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Internal erosion — the threat

2005 Katrina — New Orleans — 1,500 2009 Situ Gintung — Jakarta — 100-200
fatalities . fatalities

Fatalities
Rapidity of failure
50% of earth dam failures

76 Teton — a few hours o
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Internal erosion mechanics

* |Internal erosion initiates when the hydraulic
forces imposed by water flowing or seeping
through a water-retaining earth embankment
exceed the ability of the soils in the
embankment and its foundation to resist
them

e Load > Resistance

* Highest hydraulic loads normally occur during
floods



Four internal erosion mechanisms

* Bulletin makes it possible to estimate water
level at which internal erosion will initiate for
the four internal erosion mechanisms:

— Contact erosion

— Concentrated leak erosion
— Suffusion

— Backward erosion



Contact erosion
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Contact erosion — critical hydraulic load
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—_ Coarse soil above fine soil
w Experimental data (Beguin, 2011)
.§, —— Equation (Beguin, 2011) with D15=20mm

= Experimental data (Brauns, 1985)
j, Equation (Brauns, 1985)
é" 0,1 O Experimental data (Hoffmans, 2013)
E =+« « « Equation (Bezuijen, 1987)
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Figure 5.2 Volume 1 ICOLD 164 from Beguin (2011)



Internal erosion:
between hydraulics and soil mechanics

Bed-load transport - Shields dlagram
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Bed-load transport - Hjulstrom diagram
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Hjulstrom, F. "Transportation of Debris by Moving Water." In Recent Marine Sediments. Edited by P. D. Trask,
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https://upload.wikimedia.org/wikipedia/commons/6/60/Hjulstr%C3%B6ms_diagram_en.PNG

Continuous contact erosion - determining
critical Darcy velocity
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Remi Beguin & Pierre Philippe presentations at EWGIE Vienna, 2013



Sinkholes from slow contact erosion at
sub-critical Darcy velocity




Continuous contact erosion at critical Darcy
velocity — rapid failure at CDV+
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Concentrated leak erosion

Cylindrical pipe Vertical transverse crack
— m T = pW fZW
P Pw w 2(H\ +W)L

Compare t applied hydraulic shear stress to hydraulic shear
strength from HET, JET or soil properties given in Bulletin



Concentrated Leak Erosion

Figure 2.2 Examples of possible locations of initiation of internal erosion in concentrated leaks

Open foundation joints /

Vertical crack due to lateral straining

Lateral straining caused by differential settlement

Vertical crack due to desiccation

Vertical crack due to sliding of core along steep
abutment wall with steps (protrusions)

Horizontal cracks due to sliding of core along steep
abutment wall with steps (protrusions)

6 Dam core

O =

(3]

Cracks may be opened/enlarged by hydraulic fracture as water level rises, u>o,



Hydraulic forces causing ‘segregation piping’
Skempton-Brogan (1994)

Fig. 9. Material A: strong general piping of fines (i = 0-22, v = 027 cm/s)

“... for unstable materials, the critical hydraulic gradient could be
roughly 1/3 to 1/5 of the normal threshold of 1.0.”

From J Fannin EWGIE 2010 - Hydraulic gradient



Suffusion

Sand Gravel
Fine |Medium| Coarse | Fine | Medium | Coarse

100

Percentage by weight finer than D

'.I’I i1 _I 1 l L ) = % ‘ .
0-06 0-2 0-6 > 2 6 20 ! lﬁO Fig. 9. Material A: strong general piping of fines (i = 0-22, v = 0-27 cm/s)

Grain size D: mm

Grain size distribution curves of soils in Skempton and Brogan (1994) tests.
Samples A and B were suffusive, C and D were not.
Suffusion in upward flow initiated at critical hydraulic gradien in A

anin B

In non-suffusive samples Cand D, ‘general piping’ occurred at i.~ 1.0



Stability index (H/'F).in
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Hydraulic loads cause suffusion

&
£l 45537

65&——'—“ Sinkhole

@D 445- )

Coarse core fill =
fines eroded out

i 1 [ _ h”"/”' Eroded fines deposited in
filters and rockfill

435

Flgure B-4 - Churchill Falls, Dyke GI-11A Incidont (Seerel

regponse, 1991)

Nota: The figurc is a picterial roprecontation of the
deterioration process at Sta. 15+07



‘Homogeneous’ (unzoned) dams
cannot arrest erosion if it initiates
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Possible locations of contact erosion initiation in homogeneous dam with
layered fill and a coarse foundation soil (Beguin et al, 2009)



Backward erosion
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Figure 4.4 Critical gradient for various F; * F. values and embankment
dimensions.

H, D and L are defined in Figure 2.5.

As an example, for F; * F. =0.100, D/L = 1.0, critical gradient at which backward
erosion will progress to form a pipe back to reservoir is H/L = 0.10.




Backward erosion 2D & 3D

3D — initiates through single openings in
confining layer — often forming sand boils.
Not covered by Bulletin.

Occurs at lower gradient than 2D: higher risk.
A challenge to be addressed — by application
of geophysics, geomorphology and
hydrogeology perhaps.

2D — initiates at ‘free’ continuous
outlet into ditch or where
‘confining layer’ not present.
Formula and diagram (Figure 4.4)
in Volume 1 of Bulletin apply to 2D
situation.

Ref: Van Beek, van Essen, Vandenboer & Bezuijen
(2015) Geotechnique



River morphology

Elevated embankment . ¥
crest height at major ] _¥
roddon intersections
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Backward erosion — rapid failure

Possible slipping caused
by undermining of toe

S . .
. - .'v: edtg :n...n' ’ -1

Fine sand

L] . ‘0‘
.'-'.’:’.’oo P

;II
R PR T TR IR T ST R A58 X -F.'L‘Aif
W Coarse sand

BOILS AT TOE UNDERMINING BANK

North Sea Coastal Dike: failed during 2-3 hour peak of 1953 storm surge

From: Marsland & Cooling (1954) ICE



Hydraulic loads initiate internal erosion

Contact: e
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Critical hydraulic gradient
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H = water level that initiates internal erosion

Fic O Material A - strono ceperal piping of fines (i = 022, v = 0-27 cm/s)




Recommendations to engineers:
Addressing the threat of internal erosion

 |COLD Bulletin 164: mechanics of internal erosion
* New knowledge that can be applied

* To carry out investigations and analyses to estimate
actual hydraulic load (water level) causing internal
erosion failure

 Remediate, if necessary, to provide an acceptable
level of protection to people downstream

 Maintain dam in post-remediation condition,
confirmed by routine surveillance and monitoring

www.icold-cigh.org rodney.bridle@damsafety.co.uk



Conclusions

The four internal erosion processes are
caused by the hydraulic forces imposed by
seepage or flow through soils

The challenge is to estimate the hydraulic

forces causing internal erosion in vulnerable
soils

ICOLD Bulletin 164 collects much current
knowledge, provides guidance for engineers

More to research and learn (e.g. Bridle,
research suggestions, ICSE8, Oxford, 2016)

www.icold-cigb.org rodney.bridle@damsafety.co.uk



