. There was insufficient geological data at Petit-Saut to
support this level of detailed analysis.

3.7 Risk evaluation

The comparative methods and interpreted geology indicate that weathered granite
formations have been rapidly removed, forming a scour hole. The fresh granite that remains
appears to be generally resistant to further erosion, although some risk of erosion could not be
ruled out at the higher energy locations close to the outlet. This erosion is expected to be
episodic in nature.

3.8 Protection measures

Options for hard engineering solutions would require extensive works for access and
dewatering, and hence would be done most effectively at the one time. It was recommended
that a remediation plan is formulated in anticipation of this time. Possible remediation
options are:

»  Dental concrete or underpinning of sections of the retaining wall

» Installation of dowels through the toe of the retaining wall to counteract sliding

» Installation of rock-bolts to tie together the rock mass

» Extension of concrete lining downstream with possible inclusion of flow guides or
dissipator.

14
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Some reduction in the rate of erosion may be achieved by gate operation patterns and
modelling scenarios were examined to find conditions that may minimise energy expenditure.

3.9 Surveillance

Ongoing monitoring of the rock mass downstream of the bottom outlet was recommended.
This would comprise repeated bathymetric surveys after two or three significant flow events.
Surveys should endeavor to assess the extent of undermining of the wall footing.

4 CONCLUSION

The methodology for a “hydro-geological scour assessment” is demonstrated for the case
study of scour at the bottom outlet to Petit-Saut dam, in French Guiana. The methodology
provides a framework for systematic collation and analysis of data, application of available
scour assessment tools, and encourages synthesis of independent geological and hydraulic
analyses.
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