Design of Maritime Structures

US Army Corps
of Engineers

Scour and Scour

Protection
Steven A. Hughes, PhD, PE

Coastal and Hydraulics Laboratory
US Army Engineer Research and Development Center
Waterways Experiment Station
3909 Halls Ferry Road
Vicksburg, Mississippi 39180-6199

Email: Steven.A.Hughes@erdc.usace.army.mil

CHL: Steven Hughes, PhD



Scour and Scour Protection

US Army Corps
of Engineers

Contents

* Scour Problems in Coastal Engineering
* Prediction of Scour
* Design of Scour Protection

* Design of Scour Blankets

CEM Chapters VI-5-3-f And VI-5-6 (Author: Steven A. Hughes)

CHL: Steven Hughes, PhD



Scour Problems

of Engineers

Definition of Scour

Scour Is the removal by hydrodynamic
forces of granular bed material in the
vicinity of Coastal Structures.

Note: Scour is a specific form of the
more general term "erosion.”
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Scour Problems

Typical Scour Failures

Scour, | l'
1 1
Ny o
e N ..—L— —
Sliding of main armour due to seabed scour Scour in seabed, seaward tilt and settlement
* Formation of scour hole cfose to the foot of the structure due to wave and current action.

* . - -
The foe is funciioning as ort for the mai - s as the foe erosion ot ﬁwmﬂmﬂ;&sm“mmﬂmmﬁmmmm
undermiring of the srmowr, .
* Aeduced stabilizing forces causes siip failure to occwr which resulis in sliding of anmour,

e The crifical wave Joad situations are when deegp wave roughs occur at the
caisson from.
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Scour Problems

of Engineers

Typical Scour Failures

IISOH . ﬁ i
Toe scour undercut and rotation of sheet wall

* Toe seowr and undercut reduces/eliminafes the passive preasure from the soil,
*  Scour in front of the wall reduces both the passive resistance and the bearing = Subsequent rotation of the wall when the loads from the active soil pressure and
capacity of the foundation soll. the pressure from the groundwater exceads the passive pressure.
» The resulting foad from the active backiil pressure, the high groundwater fable
amd ifve weight of the wall cause a bearing capacity fallure I the soil reswlting
it & foreward overturning and some seftlamant of the wail.

Seaward overturning and settlerment of gravity wall
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Scour Problems

of Engineers

Impacts of Scour-Related
Damage to Structures

* Project functionality is decreased

* Repair and replacement costs

* Damage to upland property / flood damage
* Client's confidence in project decreased
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Scour Problems

of Engineers

Physical Processes
Scour occurs whenever...

Hydrodynamic bottom shear stresses >
Sediment critical shear stress

Clear Water Scour : Sediment motion is localized

Live Bed Scour : Entire bottom is mobilized with locally higher stresses
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Scour Problems

of Engineers

Hydrodynamic Conditions

Scour results from any of the following
(acting singularly or in combination)

* Localized orbital velocity increases due to reflected waves

* Focusing of wave energy by structures that induces breaking

* Structure alignments that redirect currents and accelerate flows
* Flow constrictions that accelerate flow

* Downward directed breaking waves that mobilize sediment

* Flow separation and creation of vortices

* Transitions from hard bottom to erodible bed

* Wave pressure differentials and groundwater flow producing "quick"
condition
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Scour Problems

of Engineers

Common Scour Problems

" Beouwr at Pier

Sc:;ﬂr at Inlet Structures

. Pipeline Scour Pipeline Scour

cy
_— '
LA
Beour at

€. Scour &t Seawsl Vertieal Filings

. Secour at Detached
Breakwater
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Scour Problems

of Engineers

Other Scour Occurrences

* Any structure founded on the seafloor
can experience scour at downstream
side (surge barriers, sills, etc.)

* Small pad footings can be undermined

* Structure transition and termination
points can have local accelerations

* Scour in advance of new construction
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Scour Problems

of Engineers

Example of Inlet Scour

U8, ARMY CORPS
NEW YORK

SHINNECO(
LONG I1SLA

Shinnecock Inlet
Long Island, New York

Scour caused by flood
and
ebb jet flow separations




Scour and Scour Protection

US Army Corps
of Engineers

Contents

* Prediction of Scour

CEM Chapters VI-5-3-f And VI-5-6 (Author: Steven A. Hughes)

CHL: Steven Hughes, PhD



UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Walls

Nonbreaking Waves

WALL

e (/4 e L/4 e L2 ol L2 N

a. UNDER REGULAR WAVES

" b. UNDER IRREGULAR WAVES

(AFTER XIE 1981)
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Prediction of Scour

of Engineers

Scour at Vertical Walls

Nonbreaking Waves

S 0.05 0157
('“-.r'm.ls)m T:;J [Sillll(k;J"ll}][}'% From Xie's Repular Wave Tests
1 . |lll
where /
= 0.10+ /
G [:"'1'2- |
(“—rms)m _ 2 [[) 54 cosh L5 — ’prh -‘ E \
vk, T, H,, 4mcosh(k,h) |~ 2.8 g
Ghp Ly dme i Ir\ P ) |- C J Lh \\
3 -
:j \ Test 5
and _ = — -
S Maximum scour depth at node (L /2) v 0.05 1 Test, 2 T
h — Water depth = . T
. Test 4
T, — Peak spectral wave period - . \ T
(tpms ) — Root-mean-square of horizontal velocity Test 3 Praposed For Irregular Waves
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k, W I ted with T,
g — Gravity 0.0 - ,' — : : ——
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UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Walls

Nonbreaking Waves

Round, Vertical Breakwater Head Square, Vertical Breakwater Head
'Sr”’ —D1TH (KT -1 'Sr”’ ¢ e
T _0.5]1 — e OITIECS = —0.09 +0.123 KC

B
Incident (Waves
Incident Waves Where |
J I-"Tm jrju
KO =———
B e
( C Breakwater
Breakwater and Va
Scour
Scour S, Maximum scour depth from bed level

B Diameter of circular head

T - Regular wave period
U, Maximum wave orbital velocity at bed
KC - Keulegan-Carpenter number
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UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Walls

Breaking Waves

Rules of Thumb:

* Maximum scour depth: S, =Huwe o  S,=h

* Maximum scour when wall is at
breaking wave plunge point

e Reduction in reflection reduces
scour

* Currents will increase reflection
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UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Walls

Breaking Waves

1.50 1

1.35 _‘

T 1.20 |
"E)H.' — |99 ?1:. h _|_ U r}ltr-_'. 105k . S

[Hmr}}r; \J o [L;J}r} 0'9? P /
0.75 | 5 . .

0.60 | -

0.45 | ot

0.30 .' o
Where 015

Sm/(Hmo)o

S Maximum scour depth from bed level 000 Loty e e g e
. . -0.02 -001 000 0.01 002 003 004 005
(Hino)o Deepwater significant wave height W (L) '
p)o
h — Pre-scour water depth at wall
(Lp)o Deepwater wavelength associated with T, Range of Validity
h A E - ( mr}j'r;
0.011 < < (0.045 and 0.015 < < ().04
(LP}U (Lp}r}
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UCorps PrediCtion Of Scour

of Engineers

Scour at Sloping Structures
Rules of Thumb

* Generally, analytical methods are lacking
* Nonbreaking wave-induced scour is not significant

* Maximum breaking wave scour will be less than a
vertical wall

* Scour depth decreases with structure reflection
coefficient

* Along-structure currents can greatly increase scour
depth

* Obliquely-incident waves will increase scour because
of Mach-stem and generation of along-structure
currents
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UCorps PrediCtion Of Scour

of Engineers

Scour at Sloping Structures
Sloping Structure Roundheads

Scour by Steady Streaming Scour by Plunging Waves
y ; : 3/2
S _ 0.04 {1 _ o —40 (KC—0.05) Sm _ 07 [1pV9 Hs)
B H, ' h
Where
. '}T”.l TJ
Incident Waves KC - ( 2 »
e Steady Streaming Scour
and
| Sloping Breakwater S, Maximum scour depth from bed level

B Diameter of circular head at bed

T - Regular wave period
U Maximum wave orbital velocity at bed
H, — Significant wave height
Plunging Wave Scour KC - Keulegan-Carpenter number

CHL: Steven Hughes, PhD



UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Piles
Small Diameter Piles - (D < L/10)

Physical Processes

* Horseshoe vortex forms
* Vortex shedding in lee of pile
* _ocal flow accelerations

Key Parameters

e Current magnitude
* Orbital wave velocity
* Pile diameter

(Sediment size and pile shape less important)
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UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Piles

Small Diameter Piles

Rule of Thumb (somewhat conservative)

Maximum scour depth is equal to
about twice the pile diameter
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UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Piles

Scour by Currents -Small Diameter Piles

b (.65

= 2.() I{l I{g (f_] F:.“'.H
1}

T
"E)H'.'
h

Where
S Maximum scour depth below average bed level ] ] L
h — Water depth upstream of pile H " I - r I
ewidth | ] s PO el >
b — Pile width
F, — Flow Froude number [F, =U/\/(gh)] {s) Square Mose (b} Round Nose  fc) Cylinder  {d} Sharp Nose
[ — Mean current velocity magnitude
K, — Pile shape factor
K, — Pile orientation factor 0.62
. . . . a " - s
# — Angle of pile orientation Ky = (cos f 4+ —sin H)
. b
L — Pile length
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UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Piles

Scour by Waves -Small Diameter Piles

* Cylindrical Pile

*Srn.l —_ . . . -
o= 1.3 [1 _ e VO3 (KC f”] for KC' > 6

* Square Pile 90 deg. to Flow 2
S o

- =20 1 — g 0B (KCD) for KC' > 11
0.1 = _ E
* Square Pile 45 deg. to Flow Sl ]
. Q01 b sl ol coe il s |
ﬁ = 2.0 {1 — e MOIIALC _'ﬂJ for KC' =3 : 10 102 10° " ® (Steady
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UCorps PrediCtion Of Scour

of Engineers

Scour at Vertical Piles

Scour by Waves and Currents

* No analytical methods available

* Scour depth increases when even a small current is added to waves
* Breaking waves increase scour over scour caused by currents alone
* Inverted cone shape is similar for both cases

Rule of Thumb

Estimate maximum scour depth using formula for currents alone
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Prediction of Scour

of Engineers

Scour at Vertical Piles
Large Diameter Piles - (D > L/10)

Current Orientation  Equivalent Diameter Scour Depth Scour Extent

e Coincident waves and — O_]D

currents —]S
—_—
e \Wave diffraction occurs /\S—
* Maximum scouroccursat 7

corners of square piles ¢

* Scour extent used to — <:>"'
design scour protection O—
P— _18

Dg =D

Do =1.135

D,=1.135

D,=1828

Dp=1825

Sn=0.08D, Lg=0.75D,

8,=0.13D0, L.=0.75D,

S,=0.180, L,=1.00D,

S,=004D, L,=1.00D,

Sm=007D, Lg=100D,
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UCorps PrediCtion Of Scour

of Engineers

Scour at Pipelines
Pipelines Outside the Surf Zone

Scour Problem Scour Process

e Scour can lead to partial burial ~ * Begins with seepage increasing

* Problem is differential scour due _ 2eneath pipeline
to different soil types * Rapid scour phase (tunnel

e Pineline is left . erosion)
Ipeline isiett spanning a gap -« Fjnal scour by lee-wake erosion
Fipeline Scour Fipeline
Embedment
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UCorps PrediCtion Of Scour

of Engineers

Scour at Pipelines
Pipelines Outside the Surf Zone

Scour by Currents Scour by Waves

For U/U, > 1 (Live-bed S _ ey e

or U/U, > 1 (Live-bed scour) 6_[]_“@(1_1._1 5)+5
E =0.6=x0.1 Valid for ¢/D < 0.5
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UCorps PrediCtion Of Scour

of Engineers

Scour at Pipelines
Pipelines Through the Surf Zone

* Pipelines will be damaged if uncovered and
exposed to strong waves and longshore currents

* Once exposed, additional scour occurs
* No design guidance is available

Rule of Thumb

Burial depth should exceed expected profile
lowering at all places
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UCorps PrEdiCtion Of Scour

of Engineers

Other Scour Problems

* Scour downstream of sills and stone
blankets due to currents

* Scour downstream of hard bottoms due to
currents

* Scour at control structures due to plunging
jets

* Scour at two- and three-dimensional
culverts

* Scour at abutments and spur dikes
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Design of Scour Protection

of Engineers

Toe Scour Apron Rules of Thumb

* Based on survey of successful field practice

* QOften protection is extension of bedding or filter layer

* Minimum Apron Thickness: 0.6to 1.0 m (1.0to 1.5 m
in NW)

* Minimum Apron Width: 1.5 m (3 mto 7.5 min NW)

* Material: Quarrystone to 0.3 m diameter, gabions,
mats, eftc.

Rules of thumb are inadequate when:
1. depth < 2 x breaking wave height
2. Reflection coefficient > 0.25 (about 1:3 slope)
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Bl : :
Design of Scour Protection

of Engineers

Sheetpile Retaining Walls

Geotechnical Considerations Hydrodynamic Considerations

W =2.0d. W = 2.0 H; or W =04 d,

Where

W Width of scour apron

d, Depth of sheetpile penetration
H; Incident wave height

d, Water depth at wall
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Design of Scour Protection

of Engineers

Sheetpile Retaining Walls

Apron Stone Size:

* WAVES: For heavy wave action, use toe

protection guidance (VI-5-3-d)
* CURRENTS: For strong currents use scour
blanket criterion (VI-5-3-f)

* WAVES AND CURRENTS: Estimate individually,
then increase largest by factor of 1.5
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Bl : :
Design of Scour Protection

of Engineers

Sloping-Front Structures

* Adequate scour protection usually
provided by toe protection design

* Additional protection might be
needed for strong lateral currents

* Inlet structures are a special case
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Bl : :
Design of Scour Protection

of Engineers

Vertical Piles

Currents Waves
Size stone according |
to scour blanket Rule of Thumb:
guidance

i Blanket width about

twice maximum scour
= depth

Current
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Bl : :
Design of Scour Protection

of Engineers

Submerged Pipelines

Cover Stone Filter Stone

u
Outside Surf Zone: = 575
Sl gy,
ALl 40 A A A 1WA 48 A5 e dTSE St TR, AR et

By

e Burial (a) Scour Protection by Partial Covering

* Partial covering
* Complete covering

i Cover Stone Filter Stone
u
Inside Surf Zone: N\
I e SR T
R A e T
. . . B e e L o e e e T
B u r / al | S O n ly O p t | O n e e W B R e e P
= SR

(b) Scour Protection by Complete Coverage
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Design of Scour Blankets

of Engineers

Stability in Current Field

. 15/2
17 —_ _ 1/2 ;
Wi _ N ( S, (7 }:i l[( Wy ) = u \H-! Where
P TS S - T
Wy h,"} ¥ 1 8 [ Wy, — Wy, ﬁ 1_{}h J . . ) . i
Wiy — Weight at which 30% of stones are smaller
by weight
w, — opecific weight of blanket stone
- Wy — Specific weight of water
With :
h — Water depth
. .
e ‘ sin” # g — Gravity
1= o ain2 A U Mean current velocity over depth
\ sin” ¢ : I
' Sy — Safety factor (1.1 minimum)
C', — Stability coefficient

(0.30 — angular stone; .38 — rounded stone)
f# — Bottom slope angle
¢ — Blanket stone angle of repose (= 40°)
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Design of Scour Blankets

of Engineers

Riprap Gradation Blanket Thickness

Wso,,, = 1.7 Wap Above water (minimum - 0.3 m)
-[I:[;.T]_[}[},_.I,“__!- - L"'qn:r_:l -[IIT,_-].[} Tr ]_III'I:'}
| | o (Wao
Wino,,., = 3.4 Wy r=z w
"l
Weo, = 2.6 Wy
, _ Below water (minimum - 0.5 m)
Wis = 1.3 Wy 1/3
. . 9% Wi\
H*"lﬁ,_..m = 0.0 Wy r= 5.8
u,
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Design of Scour Blankets

of Engineers

Example _. .
P Riprap Gradation
* Depth = 20 ft
* Mean velocity = 8.2 ft/s Wag = 1.9 1b
e Rounded stone l
* Safety factor = 1.1 W100,,,, = 16.4 1b
Flat bottom W  — 661D
Blanket Thickness
Wi Oy = 2-0 [b
(191 |3 W50, = 3:3 10
r=3.8 5 — (.86 [b
\165 b/ ft°) 15 = 2.51b
Wis = 1.0 b
Use r=0.5m=1.61ft Wmin
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Scour and Scour Protection

US Army Corps
of Engineers

Scour Conclusions

* Scour at structures can cause damage
leading to reduced project functionality

* Capability to predict maximum scour depth
IS lacking for many situations

* I[mportant to identify dominant scour
mechanism

* Design of scour protection is based largely
on past experience

* Knowledge about scour of cohesive
sediments is virtually nonexistent
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