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Riprap Protection

• Section 1 – Introduction to Riprap
• Section 2 – Channel Characteristics
• Section 3 – Design Guidance for Stone Size
• Section 4 – Revetment Toe Scour 

Estimation and Protection
• Section 5 – Ice, Debris and Vegetation
• Section 6 – Quality Control
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Introduction

• Guidelines applicable for:
– Open channels not immediately 

downstream of a stilling basin
– Areas that are not highly turbulent
– Channels with bed slopes of < 2%
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Introduction

• Successful design dependent on:
– Stone shape
– Stone size
– Stone weight
– Durability
– Gradation
– Layer thickness
– Channel alignment
– Channel slope
– Velocity distribution
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Riprap Characteristics

• Stone shape
– Predominately angular
– a/c ratios 
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a

c

a = long axis
b = intermediate axis
c = short axis
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Riprap Characteristics

• Stone shape
– Predominately angular
– a/c ratios 

• Not more than 30% > 2.5
• Not more that 15% > 3.0
• No stone greater than 3.5 a

c
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Riprap Characteristics

• Relation between stone size and weight
– Design guidance typically is given as D%

• % indicates the percentage of the total 
specified gradation weight that contains 
stones of less weight

– Weight and size can be interchanged by:
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Riprap Characteristics

Where
D% = equivalent volume spherical stone diameter, ft
W% = weight of individual stone of diameter D%

s = unit weight of stone
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Riprap Characteristics

• Unit weight
– Typically ranges from 150 to 175 pcf
– Equations are sensitive to assumption of 

unit weight
– Common assumption is 165 pcf

• What if unknown??
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Riprap Characteristics
• Gradation

– Should be determined from a quarry test 
AND an in-place field test

– Upper and lower limits typically specified
• W100

– Lower limit ≥ 2 times lower limit of W50
– Upper limit ≤ 5 times lower limit of W50

• W50
– Lower limit > specified stone diameter
– Upper limit ≤ 5 times lower limit of W15

• W15
– Lower limit ≥ 1/16 upper limit of W100
– Upper limit < upper limit of properly designed filter
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Riprap Characteristics
• Layer thickness

– the upper limit of D100

– 1.5 times the upper limit of D50

– Thickness should be increased by 50% if 
riprap is placed underwater

– Oversized stones not contained within the 
prescribed layer can cause voids within the 
layer that inhibit interlocking and induce 
particle movement
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Riprap Protection

• Section 1 – Introduction to Riprap
• Section 2 – Channel Characteristics
• Section 3 – Design Guidance for Stone Size
• Section 4 – Revetment Toe Scour 

Estimation and Protection
• Section 5 – Ice, Debris and Vegetation
• Section 6 – Quality Control
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Channel Characteristics

• Side slope
– Slopes should not be greater than 1.5:1
– For constant hydraulic conditions, rock 

size increases with increasing side slope
– Erosion protection, NOT slope stability
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Channel Characteristics

• Roughness
– Form of Strickler’s equation

[ ]1/ 6
90(min)n K D=

Where
D90(min) = size where 90% is finer from lower limit of gradation
K = 0.034 for velocity and stone sizing calculations
K = 0.038 for capacity and freeboard calculations

* For wet placement, n is increased ~ 15%
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Riprap Protection

• Section 1 – Introduction to Riprap
• Section 2 – Channel Characteristics
• Section 3 – Design Guidance for Stone Size
• Section 4 – Revetment Toe Scour 

Estimation and Protection
• Section 5 – Ice, Debris and Vegetation
• Section 6 – Quality Control
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Design Guidance for Stone Size

• Design Considerations
• Stone Size
• Revetment Top and End Protection
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Design Considerations

• Lift and drag forces
• Undermining by scour
• Stone weight
• Stone interlocking
• Critical flow conditions
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Rock Sizing

• Utilizes depth averaged velocity and flow 
depth

• Resisting forces
– Rock size and weight

• Based on laboratory data and “verified”
with prototype data

• Incorporates wide range of gradations
• Applicable for side slopes of 1.5:1 or 

flatter
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Velocity estimation

• Vss – characteristic velocity for side 
slopes
– Depth averaged velocity at point 20% of 

the slope length, measured from the toe
– Typically determined in relation to Vavg
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Velocity estimation

• Vavg – Average channel velocity
– Expressed as function of R/W
– Computed at upstream end of bend
– For locations away from bends (>5W), 

assume large value of R/W
– Channel width/depth ratios important in 

defining Vavg

• Plates 33 - 36
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29Plate 36
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USACE Method
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USACE Method
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Where:

D30 = stone size (ft)

Sf = safety factor (minimum of 1.1 recommended)

Cs = stability coefficient for incipient failure where 
layer thickness is 1 D100(max) or 1.5 D50(max), 
and D85/D15 between 1.7 and 5.2

Cs = 0.30 for angular rock
Cs = 0.36 for rounded rock
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USACE Method
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Where:

Cv = vertical velocity distribution coefficient

= 1.0 for straight channels, inside bends

= 1.283 – 0.2 log (R/W), outside bends

= 1.25 downstream of concrete channels

= 1.25 for the end of dikes/groins

Ct = thickness coefficient

= 1.0 for 1*D100 or 1.5*D50 otherwise use Plate 40



33

USACE Method
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Where:

d   = local depth of flow (ft)

γs = unit weight of stone (lbs/ft3)

γW = unit weight of water (lbs/ft3)

V   = local depth averaged velocity (ft/s)

g   = gravitational constant (ft/s2)
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USACE Method
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Where:

K1 = side slope correction factor
= 1.0 for bottom riprap

or = 

where
θ = side slope angle
Φ = angle of repose
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Safety Factor

• Basic value is 1.1
• Should be increased for:

– Potential of impact forces
– Uncertainty of velocity, depth and rock weight 

estimations
– Potential for vandalism
– Uncertainty of gradation and/or placement 

quality control (stockpiling)
– If freeze/thaw is expected
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Applications

• Plate 37 developed assuming:
– Straight channel
– Thickness = 1D100(max)
– Rock weight of 165 pcf
– Sf = 1.1 



37Plate 37
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Applications

• Variable thickness
– Utilize Plate 38



39Plate 38
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Applications

• Varying side slope
– Equation 3-4 and Plate 39
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Plate 39

EQ. 3-4
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Applications

• Variations in vertical velocity 
distribution in bends
– Use Plate 40



43Plate 40
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Design Procedure

• Determine average channel velocity Vavg
• Calculate Vss using Plate 33
• Find D30 from Equation 3-3 or Plate 37
• If needed, correct for:

– Unit weight
– Side slope
– Vertical velocity distribution
– Layer thickness

• Compute gradation having D30(min) > computed 
D30
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USACE Method-Limitations

• Method based on lab data from late 80’s
– D50: 0.5 – 2.0 inches
– Thickness: 0.75 – 2 inches
– Average velocity: 0.6 – 6.6 ft/s
– Discharge: 15 – 100 cfs
– Bed slope: 0.00087 – 0.015
– Max side slope: 1.5:1

• Verified with some field data
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USACE Method-Steep Slopes

Where
S = bed slope
q = unit discharge

0.555 2 / 3

30 1/ 3

1.95* S qD
g

=
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USACE Method-Steep Slopes

Limitations
thickness = 1.5 D100
angular rock
unit weight = 167 pcf
1.7 < D85/D15 > 2.7
Bed slope from 2 – 20 %
uniform flow with NO tailwater

0.555 2 / 3

30 1/ 3

1.95* S qD
g

=
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Design Procedure

• Estimate unit discharge
• Apply flow concentration factor of 1.25 to 

unit discharge
• Compute D30
• Specify uniform gradation where D85/D15 < 

2, as in Table 3.1
• Restrict use to straight channels with side 

slopes of 2.5:1 or flatter
• Specify filter fabric beneath rock
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Revetment Top and End 
Protection

• Revetment Top
– How far upslope should be protected?

• Waves
• Debris
• Calculation uncertainties
• Return flows
• Site specific conditions

Begin 13 OCT 
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Balance between

and

$$



54

Revetment End Protection

• Upstream and downstream ends 
protected by
– Increasing thickness
– Extending protection to area of low 

velocity
• Three proposed methods
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Revetment End Protection

• Method A
– For revetments 12 

inch thick, or less 
extend to area of 
non-erodible 
velocity
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Revetment End Protection
• Method B

– > 12” thick, one or 
more reductions in 
stone size and 
thickness may be 
incorporated

– Extend to a location 
of non-eroding 
velocity
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Revetment End Protection
• Method C

– For revetments not 
terminating in non-
eroding velocities

– a = min of 3 times 
layer thickness

– b = 2 times layer 
thickness
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Length of Revetment

• Typically placed too far upstream and 
not far enough downstream of bends

• Should determine where flow crosses 
back across channel from site visit

• Rule of thumb
– 1.5 channel widths downstream of bend
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Riprap Protection

• Section 1 – Introduction to Riprap
• Section 2 – Channel Characteristics
• Section 3 – Design Guidance for Stone Size
• Section 4 – Revetment Toe Scour 

Estimation and Protection
• Section 5 – Ice, Debris and Vegetation
• Section 6 – Quality Control
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Revetment Toe Scour 
Estimation and Protection

• Revetment Methods
• Revetment Design
• Delivery and Placement
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Toe Scour Estimation and 
Protection

• Most frequent cause of revetment 
failure

• Result of several factors
– Meandering channels

• Change in section after bank is protected
• Scour at high flows

– Braided channels
• Scour at intermediate flows due to angle of 

attack
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Toe Scour Estimation and 
Protection

• Need to account for both components 
of scour
– Local scour
– Degradation

• Plate 42
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Toe Protection Methods

• Two methods to provide protection
– Extend protection to maximum scour depth

• Preferred method
• Can utilize bedrock
• Can be difficult and/or expensive for underwater 

placement
• Must be able to accurately determine scour depth
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Toe Protection Methods

• Two methods to provide protection
– Launchable stone

• Used extensively on sand bed streams
• Stone placed longitudinally above the expected 

scour area
• As scour progresses, stone slides into scour hole 

and halts progression
• Three main types
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Toe Protection Methods

• Launchable stone
– Windrow revetments
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Toe Protection Methods

• Launchable stone
– Trench-fill revetments
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Toe Protection Methods

• Launchable stone
– Weighted riprap toes
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Toe Protection Design

• Plate 43 gives 
guidance for 4 of 
the most common 
approaches
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Toe Protection Design

• Method A
– Excavation in the dry
– Extend riprap layer 

below existing invert 
a distance greater 
than the anticipated 
depth of scour
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Toe Protection Design

• Method B
– If channel bottom is 

nonerodible, riprap 
is keyed in at 
streambed level
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Toe Protection Design

• Method C
– Underwater placement
– Little or no toe scour
– Extend rock across bottom 

of channel a height “a” and 
length “c”

– a = 1.5 times layer 
thickness

– c = 5 times layer thickness
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Toe Protection Design

• Method D
– Used when water 

levels prohibit toe 
excavation or stone is 
less expensive than 
excavation

– Useful technique for 
emergency protection

– Launched thickness 
should be 1.5 times 
the thickness (1.75 
for underwater and 
long launch distance)
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Toe Protection Design

• Method D
– For gradual scour 

the height should 
be 2.5-4.0 times 
the thickness T

– For rapid scour 
the stone height 
should be 2.5-3.0 
T

– D85/D15 ≥ 2
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Toe Protection Design

• Method D
– Proper volume of 

stone is crucial to 
success

– Assume
• Launch slope = 2:1
• Maximum scour depth
• Thickness after 

launching is 1.5 times 
bank layer thickness
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Toe Protection Design

• Method D
– Incorporating 

these assumptions 
and solving for the 
volume of rock 
gives:

Volume = 1.5*T*launch slope length (<15 ft)

Volume = 1.5*T*scour depth*

Volume = 3.35*T*scour depth

5
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Toe Protection Design
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Summary



Filter DesignFilter Design



Granular filter beneath riprapGranular filter beneath riprap



Geotextile beneath armor layerGeotextile beneath armor layer



Granular Granular 
filterfilter

GeotextileGeotextile

c)  Granular transition layer with c)  Granular transition layer with 
geotextile (composite filter)geotextile (composite filter)

GeotextileGeotextile

Base soilBase soil

FreeboardFreeboard

a)  Geotextile filtera)  Geotextile filter

Granular filterGranular filter

b)  Granular filterb)  Granular filter



a)  Normal  (a)  Normal  (baseflowbaseflow) conditions) conditions

Seepage Seepage 
flowflow

Normal water levelNormal water level
GroundwaterGroundwater
tabletable



Seepage Seepage 
flowflow

Flood water levelFlood water level

b)  During flood peakb)  During flood peak



c)  After flood recessionc)  After flood recession

Seepage Seepage 
flowflow

Normal water levelNormal water level

Area of high seepage Area of high seepage 
gradients and uplift pressuregradients and uplift pressure



Types of GeosyntheticsTypes of Geosynthetics

• Geotextiles
• Geogrids
• Geomembranes
• Geosynthetic Clay Liners
• Rolled Erosion Control Products
• Geonets/Drainage Composites
• Geofoam, Geotextile Tubes and Soil 
Fibers





OK for filters under armor layerOK for filters under armor layer::

•• Woven monofilament fabricWoven monofilament fabric
•• NonNon--woven needle punched fabricwoven needle punched fabric

Not OKNot OK::

•• Slit film fabrics (e.g., silt fence)Slit film fabrics (e.g., silt fence)
•• SpunSpun--bonded fabricsbonded fabrics



NonNon--woven needle punchedwoven needle punched



NonNon--woven needle punchedwoven needle punched



Woven monofilamentWoven monofilament



Woven monofilamentWoven monofilament



Placement under waterPlacement under water













Minimum riprap thickness t = 3d50 , depth of 
contraction scour, or depth of bedform trough, 
whichever is greatest

Filter placement = 4/3(a) from pier (all around)

FLOW

Sand - filled 
geocontainers

Rock riprap placed 
flush with channel bed

Pier





Granular Filter DesignGranular Filter Design

50 50

50 50

D (filter) D (riprap)< 40   and    < 40
D (base) D (filter)

15 15

15 15

D (filter) D (riprap)5 <  < 40   and   5 <  < 40
D (base) D (filter)

15 15

85 85

D (filter) D (riprap)< 5   and    < 5
D (base) D (filter)



Coefficient of Uniformity (filter)

Cuf = d60f/d10f

M
ax

im
um

 A
50

= 
d 5

0f
/d

50
s

Coefficient of Uniformity (soil)  Cus = d60s/d10s

Cuf = 18

Cuf = 14

Cuf = 4

Cuf = 2

Cuf = 1

Cuf = 10

Cuf = 6

Coefficient of Uniformity (filter)

Cuf = d60f/d10f

M
ax

im
um

 A
50

= 
d 5

0f
/d

50
s

Coefficient of Uniformity (soil)  Cus = d60s/d10s

Cuf = 18

Cuf = 14

Cuf = 4

Cuf = 2

Cuf = 1

Cuf = 10

Cuf = 6

Granular filter designGranular filter design



IMPORTANT GEOTEXTILE PROPERTIES:IMPORTANT GEOTEXTILE PROPERTIES:

Permeability, Apparent Opening Size (AOS), Clogging potentialPermeability, Apparent Opening Size (AOS), Clogging potential



GeotextileGeotextile
filterfilter
designdesign

FROM SOIL PROPERTY TESTS 

MORE THAN 30% CLAY 
(D30 < 0.002 mm) 

LESS THAN 30% CLAY 
AND MORE THAN 50% FINES 

(d30 > 0.002 mm, AND d50 < 0.075 mm) 

LESS THAN 50% FINES 
AND LESS THAN 90% GRAVEL 

(d50 > 0.075 mm, AND d90 < 4.8 mm) 

MORE THAN 90% GRAVEL 
(d90 > 4.8 mm)

USE CISTIN – ZIEMS METHOD TO 
DESIGN A GRANULAR TRANSITION 
LAYER, THEN DESIGN GEOTEXTILE AS 
A FILTER FOR THE GRANULAR LAYER 

O95 < d50WIDELY GRADED (CU > 5)
 

O95 < 2.5d50 and O95 < d90 

UNIFORMLY GRADED (CU ≤5) 
 

d50 < O95 < d90 

WAVE ATTACKOPEN CHANNEL FLOW 

Definition of Terms 
dx = particle size for which x percent is smaller 
PI = plasticity index of the base soil 
K  = permeability of the base soil 
O95 = the AOS of the geotextile 
c = Undrained shear strength 
Cu = Coefficient of Uniformity, d60/d10 

Note 
 
If the required O95 is smaller than 
that of available geotextiles, then a 
granular transition layer is needed. 

O95 ≤ #70 SIEVE (0.2 mm) 

YES NO

PI > 5 
?

YES 

NO 

K < 10-7 cm/s, and 
c > 10 kPa, and 
PI > 15 
 
             ? 
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Delivery and Placement

• Placement method can affect required 
layer thickness and total volume of rock 
required
– Hand placed

• Can incorporate steeper slopes and therefore 
less rock

– Machine placed
• Stone can be broken and therefore layer 

thickness may need to be increased
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Ice and Debris

• Create greater stresses due to impact 
and flow concentration

• Ice effects..
– Cold Regions Research Engineering 

Laboratory, Hanover, NH
• Debris..

– Increase thickness, and therefore stone 
size, by 6-12 inches

– Side slopes no steeper than 2:1
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Quality Control

• Sampling and testing of in-place riprap should 
be conducted

• Deterioration can be caused by: 
– Loading
– Transportation
– Stockpiling
– Placing

• EM 1110-2-2302, Construction with Large 
Stone, provides sampling guidance for in-
place riprap
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Quality Control

No breakage or cracking after on season cycleSet Aside
No breakage or crackingDrop Test

Distinction based on scratch, ring and other 
characteristics

Field Index
Distinctions based on color and/or sizeField Visual

No major progressive crackingWetting-Drying
< 10% loss after 12 cyclesFreeze-Thaw
< 20% loss after 500 revolutionsAbrasion

No deterioration except for minor crumbs from 
surface

Glycol Soundness
Less than 5% lossSulfate Soundness
Less than 1 %Absorption
Dry unit weight > 160 pcfUnit Weight
Interlocking crystalline, no clay or soluble mineralsPetrography

Criteria for Evaluating SuitabilityTest
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Special Features and 
Considerations

Chapter 4


