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‘z EDF Unité de Production Alpes GEH ECRINS-VERCORS

'
%5 CENTRALE

| tasRAGE
S GALERIE DXAMENES
N CONDUITE FORCEE

Scheama de Fameénagement de Pont-en-Royamn

Main characteristics

- 30 m high arch dam

- Bourne River (French Alps)

- Pont-en-Royans (between
Valence and Grenoble)

- Constructed 1947-1950

- Operated by EDF

- Founded on limestone rock

- Central overflow spillway

- Catchment area 246-446 km2

- Karstic behavior during floods

- Original design flood 500 m3/s

- New design flood 720 m3/s

The dam site

1 CENTRALE DE BOURNILLON
2 PRISE D'EAU

3 CENTRALE DE PONT-EN-ROYANS
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- since 1996 : several significant flood events in the catchment area
- Scour formation in plunge pool downstream
- Re-assessment of hydrology at the site since 1948

I > - Assessment of scour potential for NEW DESIGN FLOOD AT THE DAM = 720 m3/s
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- HISTORY

- FUTURE

Prediction of long term hydrology

= 1963 - 2003

separate reporting of historic peak values, GRADEX
use of types of flood events recently recorded
determination of shape /duration historic peak events

accumulation of total flood durations

total hours of overflow per discharge level

1963-2003
Hours Cumul hours Discharge
- - 720
- - 660
5 0-5 550
20 [ 525 450
42 25-67 350
103 67-170 250
210 170-380 200

1963 - 2083 (+ flood events)

Double repetition of past 40 years of events
Addition of several low probability events + design flood
FUTURE total hours of overflow per discharge level

1963-2083
Hours Cumul hours Discharge
0.4 0-0.4 720
2.6 0.4-3 660
25 [ 328 550
75 28-103 450
140 103-243 350
340 243-583 250
660 583-1243 200

Discharge [Im3/s]

800

700

600

500

400

300

200

100

I [
Floods 1963-2083

Accumulation floods 1963-2003 | |

+ Floods 1963-2003

Accumulation floods 1963-2083 | |

50 100 150 200 250 300

Flood durations / total duration accumulation [hours]
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RIGHT BANK SCOUR HOLE

- layering clearly visible but disturbed by scour - layering clearly visible

- complete fracturing of rock into large blocks - dip towards upstream

- angular/cubic shaped blocks ~ 0.5-1.0 m diameter - block thickness ~0.2-0.5m
- progressive destabilization of bank - block length ~1.0m

- rock mass is not resisting to overflows - block width ~0.5-1.0m
- clear signs of recent scour formation - rock fissures are mostly closed

- rock mass seems scour resistant
- no signs of recent scour formation
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- destruction of downstream tailpond dam along right bank

- impact rock blocks d ~ 50-100 cm

- directly related to recent scour formation along right bank

- most probably durign one of the major flood events 1996-2003
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- use of dynamic pressures at plunge pool bottoms

- computation of transient pressures inside rock mass

- resistance of rock joints against fracturing

- computation of net uplift pressures on single rock blocks
- resistance of blocks against uplift and peeling off

o Falling jet impact
o Diffusive 2-phase shear-layer
V,, Dy i
: . o Bottom pressure fluctuations \
Q . 3D . . d l i falling o Progressive joint break-up
uasl- engineering modae P et o 5 55 s
i ynamic ejection blocks
for evaluation of ultimate scour depth @ Pecing off of blocks by walljet >5atllin9
= = = z €
and time evolution of scour formation @ Trensporimounding module
Mechanism  Symbol Functioning Validity Output N \)
Comprehensive progressive break-up area of _ Time _
of existing rock turbulent jet evolution of h Plunge
Fracture CFM . . S
Mechanics joints due to jet impingement  scour ¥  Fodl
impact development oo
sudden vertical area of t )
ejection of rock turbulent jet Ultimate scour N - «
Dynamic DI blocks generated by  impingement  depth Rock
Impulsion pressure differences > Mass
over and under the miodule
block : :
peeling off of area between | f;:“’;c" | J
protruding rock dam and Ultimate scour | !
Quasi-Steady o plates due to wall jet location of depth Y x X
Impulsion generated by turbulent jet
turbulent impingement waljet e wealjet
impingement
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Quasi-steady ejection of blocks: Quasi-Steady Impulsion (QSI) model
Giotal
i Quasi-steady lift force Fg,
' i i\ 2
! i Turbulent Wall jet quasi-steady VX m
] ) ok \ ' _: ::::;S::; stagnation pressures FQSL = (Cjoint - Csurf) Lblock 2
X203 | = ‘I\ N\ d / I:TUL ressures . F sL g
\ sown §!V Zbottom- - J Tg— \ Vizmax 4 e
L }.-r T [ @) v Vam = £ (X, Raoun, V 2ot
e i — - F q
0 X1 X2 )(3 x 0 hdown _ D Tdown
cjoint qtotal
Dynamic ejection blocks: Dynamic Impulsion (DI) model Progressive joint break-up by fatigue: Fracture Mechanics (CFM) model
Atpulse 1141444444444 4444
Impulsion on block | Atputse = I(Fu -F, -G, -F; ) dt=m- Vspuse
0 KT oy
) 2 [N I -
Submerged weight Gy =Y (v, —vu)=X; 25 - (v, ~7w) i
¢-—-o f
1 z iffth (1920) T _a----V\-I__--‘
. . — - —_ . Griffitl
Uplift height of block after pulse P = Ve puiee - AL+ 58 At i (1967, Oy
Paris et al. YA VY
(1961) . a . .
Max. possible uplift height of block after pulse Vapuise =279 hyp stress field stress singularity
y K - K, =f(pressure distribution)
N Cji = L. fij (e) + higher order terms - K, =f(in-situ stress field)
27r - Ky = T (pressurization rate)
Xp ‘ - f (a/W):f f (geometryhﬁssure)lplanar,
— - K, = fracture toughness value
B K| =0 VT f( j : - literature
- tests
f
_ m Grady & Kipp (1980)
ﬁ Aac - j f C S L e H;?mion 8I<p§hao (1991)
N 0 Zhao & Li (2000)
7$EE % Zhao (2000)
i (after Costin & Holcomb 1981) Zhang et al. (2000)
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C, C
C"p, o, C

Fluctuating pressures
at water-rock interface

4—

Propagation and
amplification
of fluctuating pressures
Fractured
rock mass

|| Local stress intensity
— v " Kattip of crack
M -+ propagates the fissure

dL,
dN

cycles at joint end

Number N of stress
Cp .. } —

Stress intensity at joint
end by water pressure

Fracture toughness of
rock mass

DETAIL

Spatially distributed fluctuating pressures
acting on existing rock fissures

N = 1/f .- At

AK, =AP, -F-[r-L;

K .= (0.008 to 0.010)-UCS+(0.054-,)+0.42

>

dN

=C, '(AKI/KIc)mr
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S01

Scour of *1.2 m

e

U
30 40

S07

Scour of 3.2 m

283.2

N —

280.0

50

S04

45

40

35

0.0-0.5 m of scour since

30

25

194071947

Y —————

20

15

10

10 20
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1400 279
1300 Ultimate scour by block uplift !
+ 278
1200 ]
1100 1 277
1000 feeerenrncarnreeeacasacneneneseeasaonensnsnssssnonsnsnrarnres o ——————— ] )
Ultimate scour by block uplift Evolution by fracturing —®» T T — © : ;
~1.9 m (1963-2083)T 276 =
900 1 c
- 1 1]
? 800 ] g
= 1275 5
ED J [
& 700 ] 3
2 | 2724 2
B 600 | ]
3 i &
9 | &
= 500 ] s
+ 273 2
1 ©
400 == Initial rock bed level CENTRE 1 2
® T <
200 A — & - Scour evolution by FRACTURING 1963-2003 1 972 é
* < B
. ’0 ° . eeeee« Ultimate scour by BLOCK UPLIFT 1963-2003 i
200 . |
AN . ¢ o . — & - Scour evolution by FRACTURING 1963-2083 | | 271
. |
100 <eeee+ Ultimate scour by BLOCK UPLIFT 1963-2083 | |
0 # # # # # # 1 270
0 200 400 600 800 1000 1200 1400

Flood duration[h]
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Numerical scour in 2083 (Fracturing)

ACTUAL POOL, floods 1963-2003

FUTURE POOL, floods 1963-2083

~'~eDF

CALIBRATION based on LEFT BANK CALIBRATION based on CENTRE /RIGHT BANK
Q Duration AVER OPT CONS Q Duration AVER OPT CONS
[m%s] [h] [hcumul] [masl] | [masl] [masl] [m%s] [h] [hcumul]] [masl] | [masl] [masl]

- 0 0 2832 | 2832 2832 - 0 0 2832 | 2832 2832
1963- | 500 15 15 282.5 283.2 277.4 1963- | 500 15 15 278.8 283.0 2642
2003 300 100 115 281.6 283.2 277.4 2003 300 100 115 278.7 282.8 263.2
S01 200 265 380 2816 | 2832 2774 | gp7 200 265 380 2785 | 2826  261.1
- 0 0 2832 | 2832 2832 - 0 0 2832 | 2832 2832
1963- | 720 20 20 2821 | 2832 2751 1963- [ 720 20 20 277.0 | 2829  260.2
2083 | 300 400 420 2814 | 2832 2750 2083 | 300 400 420 2767 | 2822  257.0
200 850 1270 281.4 | 2832 2749 200 850 1270 2762 | 2822  251.0

Q Duration AVER () () Q Duration AVER | OPT m

[m%s] [A]  [hcumul] [masl] [m%s] [A]  [hcumul]] [masl] | [masl]

- 0 0 - - - - 0 0 2780 | 2780 2780
1963- | 500 15 15 - - - 1963- | 500 15 15 277.9 278 264.1
2003 | 300 100 115 - - - 2003 | 300 100 115 277.8 278 263.1
200 265 380 - - - 200 265 380 2776 | 2779  257.2
S04 - 0 0 - - - S04 - 0 0 2780 | 2780 2780
1963- [ 720 20 20 - - - 1963- [ 720 20 20 277.0 | 2780  260.2
2083 | 300 400 420 - - - 2083 | 300 400 420 276.7 | 2780  257.0
200 850 1270 - - - 200 850 1270 2762 | 2779  251.0
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ACTUAL POOL, floods 1963-2003

FUTURE POOL, floods 1963-2083

CALIBRATION based on LEFT BANK CALIBRATION based on CENTRE /RIGHT BANK
Q Duration AVER | OPT CONS Q Duration AVER | OPT  CONS
[m%s] [h] [hcumul)] [masl] | [masl] [masl] [m%s] [h] [hcumul]] [masl] | [masl] [masl]
- 0 0 2832 | 2832 2832 - 0 0 2832 | 2832 2832
1963- | 500 15 15 278.3 279.2 276.9 1963- | 500 15 15 278.3 279.2 276.9
2003 300 100 115 278.3 279.2 276.9 2003 300 100 115 278.3 279.2 276.9
s01 200 265 380 2783 | 2192 2169 | gp7 200 265 380 2783 | 2792 2769
- 0 0 283.2 | 2832 2832 - 0 0 2832 | 2832 2832
1963- | 720 20 20 276.4 | 2776 2743 1963- | 720 20 20 2764 | 2776 2743
2083 | 300 400 420 2764 | 2776 2743 2083 | 300 400 420 2764 | 2776 2743
200 850 1270 27164 | 2776 2743 200 850 1270 2764 | 2776 2743
Q Duration AVER Q Duration AVER OPT
[m¥s] [h]  [hcumul] [masl] [m%s] [h]  [hcumul]| [masl] | [masl]
- 0 0 - - - - 0 0 278 278 278
1963- | 500 15 15 - - - 1963- | 500 15 15 278 278 276.9
2003 | 300 100 115 - - - 2003 | 300 100 115 278 278 276.9
200 265 380 - - - 200 265 380 278 278 276.9
S04 - 0 0 - - - S04 - 0 0 278 278 278
1963- | 720 20 20 - - - 1963- | 720 20 20 2164 | 2776 2743
2083 | 300 400 420 - - - 2083 | 300 400 420 2764 | 2776 2743
200 850 1270 - - - 200 850 1270 2164 | 2776 2743
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Elevation (m a.s.l.)

295

293

201

289

287

285

283

281

279

277

275

M=

Scour hole shape in 2083 (centre/right bank) t “'

€DF

—— CFM FRACTURING COMPUTED
------- CFM shape estimate

—— DI BLOCK UPLIFT COMPUTED
------- DI shape estimate

------ QS| REGRESSION COMPUTED

275.3
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o / FINAL POOL SHAPE
w—‘— = CFM + DI + QS
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RMS pressure fluctuations Pressure amplification in fissures

+ —4— Ervine et al. (1997) circular plunging jet

[ — A  Franzetti & Tanda (1987) circular plunging jet

: —®— Franzetti & Tanda (1987) circular submerged jet

0.4 + —— May & Willoughby (1991) rectangular slot plunging jet

- —®— May & Willoughby (1991) rectangular slot submerged jet
[ —-0-- Xu Duo-Ming (1983) circular oblique plunging jet

: = K= Lencastre (1961) rectangular falling jet

0.3 4 - -+- Castillo & Dolz (1989) rectangular falling jet Jia & al. 20

ACt u a I [ circular

Ch [~ plunging jet
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16 +$ m um curve

Q
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0 9 L&
R 12 O oe ’x g
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R 2 ‘_\__
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0.2 qrectangular o I - 'S
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. Quasi no scour formation in center of pool since 1947
e  Along left bank, local scour by 1.0-1.5 m
. Along right bank, scour by several metres, scour process still very active
. Left bank rock mass more resistant than right bank rock mass
. In general, relatively moderate ultimate scour depths
. Ultimate scour following calibration along left bank:
0.0 - 0.2 m (fracturing)
1.6 - 1.9 m (uplift)
. Ultimate scour following calibration along center/right bank:
1.4 - 2.3 m (fracturing)
1.6 - 1.9 m (uplift)
. Scour is valid for decreasing hydrology (computed period starts with design discharge)
. Scour by fracturing is 15-20% less when inversing hydrology; scour by uplift is not affected by inversion of hydrology
. Refinement of hydrological period does not increase ultimate scour depth

e A priorino direct danger to dam stability by scour regression on the long term at Choranche Dam



