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Abrasion Damage Estimation of Sediment Bypass Tunnels:
Comparison between Swiss and Japanese Formulas

1. Introduction

Abrasion is a wear phenomenon involving progressive
material loss due to hard particles forced against and
moving along a solid surface. In bedrock rivers, abra-
sion is the driving process for bed incision (Sklar and
Dietrich, 2004; Lamb et al., 2008), while in hydraulic
structures such as spillways, weirs, flushing channels
and sediment bypass tunnels abrasion causes severe
damage of the concrete invert surface as shown in
Fig. 1 (Jacobs et al., 2001; Sumi et al., 2004; Auel and
Boes, 2011; Auel 2014; Boes et al., 2014). In general,
abrasive damage can always be expected when particle
bedload transport takes place. Particles are transported
in sliding, rolling or saltation motion depending on the
flow conditions causing grinding, rolling or saltating
impact stress on the bed. According to Sklar and Die-
trich (2001; 2004) the governing process causing
abrasion is saltation, whereas sliding and rolling do
not cause significant wear. A number of models exist
to predict the abrasion rate. While the models for pre-
diction of bedrock incision rate (Sklar and Dietrich,
2004; Lamb et al., 2008) focus on typical flow condi-
tions in river systems in the sub- and low supercritical
flow regime, the others for prediction of abrasion rate
on concrete surfaces (Ishibashi, 1983; Auel et al.,
2015b) have to account for highly supercritical flows.

Fig. 1 Invert abrasion of Palagnedra bypass tunnel, Ticino,

Switzerland (Auel 2014)
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2. Abrasion prediction models

Based on open-channel flow experiments in a labora-
tory flume conducted by Auel (2014) a saltation abra-
sion model applicable for hydraulic structures prone to
supercritical flows was proposed by Auel et al.

(2015b) as:
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where Wim = mean vertical particle impact velocity, Yu
= Young’s Modulus of elasticity, ky = abrasion re-
sistance coefficient, and gs = specific gravimetric bed-
load rate. The number of impacts per unit length | is
defined as the reciprocal value of the particle saltation
length L, as:
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where U« = friction velocity, Vs = particle settling ve-
locity, and Pr = rolling probability. The numerator of
the first term on the right hand side is proposed by
Sklar and Dietrich (2004) and accounts for the mode
shift from saltation to suspension. The rolling proba-
bility Pr and hop length L, for supercritical flows are
given in Auel et al. (2015a). Auel et al. (2015b) found
a correlation of Win to the friction velocity U~ and
proposed Wim = U=. Furthermore, the value k, = 10°
given by Sklar and Dietrich (2004) for bedrock abra-
sion may be applied as well for concrete structures
(Auel et al., 2015b).

A widely applied formula in Japan to predict abrasion
is given by Ishibashi (1983). He conducted
open-channel flow experiments in a 9 m long, 0.2 m
wide and 0.2 m high laboratory flume and proposed
correlations for the particle saltation length L, particle
impact angle yim and impact force Fi. Based on his
findings the abraded invert volume V is calculated as:

Va = ClEk + Cz Ef [mg] [3]



where Ex = total particle Kinetic energy by saltating
particles, Er = total friction energy by grinding parti-
cles, and C; and C, = material property constants
[m?/(kgf)]. The total kinetic energy Ex is given by:

E, =15V, > ENn, [kgf m] [4]

The total friction energy Et is given by:
E, =5513uV, > 7nEN;n, [kgf m] [5]

where Vis = amount of transported sediment [m?], us =
dynamic friction coefficient, Ei = kinetic energy of
single particle, N; = Lp/L = impact frequency with L =
total invert length, and n; = amount of particles per
volume:
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where 4, = 0.4 = air porosity, ps = particle density, and
Mp = 1/6mpsD? = particle mass with D = particle diam-
eter. The single impact energy E; is calculated as:

[kgf m] [7]

where f = auxiliary parameter given as:

p=[250"(D/2)"]
where n; = auxiliary parameter given as:

4
n = 3(k1—+k2) [kgf/m?] [9]

where ki and ko= auxiliary parameter accounting for
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the Young’s modulus and Poisson’s ratio of both the
particle and invert materials, respectively.

3. Conclusions

Herein, the saltation-abrasion model for supercritical
flows developed by Auel et al. (2015b) is compared to
the abrasion model of Ishibashi (1983) applying pro-
totype data from a Japanese sediment bypass tunnel.
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