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Corresponding	author:	Stéphane	Bonelli;	E-mail:	stephane.bonelli@inrae.fr	

	

Abstract	

When	a	river	dike	is	built	on	a	sandy	gravel	paleo-valley,	successive	floods	can	induce	internal	

erosion.	This	is	the	subject	of	this	work,	with	a	finite	element	analysis	of	a	river	dike	system.	This	

type	of	 analysis	makes	 it	possible	 to	 find	artesian	and	uplift	 zones	 in	 the	protected	 floodplain,	

which	is	an	element	to	be	integrated	into	flood	hazard	mapping.	The	study	area	is	the	River	Agly		

in	southern	France,	where	numerous	leaks,	sand	boils	and	sinkholes	have	been	observed	along	the	

dikes.	The	aim	is	to	better	understand	the	origin	of	these	surface	signatures,	as	well	as	the	cause	of	

the	presence	of	open-framework	gravel	in	the	subsoil.	A	suffusion	model	for	sandy	gravel	was	used	

to	describe	internal	erosion.	Internal	erosion	effectively	transforms	the	sandy	gravel	into	gravel,	

revealing	 open-framework	 gravel	 zone	 in	 the	 paleo-valley.	 Contact	 erosion	 in	 gravel	 can	 be	

triggered	 by	 suffusion,	 showing	 that	 new	 models	 coupling	 suffusion	 and	 contact	 erosion	 are	

needed	to	model	internal	erosion	in	sandy	gravels.	
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1 Introduction	

Internal	erosion	is	one	of	the	main	physical	processes	leading	to	the	degradation	of	earthen	

dams	 and	 dikes	 (Bonelli,	 2013).	 Erosion	 can	 occur	 in	 the	 body	 of	 the	 embankment	 or	 in	 its	

foundation,	 i.e.	 in	 the	subsoil	beneath	the	embankment.	Subsoils	beneath	river	dikes	and	 in	the	

protected	 floodplain	 can	 be	 particularly	 affected	 by	 internal	 erosion	 processes	 during	 flood	
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periods.	These	phenomena	occur	in	layers	generally	made	up	of	highly	permeable,	coarse-grained	

fluvial	deposits	 formed	by	the	presence	of	paleo-valleys	and	paleo-channels	(Kolb,	1975;	Wolff,	

2002;	 Semmens	 and	 Zhou,	 2019;	 Girolami	 et	 al.,	 2023).	 The	 surface	 manifestation	 of	 these	

underlying	phenomena	generally	takes	the	form	of	leaks,	sand	boils,	and	sinkholes	(Semmens	and	

Zhou,	2019;	Marchi	et	al.,	2021;	Van	et	al.,	2022;	Zwanenburg	et	al.,	2017).	

Among	the	various	physical	processes	involved	in	internal	erosion,	suffusion	is	currently	the	

most	studied,	but	also	the	least	understood	at	all	levels	(Bonelli,	2012):	laboratory	tests,	theoretical	

modelling	and	observations	on	real	hydraulic	infrastructures.	Suffusion	is	caused	by	seepage	flow	

and	 corresponds	 to	 the	 detachment	 and	 transport	 of	 fine	 particles	 through	 the	 pore	 domain	

formed	by	the	coarse	particle	matrix.	

When	the	soil	under	consideration	is	a	sandy	gravel,	suffusion	can	transform	this	bimodal	soil	

into	gravel	alone,	where	the	initial	sand	is	no	longer	present.	In	geomorphology,	a	sandy	gravel	

located	 in	a	paleo-valley	 that	has	 lost	 its	 initial	 sand	 is	 called	open-framework	gravel.	Gravelly	

fluvial	deposits	contain	open-framework	gravel	 in	 the	 form	of	 flat,	 transverse	strata	of	variable	

scale,	generally	overlain	by	and	resting	on	bimodal	sandy	gravels	(Lunt	and	Bridge,	2007).	The	

presence	 of	 open-framework	gravel	 in	 the	 subsoil	 is	 an	 important	 factor	 in	 triggering	 internal	

erosion	and	sinkholes	(Luo	and	Huang,	2020;	Fell	et	al.,	2014).	This	permeable	layer	can	also	lead	

to	the	appearance	of	artesian	zones	and	uplift	zones	in	the	protected	floodplain	during	a	flood,	a	

factor	that	needs	to	be	integrated	into	flood	risk	analysis	and	flood	hazard	mapping	(Julinek	et	al.,	

2020).				

This	paper	deals	with	the	internal	erosion	finite	element	analysis	of	the	subsoil	of	a	river	dike,	

when	 it	 consists	 of	 sandy	 gravel.	 Although	 the	 finite	 element	method	 has	 been	 a	widely	 used	

method	in	engineering	for	a	very	long	time,	it	is	still	very	little	used	to	model	and	analyze	suffusion	

on	 practical	 engineering	 problems	 such	 as	 earth	 dams	 and	 dikes.	 This	 type	 of	 analysis	 is	

particularly	powerful	for	understanding	surface	observations	on	dikes,	such	as	sinkholes	(Yang	et	

al.,	2019),	as	well	as	for	other	hydraulic	infrastructures	(Yang	et	al.,	2022).	In	addition,	the	presence	

of	open	framework	gravel	layers	in	paleo-valeys	is	something	of	a	mystery	that	hasn't	been	fully	

explained	(Lunt	and	Bridge,	2007).	The	possibility	 that	 internal	erosion	could	be	an	element	of	

explanation	has	not	yet	been	explored:	that's	what	we	propose	to	do	here.	

The	 study	area	 covers	 the	Agly	river	dike	 system	 in	 the	southern	France,	where	numerous	

leaks,	sand	boils	and	sinkholes	have	been	observed	(Van	et	al.,	2022;	Zwanenburg	et	al.,	2017).	In	
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the	 work	 by	 Girolami	 et	 al.	 (2023),	 subsurface	 geophysical	 images	 were	 used	 as	 a	 basis	 for	

numerical	modeling	of	Darcy	flows,	showing	that	river	floods	can	induce	internal	erosion	of	sandy	

gravel	by	suffusion.	This	analysis	 is	continued	here	with	a	numerical	model	of	Darcy	 flow	with	

suffusion.	

The	paper	is	organized	as	follows:	Section	2	contains	the	modelling	equations	for	suffusion	in	

sandy	gravel.	Section	3	illustrates	some	of	the	model's	responses	to	imposed	hydraulic	gradients,	

showing	the	main	features	of	the	model.	Section	4	deals	with	finite	element	numerical	modeling	of	

internal	erosion	in	the	subsoil	of	a	river	dike.	Section	5	brings	together	a	series	of	comments	and	

discussions.	Conclusions	are	presented	in	Section	6.	

2 Modelling	suffusion	in	sandy	gravel	

2.1 Modelling	flow	in	porous	media	

The	flow	equations	in	porous	media	are	described	by	the	following	three	equations	

div𝐪 = 0			,			 − 𝐠𝐫𝐚𝐝𝑝 + 𝜌1𝐠 = 𝐟1			,			𝐟1 =
𝜌1𝜈1

𝜅 𝐪	 (1)	

where	𝐪	is	the	seepage	velocity	vector	(m/s),	𝑝	is	the	pore	pressure	(Pa),	𝐠 = −𝑔𝐞7 	is	the	vertical	

gravity	 vector,	𝐟1 	is	 the	 interaction	 vector	 between	 fluid	 and	 solid	 phases,	𝜅 	is	 the	 intrinsic	

permeability	(m2),	𝜌1 	is	the	water	density	(kg/m3),	𝜈1 	is	the	water	kinematic	viscosity	(m2/s),	𝑔	

is	the	gravitational	constant	(m/s2).	

The	first	equation	is	the	mass	balance	equation	of	conservation	for	water	in	a	saturated,	non-

deformable	porous	medium,	with	 incompressible	 flow.	The	 second	equation	 is	 the	momentum	

equation	for	laminar	flow	in	the	pore	domain.	The	third	equation	is	the	constitutive	law	describing	

the	viscous	friction	dissipation	with	Darcy's	law.	

2.2 Description	of	the	sandy	gravel	

Gravel	and	sand	grains	are	of	density	𝜌8	(kg/m3).	The	quantities	that	can	be	directly	measured	

on	a	laboratory	sample	are	the	bulk	(total)	volume	𝑉,	and	the	sand	and	gravel	masses	𝑀;	and	𝑀<.	

The	 solid	 volumes	 of	 gravel	 and	 sand	 particles	 are	𝑉< = 𝑀</𝜌8 	and	𝑉; = 𝑀;/𝜌8 .	 The	 gravel	

porosity	is	𝜙< = 1 − 𝑉</𝑉	and	the	sand	mass	fraction	is	𝑓B = 𝑀;/(𝑀< +𝑀;).	
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The	mixture	is	a	sandy	gravel	(Figure	1).	The	total	volume	𝑉	is	defined	by	the	gravel	matrix,	

which	transmits	 the	 force	chains.	This	gravel	matrix	 is	here	considered	as	non-deformable	and	

non-erodible.	The	sand	is	located	in	the	pore	space	of	the	gravel	matrix.		

The	 transition	 value	 𝑓B∗ 	defines	 the	 gravel-dominated	 domain	 (Figure	 1),	 where	 𝑓B∗	 is	

empirically	set	at	30%	(Prasomsri	et	al.,	2021).	A	sandy	gravel	with	a	fine	fraction	greater	than	𝑓B∗	

lies	in	the	interaction	range	between	gravel	and	sand,	as	far	as	the	transmission	of	force	chains	is	

concerned.	In	this	case,	the	confining	stress	has	an	influence	on	sand	erosion.	For	a	given	stress,	

part	of	the	sand	is	not	erodible:	this	is	the	part	that	transmits	the	chains	of	force	(Wautier	et	et	al.,	

2019).	The	influence	of	stress	state	on	erosion	is	a	complex	subject	(Kuwano	et	al.,	2021),	which	

will	not	be	addressed	here.		

The	 sandy	gravel	 is	 assumed	 to	be	 in	 the	gravel-dominated	domain:	𝑓B < 𝑓B∗ .	 It	 is	 therefore	

assumed	that	all	sand	is	in	a	loose	state	and	does	not	transmit	force	chains.	This	sand	is	considered	

erodible.	Moreover,	when	𝑓B < 𝑓B∗	erosion	occurs	without	any	change	in	volume.	

We	take	𝜑; = 𝑉;/𝑉	to	denote	the	sand	volume	fraction,	which	is	used	here	to	model	suffusion.	

The	porosity	of	sandy	gravel	𝜙	is	then		

𝜙 = 𝜙< − 𝜑;			 (2)	

The	relationship	between	𝑓B 	and	𝜑;	is	as	follows	

𝜑; = (1 − 𝜙<)
𝑓B

1 − 𝑓B
			 (3)	

We	take	𝜑;∗	to	denote	the	value	of	𝜑;	corresponding	to	𝑓B = 𝑓B∗ .	

2.3 Modelling	the	permeability	of	sand-gravel	mixture	

The	specific	permeability	𝜅	(m2)	of	a	sand-gravel	mixture	can	be	quantified	using	the	Kozeny-

Carman	equation,	as	follows	

𝜅(𝜑;) =
𝜙H(𝜑)
𝐶𝑠K(𝜑;)

		 (4)	

where	𝑠	(m2/m3)	is	the	specific	surface	of	the	sandy	gravel,	and	𝐶	is	a	dimensionless	dimensionless	

empirical	constant	that	depends	on	microscopic	parameters,	such	as	grain	shape	and	tortuosity.		

The	sum	of	the	surface	area	of	 	gravel	grains	𝜕𝑉<	and	sand	grains	𝜕𝑉;	gives	pore	domain	surface	

area	𝑆=𝜕𝑉< + 𝜕𝑉;.	The	specific	surface	of	the	sandy	gravel	𝑠 = 𝑆/𝑉	is	

𝑠 =
𝑉<
𝑉
𝜕𝑉<
𝑉<

+
𝑉𝑠
𝑉
𝜕𝑉;
𝑉𝑠
		 (5)	
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Considering	that	gravel	and	sand	are	described	by	spheres	of	diameter	𝑑<	and	𝑑𝑠,	respectively,	the	

specific	surface	of	the	sandy	gravel	can	be	defined	as	follows	(Thies-Weesie	and	Philipse,	1994;	

van	der	Hoef	et	al.,	2005)	

𝑠(𝜑;) = 𝑠< + 𝜑;
6
𝑑;
			,			𝑠< = (1 − 𝜙<)

6
𝑑<
		 (6)	

Eq.	(4)	is	rewritten	as	a	function	of	the	gravel	permeability	𝜅𝑔:	

𝜅(𝜑;) = 𝜅< P
𝜙(𝜑;)
𝜙<

Q
H

R
𝑠<

𝑠(𝜑;)
S
K
			,			𝜅< =

𝜙<H

𝐶𝑠<K
		 (7)	

Eq.	(7)	shows	how	the	sand	volume	fraction	𝜑𝑠	affects	the	permeability	of	the	sandy	gravel	𝜅:	

as	the	porosity	𝜙	increases	and	the	specific	surface	𝑠	decreases	when	the	volume	fraction	of	sand	

𝜑; 	decreases,	 𝜅 	increases	 when	 𝜑; 	decreases.	 Consequently,	 the	 limits	 of	 sandy	 gravel	

permeability	in	the	gravel-dominated	domain	are	as	follows	

𝜅(𝜑;∗) ≤ 𝜅(𝜑;) ≤ 𝜅<		 (8)	

The	hydraulic	conductivity	𝑘	(m/s)	is		

𝑘(𝜑;) =
𝑔
𝜈1 𝜅(𝜑;)		 (9)	

2.4 Modelling	suffusion	in	a	sandy	gravel		

The	erosion	law	chosen	is	a	linear	threshold	law	as	a	function	of	velocity	(Vardoulakis	et	al.,	

1996)	

𝜑̇; = −𝜆𝜑;max(0, ||𝐪|| 	− 𝑞B)				 (10)	

where	𝑞B 	(m/s)	is	the	critical	velocity	(erosion	threshold)	and	𝜆	(m-1)	is	the	erosion	coefficient.		

The	presence	of	𝜑;	as	a	factor	ensures	consistency:	the	stock	of	erodible	material	is	finite.	This	

factor	 ensures	 that	𝜑; ,	which	 can	only	 decrease,	 remains	positive,	 and	 that	 there	 is	 no	 further	

erosion	when	𝜑; = 0.	

Determining	the	erosion	parameter	𝜆	remains	a	totally	open	question:	at	this	stage	it	is	purely	

empirical.	 Critical	 velocity	 can	 be	 evaluated	 by	 correlation	 with	 hydraulic	 conductivity	 (Côté,	

2010):	

𝑞B(𝜑;) = 𝛽𝜙(𝜑;) P
𝑘(𝜑;)
𝑘^_`

Q
a

				 (11)	

where	𝛽 	(m/s)	 and	𝑛	(dimensionless)	 are	 two	 empirical	 dimensionless	 constants,	 and	𝑘^_` = 1	

m/s.	Since	𝜙	and	𝑘	increase	as	the	sand	fraction	𝜑;	decreases,	𝑞B 	increases	as	𝜑;	decreases.	
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	Gravel	has	a	high	hydraulic	conductivity	and	the	gravel/sand	particle	size	ratio	𝑑</𝑑;	is	large.	

For	these	reasons,	and	for	the	sake	of	simplification,	clogging	phenomena	are	unlikely	(Chen	et	al.,	

2024;	Wautier	et	al.,	2017),	and	the	transport	and	deposition	of	eroded	sand	are	not	modeled.	

The	 hydraulic	 gradient	 is	 𝑖 = 𝐠𝐫𝐚𝐝𝐻 	where	𝐻 = 𝑧 + 𝑝/𝛾1 	is	 the	 hydraulic	 head	 (m),	 with	

𝛾1 = 𝜌1𝑔.	The	critical	hydraulic	gradient	𝑖B 	(erosion	threshold)	is	therefore	𝑖B = 𝑘gh𝑞B.	

3 Suffusion	modelling	on	a	homogeneous	evolution	

Input	data	values	are	shown	in	Table	1.	Values	of	sandy	gravel	parameter	as	a	function	of	sand	

fraction	are	shown	in	Table	2.	We	take	𝜑;i	to	denote	the	initial	sand	volume	fraction	corresponding	

to	𝑓Bi	via	Eq.(3).	

The	 influence	of	 the	 sand	 fraction	 	 in	 the	 sandy	gravel	domain	on	hydraulic	 conductivity	𝑘	

Eq.(9),	critical	velocity	𝑞B 	Eq.(11),	and	critical	hydraulic	gradient	𝑖B 	is	 illustrated	 in	Figure	2,	 for	

several	values	of	gravel	diameter	𝑑<.	Variations	in	𝑘	cover	more	than	four	orders	of	magnitude	in	

Figure	 2(a).	 Figure	 2(b)	 shows	 that	𝑞B 	increases	 as	𝑓B 	decreases,	 by	 more	 than	 two	 orders	 of	

magnitude.	Figure	2(c)	shows	that	𝑖B 	decreases	as	𝑓𝑐	decreases,	by	one	order	of	magnitude,	from	

0.02	to	0.12	when	diameter	𝑑< = 2	mm.	Figure	2(c)	shows	that	when	then	hydraulic	gradient	is	

constant	and	erosion	is	triggered,	it	does	not	stop	and	continues	until	𝜑𝑠 = 0,	i.e.	when	all	the	sand	

has	been	eroded.	

The	situation	encountered	on	dams	and	dikes	corresponds	to	 imposed	hydraulic	gradients.	

The	 results	 given	 by	 the	 erosion	 law	 Eq.(9)	 for	 different	 imposed	 hydraulic	 gradients	 are	

illustrated	 in	 Figures	 3	 and	 4.	 The	 loading	 shown	 in	 Figure	 3(a)	 corresponds	 to	 five	 stages	 of	

increasing	 hydraulic	 gradient,	 each	 lasting	 30	 min	 (a	 total	 of	 150	 mn).	 This	 type	 of	 loading	

corresponds	 to	 that	 used	 in	 the	 laboratory.	 The	 initial	 value	 of	 the	 sand	 content	 is	𝑓;i = 15	%	

(Table	1):	we	are	well	within	the	range	of	gravel-dominated.	Results	are	shown	in	Figure	3	for	

several	values	of	the	erosion	coefficient	𝜆.	Initial	and	final	values	of	𝜑𝑠, 𝑓𝑐, 𝜙, 𝜅, 𝑘, 𝑞B 	and	𝑖B	are	shown	

in	Table	3.	The	critical	hydraulic	gradient	𝑖B	decreases	from	0.05	to	0.02	(Figure	3(b).	The	critical	

velocity	𝑞B 	increases	from	4.3 × 10gq	to	4.1 × 10gr	m/s	(Figure	3(d)).	The	hydraulic	conductivity	

𝑘	increases	 from	7.8 × 10gr	to	1.9 × 10gK	m/s	(Figure	3(e)).	These	are	the	orders	of	magnitude	

observed	during	laboratory	suffusion	tests	on	a	similar	gap-graded	soil	(Gelet	and	Marot,	2022;	

Marot	et	al.,	2024).	The	𝑞B 	values	in	Figure	3(d)	and	Table	2	are	lower	than	the	low	correlation	
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values	of	Cote	(2010)	(𝑣B = 0.126𝑘i.qwx	with	𝑣B = 𝑞B/𝜙	and	𝑘	in	cm/s),	with	a	coefficient	of	0.64.	

The	𝛽	value	(Table	1)	was	determined	in	order	to	obtain	critical	gradients	(here	between	0.02	and	

0.05)	of	the	same	order	of	magnitude	as	the	horizontal	critical	gradient	of	0.02	mentioned	by	USBR	

(2019)	 on	 Mississippi	 levees.	 The	 gravely	 sand	 corresponding	 to	 Table	 1	 is	 therefore	 highly	

erodible.	

The	 initial	 mass	 of	 sand	 per	 unit	 volume	 is	𝜌;𝜑;i = 302.10 	kg/m3.	 This	 is	 the	 maximum	

asymptotic	value	reached	by	the	cumulative	eroded	sand	mass	per	unit	volume	𝜇_^(𝑡) = 𝜌;(𝜑;i −

𝜑;(𝑡))	in	Figure	3(f).	Compared	to	what	is	observed	in	the	laboratory	(Deng	et	al.,	2023;	Ke	and	

Takahashi,	2014;	Gelet	and	Marot,	2022;	Liu	et	al.,	2021;	Marot	et	al,	2024),	this	result	corresponds	

to	a	soil	that	erodes	rapidly.	The	suffusion	kinetics	is	driven	by	the	erosion	coefficient	lambda	𝜆.	

The	value	𝜆 = 0.5	m-1	in	Table	1	therefore	corresponds	to	rapid	kinetics.	

In	Figure	4(a),	the	imposed	hydraulic	gradient	is	triangular,	with	four	maximum	values,	over	a	

total	duration	of	2700	min	(45	h).	This	corresponds	to	a	simplified	description	of	the	hydraulics	

encountered	under	a	dike	during	a	flood.	The	cumulative	eroded	sand	mass	per	unit	volume	𝜇_^ 	is	

reported	in	Figure	4(b).	For	this	highly	erodible	and	rapidly	eroding	soil,	all	of	the	sand	is	eroded	

from	 the	 first	upward	 ramp	of	 the	 hydraulic	 loading.	 This	observation	will	 be	 useful	 to	 better	

analyze	the	results	of	a	succession	of	floods	on	a	dike.	

4 Modelling	suffusion	in	the	subsoil	of	a	river	dike	

4.1 Description	of	the	two-dimensional	model	

The	study	area	covers	the	Agly	River	dike	system	located	in	southern	France,	where	numerous	

leaks,	sand	boils	and	sinkholes	have	been	observed	(Zwanenburg	et	al.,	2017;	Van	et	al.,	2022).	In	

the	work	of	Girolami	et	al.	(2023),	core	analysis	show	that	the	subsoil	is	composed	of	a	layer	of	

sandy	gravel	underlain	by	low	permeability	sandy	silt.	Geophysical	measurements	reveal	a	non-

tabular	 geometry	 of	 the	 interface	 between	 permeable	 soil	 and	 low-permeable	 soils	 at	 depth	

(Figure	5).	Under	the	dike,	the	permeable	layer	is	around	ten	meters	thick,	which	corresponds	to	

the	paleo-valleys.	Under	the	protected	floodplain,	the	thickness	of	the	permeable	layer	is	less	than	

one	meter:	this	corresponds	to	a	paleo-channel.	On	the	surface,	a	layer	of	low-permeability	topsoil	

covers	this	permeable	layer.	
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In	 order	 to	 demonstrate	 the	 influence	 of	 this	 geometry	 on	 the	 internal	 erosion	 of	 the	 soil	

supporting	 the	 dike,	 a	 finite	 element	 analysis	 is	 undertaken.	 This	 modeling	 does	 not	 aim	 to	

quantitatively	reproduce	all	measurements	and	observations.	Rather,	it	aims	to	better	understand	

why	sand	boils	and	sinkholes	have	been	observed	near	the	dike,	or	a	few	meters	or	a	few	dozen	

meters	 from	 it.	 To	 achieve	 this,	 the	model	 integrates	 a	 certain	 number	 of	 elementary	 physical	

processes	 considered	 important,	 on	 a	 simplified	 two-dimensional	 geometry	 derived	 from	

geophysical	images	(Figures	5	and	6).	

The	geometry	extends	horizontally	for	400	m	from	the	dike	toe,	and	100	m	in	depth	from	the	

surface.	The	dike	is	2	m	high.	On	the	river	side,	the	width	between	the	dikes	is	approximately	60	m	

wide:	assuming	infiltration	symmetry,	half	(30	m)	is	modeled.	The	material	parameters	for	sandy	

gravel	are	those	given	in	Table	1.	The	four	types	of	soil	and	their	hydraulic	conductivity	are	shown	

in	Figure	5	and	given	in	Table	3.		

The	 finite	 element	 mesh	 and	 the	 boundary	 conditions	 are	 shown	 in	 Figure	 6.	 The	 mesh	

comprises	 between	 13,797	 and	 23,473	 quadratic	 elements,	 depending	 on	 the	 geometric	

assumption.	The	surface	condition	of	the	dike	and	the	protected	floodplain	is	a	Signorini	condition:	

𝑝 ≤ 0,			𝒒 ∙ 𝒏 ≥ 0,			𝑝𝒒 ∙ 𝒏 = 0				 (12)	

where	𝑝	is	 the	 pore	 pressure,	 and	𝒏	is	 the	 external	 unit	 normal	 to	 the	 surface.	 This	 boundary	

condition	allows	to	consider	water	outlet	situations	(𝒒 ∙ 𝒏 > 0, 𝑝 = 0)and	situations	without	water	

outlet	(𝒒 ∙ 𝒏 = 0, 𝑝 < 0).	The	determination	between	one	or	the	other	of	these	situations	is	a	result	

of	the	calculation,	and	not	an	input	data.	This	is	a	source	of	nonlinearity	in	the	system	to	be	solved.	

It	is	only	valid	if	the	water	outflow	is	not	too	important:	the	thickness	of	the	water	layer	on	the	

surface	is	assumed	to	be	negligible	(𝑝 = 0).	If	this	is	not	the	case,	for	example	in	the	case	of	flooding	

of	the	protected	floodplain	by	rising	water	table,	it	is	then	necessary	to	make	a	coupling	with	the	

shallow	water	equations.	

Outside	flood	periods,	the	water	table	is	assumed	to	be	at	a	depth	of	4.5	m	in	the	floodplain,	

corresponding	to	a	depth	of	50	cm	in	the	minor	bed.	The	Agly	is	indeed	a	perched	river,	i.e.	the	

ground	 level	 in	 the	protected	 floodplain	decreases	as	one	moves	away	 from	 the	dike,	 and	 it	 is	

assumed	that	the	river	is	not	fed	by	the	water	table.	During	flood	periods,	the	river	level	reaches	a	

maximum	of	+2m	above	ground	level	in	the	protected	floodplain,	and	+6m	above	ground	level	in	

the	minor	bed:	the	water	is	at	the	level	of	the	crest	of	the	dike.	Analysis	of	the	largest	historical	

floods	shows	that	the	peak	flow	is	reached	in	around	22.5	hours.	The	flood	hydrograph	is	modeled	
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in	a	simplified	way,	with	a	triangular	evolution	over	a	duration	of	45	h	(Figure	6),	and	a	maximum	

height	at	the	level	of	the	dike	crest.	The	rate	of	water	level	rise	is	15	cm/h.	

Four	geometries	are	studied	(Figure	8).	Configuration	G1	is	close	to	a	tabular	geometry,	usually	

considered	 in	 works	 on	 backward	 erosion	 and	 sand	 boils.	 Configurations	 G2,	 G3	 and	 G4	

incorporate	a	reduction	in	the	thickness	of	the	permeable	layer,	from	10	m	to	2	m,	at	x-coordinate	

𝑥1 = 𝑥0,	𝑥0 + 12	m,	and	𝑥0 + 24	m	respectively,	where	𝑥0	is	the	x-coordinate	of	the	dike	toe	on	the	

protected	zone	side.		

4.2 Numerical	modeling	results	

The	pore	pressure	field	at	the	flood	peak	(𝐻�8 = 	𝐻���)	corresponding	to	G3	geometry	before	

internal	erosion	is	shown	in	Figure	9.	The	unsaturated	zones	are	considered	here	in	a	simplified	

manner:	the	hydraulic	conductivity	is	constant	and	equal	to	the	saturated	hydraulic	conductivity,	

and	the	transient	term	driven	by	the	capillary	capacity	is	not	taken	into	account.		

The	 volume	 fraction	 field	 of	 eroded	 sand	1 − 𝜑;(𝑡)/𝜑;i 	is	 shown	 in	 Figure	 10	 for	 the	 four	

geometries,	at	diferent	times	𝑡,	where	𝜑;i	is	the	initial	volume	fraction	of	the	sand.		

The	comments	are	as	follows:	

-	Erosion	appears	after	the	first	flood	at	three	locations:		

i)	at	the	dike	toe	on	the	river	side	(water	inlet)	for	all	configurations;	

ii)	at	the	dike	toe	on	the	protected	area	side	(water	outlet)	for	all	configurations;	

iii)	at	location	𝑥1	for	G3	and	G4,	inside	the	permeable	layer,	at	the	location	of	the	decrease	in	

the	thickness	of	the	permeable	zone.	

-	Erosion	develops	 in	 two	 locations,	 essentially	 in	a	progressive	manner	 (from	 the	 river	 to	 the	

protected	floodplain),	and	to	a	lesser	extent,	in	a	regressive	manner:	

i)	under	the	dike	for	all	configurations;	

ii)	 at	position	𝑥1	for	G2,	G3	and	G4,	 at	 the	 location	of	 the	decrease	 in	 the	thickness	of	 the	

permeable	zone.	

Figure	10	illustrates	a	situation	where	the	low	permeability	topsoil	(thickness	𝑒)	covers	the	

permeable	layer.	During	a	flood,	river	water	infiltrates	into	the	permeable	zone	and	excess	pore	

pressure	can	act	on	the	base	of	the	topsoil	layer.		

We	 take	𝑝_ 	to	 denote	 the	 pore	 pressure	 and	𝐻_ 	to	 denote	 the	 piezometric	 level	 below	 the	

topsoil,	where	𝐻_ = 𝑝_ 𝛾1⁄ − 𝑒	is	defined	at	depth	𝑧 = −𝑒.	The	artesian	condition	occurs	when	the	
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piezometric	level	is	above	ground	level.	It	is	defined	by	𝑝_ > 𝛾1𝑒.	Since	the	ground	level	is	here	at	

𝑧 = 0,	the	artesian	condition	becomes	𝐻_ > 0.	

The	total	vertical	stress	acting	on	the	base	of	the	topsoil	is	𝜎7 = −𝛾𝑒	where	𝛾	is	the	soil	density.	

The	uplift	condition	occurs	when	the	pore	pressure	exceeds	the	submerged	unit	weight	of	the	soil,	

𝑝_ > |𝜎7| ,	 where	 the	 uplift	 pressure	 is	𝑝_ = 𝛾1(𝐻_ + 𝑒) .	 In	 a	 simplified	 analysis,	 the	 order	 of	

magnitude	of	the	saturated	soil	density	is	𝛾 ≈ 2𝛾1 .	The	uplift	condition	becomes	𝐻_ > 𝑒.	

Figure	 11	 shows	 values	 of	𝐻_ 	for	 the	 four	 geometries	 studied,	 plotted	 as	 a	 function	 of	 the	

horizontal	position	𝑥	at	the	initial	time	(no	erosion)	and	after	several	floods.	The	observations	are	

as	follows:		

- The	geometric	hypothesis	(G1-G4)	has	a	limited	influence	on	the	decreasing	shape	of	the	

piezometric	level	profiles	in	the	protected	floodplain.		

- All	piezometric	levels	increase	with	the	number	of	floods.		

- The	geometric	hypothesis	(G1-G4)	has	an	influence	on	the	extent	of	the	artesian	and	uplift	

zones	in	the	protected	floodplain.	

Figure	11	shows	the	increase	in	the	piezometric	level	∆𝐻_ 	under	the	topsoil	layer	for	the	four	

geometries	 studied.	 It	 is	 plotted	 as	 a	 function	 of	 the	 horizontal	 position	𝑥 	after	 several	 floods,	

where	∆𝐻_(𝑡) = (𝑝(𝑡) − 𝑝(0)) 𝛾1⁄ 	is	defined	at	depth	𝑧 = −𝑒.	The	observations	are	as	follows:	

- G4	is	the	only	geometry	for	which	the	increase	∆𝐻_ 	is	significant	after	the	first	flood.	

- G4	is	the	only	geometry	for	which	internal	erosion	leads	to	a	decdrease	in	pore	pressure	

under	the	dike	(∆𝐻_ < 0),	after	the	first	flood.	

- G4	is	the	geometry	for	which	the	increase	is	the	greatest	(of	the	order	of	1	m	after	20	floods	

at	𝑥 =35	m	approximately,	or	23	m	from	the	dike	toe).	

- The	maximum	increase	is	of	the	same	order	of	magnitude	for	G1,	G2	and	G3	(approximately	

60	cm),	but	it	is	not	located	in	the	same	place.	For	G2	(resp.	G3),	it	is	closer	(resp.	further	

away)	from	the	dike	than	G1.	

Figure	13	 shows	 the	 piezometric	 level	𝐻_ 	under	 the	 topsoil	 as	 a	 function	 of	 the	 number	 of	

floods,	at	several	positions	𝑥i	from	the	dike	toe.	The	observations	are	as	follows:	

- At	 the	 dike	 toe	 (𝑥i =0),	 the	 piezometric	 levels	 are	 initially	 artesian	 and	 above	 uplift	

threshold	 (𝐻_ 	>1	m).	 They	 increase	with	 the	 number	 of	 floods,	 then	 reach	 a	maximum	

which	is	of	the	same	order	of	magnitude	for	the	four	geometries	(of	the	order	of	1.60	m).	

The	increase	is	slowest	for	G3	geometry.	
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- At	𝑥i=12	m	from	the	dike	toe,	the	piezometric	levels	are	initially	artesian	(𝐻_ 	>0)	but	below	

the	uplift	threshold	(𝐻_ 	<1	m).	They	increase	with	the	number	of	floods	(more	slowly	than	

at	𝑥i=0)	 to	 reach	 values	 greater	 than	 the	 uplift	 threshold	 (𝐻_>1	m).	 A	 date	 therefore	

appears	from	which	there	is	uplift	at	𝑥i=12	m.	This	date	depends	on	the	geometry,	and	is	

between	4	and	9	floods.	The	piezometric	levels	stabilize	at	a	maximum	which	is	of	the	same	

order	of	magnitude	for	the	four	geometries	(around	1.30	m,	above	uplift	threshold).	

- At	𝑥i=24	and	36	m	from	the	dike	toe,	the	piezometric	levels	are	artesian	(𝐻_ 	>0)	but	below	

the	 uplift	 threshold	 (𝐻_ 	<1	 m).	 Over	 the	 duration	 studied	 (20	 floods),	 the	 maximum	

stabilized	levels	are	not	reached	and	the	situation	remains	evolving.	

Figure	14	shows	the	evolution	of	the	artesian	zone	size	𝑙�	and	the	evolution	of	the	uplift	zone	

size	𝑙�	in	the	protected	area	for	the	four	geometries	studied.	It	is	plotted	as	a	function	of	number	

of	floods.	The	observations	are	as	follows:		

- The	artesian	zone	size	𝑙�	(defined	by	𝐻_ > 0)	can	extends	over	several	tens	of	meters	in	the	

protected	area.	

- The	 uplift	 zone	 size	 𝑙� 	(defined	 by	𝐻_ > 𝑒 )	 initially	 extends	 over	 a	 few	 meters	 in	 the	

protected	area	(less	than	10	m);	it	increases	very	significantly	(by	approximately	10	to	15	

m)	with	the	number	of	floods.	

- The	largest	artesian	zone	is	given	by	G1	(above	60	m).	

- The	largest	uplift	zone	is	given	by	G3	up	to	3	floods,	then	by	G4	beyond	that	(up	to	23	m).	

- The	geometric	hypothesis	(G1-G4)	has	a	significant	influence	on	𝑙�	and	𝑙�.	This	influence	is	

complex,	and	varies	according	to	the	number	of	floods.	

5 Comments	on	the	news	results	obtained	and	open	questions	

Open-framework	gravels	created	by	internal	erosion	in	the	paleo-valley	

The	presence	of	open-framework	gravel	layers	in	paleovaleys	is	a	mystery	that	has	not	been	

completely	elucidated	 (Lunt	and	Bridge,	2007).	The	present	 results	 show	 that	 internal	 erosion	

transforms	sandy	gravels	into	gravels,	revealing	open-framework	gravel	zones	in	the	paleo-valley.	

These	are	the	red	areas	in	Figure	10.	This	is	a	new	finding.	Until	now,	the	causes	put	forward	were	

based	 on	 surface	 hydraulics	 and	 sediment	 transport.	 Supplementing	 these	 hypotheses	 with	

arguments	 based	 on	 internal	 erosion	 opens	 up	 new	 perspectives	 on	 the	 subject.	 This	 result	

requires	confirmation	by	more	in-depth	analyses..	
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Regarding	leaks	occurrence	in	the	protected	floodplain	

Due	 to	 the	 high	 permeability	 of	 the	 sandy	 gravel	 layer,	 pressure	 losses	 are	 low	 and	 pore	

pressures	are	high.	In	the	presence	of	low-permeability	topsoil,	high	pore	pressures	result,	from	

the	first	flood,	in	the	appearance	of	artesian	zones	and	uplift	zones	in	the	protected	area.		

In	the	artesian	zones,	the	slightest	defect	in	the	topsoil	can	lead	to	leaks	(concentrated	outflow	

of	seepage	water,	also	known	as	boils)	in	the	protected	area:	for	example,	a	 fluidized	sand	vein	

(heave)	or	a	pre-existing	vertical	 crack.	 In	 the	uplift	 zones,	 the	 cohesive	 topsoil	 is	 subjected	 to	

hydraulic	failure	(cracking).	

Regarding	sand	boils	occurrence	scenarios	

When	a	 topsoil	defect	 causes	 leakage,	 this	 can	 initiate	erosion	of	 the	sand	contained	 in	 the	

sandy	gravel	(Figure	15(d)).	The	sand	 is	 fluidized	and	transported	by	the	outgoing	 flow,	and	 is	

deposited	 on	 the	 soil	 surface.	 This	 erosion	 creates	 a	 pipe	 through	 the	 gravel	 matrix	 (not	 a	

conventional	 water-filled	 pipe).	 This	 is	 a	 backward	 suffusion,	 which	 is	 also	 a	 normal	 contact	

erosion	at	 the	 sand/flow	 interface	 (Figure	18).	This	 is	 a	different	process	 than	 that	 commonly	

considered	 to	 explain	 sand	 boils	 and	 their	 consequences.	 The	 usual	 assumption	 is	 that	 the	

permeable	layer	is	sand,	and	that	backward	erosion	creates	a	pipe	under	the	topsoil	(backward	

erosion	piping,	van	Beek	et	al.,	2011).	

This	result	raises	new	open	questions.	Fluidization	and	sedimentation	are	intimately	linked	

(Amin	et	al.,	2021;	Girolami	et	al.,	2024).	In	this	configuration,	little	is	known	about	sedimentation	

(Chen	et	al.,	2024).	What	are	the	conditions	for	fluidization	of	sand	within	the	gravel	matrix?	

How	does	such	a	pipe	progress	through	the	gravel	matrix?	What	are	the	conditions	required	

for	 this	pipe	to	connect	 the	river	and	the	protected	 floodplain?	Can	this	process	lead	to	a	 levee	

failure	and	flooding	of	the	protected	floodplain?		

On	erosion	within	the	permeable	layer	and	sinkhole	occurrence	

The	initiation	and	development	of	erosion	in	the	subsoil	beneath	the	dike	is	an	expected	result:	

this	is	where	the	hydraulic	gradient	is	highest.	On	the	other	hand,	the	initiation	and	development	

of	erosion	within	the	permeable	layer,	far	from	the	boundary	conditions,	and	far	from	the	dike,	is	

a	novel	result.	This	is	a	crucial	result,	driven	by	the	non-tabular	geometry	of	the	interface	between	

the	permeable	layer	and	the	low-permeability	layer.	This	result	needs	to	be	confirmed	by	further	

analysis.	
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Erosion	occurring	at	 the	entrance	 to	 the	paleo-channel,	 at	 the	 level	of	 the	 reduction	 in	 the	

thickness	of	the	sandy	gravel	layer	(Figure	15(e))	can	induce	localized	settlement,	which	will	result	

in	a	surface	sinkhole,	in	the	protected	floodplain.	It	is	important	to	note	that	these	sinkholes	can	

occur	without	the	prior	appearance	of	sand	boils,	contrary	to	what	is	often	assumed	(Zwanenburg	

et	al.,	2017;	Van	et	al.,	2022).	

On	the	appearance	of	surface	signatures	on	the	long	term	(leaks,	sand	boils,	sinkholes)	

The	presence	of	a	low-permeability	top	soil	is	the	cause	of	the	uplift	zone.	A	new	uplift	zone	

can	appear	in	the	protected	floodplain	after	several	floods,	even	though	this	zone	did	not	initially	

exist	 (Figure	 13).	 This	 is	 a	 novel	 result.	 This	 important	 result	 shows	 that	 even	 if	 a	 dike	 has	

withstood	 several	 floods,	 and	 no	 disorder	has	 been	 observed,	 it	 should	 not	 be	 extrapolated	 to	

future	times	that	this	dike	will	resist	other	floods,	and	that	no	disorder	will	appear.	If	no	surface	

signatures	(leaks,	sand	boils,	sinkholes)	have	been	observed	to	date	at	a	given	location,	this	doesn't	

mean	that	they	will	not	occur	after	a	future	flood.	

Regarding	erosion	kinetics	at	field	scale	

Suffusion	is	considered	to	be	a	very	slow	internal	erosion	process,	evolving	over	several	years	

or	 even	 decades	 (Bonelli	 2012;	 Bonelli,	 2013).	 This	 suggests	 the	 need	 for	 very	 long-duration	

laboratory	tests	to	better	study	suffusion,	or	the	need	to	find	scale	effects	for	suffusion.	The	present	

work	shows	that	the	question	can	be	considered	differently	in	the	present	case.	

The	results	in	Figure	4	show	that,	if	we	consider	erodible	and	rapidly	eroding	sandy	gravel,	all	

the	sand	is	eroded	from	the	first	flood.	This	is	a	local	observation,	based	on	a	homogeneous	trend.	

This	type	of	analysis	corresponds	to	a	laboratory	suffusion	test	on	a	small	odometer	or	triaxial	cell.	

The	results	in	Figure	10	show	the	evolution	kinetics	of	the	eroded	zone	(the	open-framework	

gravel	 zone	 in	 red)	 over	 20	 floods.	 The	 results	 obtained	 in	 Figures	 13	 and	 14	 show	 that	 the	

evolution	kinetics	do	not	stabilize	after	20	floods.	These	are	large-scale	results.	

These	results	indicate	that	the	kinetics	of	internal	erosion	on	site,	on	large	time	scales,	are	not	

driven	by	the	erosion	law	in	the	present	case	(and	in	particular	not	by	the	erosion	coefficient	𝜆),	if	

we	consider	erodible	and	rapidly	eroding	sandy	gravel.	The	site	kinetics	are	of	a	different	nature.	

Understanding	the	parameters	influencing	the	site	kinetics,	and	its	formalization,	is	a	work	that	

remains	to	be	done.	This	is	an	important	result,	but	it	remains	to	be	confirmed.	
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On	the	modelling	of	real	historical	situations	

Although	these	models	take	up	characteristics	of	the	real	dikes,	the	present	numerical	models	

are	 too	 simplified	 to	 reproduce	 exactly	 the	 real	 historical	 situations.	 The	 most	 important	

improvements	are:	

- The	 geometry	 of	 the	 subsoil	 layers,	 and	 their	 main	 physical	 characteristics	 (subsoil	

stratigraphy).	For	this,	the	classic	geotechnical	techniques	(surveys,	core	sampling,	CPT)	

must	be	supplemented	by	geophysical	images,	among	which	the	equally	classic	electrical	

methods	are	effective	(EMI,	ERT)	(Girolami	et	al.,	2023).	This	is	one	of	the	important	points	

of	this	work,	which	shows	the	influence	of	stratigraphy	on	the	initiation	and	development	

of	internal	erosion.	

- The	embankment	and	its	drainage	system.	They	must	be	modelled	in	a	manner	close	to	the	

existing	system.		

- Hydraulic	boundary	conditions.	They	must	be	derived	from	measurements:	actual	water	

levels	in	the	river	and	in	the	protected	flood	plain	(in	depth).	

- Calibration	and	validation	of	the	model.	The	presence	of	an	on-site	measurement	system	

would	make	it	possible	to	have	measurements	during	a	flood.	Piezometric	measurements,	

for	 example,	 would	 make	 it	 possible	 to	 calibrate	 the	 model	 and	 then	 validate	 it.	

Unfortunately,	 river	 dikes	 are	 rarely	 systematically	 equipped	 with	 a	 flood	 monitoring	

system	(unlike	dams,	this	is	not	mandatory).	

A	new	understanding	of	the	zones	of	internal	erosion	in	the	subsoil	of	a	river	dike	

From	Figure	10,	four	main	erosion	zones	can	be	identified	(Figure	15):	

(A)	At	the	interface	between	the	gravel	formed	by	internal	erosion	and	the	sandy	gravel;	

(B)	At	the	interface	between	the	gravel	formed	by	internal	erosion	and	the	base	of	the	sandy	

silt	of	the	topsoil;	

(C)	In	a	defect	crossing	the	topsoil	(a	hole);	

(D)	At	the	interface	between	the	gravel	formed	by	internal	erosion	and	the	roof	of	the	sandy	

silt	at	depth.	

These	are	new	results	concerning	the	internal	erosion	of	the	subsoil	of	a	river	dike,	when	this	

dike	is	located	on	a	paleo-valley	filled	with	sandy	gravels:	the	state	of	knowledge	does	not	reflect	

this	(Bonelli	2012;	Bonelli	2013;	Van	et	al.,	2022;	Zwanenburg	et	al.,	2017).	
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Coupling	suffusion	and	contact	erosion	and	new	erosion	processes?	

Figure	15	illustrates	four	erosion	processes,	detailed	in	Figures	16	,	17	and	18:	

(b)	Flow	in	the	gravel	erodes	the	sand	of	the	gravely	sand	(Figure	16);	

	(b)	Water	flowing	from	the	sand	into	the	gravel	erodes	the	sand	of	the	gravely	sand	(Figure	

16);	

(c)	Flow	in	the	gravel	erodes	the	silt	of	the	topsoil	and	the	silt	at	depth	(Figure	17);	

(d)	Water	 flowing	 from	 the	 sand	 into	 the	 defect	 fluidizes	 and	 transports	 the	 sand	 of	 the	

gravely	sand	(Figure	18).	A	pipe	through	the	gravel	matrix	is	formed	by	suffusion.	

Starting	from	suffusion,	we	finally	arrive	at	identifying	four	erosion	processes	which	are	not	

explicitly	identified	by	the	state	of	knowledge.	In	particular,	it	appears	that	contact	erosion	can	be	

triggered	by	suffusion.	This	is	a	new	result,	which	must	be	analyzed	in	depth	by	complementary	

work	that	requires	new	models	coupling	suffusion	and	contact	erosion.	

On	the	modelling	assumptions	and	the	erosion	law	

The	modeling	hypotheses	can	be	eliminated	one	after	the	other,	making	the	model	increasingly	

complex.	Here	are	some	examples	that	can	be	made	from	what	is	already	present	in	the	literature:	

the	 transport	 of	 eroded	 soil	 particles	 through	 the	 pore	 domain	 and	 their	 possible	 deposition;	

unsaturated	areas;	a	nonlinear	law	for	flow	in	gravel	(e.g.	Ergün-type	law);	a	three-dimensional	

geometry	to	better	consider	the	geometry	of	the	paleo-valley	and	model	leaks	and	sandboils;	a	soil	

stress-strain	behaviour	law	to	model	the	consequences	of	internal	erosion	(e.g.	sinkholes).	

However,	 there	 are	 hypotheses	 that	 correspond	 to	 totally	 open	 questions.	 There	 are	

convincing	models	that	reproduce	experimental	observations	well,	such	as	the	suffusion	of	sandy	

gravels	(Deng	et	al,	2023),	but	no	model	has	reached	consensus.	There	is	no	consensus	on	the	very	

notion	of	critical	hydraulic	gradient	or	critical	velocity,	and	there	are	several	approaches	(Gelet	

and	Marot,	2022).	The	question	of	the	erosion	law	for	suffusion	is	totally	open.		The	driving	force	

to	be	associated	with	 the	erosion	 rate	by	a	behavior	 law	 is	 still	unknown!	We	still	don't	know	

whether	 it's	 pressure	 gradient,	 Darcy	 velocity	 or	 pore	 velocity,	 hydraulic	 energy	 or	 power,	 or	

something	else.	

The	suffusion	law	Eq.(10)	is	deliberately	simple,	as	this	paper	is	primarily	a	theoretical	and	

qualitative	 study	 of	 a	 real-life	 situation.	 This	model	 has	 two	main	 drawbacks.	 For	 a	 constant	

hydraulic	gradient,	the	erosion	process	will	not	cease	until	the	complete	loss	of	all	fine	particles.	

Observations	show	that	the	quantity	of	particles	eroded	depends	on	the	hydraulic	gradient	and	the	
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confinement	stress.	This	can	be	taken	into	account	in	the	suffusion	law	(Bonelli	and	Marot,	2011;	

Deng	 et	 al.,	 2023).	 In	 addition,	 analysis	 of	 the	 results	 obtained	 in	 this	 work	 shows	 that	 it	 is	

necessary	to	develop	new	models	coupling	suffusion	and	contact	erosion.	Sampling	sandy	gravel	

soils	 is	 extremely	 difficult,	 if	 not	 impossible.	 Internal	 erosion	 tests	 on	 intact	 samples	 in	 the	

laboratory	are	out	of	 the	question.	For	 this	 reason,	 the	parameters	of	 internal	models	must	be	

quantified	 physically,	 without	 laboratory	 testing,	 or	 with	 large-scale	 modelling,	 by	 comparing	

results	with	observations	and	field	measurements.	

6 Conclusion	

This	numerical	study	concerns	the	finite	element	modelling	of	a	dike	located	on	a	sandy	gravel	

paleo-valley,	and	subjected	to	successive	floods.	The	internal	erosion	of	sand	by	suffusion	leads	to	

the	creation	and	development	of	gravel	zones	in	 the	subsoil,	similar	 to	open-framework	gravel.	

The	results	obtained	lead	to	a	new	understanding	of	the	internal	erosion	zones	in	the	subsoil	of	a	

river	dike.	In	particular,	it	appears	that	suffusion	can	trigger	contact	erosion.	Regarding	sand	boils	

occurrence	scenarios,	the	observed	process	is	a	different	process	than	that	commonly	referred	as	

to	backward	erosion	piping.	The	main	limitation	of	this	work	is	the	erosion	law	when	the	eroded	

material	is	highly	permeable,	which	opens	up	new	questions	for	internal	erosion	models.	Coupling	

suffusion	with	 contact	 erosion	 is	 essential	 to	model	 flow-induced	 erosion	 in	 open-framework	

gravel.	Coupling	with	fluidization	of	sand	within	the	gravel	matrix	is	necessary	to	model	sand-boil	

initiation.	
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Table	1.	Material	parameters	for	sandy	gravel		

Material	parameter	 Notation	 Value	 Unit	

Soil	particle	density	 𝜌; 	 2,650	 kg/m3	

Water	density	 𝜌1 	 1,000	 kg/m3	

Water	kinematik	viscosity	 𝜂1 1.15×10-6	 m2/s	

Gravitational	constant	 𝑔 9.81	 m/s2	

Gravel	porosity	 𝜙< 0.35	 -	

Diameter	of	gravel	particles	 𝑑< 2×10-3	 m	

Diameter	of	sand	particles	 𝑑; 2×10-4	 m	

Critical	velocity	coefficient	 𝛽 1.2×10-2	 m/s	

Critical	velocity	exponent	 𝑛 0.586	 -	

Erosion	coefficient		 𝜆 0.5	 m-1	

Kozeny-Carman	coefficient	 𝐶 5	 -	

Initial	value	of	the	sand	mass	fraction	 𝑓Bi 0.15	 -	

	

Table	2.	Sandy	gravel	parameter	values	as	a	function	of	sand	fraction	

Material	parameter	 Notation	 Initial	value	
(at	𝑡 = 0)	

Value	at		
𝜑; =0	

Unit	

Sand	mass	fraction	 𝑓B	 0.150 0	 -	

Sand	volume	fraction	 𝜑; 0.114	 0	 -	

Sandy	gravel	porosity	 𝜙(𝜑;)	 0.236	 0.350	 -	

Sandy	gravel	specific	permeability	 𝜅(𝜑;)	 9.17×10-11	 2.26×10-9	 m2	

Sandy	gravel	hydraulic	conductivity	 𝑘(𝜑;)	 7.82×10-4	 1.92×10-2	 m/s	

Critical	velocity	 𝑞B(𝜑;)	 4.29×10-5	 4.15×10-4	 m/s	

Critical	gradient	𝑖B = 𝑞B/𝑘	 𝑖B(𝜑;)	 5.48×10-2	 2.16×10-2	 -	

	

Table	3.	Hydraulic	conductivity	of	dike	soil	and	subsoil		

Soil	 Value	(m/s)	

Dike	soil	 10-5	

Topsoil	 10-6	

Deep	sandy	silt	 10-6	

Sandy	gravel	 4×10-5≤	𝑘	≤2×10-2	
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Figure	 1.	 Diagram	 of	 a	 sand	 gravel	 mixture.	 The	 transitional	 fine	 fractions	 are	 determined	

empirically	as	𝑓B∗ = 30	%	and	𝑓B��� = 35	%	(Prasomsri	et	al.,	2021).	

	

	

	 	
Figure	2.	Influence	of	the	sand	fraction	𝑓B 	in	the	gravely	sand	domain	on	the	hydraulic	conductivity	

𝑘,	the	critical	velocity	𝑞𝑐,	the	critical	hydraulic	gradient	𝑖𝑐,	with	the	parameters	of	Table	1,	and	four	

gravel	diameter	values	𝑑< = 1	mm	(C1),		2	mm	(C2),	4	mm		(C3),	8	mm	(C4).	
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Figure	3.	Results	of	a	homogeneous	loading	in	hydraulic	gradient	(a)	with	the	parameters	of	Table	

1,	and	four	erosion	coefficient	values	𝜆 = 1	m-1	(C1),		0. 5	m-1	(C2),	0.25	m-1	(C3),	0.125	m-1	(C4).	
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Figure	4.	Homogeneous	loading	in	hydraulic	gradient	(a)	of	the	"flood"	type	(duration	2700	s	=	45	

h)	with	 four	 peak	 values,	 and	 result	 in	 terms	 of	 cumulated	 eroded	mass	 per	 unit	 volume	 (b).	

Calculations	carried	out	with	the	parameters	of	Table	1.	

	

	

	

	

	

	

	
Figure	 5.	 Cross-section	 of	 the	 dike	 and	 subsoil,	with	 the	 four	 types	 of	 soil	 and	 their	 hydraulic	

conductivity.	The	topsoil	is	assumed	to	have	the	same	hydraulic	conductivity	as	the	sandy	silt	at	

depth.	
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Figure	6.	Hydrographs	of	 four	historical	 floods	of	River	Agly,	and	simplified	model	of	 the	 flood	

hydrograph.	The	rate	of	water	level	rise	is	15	cm/h.	The	considered	flood	duration	if	45	h.	

	

	

	
Figure	7.	Finite	element	mesh	and	boundary	conditions	for	the	numerical	simulations.	
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Figure	8.	The	four	geometries	of	paleo-valley	and	paleo-channel	studied.	

	

	
Figure	9.	Water	pore	pressure	at	the	peak	flood	(𝐻�8 = 	𝐻���)	corresponding	to	the	geometry	G3	

before	internal	erosion.	
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Figure	10.	Volume	fraction	of	eroded	sand	1 − 𝜑;/𝜑;i	for	the	four	geometries,	at	different	times.	

Red	areas	correspond	to	open-framework	gravel	created	by	suffusion	(gravel,	no	sand,	𝜑𝑠 = 0).	

Blue	areas	correspond	to	non-eroded	areas.	

	

	

	

Total fraction of eroded sand
After one flood After 5 floods

After 10 floods After 20 floods

1 −	 $%$%&

1.0

0.8

0.6

0.4

0.2

0

G4

G1

G2

G3

G4

G1

G2

G3



Preprint	submitted	-	January	18,	2025	

27	

	

	
Figure	11.	Piezometric	level	𝐻_ 	under	the	topsoil	layer	as	a	function	of	the	horizontal	position	𝑥	at	

the	initial	time	(no	erosion)	and	after	1,	5,	10	and	20	floods,	where	𝐻_ = 𝑝 𝛾1⁄ − 𝑒	is	defined	at	

depth	𝑧 = −𝑒	(𝑒 =	1	m).	

	
Figure	 12.	 Increase	 in	 the	 piezometric	 level	∆𝐻_ 	under	 the	 topsoil	 layer	 as	 a	 function	 of	 the	

horizontal	position	𝑥	after	1,	5,	10	and	20	floods,	where	∆𝐻_(𝑡) = (𝑝(𝑡) − 𝑝(0)) 𝛾1⁄ 	is	defined	at	

depth	𝑧 = −𝑒	(𝑒 =	1	m).	
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Figure	13.	Piezometric	level	𝐻_ 	under	the	topsoil	layer	as	a	function	of	the	number	of	floods	(and	

according	to	time	in	years	if	there	is	one	flood	per	year),	at	positions	𝑥i =0,	12,	24	and	36	m	from	

the	dike	toe	located	at	𝑥=12	m,	where	𝐻_ = 𝑝 𝛾1⁄ − 𝑒	is	defined	at	depth	𝑧 = −𝑒	(𝑒 =	1	m).	

	

	

	

	
Figure	14.	Artesian	zone	size	𝑙�	and	uplift	zone	size	𝑙�	in	the	protected	area	as	a	function	of	the	

number	of	floods	(and	according	to	time	in	years	if	there	is	one	flood	per	year),	from	the	dike	toe	

located	at	𝑥=12	m.	
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Figure	15.	Four	main	erosion	zones	in	the	subsoil	of	a	river	dike.	Three	erosion	zones	at	interfaces	

between	the	gravel	formed	by	internal	erosion	and:	(A)	the	sandy	gravel,	(B)	the	base	of	the	topsoil,	

(C)	 the	roof	of	 the	sandy	silt	at	depth.	An	erosion	zone	at	a	 fault	crossing	the	topsoil	 (D).	Four	

processes	of	subsoil	erosion.	Water	flowing	from	sand	to	gravel	erodes	the	sand	(a).	Flow	in	gravel	

erodes	sand	from	gravely	sand	(b),	silt	from	topsoil	(c)	and	silt	at	depth	(e).	 If	there	is	a	defect	

crossing	the	topsoil,	water	flowing	from	sand	to	the	defect	fluidizes	and	transports	the	sand	(d).	

	

	

	
Figure	16.	Schematic	of	the	occurrence	of	an	open-framework	gravel	by	internal	erosion.	(a)	Flow	

in	 the	 porous	 domain	of	 gravel	 erodes	 sand.	This	 is	 selective	 tangential	 contact	 erosion	 at	 the	

sand/flow	interface.	(b)	Water	flowing	out	of	the	sand	erodes	sand.	This	is	backward	suffusion,	

which	also	corresponds	to	normal	contact	erosion	at	the	sand/flow	interface.	
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Figure	17.	Diagram	of	contact	erosion	of	silt	by	flow	in	gravel.	(c)	Flow	in	the	porous	domain	of	

gravel	erodes	silt.	This	is	a	classical	tangential	contact	erosion.	

	

	

	
Figure	18.	Schematic	of	the	occurrence	of	sand	boil	with	internal	erosion.	(a)	Water	leaks	out	of	

the	sandy	gravel	through	the	defect.	(b)	Fluidization	of	sand	located	at	the	surface	in	the	defect.	(c)	

Flow	transports	sand	to	the	surface.	A	pipe	forms	through	the	gravel	matrix.	

	


