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Sediment Bypass Tunnels (SBTs)

Main aim of SBT's:

Outlet structure of the Solis SBT (canton Grisons)

= Route sediments around or through dams

upstream (u)

= Water discharge, Q,,

=== Bedload discharge, Q,

e g

(Videos VAW) - :



Goals of this work

G1. Determine how much sediment and water are released by the SBT to the
downstream reach.

Development of a conceptual framework for the identification of possible
release scenarios

G2. Quantify morphological variations in terms of riverbed and surface grain size
distribution (GSD) in the downstream reach after repeated SBT operations on
both short and long temporal scales.






Sediment Bypass Tunnels (SBTs) — conceptual framework
(functioning scheme)

storage/sedimentation
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1D numerical modeling — simulations setup

simulations performed with |
5 Q. and () delivered by SBT
BASEMENT S |
(www.basement.ethz.ch) ‘
time
L : . S
Simplified Domain geometry and characteristics T
— Solis downstream reach initial GSD ¢

final GSD

‘particle size [mm]

time

Channel Length [m] 10000
Channel width [m] 15
Initial bed slope [-] 0.014
0T a0z 09 00 a0 000

Strickler parameter [m1/3 s-1] 32



1D numerical modeling — boundary and initial conditions

Operational Conditions:

= OC1: SBT bypassing
efficiency eggr = 1.0

= OC2: Alternate sediment-
laden and clear water
releases




1D numerical modeling — results

We study the effects of SBT operations at different time scales:

e
. . \ 10%0p.
= On the long-term = mobile-bed equilibrium \O/

57

50 op.
= On the mid-term - SBT (dam) lifespan S °F

=

= On the short-term - event time-scale
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1D numerical modeling —results at mobile-bed equilibrium \_ :

. 0%op.

S: riverbed slope S
d,: mean geometric size of the surface layer GSD =
S* = non- 0C1 0C2a | 0C2b

S SI SII ' SIII SIvV SI. SIT  SIII SIV SI. SIT : SIII : SIV
dimensional 257 L 2.5 25,
slope, T20) 4w 2.0 2.0
reference S e x ' e
(S,e) is the R R A 1.5] - L5
upstream || 1.0t : : Tk 1.0+ M a otix =t 1.0}

. oile 6« T . o 4 S
reach i 05 0.5 05l® .
0.0——— 0.0 0.0 1
d*g — al’moring 6.5 SI; SIT : SIII SIV SI: SII : SIIT SIV SI. SII SIIT SIV
(rﬁtio 10 ~ 6.0/ 301 3.0
= . [« - |

> unarmored 3@ 25] 2 251 7 4 *
1.0<d,<2.0 S 207 W 2Or a2 e
- mobile ar. *Hm 1.5 Bk % Y * 1.5 1.5 by X y .
dy = 10.7 B S L R
—> static armor

0.0° 0.0 0.0° 1
0.0051.01.52.0253.03.54.0 0.00.51.01.52.02.53.03.54.0 0.00.51.01.52.02.53.03.54.
QF = Quw/Qu.d sBT QY = Qu/Qu.d.sBT Q= Qu/Qu.d,sBT

Q,, = non-dimensional water discharge

Less sediment 2 S"< 1.0,
Riverbed composition—> mobile armor .



1D numerical modeling — results after 50 SBT operations

An: deviatoric riverbed level (elevation difference)

%50 op.
©

dy: mean geometric size OCl1
~distance = 1 km distance = 10 km
= An = An(t =50o0p.) SI SIT SIII. STV 0 SI SIT I STV
Aneq= An(t > 10* op.) §:§? R e
v 02 | w*° L] R R
dg,eq = dg(t > 10% op.) =011 011
q-0.27 ¢ 1 -0.21 : j :
04 g B I
: 0.5 ! 050
= Riverbed level
e 1.0 Jh PR v * 1.0 *
- far from the equilibrium 0l ™ 08] L oeqx "
= Riverbed GSD S061e 061 ¥
- . s : ; :
- close to the equilibrium S04 0.49e
'@ H
0.2 021
0.0 00—
0.00.51.01.52.02.53.03.54.0

Q= Qu/Qu,d,sBT

70.00.51.01.52.02.53.0 3.5 4.0

QY = Qu/Qu,d,sBT
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1D numerical modeling — results at event-scale, GSD hysteresis

Distance: 1km downstream

Run #3, scenario |l, OC1 Run #7, scenario I, OC1 Run #11, scenario IV, OC1
1.05- 1.05 1.05
a b C
1.0 /\ ( ) 1.0 /\ ( ) 1.0 /\ ( )
\

0.9 0.9 - \ 0.9 -

0.85- 0.85- 0.85- \

08 0.25 0.5 0.75 T 085 0.25 0.5 0.75 T 985 0.25 0.5 0.75 1

Qb/@b,peak‘

—e-riging limb -e-falling limb
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Conclusions

= We develop a conceptual framework to predict the amount of volume of water
and sediments release from the SBT.

= At mobile-bed equilibrium:

= S < S, the more water is released { 10%0p.
= Riverbed surface > mobile armor

= After 50 SBT operations:

| @

| " Y,
= Riverbed level far from equilibrium 50 op.
= Riverbed GSD close to equilibrium \é,

= At event-scale:
= Fast reworking of the GSD
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Conclusions and outlook

= Qutlook

= regular morphological and ecological monitoring (effect of the tributaries)
= more experience - keep framework up-to-date, introduce new OCs
= 2D modeling - 2D morphological features (e.g. bars), river habitat modeling
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Reservoir sedimentation — countermeasures

(Auel et al., In Proc. 84" ICOLD Annual meeting, 2016)
PhD Detfense 15 17
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Reservoir sedimentation — countermeasures classification

= CAP/MAS = reservoir volume /
mean annual sediment inflow
volume

= CAP/MAF = reservoir volume /
annual water inflow volume

= Range of application for which
SBTs are most effective

(Annandale, Createspace, 2003)

PhD Defense 15
11.2



Reservoir sedimentation — loss of storage capacity

= More than 53% of the global sediment flux in
regulated basins (28% of all river basins in Level [m a.s.l]
the world) is potentially trapped in reservoirs QB0 :
—> trapping rate = 4-5 billions tons of : ?
sediment per year (Vor6smarty et al., Glob. ;
and Plan. Change, 2003) 810}

820

= At the current rate the global storage 800F o ;

CapaC|ty Wl” be halved by 2050 (lCOLD, 7907 —— 06.1986——— 11.2005 \ ,
F| — 08.1986— 06.2007 1
Tech. Rep., 2009) | ——06.1993—06.2008%
| 780 —— 11.1998——06.2009

= In Switzerland by 2050 around 20% of total | ——11.2001 ,
reservoir capacity will be lost (Schleis et al., 0 0.5 1 1.5 2 2.5 3 3.5
WEL, 2010) Distance [km|

PhD Defense 154
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SBT longitudinal profile

(Auel, PhD Thesis, 2014)
PhD Defense 15 20
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Sediment Bypass Tunnels (SBTs) — intake position

Position of SBTs intake structure:

= at the upstream end of the reservoir
= at the knickpoint of the aggradation body

Other characteristics:

= velocity values range between ca. 7 [m s™]
and 15 [m s™"] (supercritical flow conditions)

= outlet 2 uniform flow conditions
= [ntake - supercritical flow

PhD Defense 15
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SBTs in the world — Switzerland, Japan, Taiwan

PhD Defense 15. 2
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SBTs in the world — France, Ecuador, Iran, Pakistan, USA, South
Africa

PhD Defense 15.
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Schin canyon — morphology

PhD Defense 15.,
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Solis SBT — inlet/outlet structures

PhD Defense 15,
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Solis SBT —reservoir upstream end and intersection with the
Posterior Rhine

PhD Defense 152
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Study site — bathymetric LIDAR surveys at Solis
LIDAR = Light Detection And Ranging

Operator AHM?2 AHM?2
Flight date Oct. 18 Oct. 17
ALSP system VQ820-G VQ880-G
Stripes 16 16

Point Density [pts/m?] 20-30 50-60
ALSP accuracy [cm] 2.5¢ 2.5d
Georeferencing error [cm] 5 5

Stripes alignment error [cm] 6 8

a AirborneHydroMapping GmbH, Innsbruck
b Airborne Laser Scanning

¢at 1 Secchi depth

dat 1.5 Secchi depth

PhD Defense 152
11.2



LIDAR Validation — 2014 Cross-Sections

PhD Defense 15.
11.2



LIDAR Validation — 2014 Cross-Sections

LiDAR level [m
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LIDAR Validation — 2016 Cross-Sections
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LIDAR Validation — 2016 Cross-Sections
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LIDAR Validation — Interpolated 2016 Cross-Sections

0.2 km from SBT outlet
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LIDAR Validation — Interpolated 2016 Cross-Sections

5.5 km from SBT outlet
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Digital Elevation Model (DEM) of Difference (DoD) — Method

= Bathymetric LIDAR data validation over the
whole reach using:
= 2D hydrodynamic modeling (a)
» Return number of measured points (b) and (c)
= Intensity of the measured points (d) and (e)

PhD Defense 15z,
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DoD - Fuzzy Inference System

The &€ | Outnut

INPUTS
requires mf&*ﬁmlon lﬁ @ﬁdﬁ@pog@aphlc data - |

= Steep ark€’§8! low iﬂﬁ/@y]pomt deWsity and z 09 Dsopedee] | INFBRENCE
e SYSTEM
high slop®w Low Average == Melium Type: Mamdani
And Method: Min

—~2high algyation ypsgidNty Low
0 Flgt aregs; high SURVGY point density and low 02

Sope 0 5 10 15 20 25 30 35 40 45 '

i (membershi

slope [deg] ] | OUTP
>how elGEHER uh@Wrtainty 19" L e A It; ------
componentdGraigvatbedinidertaint)gh 2o ) ponedener ol o
collinear vanadalesiwhitighdo not exdvibridgesimple = R - Brtreme
moncfonic rg|ggjonshipdly elevation:ypgegainty g Eoslll |
< = o
> N%deterp'lurhstlc mﬁdgl urr)rg)ssmlg_l h

OOI 01 ('!),2.().3 04 05 06 0.7 0.8
9 High High High o [m].
(c) o [m]
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DoD — Spatial Contiguity Index (SCI)

On a movable 5x5 m window, the SCI
expresses the probability of an elevation change
falling inside the threshold interval to be true,
given the number of surrounding cells being
either in erosion or deposition

probability that change is real

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Spatial Coherent Filter Transform Function

if perc. of cells = 100%
probability = 1

if perc. of cells < 60%
probability = 0

0

10 20 30 40 50 60 70 80 90 100

percent of cells in moving window [%)]

PhD Defense 15z
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DoD — Results

4000

V[m3 |V [m?] [m?] % 3000

6593 12416 5823 £ 2500

U1P1(a) 3085 5959 2874 g 2000

U2P1 (b) 5171 10552 5381 {% 1500

U1P2 (c) 1103 3458 2355 = 1000

U2P2 (d) 3373 8138 4765 500
J2PESel (@) |SHEE | MesD | S %00 30 20 1.0 0 1.0 20 3.0 40

elevation change |m]|
[ ] raw [ erosion ] deposition
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DoD - Results

Erosion and deposition —
patterns with riverbed profile %300

|
|
|
| |
740 |
B N
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0 05 1 15 2 25 3 35 4 45 5 55 6 65 7

distance downstream |[km]
—2014 profile = -Rain Digl Lai - -Grossbach —--Prodavosbach

PhD Defense 15. 38
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DoD - Results

Big deposition upstream due

: 2.7
to sediment transport from the \ Roughly = >4 to 27
- 3 02.
tributary 000 M* -/ ain 1 —
I 15t018
NELE NEIY ] 12to015
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] 06t009
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DoD - Results

Erosion trend in the middle
reach
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DoD - Results

Second depositional reach

00

PhD Defense

on [m]
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DoD - Results

Fourth reach: mixed erosion
and deposition
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1D numerical modeling — Methods
Saint-Venant-Hirano model for mixed-sediment morphodynamics

We try to answer the research question with numerical simulations performed with BASEMENT

= BASEMENT uses the Saint-Venant-Hirano model for mixed-sediment morphodynamics to compute
morphodynamic changes.

= Hydraulics Closure relations
on  dq,, aq 9 (q 1 on = Gauckler-Strickler relation for the
— w w 2 - . . .
7t T ox 0 5 ax< ot 2gh >+gh T g@ friction slope;
Continuity equation Momentum principle . Toro-Esco_bar _et al. (JHR, 1996)
Sedi for the grain size exchange
ediment tran between the substrate and the
=0 Sediment mass continuity (Exner) active Iayer;

6MS . @ = Wilcock and Crowe (JHE, 2003)
) , @ 0 surface-based transport model to
Mass conservation in the AL Mass conservatlon in the substrate compute bed-load transport.

(2Ng + 1) equations FNu vay 134
01.



1D numerical modeling — Methods
Saint-Venant-Hirano model for mixed-sediment morphodynamics

e A
i flow direction : \i
Closure relations: Definitions: | m— (2, 1) Dz, t)
' Nge i :
L, = ngds o0 . | Iy = ) Gb.k :
gs - : .
( A I active layer 10(n—Lg) I
fsk i M—Lg) <0 o, = z .k B R Y L
fI _ < ’ T]:T]—La at k=1 é = __________ 1 __________ -i
k — 0 | layer 1 fskn I
(XFa kT (1 — (X)pb k) oo (T] — La) >0 dp K Ny — La E :======================'|....77.1. ------
" ot Dpr = —— N - . '
bk Qb7 i | layer i fske.i I
(Toro-Escobar et al., JHR, 1996) ’ § :_________==_______==_______==____.!...m .......
X Y | it
5 D e e e e e e e e =yt
: layer n Js.km :
L B S ———
PhD Day 13.



1D numerical modeling — Methods
Surface-based Transport Model by Wilcock and Crowe (JHE, 2003)

Computation of sediment discharge

3 -b
U % Ts d
q ’ —F ’ W, _ *sg < s,k)
bk ak Ag k cl)k Tssrg dS’g
WI: = G(dy) .
( 0.002¢7°, by < 1.35 9 = Agd,,
G(dy) = 0.894\*° — _
(dr) = 1 14 (1 _ 089 ) 4, > 135 Tisrg = 0.021 + 0.015exp( 2@
0
\ 0.67
b

T 1+ exp(1.5 —dyy/dy,)

PhD Day 134
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1D numerical modeling — Methods
Surface-based Transport Model by Wilcock and Crowe (JHE, 2003)

Prediction of the static armor composition

3

*

bk = Fak Ag Wy

WI: = G(dyg)
( 0.002¢7°>, &, < 1.35
G(dy) = A 0.894\*°
@) =114 (1 - ) , =135
k k
7.5b
Db,k Oy, “

F. . =
ak ZNgc 57.5bk
k=1PbkO

* _bk
(I) _ ng (ds,k>
k — _«
Tssrg ds,g
uz
Agds,g

Tsg =
Tosrg = 0.021 + 0.015exp(—20F;)

- 0.67
“T 1+ exp(1.5 — dg i /ds )

b

1346
01.



1D numerical modeling — results at mobile-bed equilibrium
resulting GSD under OC1 and OC3

OCl1
— 100; 100;
X 90- 90-
80 80
60- i
= 50- 501
2 40 40-
o 307 301
O 201 20-
<> 101 10
O, 0- 2 | | | 0- g : | |
0.1 1.0 100 100.0  1000.0 0.1 1.0 10.0 1000  1000.0
particle diameter [mm] particle diameter [mm]

-o-feed o runl =+ run2 -+ run3 < rund rund run6
run? - run® < run9 -+ runlO—+runll—+runl?
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1D numerical modeling — results at mobile-bed equilibrium

Scenario Il, OC2b

An: elevation difference
An=n(t=t")—n(t=0)

ds - mean geometric grain

size of the riverbed surface

- Dynamic situation
- An changes confined

OC2b

Qo

Number of events = 0.0

Hydrograph Boundary Layer (HBL)

(Parker et al., GBR, 2008)

+56¢ 2000 3000 4000 5000 6000 8000 9000 10000
Distance [m]
Ag (t=t*) = = = Ay (t=0)
1 1 1 1 1 1 1 1 ]
0 1000 2000 3000 4000 5000 6000 8000 9000 10000
- — —initiald_ _ =-=-= feedingd_ ——d
5.9 50 54
PhD Defense
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1D numerical modeling — results at mobile-bed equilibrium

HBL present only under OC2 - transport capacity / feeding unbalanced
HBL always confined upstream - less than 2 km from the upstream end
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1D numerical modeling — results after 50 SBT operations, 1 km

distance = 1 km

An = An(t = 50 op.)
Aneq= An(t > 10* op.)

An/Aneq
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Riverbed level - still far from the equilibrium
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1D numerical modeling — results after 50 SBT operations, 10 km

An = An(t = 50 op.)
Aneq= An(t > 10* op.)
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Riverbed level - even farther from the equilibrium
Riverbed GSD — the disturbance has arrived at the end of the domain
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1D numerical modeling — results at mobile-bed equilibrium

Mobile-bed equilibrium
reached under OC2b

Number of events = 0.0
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1D numerical modeling — results at mobile-bed equilibrium

First 50 SBT operation
under OC2b
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1D numerical modeling — results at mobile-bed equilibrium

MObIle-bed eqUIIIbrlum Number of events = 0.0
reached under OC1 o0}
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1D numerical modeling — results at event-scale, sorting waves

scenario II

Run #3, scenario |l, OC1

1.2
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1D numerical modeling — results at event-scale, HBL thresholds

Run 03, scenario Il, OC1
- very small discrepancy between feeding and transport capacity

@ (v
061 0.9 -
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0.5 0
0.1
£ 04 05 .
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1D numerical modeling — results at event-scale, GSD hysteresis

Released sediment volume >> transport capacity volume - cycle not closed

Run #3, scenario |l, OC1 Run #7, scenario I, OC1 Run #11, scenario IV, OC1
1.05- 1.05 1.05
a b C
1.0 /\ ( ) 1.0 /\ ( ) 1.0 /\ ( )
\

0.9 0.9 \ 0.9 -

0.85- 0.85- 0.85- \

08 0.25 0.5 0.75 T 085 0.25 0.5 0.75 T 985 0.25 0.5 0.75 1

Qb/@b,peak:

—e-riging limb -e-falling limb
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1D numerical modeling — results at event-scale, HBL thresholds

Q, variations for SBT scenarios is In
an area where there are huge slope
variations and small GSD variations

Adapted from Parker et al., GBR 2008

PhD Defense 15. 58
11.2



Real case study

e
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Whater Discharge W
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Switzerland: Japan:
10 SBTs 6 SBTS
2 %
Taiwan: j
3 SBTs |+
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Workflow

Q1

Real case study

ey
Dam Ouflets OC1
|
Whater Discharge W
ocz2
. |
Bedload Discharge —

General framework
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Real case study

Q1. Which are the volumes mobilized by two
years of SBT operations at the Solis
SBT and how do they affect river
morphology?

PhD Defense 15¢;
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Study site — Reach of the Albula River

= Location:
downstream of Tiefencastel,
Canton of Grisons, Switzerland

= Albula River:
950 km? drainage basin, 40 km long

= Downstream Reach:
= ca. 7 kmlong
= three main tributaries
= cross-sections surveyed at three locations

(photo M. Facchini, VAW) = ecological survey (eawag) at two locations

PhD Defense 15s,
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Study site — Solis SBT

(courtesy of M. Muller-Hagman, VAW)

Level [m a.s.l.]
830 ]

820
810
800

= Solis SBT:
968 m long, 1.9% slope

= [nflow section:
50 m long, 1% slope

SBT intake position

790; —— 06198 —— 112005 ' = [ntake location:
780 ——06-1093——o06.3008 ,, at the knlck|_oomt of the aggradation body
ol —4fxn _J 1] = Cross-section shape:

0 0.5 1 1.5 2 2.5 3 3.5 horseshoe shape: 4.68 m high, 4.4 m wide

Distance [km]
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Study site — SBT operations at Solis

Bathymetric LIDAR surveys:
October 18, 2014
October 17, 2016

Quw [mg/s]
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—— SBT op. w/ sed —— SBT op. w/o sed - - - LIDAR survey —— Water release rate

o+

+

time

(a) August 13, 2014
30-year return period

(b) June 11, 2016
2-year return period

(c) June 16/17, 2016
10-year return period
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Study site — bathymetric LIDAR surveys at Solis

LIDAR = Light Detection And Ranging
Bathymetric LIDAR - under water points

Operator AHM? AHM?
Flight date Oct. 18 Oct. 17
ALSP system VQ820-G VQ880-G
Point Density [pts/m?] 20-30 50-60
ALSP accuracy [cm] 2.5 2.5

a AirborneHydroMapping GmbH, Innsbruck
b Airborne Laser Scanning

PhD Defense 154
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Digital Elevation Model (DEM) of Difference (DoD) — Method

= LIDAR data post processing to generate a
DEM for each survey + validation

= DEM2016 — DEM2014 = DoD
— volumes + erosion/deposition patterns

= Geomorphic Change Detection (GCD) tool
by J. Wheaton (ESPL, 2010):

= Quantification of single DEM uncertainties
= Uniform error
= Fuzzy Inference System (point density and slope)
= Propagation of single DEM uncertainties into
the DoD
=  Minimum level of detection
= probabilistic representation of uncertainty (Cl)

= Spatial Contiguity Index (SCI)
PhD Defense 154
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DoD — Results

Name Eroded |Deposited | NetV
V[m3 |V [m?] [m?]

6593 12416 5823
UlPl(a) 3085 5959 2874
U2P1 (b) 5171 10552 5381
U1P2 (c) 1103 3458 2355
U2P2 (d) 3373 8138 4765
U2P2SCl (e) 6182 11985 5804
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DoD - Results
Budget segregation (200 m reaches):

= deposition — erosion — deposition in the first 5 km

250
225
200
175
150
125
100

Qu [m°/s]

= possible sediment pulse behavior 10004

+ -
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|._‘ ‘ silin | Ll WS |:
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\, e A S A S S ST A S
fime distance downstream [km]
—— SBT op. w/ sed —— SBT op. w/o sed - - - LiDAR survey —— Water release rate B erosion [l depOSitiOIl """" tributaries
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Conclusions

Q1. Which are the volumes mobilized by two years of SBT operations at the Solis
SBT and how do they affect river morphology?

= Large volumes (2400~5800 m?) of sediment mobilized
= Clear water releases - pulse advection

PhD Defense 154
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1D numerical modeling — results at event-scale

An: deviatoric riverbed level (elevation difference)
NCED: normalized Cumulative Elevation Difference

Pure advection Pure diffusion Mixed behavior

1.01

L
.-
——

distance downstream
— event #1--- event #2 event #3 --- event #4 ---- event #b5

Adapted from Sklar et al., WRR, 28%% Defense



1D numerical modeling — results at event-scale
Scenario Il (SBT design range)

= Clear water releases (OC2a and b) - pulse advection

1
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DoD - Results
Budget segregation (200 m reaches):

= deposition — erosion — deposition in the first 5 km
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1D numerical modeling — results at event-scale

Scenario Il (SBT design range), OC1 —
A < 1.0 = finer unarmored IC  static armored IC (zoomed) static armored IC
;:eq ; distance = 1 km

> 1.0 - coarser 1 I i I 30
x.eq . 808N 0.8 A—A—A—"— | 20{
dy = dy(t =t%), " < 5 op. S o] 0] 10
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event e e S T A
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1D numerical modeling — simulations setup

simulations performed with BASEMENT (www.basement.ethz.ch)
Feeding (reference) GSD:

Water and sediment fed to the channel: : ed. .=
hydrograph and sedimentograph geometric mean size dsq; = 16 mm,
sand percentage = 25%
A - grain classes: 11
= | .:
c s
: >
time
A
a 5
O | ;'
>

time



Conclusions

Q1. How much sediment and water are released by the SBT to the downstream
reach, under different operational conditions?

= Q, and Q, dependent on upstream transport conditions
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Sediment Bypass Tunnels (SBTs) — aims

= Route sediments around or through dams result in

= the reduction of reservoir sedimentation

= the re-establishment of water and sediment continuity
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Outline

Introduction
= Coceptual framework: identification of the possible operational conditions
= Numerical study: riverbed and surface composition adjustments

= Conclusions
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Sediment Bypass Tunnels (SBTs) — research

Research about SBTs

Building materials and technologies (e.g. Muller-Hagmann, 2017 VAW)
Bypassing efficiency (sedimentation reduction) (e.g. Auel et al., 2016 VAW)
Downstream ecological effects (e.g. Martin et al., 2017, EAWAG)

Downstream morphological effects are mostly unexplored
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