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Industrial Motivation: coastal zones

I arid and desert regions
[ active sand deposits

- coastal dunes

EU Windstorm frequency +44%

Windstorm intensity  +96%
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Industrial Motivation: desert regions

I arid and desert regions
[ active sand deposits

- coastal dunes

Infrastructure scale
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Industrial Motivation: railway megaprojects

Railway megaprojects

Iron Silk Road

Gulf Cooperation Council Network

Arab League Network
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year

Market potential Railway length
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1 arid regions
.| northern desert belt

S —_von KARMAN INSTITUTE

OR FLUID DYNAMICS



Phenomenology

Long-term
suspension

Dust d < 0.063 mm < long-term suspension
* short-term suspension

Turbulent eddies Short-term
D02 suspension

(0.07-(?45 mm //——/B/,‘)\%ﬂoz-OO’/mm) Sand d € [0063,2] mm  Creep
/ f/\/\’b\// .
Sas 4t AN « saltation
! <D
\ Engineering interest
Créep
(>0.5 mm)
Saltation
- Windbo&dary layer - ZL CI(Z) >0 <::> T > Tt WbS saltation
condition
© e x u, =\T/pa WU
—_— 0 Sand flux profile .
. ’ Threshold shear velocity «<—
'Ec:l[ o — =t + o0
\ Sand transportrate @ = f q(z) dz
\ [k -1
— gm 1ls71]
Wind-sand Sand bed/®

interface
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Deterministic models

Microscopic models
« EqQuilibrium of the
moments
Entraining aerodynamic
forces VS
Stabilizing forces

Macroscopic models _|Pp—Pa
. o . u*t - A 'gd
*  Semi-empirical Pa
(free parameters)  Bagnold (1941)

 Trend VS d

Probabilistic models

« Scatter of experimental data

« Random turbulent wind flow, bed
grain geometry, interparticle
forces zimon (1982)

Q> Duan et al. (2013)

4 MIiCroscopic r.v.s
Modelling and technical
difficulties
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U,

Bagnold (1937)
Chepil (1945)
Zingg et al. (1953)
Fletcher (1976) ©
Iversen et al. (1976) g
+ Bagnold (1941)
Shao & Lu (2000)

— 1(1.,) £ O(U.,)
Duan et al. (2013)
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Semi-empirical models 0% |
— — —Bagnold (1936)
***** Kawamura (1951)
Bagnold type e Owem (1964) g
Lettau & Lettau (1978) =T
Q"’uf Kok etal. (2012) T -
10 | ] B e T,
Modified Bagnold type CmETT
iy p
Q u*,eff(u*; u*t) éﬂ
. . 0)
Q' Brien-Rindlaub type o2l |
Q~u Dong et al. (2003)
Complex /
/
1072 : '
0.6 0.7 0.8 0.9

Large discrepancies due to:

Modelling: ¢

) Kawamura (1951)

) Owen (1964)

« large randomness of physical
phenomenon
« debated scaling

” ) Lettau & Lettau (1951)

Kok et al. (2012)
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Sand Mitigation Measures: Source

Path SMM K
; Receiver SMM

\ 4

<«

v

l

Wi:“d Source SMM  5wind strip downwind strip

A

source windblown sand path receiver
* Layer system

v
A
v

Q X u*,eff 0.8 uf - uZ}t
Hedge system Layer system

asphalt-latex mixture natural crusting
* Hedge system

~

T e L

straw che
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Sand Mitigation Measures: Path

Path SMM K
wind : - - : |
upwind strip downwind strip .
) 9 P o 9 i -
source windblown sand path receiver
« Surface-like
POrous

a

porous fence Straight Vertical Wall (SYW)  Shield for Sand (S4S)
o \/0|Ume_|ike WO 2016/181417 Al
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Sand Mitigation Measures: Receiver
K

wind . o . . ‘Receiver SMM
: ) upwind strip o downW|nd”s’rr|p . 7]
-------------------------- 5; _ ¥ 1 N
source windblown sand path receiver
« Aerodynamic based

Jet roofs VenTuri effecT—bosgq

£$ 3% /_/JLI_LI\

."ﬁh‘m’ 23205201 :1:“.';. ." ‘ s
Humped sleepers

CN/102002916 US4958806 A
 Sand-resistant

o AP RS

Lubricant free ’rurr;ou

Continuous slab
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an uncharted territory for modern engineering...
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Windblown Sand Action: categorization

Environmental Free Variable
- site-dependent <+ wind- « long-term varying * non monotonic
inborn dependent accumulation (periodic sand

randomness accumulation process removal)

Windblown
Sand

analogous to

probabilistic  Wind and sand Time-variant Evaluation of sand
modelling modelling reliability analysis removal period
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Windblown Sand Action: modelling chain

Windblown sand action VS Wind action
/\
Qin v Lﬁ’ F N

0 H | ; L Flv
----- = E T =
Qin 1 O U10
. :.._._ O 11 N i 1 _..;._ ) g
2 Incoming : ,
g2 windblown Sand | * Qin(U10,d) Incoming Wind | = Uy,
.(7) O " - . .
o 2 Aerodynamics / | I e~ - ) « C-(6,T,)
G Morphodynamics | * Cs(6,To, V) srodynhamics FA7 70
E o - L e .
2 aerodyn. morphodyn.
)
g 3 Windblown sand | ‘
W'“dgé‘i':?‘lsa“ eV D Fib . Wind action o F

<
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Incoming Windblown Sand
Qin(uLt: Wg, u*)

Uncertainty

“Lack of exact knowledge, regardless of what is
the cause of this deficiency” Refsgaard et al. (2007)

Aleatory « Sand Uncer’r.oin’ries:.groin size,
shape, relative position, surface
cleanliness, grain size
distribution.

Wind uncertainties: turbulent flow inborn variability, uncontrolled
environmental conditions, e.g. temperature, humidity.

Model uncertainty: simplified representation of the real physical
behaviour, identification of relevant variables, hypothesis, interactions
left out. Lack of a shared definition of u,; Shao (2008)

Epistemic

« Measurement uncertainty: errors and/or different procedures.

Parameter uncertainty: values of model parameters.

Q> Statistical approach <+ Nonlinear regression
« Copula-based regression

<
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Incoming Windblown Sand: probabilistic u,,
Dust

» -
P

0.6 T T T T ! T
| SRR
‘ o I § .
0.5 : SRR R : x :
. : ‘ . o ¥ %0
: : &
I et b2
: e : " $x O % O _
D= : : : S X * ; : éo :
: X x 0.0 .
: * % O
- | BT A
E 0.3 < v O* il Bl
= L 4 o A :
S I * Yxo T v
< s % Dﬁ < :
. S ) D%
02 ; Lo |: e % e =
i s ¥
0.1 o = _
0 i i i i L I A | L i i i | L M
0.01 0.063 0.1 1 12
d [mm]
+  Belly (1964) O  lversern et al (1976) > McKenna & Nickling (1989) A Chepil (1959)
O Bagnold (1937) A Kawamura (1951) B McKenna (2004) V¥  Cornelis & Gabriels (2004)
Chepil (1945) V  Nickling & McKenna (1997) 4 Logie (1981) ¥  Roney & White (2004)
X Dong et al (2002) %X Nalpanis et al (1993) € Logic (1982) % Darwish (1991)
X Dong et al (2003) Y Zinggetal (1953) 4 Horikawa et al (1983) P Tian (1988)
< Fletcher (1976) * Kadib (1945) o Lyles & Krauss (1971) ° Nino et al (2003)
» Collected studies range from 1937 to 2004.
e #=133 - #=109 from in L. Raffaele, L. Bruno, F. Pellerey, L. Preziosi (2016), Aeolian Res.
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Incoming Windblown Sand: probabilistic u,,

Dust - Sand
T 3 ! ! 1 !I T l T T
; o ; : N S - 1< < : >
100k o X oo s T R fine . B

T
~medium " coarse .
o ,
I

@
E: Pp — Pa
3 gd
Pa
hold (1941)
[ ~ Pa Y
| £ —"gd+
! Pad
I
!
: : ; : SR : ; : & Lu ( 2000)
10" ; i i ; R | L i ; i |
0.003 0.01 0.063 0.1 0.2 0.63 1 2
d [mm]
Shao & Lu: Bagnold: o  Refitting sand experimental data
------ Original law - - - ---Original law o Dust experimental data
= @ Original fitting data m @ Original fitting data
Refitted law Refitted law 2 ~
~:=:RefittedCI = = == Refitted CI R = 0.75
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Incoming Windblown Sand: probabilistic u,,

1 Fitting of marginal distributions
F(d), F(u,), du;€R

0.6
0.55

“01 02 03 04 05 06 07 08 09 1 LI 1.2
d [mm]

2 From original to copula scale
F(d,u.t) = C{F(d), F(u.)} C:[0,1]*> - [0,1

.

0.9 . Jut
-
.

08 - n
07 = . . 2"

=0.6 . -
305 " -
= . L 1 'I
04

0.3

- " =
02 - ¢ 1

0.1 -ﬂl.

0 .'J

0 01 02 03 04 05 06 07 08 09 1
F(d) [-)

]

]

L

4 From copula to original scale
(d,u) = (Frw), F1(v))

3 Fitting of Inverted Clayton Copula

Cuv)=u+v—1+[A1-w) Y +Q-v)Ve-1]"
uw,v €[0,1],a >0

1 . v . -
\ .
R 09 ey by
S : 0.8 A | S
[ 3
£l L
-~ 1 0.7 - s .l = L) '.
— 1 0.4 e
:0‘ 2 - "
o s 1N
L 0.4 = ]
0.3
" o ow
o.zi I
0.1, dw
[ = .
0.1 oLmw® . .
01 02 03 04 05 06 07 08 09 1 11 12 0 01 02 03 04 05 06 07 08 09 1
d [mm] F(d) [-]

|
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u., [m/s]
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Incoming Windblown Sand: probabilistic u,,

0.7 I I I [ I I I I I I I
0.6 b o o o o s B MR e R N SN A B e 36 S SN G S S B SR B I fn B 3 SRYESEIGE S I AE N6 Seide A e e T
0.5 N RO R S S I P N R N T QU N~ TR 5 e VR I I LT o S R 2 R I~ SR
0.4
- x % ing d
03 o 22 : X Learning data set
= ¥ = — H(”*,)
- < — Pi(Us), PoolUs, .
# - i(t), P(:) Copula-based regression
0.2 S p5(u*l)’ pQS(u*/) B
. - 3 i pzs(u*;)a p75(u*r)
X - — Refitted Shao & Lu } Non-linear regression
Xy P )
i — Refitted Bagnold
0.1 | | | | | | | I | | |
0.063 0.1 0:2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 | 11 1.2
d [mm]
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fromin L. Raffaele, L. Bruno, F. Pellerey, L. Preziosi (2016), Aeolian Res.




Incoming Windblown Sand: probabilistic w,

Qin (Uit Ws, U)

« Sedimentation velocity affects the mode 0y

10% ik

of tfransport, distribution of particles above | %
%

vC\

[\ gaN

sand

the ground, and fransport rate

102 -

« Discrepancy among semi-empirical laws

9}
10!}
. . . )
« Sedimentation velocity bound to drag i o3,
. . . e A of
coefficient '
- A
107 i
0 10" 10" 10! 10% 10? 10t Re[-] 10°
| (a)
Stokes regime Intermediate regimes Newton’s regime
e  smooth spheres for reference (Brown and Lawler, 2003)
|
2 E
e = Re<25 20<Re<300 130<Re<420 270<Re<2000 1000<Re<3.7x10°
2 = 2 * laminar attached BL ¢ laminar detached BL * laminar detached BL ¢ laminar detached BL * laminar detached BL
= . = = . . « fully symmetric wake e axisymmetric wake « non-axisymmetric wake « non-axisymmetric wake * non-axisymmetric wake
\ Bagnold (1935) ¥ Slrmgham et al. (1969) Chen and Fryrear (2001) « steady wake « steady wake « steady wake « unsteady wake « unsteady wake
i Schultz (1954) < < Komarand Reimers (1978) o © Dioguardietal. (2017) SHOVOriex « ring vortex * 3d vortex + hairpin vortex shedding + turbulent vortex shedding
v Briggs et al. (1962) v Wilson and Huang (1979) % + Wangetal (2018) Re=50 5
== > - z X Bk >.
B > Alger (1964) Cui et al. (1983) O < Q — O S\ = O
= — “
4 1 Romanovskiy (1966) o Malcolm and Raupach (1991) Re=200 memcai "
jO;:/ E N (b)

from L. Raffaele, L. Bruno, D. Shérmon (2020) Aeolian Research
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Incoming Windblown Sand: probabilistic w,

10t e FERRL FRBEH| e e ()
K data ] r a)sd
- —— fitted Bagheri and Bonadonna (2016) nonlinear | | Re =
1T —— fitted Clift and Gauvin (1971) regression Vf
100 R\ < — ) E <
F N —— Ps() Pss() ] —
b 1 DR oot | c. = 2pr(py =~ py)
WA o ; i d — 5
A g § 1()s Pool”) 2
100 N daila L 3 Re .uf
G
10 6\55\
10° F 1 ZC 7'[d2
2P s Ay
10 - Ll L 1ol L | P | 1 L |
10 10" 10 10 10° 10 10 10 T[d3
Re [-] Pb = ppgT
dust . sand o gravel 3
: Fy =prg—=
10"
IR
E (
&) 1/3
2
3 CdRezﬂf
10 { 4pf(pp_pf)g
Re vf
\ d
107
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Incoming Windblown Sand

mean wind velocity profile :2:
z Z 3
U,/(2) &(z) sand flux profile
\Qi"> l
T U, .T, <,
Lond bed

shear stress @ wind-sand interface

1 . kf U A
Wind shear velocity w, =u, Uy, 29) [f(u,) = (Usorer) "
In zref/z0 >
Threshold shear velocity .. = u.(d) f(u,;|d) from Raffaele et al (2016) .
d

S D] i we > u

Incoming | :j+°° F(0y) =4 |7 fw)? 1
sand transport rate Qin . q(2) dz dr g fu.)

0 if U = U

Ve

~ Qin (U, Ust)
from Raffaele et al (2017a)

<
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Aerodynamics/Morphodynamics — g

---e Side view

source windblown sand path structure
e

<& »& » &
< Ll ] (

,,,,,,,,,,,,,,,,,,,,,,,,,,

! ;
| —= -~ Plan vi
O, Qo an view
Sedimentation coefficient 0. l, V
* (s=0Qs/0Qin € [0,1] A

Cs
© GO.N,Y) \

* monotonic decreasing vs V

<Nv

« No closed forms > WT or CFD testing

Sedimentation rate Q) = Csf(Qi)

Outgoing transport rate  f(Qoue) = [1 — Cs] f(Qin)

2= von KARMAN INSTITUTE

OR FLUID DYNAMICS



Windblown sand action S

Time-variant WbS action V (t) Resistant sand volume 1y —

o « Structure/Infrastructure <=1 LS 3
fv(t) = Z(gl * gi * % gn)QsP[Ng = n] e« SMM <: efficiency (Cy)
n=1

!

Time variant reliability analysis  V(t) <

A | /pf(l‘) ) i
no NN - Probability of failure
VR [ V. L ,i--" e :

N7 | | pr(t) = P[V(t) = Vg]
g ult) | +o
'/u/ ] ! = FVR (X)fv(x, t)dx =1- FV(VR' t)
7 (" (1) ; 0

A t

Py Characteristic time of failure
Ty =07 '(Pri) €9 Pri=5%

Q> sand removal period < Ty
=

__—fg%_vnn KARMAN INSTITUTE
==

'~ FOR FLUID DYNAMICS



Site characteristics

Wind statistics zp=4e-3m

1 } —
(a)
U, [m/s]
>3
Me6-8
0| [4-6
W24
Mo-2
(b)
15 20
8
6
h 4
2
u,, statistics (@ = 0.35 mm) -
0 = C
= -
=0.04
—4;) 15+t g )
£0.08
\:/ 1 South 01[-]
h [
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Sedimentation coefficient: svw

rail track —— |
; line side |
' SVW  access track |
=> embankment
- wind |
-6 =090° |

. NS .

Protected Railway Land

e
e

Railwav Land

l Straight Vertical Wall (SVW) from multiphase CFD simulation

Eulerian Tst order multiphase model for windblown sand

V.1, =0,
du 3
Wind flow: dff+uf V“f———VIHV [(vf+vr)Vuf],
RANS k- 1 ak+v (ku;)=V. [(O’l) 5 e
' VR A === | OPTIFLOW
da) 20,
S HV () =V [(O'wvf+v)va)]+ﬂfkpkfﬁﬂ) +(1-F)=2Vk- Vo, ‘
¢ \—/\/
Sand phase: - +tVq=0

sand mass -
conservation equation | 4= UePs + Wshs = Verrds™ Vs

from A. Lo Giudice, L. Preziosi (2020), App. Math. Modelling
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Sedimentation coefficient: svw

|
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Sedimentation coefficient: svw

*  Multiphase simulation

O data
8r = = fitting| -

 Standard CFD simulation




Sedimentation coefficient: s4s

S48

i
- wind

Protected Railway Land
Railway Land
von KARMAN INSTITUTE
FOR FLUID DYNAMICS

: Shield for Sand (S4S) from WT tests @ =g~
==

1. Trapping vortex

2. Reversed flow close to the ground

3. Sand subtraction from the

incoming flux

201N

] shield for

on KARMAN INSTITUTE
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Sedimentation coefficient: s4s

*  Wind tunnel setup in L-1B

upwind sand fetch

s g
[

! | [

R S T A

D

end plate side section

measuring section

sand fetch Shield for San[i

initial sand accumulation levels

*  PIV-PTV measurement setup

FoV #2 (c)
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Sedimentation coefficient: s4s

« Sand concentration and morphodynamics

1 . 2 ‘ ; ‘ .
(b) (c)
0.8+ : 1.8
0.6 : 1.6
E B
0.4 | 1 14
02 ] 12f
".
0 : : : : e
0 1 2 3 4 510" lio 5 01 15 2
o wp,) [ ! ORI

,A:
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Sedimentation coefficient: s4s

OO0 data

«  Wind Tunnel fest

— fitting

 Standard CFD simulation
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Sedimentation coefficient: porous fence

porous fence

- Protected Railway Land "1
l— Railway Land ' 00< data
40% porosity fence from WT tests Hotta and Horikawa (1990) == fitting
1 3

=k
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Sedimentation coefficient: embankment & track

SMM embankment ><
wind

=> v,
o=o0

source

l From WT tests Hotta & Horikawa (1990)

0.4
. 0 1
o
0.3} = 0.8 e
_ 1 : e Ballast void filling
02| | _ [l LI LN | [ ' _
QS Cuf ! 0.6 1 Ve=09V
- | o 1 %) L |
0.if{10 | daia i = 04 | SULS full covering
- |— fitting ! C. ]
ob——1—1 [ | | I | o ——r—r———T——r—
0 02 04 06 1 |\
5 7 {
%%
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Results: SVW configuration, North side

=5 = —
O 0, 0.

SMM embankment track

1 I I
1 | ]
a b C
EO.() ! ( ) EO.(\ !( ) :E—O.(\ ( )
= | £ | £
- 04 1 /= 04 | o~ 04
& I L= | S
S ; S 02 | S 82 e
| 3 ‘
4 MMMML o sl sl sl
0 100 200 300 100 200 300 0 100 200 300 4,
t [day] t [day] t [day] |
= _ == (d) (H)
= ,;;4.5"’ |
> | T | |- - -]
20 s L 1
,.;"'ﬂf.;;"";/
p— ,4"’;,-,";/ ey
g 15 P £
- £ ,-’l' - :“,':
E 4 E] 4
N N —F)
pi( V)~ pos( V)
k! (1), pol V)
R
0 ‘
0 10 200 300 400 500 600 700 0 50 100 150 200 250 300 0 20 407, 60 0 100 120 140 160 180 200
¢ [day] t [day] t [day]
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Results: SVW configuration, North side

T — —>
Q O, 0,

/.
I
SMM embankment
8 ‘ 3 ! ‘ 4r
(h)
35
3
‘E B
E ; 2
= N'1s
1
0.5
- J 0
I — 1, 1T [ 3 1
. () | (k) : (1)
0.8 : 0.8 : 081 :
| | |
06 | | | 1
=5 | | |
S | | |
PR | | |
I | | |
i | ! |
RS | | |
QL

10 20 30 40 50 60 70
Ty«

0 10 20 30 40 50 60 70




Lesson learnt: design perspective

S (] N S (] N ' S B N,
#I ' i &= % i i @ #E i i i &—
0 SVW  embankment track embankment SVW S4S  embankment track embankment S48 fence embankment track embankment fence
100 :
200 -
= 300 |
S,
~ 400 +
500 +
600
700

« $§48S scores overall good performance, while SVW shows the poorest performance.

Tk,track (543) - Tk,emb (545) - Tk,SMM (545) -
Tk,track (SVW) Tk,emb (SVW) Tk,SMM (SVW)

« The higher the wind occurrence (i.e. North side):

« the lower Ty, for a given SMM capacity
« the higher the required capacity, for a given T,

&> T, as a design requirement for SMM from Raffaele & Bruno (2020)
=
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Life Cycle Cost Analysis

$4S savings ~6M$/km $4S savings ~12M$/km
A 14 l T
i PP I S S ) S I P e e s
E - 2=
= .-
£l 10 e
o .
7
2| st L R e o
= ./ ......................
© | 7 | e Ll
P ® 6 e e mm e ESE D= = T
G
w 3 | / | .‘.' = = -
=E| ¢ 7 | e =S SYW
% C 2+ ] - = 84S
9 2 R R N s porous fence B=40%
= £
& 0 ~rwf
gL | 9l
E ) | | | | | | | |
g 10 40 30 40 50 60 70 80 90 1Pp0
& t [year]
parity | SVW savings ~3M$/km SVW savings ~6M$/km
SMM completion

&> cumulated savings are impressive w.r.t. railway avg worth (in ME ~4M$/km)
from Raffaele & Bruno (2020
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Conclusion & Perspectives

To conclude..
The proposed modelling framework allows to:

*  Move from trial-and-error to rationale design
« Assess the performances of SMMs
* Plan sand removal maintenance operations

« Assess the economic impact of SMMs

Some perspectives...

« Development of innovative Wind-Sand tunnel tests to assess the sedimentation
coefficient of different SMM

« Extrapolation from scale to full-scale conditions under different environmental
setups

|
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Conclusion &Perspectives

m P Hybrid Performance assessment of
- vPer

% OPTIFLOW
OF

g from the European Union's Horizon 2020 research and
the Marie Sktodowska-Curie grant agreement No 885985
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innovation programn
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