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Errata Sheet
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# Page Description

1 Xii Definition of ks:
ks = Grain roughness of the bed, m (ft). Delete: "Normally taken as the Dsg4 of the
bed material."

2 2.8&2.9 Delete last sentence page 2.8 which continues on page 2.9 that reads "If the
magnitude of the 500-year flood is not available from a published source, use a
discharge equal to 1.7 times the Q100" and substitate the following:

"For guidance for a particular state in determining the magnitude of the 500-year
flood, contact with the U.S. Geolagical Survey,Water Resources District office is
suggested.”

3 5.15 Example Problem 3ayz eguation:

Add a close parehthesis so denominator readsy(0.0003)%3 (91.4)?

4 6.1 First paragraph; 3rd line shauldwead:

"...cohesive or noncohesive..."
5 6.4 Definition of Ka:

Delete ..."and\Table 6.4."*
6 6.6 Last sentence in boldrshould read:

Thexninimum value'of K4 is 0.4.

Delete;/fandiit should only be used when V1 < Vic pso.”
7 6.7 Equations,6.9 and 6.10:

F should be Fr1

8 6.13 Equation 6.14: Ks in numerator and denominator should be ks
Definition of ks should read:
ks = Grain roughness of the bed (normally taken as the Dgs for sand size bed
material and 3.5 Ds4 for gravel and coarser bed material, m (ft)

9 6.23 Last paragraph, first sentence should read:

"The angle of repose of cohesionless material..."




# Page Description
10 6.28 Equation:
"1n" in numerator and denominator should be "In" instead.
"Ks" in denominator should be "ks" instead.
11 A.9 Appendix A, Table A.7:
For the Kinematic viscosity column, the values should be multiplied by 105 not 10-4.
12 E.3 Appendix E, title should be:
Sturm Abutment Scour Equations
13 E.4-E.7 Throughout the Appendix: The subscript "0" should be "0" (zero), i.e. "Y%" should be
"Yio"
The subscripts "I" and "i" should be "1" (one) i.e., "Vm" should be "Vmi" and "Vmic"
should be "Vmac"
14 E.5 Second paragraph, 5th line should read:
"the denominator in the abovesquation..."”
15 E.6 Item 6c¢: First line shouldybes:
"Compute the critical velocity..."
16 E.7 Item 8a:
Under "where:" change, the xa" in the equal to less than expression to "Xa"
Item 9 should read:
"...scour depth, ys, from Equation E.1."
Item 10, last paragraph,/last line should read:
“equation presented in Section E.3."
17 E.8 ReferenCe #2, second line:
Delete "September" and add "FHWA Report No. FHWA-RD-99-156, McLean, VA."
18 F.3 First paragraph, second line should read:
"The equations and method are presented..."
Notes:

The May 2001 4™ edition of HEC-18 has been superseded by the April 2012 5th edition of HEC-
18. This 4t edition (including these errata) may no longer reflect current or accepted
regulation, policy, guidance or practice.

FHWA does not have any printed copies of this document.
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LIST OF SYMBOLS

Pier width, m (ft)

Maximum amplitude of elevation of the tide or storm surge, m (ft)

Flow area of the approach cross section obstructed by the embankment, m? (ft?)
Cross-sectional area of the waterway at mean tide elevation--half between high
and low tide, m? (ft%)

Net cross-sectional area in the inlet at the crossing, at mean water surface
elevation, m? (ft?)

Coefficient of discharge

Diameter of the bed material, m (ft)

Diameter of smallest nontransportable particle in the bed material, m (ft)
Effective mean diameter of the bed material in the bridgey,mm or m

1.25 D5

Median diameter of the bed material, diameter which 50% ofithe sizes are
smaller, mm or m

Diameter of the bed material of which 84%are ‘smallef, mm=or m

Diameter of the bed materiahof,which 90% are smaller, mim or m

Froude Number [V/(gy)¥2]

Froude Number of.approach flowaupstream ofthejabutment

Froude Number based on the-velocity and depth adjacent to and upstream of the
abutment

Froude Number directly upstream of a\pier

Acceleration of gravity;m/s? (ft/s?)

Head loss between ‘'sections, 1\and 2, m (ft)

Average depthofflow in the'waterway at mean water elevation, m (ft)

Height (i.e., height of aldune), m (ft)

Distanee from the,low. chord of the bridge to the average elevation of the stream
bed before seour,\m*(ft)

Various coefficients in equations as described below

2/3
Conveyance in Manning's equation w m%/s (ft/s)
n

Bottom width of the scour hole as a fraction of scour depth, m (ft)

Velocity head loss coefficient on the ocean side or downstream side of the
waterway

Velocity head loss coefficient on the bay or upstream side of the waterway
Shields coefficient

Correction factor for pier nose shape

Coefficient for abutment shape

Xi



Ko = Correction factor for angle of attack of flow
= Coefficient for angle of embankment to flow

Ks = Correction factor for increase in equilibrium pier scour depth for bed condition
K4 = Correction factor for armoring in pier scour equation
ki & ko = Exponents determined in Laursen live-bed contraction equation, depends on the
mode of bed material transport
Ks = Grain roughness of the bed, m (ft)
L = Length of pier, m (ft)
Lc = Length of the waterway, m (ft)
L orL = Length of abutment (embankment) projected normal to flow, m (ft)
n = Manning's n
ny = Manning's n for upstream main channel
n, = Manning's n for contracted section
Q = Discharge through the bridge or on the overbank at the bridge, m%s (ft%/s)
Q. = Flow obstructed by the abutment and approach embankment, m?s (ft*/s)
Qrmax = Maximum discharge in the tidal cycle, m®/s (ft¥/s)
= Maximum discharge in the inletam?/s (ft*/s)
Q = Discharge at any time, t, in the tidal cycle, m¥s (ft’/s)
Q = Flow in the upstream main‘channel trafisporting sediment, m%s (ft*/s)
Q. = Flow in the contracted{channel, m*/s\({t*/s). Oftén this is equal to the total

discharge unless thetotal flood flow is reduced.by relief bridges or water
overtopping the approach roadway

Q100 = Storm-event having a prebability of occurrence of one every 100 years, m*/s
(ft%/s)
Qs00 = Storm-event having,a“probability.of'occurrence of one every 500 years, m*/s
(ft%/s)
q = Discharge perwunit widthym?/s/m (ft¥/s/ft)
= Discharge inconveyance'tube, m*/s (ft/s)
R = Hydraulie'radius
= Coefficient of resjistance
SBR = Set-back ratio of each abutment
Sy = Slope of energy grade line of main channel, m/m (ft/ft)
St = Slope of the energy grade line, m/m (ft/ft)
S = Average bed slope, m/m (ft/ft)
Ss = Specific gravity of bed material. For most bed material this is equal to 2.65
t = Time from the beginning of total cycle, min
T = Total time for one complete tidal cycle, min

= Tidal period between successive high or low tides, s
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Vmax
Vi

Ya
Vi
yO
Yps
yS
Ys
yS
Ysc
Y4

Average velocity, m/s (ft/s)

Characteristic average velocity in the contracted section for estimating a median
stone diameter, Dsg, m/s (ft/s)

Qmaxd/A, or maximum velocity in the inlet, m/s (ft/s)

Average velocity at upstream main channel, m/s (ft/s)

Mean velocity of flow directly upstream of the pier, m/s (ft/s)

Average velocity in the contracted section, m/s (ft/s)

Critical velocity, m/s (ft/s), above which the bed material of size D, Dsg, etc. and
smaller will be transported

Critical velocity for Dsg bed material size, m/s (ft/s)

Critical velocity for Dgg bed material size, m/s (ft/s)

Qc/Ae, m/s (ft/s)

Average velocity of flow zone below the top of the footing, m/s'(ft/s)

Approach velocity when particles at a pier begin to move, m/s (ft/s)

Maximum average velocity in the cross section atiQnag m/s (ft/s)

Velocity ratio

Shear velocity in the upstream section, m/s (ft/s)

(t/p) = (9y1S4)”2

Volume of water in the tidahprism between high and low tide levels, m* (ft°)
Bottom width of the bridge‘less pier widths, or overbank width (set back distance
less pier widths, mi(ft)

Topwidth of the scour holeXfrom/each side ofithe pier of footing, m (ft)

Bottom width of the upstream main channel, m (ft)

Bottom width of the prain-Channel-in‘the contracted section less pier widths, m (ft)
Fall velocity of the*bed’material*of-a given size, m/s (ft/s)

Depth of flow,-m{ft). This,depth is used in the Neill's and Larson's equation as
the upstream‘ehannel depth*to determine V..

Depth' offlow in the.contracted bridge opening for estimating a median stone
diameter; D5, mi(ft)

Amplitude or elevation of the tide above mean water level, m (ft), at time t
Average depth of flow on the floodplain, m (ft)

Distance from the bed to the top of the footing, m (ft)

Existing depth of flow, m (ft)

Depth of pier scour, m (ft)

Average contraction scour depth, m (ft)

Local scour depth, m (ft)

Depth of vertical contraction scour relative to mean bed elevation, m (ft)

Depth of contraction scour, m (ft)

Average depth in the upstream main channel or on the floodplain prior to
contraction scour, m (ft)
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Y2

AH

Depth of flow directly upstream of the pier, m (ft)

Depth of flow at the abutment, on the overbank or in the main channel for
abutment scour, m (ft)

Average depth in the contracted section (bridge opening) or on the overbank at
the bridge, m (ft)

Average depth under lower cord, m (ft)

Vertical offset to datum, m (ft)

Average bed shear stress at the contracted section, Pa or N/'m? (Ibs/ft?)

Critical bed shear stress at incipient motion, N/m? (Ibs/ft?)

Specific weight of water, N/m? (Ibs/ft°)

Density of water, kg/m® (slugs/ft®)

Density of sediment, kg/m? (slugs/ft*)

Angle of repose of the bed material (ranges from about 30°t0/44°)

Skew angle of flow with respect to pier

Skew angle of abutment (embankment) with respéct to flow

Angle, in degrees, subdividing the tidal cycle

Maximum difference in water surface elevation béetweemthe bay and ocean side
of the inlet or channel, m (ft)
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abrasion:

aggradation:

alluvial channel:

alluvial fan:

alluvial stream:

alluvium:

alternating bars:

anabranch:

anabranched stream:

anastomosing stream:

angle of repose:

annual flood:

apron:

apron, launching:

armor (armoring):

GLOSSARY

Removal of streambank material due to entrained sediment,
ice, or debris rubbing against the bank.

General and progressive buildup of the longitudinal profile of
a channel bed due to sediment deposition.

Channel wholly in alluvium; no bedrock is exposed in channel
at low flow or likely to be exposed by erosion.

A fan-shaped deposit of material at the place where a stream
issues from a narrow valley of high slope onto a plain or
broad valley of low slope. An alluvial cone is made up of the
finer materials suspended in flow while a debris cone is a
mixture of all sizes and kinds of materials.

A stream which has formed its ‘Channel in cohesive or
noncohesive materials that have.been and can be transported
by the stream.

Unconsolidatedymaterial«deposited by aystream in a channel,
floodplain, alluvial fan,«or delta.

Elongatéd, deposits found alternately near the right and left
banks-of,a channel

Individual channel of ansanabranched stream.

A stream Whose flow is divided at normal and lower stages by
large islands or, more rarely, by large bars; individual islands
or bars are wider than about three times water width;
channels aresmore widely and distinctly separated than in a
braided stream.

An anabranched stream.

The“maximum angle (as measured from the horizontal) at
which gravel or sand particles can stand.

The maximum flow in one year (may be daily or
instantaneous).

Protective material placed on a streambed to resist scour.

An apron designed to settle and protect the side slopes of a
scour hole after settlement.

Surfacing of channel bed, banks, or embankment slope to
resist erosion and scour. (a) Natural process whereby an
erosion- resistant layer of relatively large particles is formed
on a streambed due to the removal of finer particles by
streamflow; (b) placement of a covering to resist erosion.
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articulated concrete
mattress:

average velocity:

avulsion:

backfill:

backwater:

backwater area:

bank:

bank, left (right):

bankfull discharge:

bank protection:

bank revetment:

bar:

base floodplain:

bay:
bed:

bed form:

Rigid concrete slabs which can move without separating as
scour occurs; usually hinged together with corrosion-resistant
cable fasteners; primarily placed for lower bank protection.

Velocity at a given cross section determined by dividing
discharge by cross sectional area.

A sudden change in the channel course that usually occurs
when a stream breaks through its banks; usually associated
with a flood or a catastrophic event.

The material used to refill a ditch or other excavation, or the
process of doing so.

The increase in water surface elevation relative to the
elevation occurring under natural channel and floodplain
conditions. It is induced by a bridge or-Other structure that
obstructs or constricts the free flow of water in a channel.

The low-lying lands adjacent, te-a stream, that may become
flooded due torhackwater,

The sides\of*a channel“between which the flow is normally
confined.

The,.side of a'channhel as viewed in a downstream direction.

Dischargethat, on the average, fills a channel to the point of
overflowing.

Engineering works for the purpose of protecting streambanks
from ergsion:

Erosion-resistant materials placed directly on a streambank to
protectthe bank from erosion.

An® elongated deposit of alluvium within a channel, not
permanently vegetated.

The floodplain associated with the flood with a 100-year
recurrence interval.

A body of water connected to the ocean with an inlet.

The bottom of a channel bounded by banks.

A recognizable relief feature on the bed of a channel, such as
a ripple, dune, plane bed, antidune, or bar. Bed forms are a

consequence of the interaction between hydraulic forces
(boundary shear stress) and the bed sediment.
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bed layer:

bed load:

bed load discharge
(or bed load):
bed material:

bedrock:

bed sediment discharge:

bed shear (tractive force):

bed slope:

blanket:

boulder:
braid:

braided stream:

bridge opening:

bridge waterway:

bulk density:

bulkhead:

bulking:

A flow layer, several grain diameters thick (usually two)
immediately above the bed.

Sediment that is transported in a stream by rolling, sliding, or
skipping along the bed or very close to it; considered to be
within the bed layer (contact load).

The quantity of bed load passing a cross section of a stream
in a unit of time.

Material found in and on the bed of a stream (May be
transported as bed load or in suspension).

The solid rock exposed at the surface of the earth or overlain
by soils and unconsolidated material.

The part of the total sediment dischargethat is composed of
grain sizes found in the bed and is, equal to the transport
capability of the flow.

The force per wunit area exérted./by a fluid ‘flowing past a
stationary boundary.

The inclination of the channel bottom.

Materialh\covering~all or a portion,of a streambank to prevent
erosion.

A rock fragment whose diameter is greater than 250 mm.
A subordinate channel of a braided stream.

A~-Stream «whose flow is divided at normal stage by small
mid-channel*bars or small islands; the individual width of bars
and islands”“is less than about three times water width; a
braided stream has the aspect of a single large channel within
which are subordinate channels.

T he cross-sectional area beneath a bridge that is available for
conveyance of water.

The area of a bridge opening available for flow, as measured
below a specified stage and normal to the principal direction
of flow.

Density of the water sediment mixture (mass per unit
volume), including both water and sediment.

A vertical, or near vertical, wall that supports a bank or an
embankment; also may serve to protect against erosion.

Increasing the water discharge to account for high
concentrations of sediment in the flow.
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catchment:
causeway:

caving:

cellular-block

channel:

channelization:

channel diversion:

channel pattern:

channel process:

check dam:

choking (of flow):

clay (mineral):

clay plug:

clear-water scour:

cobble:

concrete revetment:

confluence:

See drainage basin.
Rock or earth embankment carrying a roadway across water.

The collapse of a bank caused by undermining due to the
action of flowing water.

Interconnected concrete blocks with regular cavities placed
mattress: directly on a streambank or filter to resist erosion.
The cavities can permit bank drainage and the growth of
vegetation where synthetic filter fabric is not used between
the bank and mattress.

The bed and banks that confine the surface flow of a stream.

Straightening or deepening of a natural-channel by artificial
cutoffs, grading, flow-control measures,=or diversion of flow
into an engineered channel.

The removal of flows by natural‘or artificial/means from a
natural lengthsof,.channels

The aspeet of a stream ‘channel in plan view, with particular
reference™ to thew._degree °of\ sinuosity, braiding, and
anabranching.

Behavior of ‘a _channel‘with respect to shifting, erosion and
sedimentation.

A low'dam or weirnacross a channel used to control stage or
degradation.

Excessive, constriction of flow which may cause severe
backwater effect.

A particle whose diameter is in the range of 0.00024 to 0.004
mm.

A cutoff meander bend filled with fine grained cohesive
sediments.

Scour at a pier or abutment (or contraction scour) when there
is no movement of the bed material upstream of the bridge
crossing at the flow causing bridge scour.

A fragment of rock whose diameter is in the range of 64 to
250 mm.

Unreinforced or reinforced concrete slabs placed on the
channel bed or banks to protect it from erosion.

The junction of two or more streams.
XX



constriction:

contact load:

contraction:

contraction scour:

Coriolis force:

countermeasure:

crib:

critical shear stress:

crossing:

cross section:
current:
current meter:
cut bank:

cutoff:

cutoff wall:

A natural or artificial control section, such as a bridge
crossing, channel reach or dam, with limited flow capacity in
which the upstream water surface elevation is related to
discharge.

Sediment particles that roll or slide along in almost continuous
contact with the streambed (bed load).

The effect of channel or bridge constriction on flow
streamlines.

Contraction scour, in a natural channel or at a bridge
crossing, involves the removal of material from the bed and
banks across all or most of the channel width. This
component of scour results from a contraction of the flow area
at the bridge which causes an increase.in, velocity and shear
stress on the bed at the bridge. | he~Ccontraction can be
caused by the bridge or from_a natural narrowing of the
stream channel.

The inertial force caused«bydhe’Earth's rotation that deflects a
moving body,ta.the right.in the Northern.Hemisphere.

A measure intended. to prevent, ‘delay or reduce the severity
of hydraulic problems.

A frame structure filled with=earth or stone ballast, designed to
reducerenergy and to deflect streamflow away from a bank or
embankment.

The,minimum™amount of shear stress required to initiate soil
particle motion:

The relatively short and shallow reach of a stream between
bends;jalso crossover or riffle.

A section normal to the trend of a channel or flow.

Water flowing through a channel.

An instrument used to measure flow velocity.

The concave wall of a meandering stream.

(a) A direct channel, either natural or artificial, connecting two
points on a stream, thereby shortening the original length of
the channel and increasing its slope; (b) A natural or artificial
channel which develops across the neck of a meander loop

(neck cutoff) or across a point bar (chute cutoff).

A wall, usually of sheet piling or concrete, that extends down
to scour-resistant material or below the expected scour depth.
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daily discharge:

debris:

degradation (bed):

deep water (for waves):

depth of scour:

design flow (design flood):

dike:

dike (groin, spur, jetty):

diurnal tide

discharge:

dominant discharge:

drainage basin:

drift:

Discharge averaged over one day (24 hours).

Floating or submerged material, such as logs, vegetation, or
trash, transported by a stream.

A general and progressive (long-term) lowering of the channel
bed due to erosion, over a relatively long channel length.

Water of such a depth that surface waves are little affected by
bottom conditions; customarily, water deeper than half the
wavelength.

The vertical distance a streambed is lowered by scour below
a reference elevation.

The discharge that is selected as the basis for the design or
evaluation of a hydraulic structure.

An impermeable linear structure«fer the control’or containment
of overbank flow.“\A dike-trending parallel with a streambank
differs from%allevee inthat it extends./for a much shorter
distance along the bankand it may/bé surrounded by water
during'floods.

A structure extending from ajbank into a channel that is
designed 1o, (a) reduce_thesstream velocity as the current
passesy, through the dike, thus encouraging sediment
deposition. along the” bank (permeable dike); or (b) deflect
erosive current{away from the streambank (impermeable
dike):

Tides with,an approximate tidal period of 24 hours.

Volume of water passing through a channel during a given
time.

(a) The discharge of water which is of sufficient magnitude
and frequency to have a dominating effect in determining the
characteristics and size of the stream course, channel, and
bed; (b) That discharge which determines the principal
dimensions and characteristics of a natural channel. The
dominant formative discharge depends on the maximum and
mean discharge, duration of flow, and flood frequency. For
hydraulic geometry relationships, it is taken to be the bankfull
discharge which has a return period of approximately 1.5
years in many natural channels.

An area confined by drainage divides, often having only one
outlet for discharge (catchment, watershed).

Alternative term for vegetative "debris."
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ebb tide:

eddy current:

entrenched stream:

ephemeral stream:

equilibrium scour:

erosion:

erosion control matting:

estuary:

fabric mattress:

fall velocity:

fascine:

fetch:

fetch length:

fill slope:

filter:

filter blanket:

Flow of water from the bay or estuary to the ocean.

A vortex-type motion of a fluid flowing contrary to the main
current, such as the circular water movement that occurs
when the main flow becomes separated from the bank.

Stream cut into bedrock or consolidated deposits.

A stream or reach of stream that does not flow for parts of the
year. As used here, the term includes intermittent streams
with flow less than perennial.

Scour depth in sand-bed stream with dune bed about which
live bed pier scour level fluctuates due to variability in bed
material transport in the approach flow.

Displacement of soil particles due to water,or wind action.

Fibrous matting (e.g., jute, paper, etc.)'placed or sprayed on a
stream- bank for the purpose of‘resisting erosion or providing
temporary stabilization until yegetation is established.

Tidal reach atithe mouth ‘of a river.
Grout-filled mattress used, for streambank protection.

The ¢velocity at which a sediment particle falls through a
column’of still water.

A matrix ofswillow or other natural material woven in bundles
and used‘as’a filter. Also, a streambank protection technique
consisting» of wire mesh or timber attached to a series of
posts; sometiméshin double rows; the space between the
rows 'may be filled with rock, brush, or other materials.

The area_in_which waves are generated by wind having a
rather //constant direction and speed; sometimes used
synonymously with fetch length.

The horizontal distance (in the direction of the wind) over
which wind generates waves and wind setup.

Side or end slope of an earth-fil embankment. Where a
fill-slope forms the streamward face of a spill-through
abutment, it is regarded as part of the abutment.

Layer of fabric (geotextile) or granular material (sand, gravel,
or graded rock) placed between bank revetment (or bed
protection) and soil for the following purposes: (1) to prevent
the soil from moving through the revetment by piping,
extrusion, or erosion; (2) to prevent the revetment from
sinking into the soil; and (3) to permit natural seepage from
the streambank, thus preventing the buildup of excessive
hydrostatic pressure.

A layer of graded sand and gravel laid between fine-grained
material and riprap to serve as a filter.
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filter fabric (cloth):

fine sediment load:

flanking:

flashy stream:

flood tide:

flood-frequency curve:

floodplain:

flow-control structure:

flow hazard:

flow slide:

fluvial geomorphology:

fluvial system:

freeboard:

Geosynthetic fabric that serves the same purpose as a
granular filter blanket.

That part of the total sediment load that is composed of
particle sizes finer than those represented in the bed (wash
load). Normally, the fine-sediment load is finer than 0.062
mm for sand-bed channels. Silts, clays and sand could be
considered wash load in coarse gravel and cobble-bed
channels.

Erosion around the landward end of a stream stabilization
countermeasure.

Stream characterized by rapidly rising and falling stages, as
indicated by a sharply peaked hydrograph. Typically
associated with mountain streams or highly disturbed
urbanized catchments. Most flashy streams are ephemeral,
but some are perennial.

Flow of water from the ocean to.the bay or estuary.

A graph indicating the grobability that\the annual flood
discharge will’'exceed a“‘given/magnitude, or the recurrence
interval correspending‘to/a given magnitude.

A nearly flat, alluvial lowlandsberdering a stream, that is
subjectito frequent inundation by floods.

A structure.either within or*outside a channel that acts as a
countermeasure by controlling the direction, depth, or velocity
of flowing'water.

Flow characteristics (discharge, stage, velocity, or duration)
that are ‘associated with a hydraulic problem or that can
reasonably, be considered of sufficient magnitude to cause a
hydraulic)* problem or to test the effectiveness of a
countermeasure.

Saturated soil materials which behave more like a liquid than
a solid. A flow slide on a channel bank can result in a bank
failure.

The science dealing with the morphology (form) and
dynamics of streams and rivers.

The natural river system consisting of (1) the drainage basin,
watershed, or sediment source area, (2) tributary and
mainstem river channels or sediment transfer zone, and (3)
alluvial fans, valley fills and deltas, or the sediment deposition
zone.

The vertical distance above a design stage that is allowed for
waves, surges, drift, and other contingencies.
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fresh water:

Froude Number:

gabion:

general scour:

geomorphology/morphology:

grade-control structure

(sill, check dam):

graded stream:

gravel:

groin:

grout:

guide bank:

hardpoint:

Water that is not salty as compared to sea water which
generally has a salinity of 35 000 parts per million.

A dimensionless number that represents the ratio of inertial to
gravitational forces in open channel flow.

A basket or compartmented rectangular container made of
wire mesh. When filled with cobbles or other rock of suitable
size, the gabion becomes a flexible and permeable unit with
which flow- and erosion-control structures can be built.

General scour is a lowering of the streambed across the
stream or waterway at the bridge. This lowering may be
uniform across the bed or non-uniform. That is, the depth of
scour may be deeper in some parts of the cross section.
General scour may result from contraction of the flow or other
general scour conditions such as flow areund a bend.

That science that deals with the! ferm of the Earth, the
general configuration of its surface, and the changes that take
place due to erosion and deposition.

Structure plaged\bank ¢ondank across a stream channel
(usually

with its central axis perpendicularto flow) for the purpose of
controllifng bed slope ‘and preventing scour or headcutting.

A .geemorphic term used for, ‘streams that have apparently
achieved a state of equilibrium between the rate of sediment
transport ;and.the rate ‘of Sediment supply throughout long
reaches.

A rack fragment/whose diameter ranges from 2 to 64 mm.

A sstructurenbuilt from the bank of a stream in a direction
transverse ‘to'the current to redirect the flow or reduce flow
velocity. \Many names are given to this structure, the most
common“being "spur,” "spur dike," "transverse dike," "jetty,"
etc.'.Groins may be permeable, semi-permeable, or

impermeable.

A fluid mixture of cement and water or of cement, sand, and
water used to fill joints and voids.

A dike extending upstream from the approach embankment at
either or both sides of the bridge opening to direct the flow
through the opening. Some guidebanks extend downstream
from the bridge (also spur dike).

A streambank protection structure whereby "soft" or erodible
materials are removed from a bank and replaced by stone or
compacted clay. Some hard points protrude a short distance
into the channel to direct erosive currents away from the
bank. Hard points also occur naturally along streambanks as
passing currents remove erodible materials leaving
nonerodible materials exposed.
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headcutting:

helical flow:

hydraulics:

hydraulic model:

hydraulic problem:

hydraulic radius:

hydraulic structures:

hydrograph:

hydrology:

imbricated:

icing:

incised reach:

incised stream:

invert:

Channel degradation associated with abrupt changes in the
bed elevation (headcut) that generally migrates in an
upstream direction.

Three-dimensional movement of water particles along a spiral
path in the general direction of flow. These secondary-type
currents are of most significance as flow passes through a
bend; their net effect is to remove soil particles from the cut
bank and deposit this material on a point bar.

The applied science concerned with the behavior and flow of
liquids, especially in pipes, channels, structures, and the
ground.

A small-scale physical or mathematical representation of a
flow situation.

An effect of streamflow, tidal flow, .or wave action such that
the integrity of the highway facilityyis destroyed, damaged, or
endangered.

The cross-sectional area” of ‘a streamwdivided by its wetted
perimeter!

The (facllities used) to impoundy accommodate, convey or
control the flow ©f water, such as dams, weirs, intakes,
culverts, channels, and bridges.

The graph. of stage of discharge against time.

The,science concerned with the occurrence, distribution, and
circulation.of\water on the earth.

In reference to stream bed sediment particles, having an
overlapping or shingled pattern.

Masses or sheets of ice formed on the frozen surface of a
river or floodplain. When shoals in the river are frozen to the
bottom or otherwise dammed, water under hydrostatic
pressure is forced to the surface where it freezes.

A stretch of stream with an incised channel that only rarely
overflows its banks.

A stream which has deepened its channel through the bed of
the valley floor, so that the floodplain is a terrace.

The lowest point in the channel cross section or at flow
control devices such as weirs, culverts, or dams.
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island:

jack:

jack field:

jetty:

lateral erosion:

launching:

levee:

littoral transport or drift:

live-bed scour:

load (or sediment load):

local scour:

longitudinal profile:

A permanently vegetated area, emergent at normal stage,
that divides the flow of a stream. Islands originate by
establishment of vegetation on a bar, by channel avulsion, or
at the junction of minor tributary with a larger stream.

A device for flow control and protection of banks against
lateral erosion consisting of three mutually perpendicular
arms rigidly fixed at the center. Kellner jacks are made of
steel struts strung with wire, and concrete jacks are made of
reinforced concrete beams.

Rows of jacks tied together with cables, some rows generally
parallel with the banks and some perpendicular thereto or at
an angle. Jack fields may be placed outside or within a
channel.

(a) An obstruction built of piles, rocky or other material
extending from a bank into a stream, so placed as to induce
bank building, or to protect fagainst erosion; (b) A similar
obstruction to influence stréamy.lake, or‘tidal’currents, or to
protect a harbon(also spur):

Erosion _in “which the “vemoval of /material is extended
horizontally "as contrasted with _degradation and scour in a
verticaldirections

Release of undercut material\(stone riprap, rubble, slag, etc.)
downslepe/or into a scoured area.

An (embankment,s generally landward of top bank, that
confines flowduring high-water periods, thus preventing
overflow into\Jowlands.

Transportrof beach material along a shoreline by wave action.
AlsoAlangshore sediment transport.

Scour at a pier or abutment (or contraction scour) when the
bed material in the channel upstream of the bridge is moving
at the flow causing bridge scour.

Amount of sediment being moved by a stream.

Removal of material from around piers, abutments, spurs, and
embankments caused by an acceleration of flow and resulting
vortices induced by obstructions to the flow.

The profile of a stream or channel drawn along the length of
its centerline. In drawing the profile, elevations of the water
surface or the thalweg are plotted against distance as
measured from the mouth or from an arbitrary initial point.
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lower bank:

mathematical model:

mattress:

meander or full meander:

meander amplitude:

meander belt:
meander length:
meander loop:
meander ratio:
meander radius
of curvature:
meander scrolls:

meander width:

meandering stream:

median diameter:

mid-channel bar:

That portion of a streambank having an elevation less than
the mean water level of the stream.

A numerical representation of a flow situation using
mathematical equations (also computer model).

A blanket or revetment of materials interwoven or otherwise
lashed together and placed to cover an area subject to scour.

A meander in a river consists of two consecutive loops, one
flowing clockwise and the other counter-clockwise.

The distance between points of maximum curvature of
successive meanders of opposite phase in a direction normal
to the general course of the meander belt, measured between
center lines of channels.

The distance between lines drawn, tangent to the extreme
limits of successive fully developed meanders.

The distance aleng a stream between corresponding points of
successive meanders.

An individual loop+<efia meandering or sinuous stream lying
betweeninflection points with‘adjeining loops.

The ratio of meander widthtosmeander length.

The radius of a circlefinscribed on the centerline of a meander
loop.

Low, conegentric’ ridges and swales on a floodplain, marking
the suceéssive positions of former meander loops.

The amplitude of a fully developed meander measured from
midstream to midstream.

A stream having a sinuosity greater than some arbitrary
value. The term also implies a moderate degree of pattern
symmetry, imparted by regularity of size and repetition of
meander loops. The channel generally exhibits a
characteristic process of bank erosion and point bar
deposition associated with systematically shifting meanders.

The particle diameter of the 50th percentile point on a size
distribution curve such that half of the particles (by weight,
number, or volume) are larger and half are smaller (Ds))

A bar lacking permanent vegetal cover that divides the flow in
a channel at normal stage.
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middle bank:

migration:

mud:

natural levee:

nominal diameter:

nonalluvial channel:

normal stage:

overbank flow:

oxbow:

pavement:

paving:

peaked stone dike:

perennial stream:

phreatic line:

pile:

pile dike:

The portion of a streambank having an elevation
approximately the same as that of the mean water level of the
stream.

Change in position of a channel by lateral erosion of one bank
and simultaneous accretion of the opposite bank.

A soft, saturated mixture mainly of silt and clay.

A low ridge that slopes gently away from the channel banks
that is formed along streambanks during floods by deposition.

Equivalent spherical diameter of a hypothetical sphere of the
same volume as a given sediment particle.

A channel whose boundary is in bedreck or non-erodible
material.

The water stage prevailing during the greater part of the year.

Water movement'that overtopssthe bank,either due to stream
stage or to overland surface,water fUnof.

The abandoned former meander, loop that remains after a
stream cuts a new, ‘shorter channel across the narrow neck of
a meander. Often"bow-shaped or horseshoe-shaped.

Streambank surface covering, usually impermeable, designed
to serVe as protection against erosion. Common pavements
used,on streambanks are concrete, compacted asphalt, and
sOil=cement.

Covering“ofvstones on a channel bed or bank (used with
referenceto natural covering).

Riprap placed parallel to the toe of a streambank (at the
natural angle of repose of the stone) to prevent erosion of the
toe and induce sediment deposition behind the dike.

A stream or reach of a stream that flows continuously for all or
most of the year.

The upper boundary of the seepage water surface landward
of a streambank.

An elongated member, usually made of timber, concrete, or
steel, that serves as a structural component of a river-training
structure.

A type of permeable structure for the protection of banks
against caving; consists of a cluster of piles driven into the
stream, braced and lashed together.
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piping:

point bar:

poised stream:

probable maximum flood:

quarry-run stone:

railbank protection:

rapid drawdown:

reach:

recurrence interval;

regime:

regime change:

regime channel:

regime formula:

reinforced-earth
bulkhead:

Removal of soil material through subsurface flow of seepage
water that develops channels or "pipes" within the soil bank.

An alluvial deposit of sand or gravel lacking permanent
vegetal cover occurring in a channel at the inside of a
meander loop, usually somewhat downstream from the apex
of the loop.

A stream which, as a whole, maintains its slope, depths, and
channel dimensions without any noticeable raising or lowering
of its bed (stable stream). Such condition may be temporary
from a geological point of view, but for practical engineering
purposes, the stream may be considered stable.

A very rare flood discharge value computed by hydro-
meteorological methods, usually in ‘conpection with major
hydraulic structures.

Stone as received from a quarry without regard to gradation
requirements.

A type of countermeasure ‘composed of rock-filled wire fabric
supported, by-steel rails or posts driveninto streambed.

Lowering the wateragainst a bank'more quickly than the bank
can drain without'becoming’unstable.

A segmeni’of stream length that is arbitrarily bounded for
purposes,of'study.

The “reciprocal-0f, the annual probability of exceedance of a
hydrologic event (also return period, exceedance interval).

The condition of a stream or its channel with regard to
stability="A stream is in regime if its channel has reached an
equilibrium form as a result of its flow characteristics. Also,
the general pattern of variation around a mean condition, as
in flow regime, tidal regime, channel regime, sediment
regime, etc. (used also to mean a set of physical
characteristics of a river).

A change in channel characteristics resulting from such things
as changes in imposed flows, sediment loads, or slope.

Alluvial channel that has attained, more or less, a state of
equilibrium with respect to erosion and deposition.

A formula relating stable alluvial channel dimensions or slope
to discharge and sediment characteristics.

A retaining structure consisting of vertical panels and

attached to reinforcing elements embedded in compacted
backfill for supporting a streambank.
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reinforced revetment:

relief bridge:

retard (retarder
structure):

revetment:

riffle:

riparian:

riprap:

river training:

rock-and-wire mattress:

roughness coefficient:

rubble:

runoff:

run-up, wave:

A streambank protection method consisting of a continuous
stone toe-fill along the base of a bank slope with intermittent
fillets of stone placed perpendicular to the toe and extending
back into the natural bank.

An opening in an embankment on a floodplain to permit
passage of overbank flow.

A permeable or impermeable linear structure in a channel
parallel with the bank and usually at the toe of the bank,
intended to reduce flow velocity, induce deposition, or deflect
flow from the bank.

Rigid or flexible armor placed to inhibit scour and lateral
erosion. (See bank revetment).

A natural, shallow flow area extendingracross a streambed in
which the surface of flowing water is7broken by waves or
ripples. Typically, riffles alternate with, pools along the length
of a stream channel.

Pertaining to anything connected with/'er adjacent to the
banks of a streamn(corridory@egetation,zone, etc.).

Layer or'faeing of rock or broken concrete dumped or placed
to proteCt,a structure, or embankment from erosion; also the
rocksor ‘brokensconcrete suitable for such use. Riprap has
alsb “been applied./to” almost“all kinds of armor, including
wiresenclosed“riprap, grouted riprap, sacked concrete, and
concrete stabs-

Engineering works “with or without the construction of
embankment, built\along a stream or reach of stream to direct
of .t0~lead, thenflow into a prescribed channel. Also, any
struCture «configuration constructed in a stream or placed on,
adjacent4onor in the vicinity of a streambank that is intended
to defléctcurrents, induce sediment deposition, induce scour,
or in"some other way alter the flow and sediment regimes of
the 'stream.

A flat wire cage or basket filled with stone or other suitable
material and placed as protection against erosion.

Numerical measure of the frictional resistance to flow in a
channel, as in the Manning's or Chezy's formulas.

Rough, irregular fragments of materials of random size used
to retard erosion. The fragments may consist of broken
concrete slabs, masonry, or other suitable refuse.

That part of precipitation which appears in surface streams of
either perennial or intermittent form.

Height to which water rises above still-water elevation when
waves meet a beach, wall, etc.
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sack revetment:

saltation load:

sand:

scour:

sediment or fluvial sediment:

sediment concentration:

sediment discharge:

sediment load:

sediment yield:

seepage:

seiche:
semi-diurnal tide
set-up:

set-up, wave:

shallow water (for waves):

shear stress:

shoal:

Sacks (e.g., burlap, paper, or nylon) filled with mortar,
concrete, sand, stone or other available material used as
protection against erosion.

Sediment bounced along the streambed by energy and
turbulence of flow, and by other moving particles.

A rock fragment whose diameter is in the range of 0.062 to
2.0 mm.

Erosion of streambed or bank material due to flowing water;
often considered as being localized (see local scour,
contraction scour, total scour).

Fragmental material transported, suspended, or deposited by
water.

Weight or volume of sediment relative to the quantity of
transporting (or suspending) flaid.

The quantity of'sediment«that is’carried past'any cross section
of a streamfini.a unit<«wfstime. Discharge may be limited to
certain sizes“of sediment or to a specific part of the cross
section,

Amount of sediment being moyed by a stream.

The total'sediment outflow from a watershed or a drainage
area at anpoint of reference and in a specified time period.
This ,outflow is{equal to the sediment discharge from the
drainage area.

The slow'moevement of water through small cracks and pores
of the bank material.

l.ong-period oscillation of a lake or similar body of water.
Tides with an approximate tidal period of 12 hours.
Raising of water level due to wind action.

Height to which water rises above still-water elevation as a
result of storm wind effects.

Water of such a depth that waves are noticeably affected by
bottom conditions; customarily, water shallower than half the
wavelength.

See unit shear force.

A relatively shallow submerged bank or bar in a body of
water.
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sill:

silt:

sinuosity:

slope (of channel or stream):

slope protection:

sloughing:

slope-area method:

slump:

soil-cement:

sorting:

spill-through abutment:

spread footing:

spur:

spur dike:

(a) A structure built under water, across the deep pools of a
stream with the aim of changing the depth of the stream; (b) A
low structure built across an effluent stream, diversion
channel or outlet to reduce flow or prevent flow until the main
stream stage reaches the crest of the structure.

A particle whose diameter is in the range of 0.004 to 0.062
mm.

The ratio between the thalweg length and the valley length of
a stream.

Fall per unit length along the channel centerline or thalweg.

Any measure such as riprap, paving, vegetation, revetment,
brush or other material intended tol pretect a slope from
erosion, slipping or caving, or to withstand external hydraulic
pressure.

Sliding or collapse of overlying“material;/same’ultimate effect
as caving, but“usually oecurs when a bank’ or an underlying
stratum is saturated.

A methodsof estimating unmeasured flood discharges in a
unifarmychanneleach.iusing observed high-water levels.

A'sudden slip or collapse”of‘a bank, generally in the vertical
direction and confined to'a short distance, probably due to the
substratum being washed out or having become unable to
bear the weight.abaeve it.

A designed mixture of soil and Portland cement compacted at
a propér ‘water content to form a blanket or structure that can
resist erosion.

Rrogressive reduction of size (or weight) of particles of the
sediment load carried down a stream.

A bridge abutment having a fill slope on the streamward
side. The term originally referred to the "spill-through" of fill at
an open abutment but is now applied to any abutment having
such a slope.

A pier or abutment footing that transfers load directly to the
earth.

A permeable or impermeable linear structure that projects into
a channel from the bank to alter flow direction, induce
deposition, or reduce flow velocity along the bank.

See guide bank.
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stability:

stable channel:

stage:

still-water elevation:

stone riprap:

stream:

streambank erosion:

streambank failure:

streambank protection:

storm surge:

storm tide:

suspended sediment discharge:

sub-bed material:

A condition of a channel when, though it may change slightly
at different times of the year as the result of varying
conditions of flow and sediment charge, there is no
appreciable change from year to year; that is, accretion
balances erosion over the years.

A condition that exists when a stream has a bed slope and
cross section which allows its channel to transport the water
and sediment delivered from the upstream watershed without
aggradation, degradation, or bank erosion (a graded stream).

Water-surface elevation of a stream with respect to a
reference elevation.

Flood height to which water rises as a result of barometric
pressure changes occurring during a storm event.

Natural cobbles, boulders, or_rock dumped or placed as
protection against erosion.

A body of watenthat may,range’in sizé from*a large river to a
small rill flowing in azchannel. By ‘extension, the term is
sometimes,_applied to a“natural channel or drainage course
formed by flowing «water whether, it is occupied by water or
not,

Removal of 'soil’ particles /ora mass of particles from a bank
surface\duée jprimarily to ‘water action. Other factors such as
weatheéring, ice and debris abrasion, chemical reactions, and
land use changes‘may also directly or indirectly lead to bank
erosion.

Sudden,collapse of a bank due to an unstable condition such
as removal of material at the toe of the bank by scour.

Any technique used to prevent erosion or failure of a
streambank.

Coastal flooding phenomenon resulting from wind and
barometric changes. The storm surge is measured by
subtracting the astronomical tide elevation from the total flood
elevation (Hurricane surge).

Coastal flooding resulting from combination of storm surge
and astronomical tide (often referred to as storm surge)

The quantity of sediment passing through a stream cross
section above the bed layer in a unit of time suspended by
the turbulence of flow (suspended load).

Material underlying that portion of the streambed which is
subject to direct action of the flow. Also, substrate.
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subcritical, supercritical flow:

tetrahedron:

tetrapod:

thalweg:

tidal amplitude:
tidal cycle:

tidal day:

tidal inlet:
tidal passage:

tidal period:

tidal prism:

tidal range:
tidal scour:

tidal waterways:

tides, astronomical:

tieback:

timber or brush mattress:

Open channel flow conditions with Froude Number less
than and greater than unity, respectively.

Component of river-training works made of six steel or
concrete struts fabricated in the shape of a pyramid.

Bank protection component of precast concrete consisting of
four legs joined at a central joint, with each leg making an
angle of 109.5° with the other three.

The line extending down a channel that follows the lowest
elevation of the bed.

Generally, half of tidal range.
One complete rise and fall of the tide:

Time of rotation of the earth with respect to the moon.
Assumed to equal approximiately=24.84 solar hours in length.

A channel connecting a,bayor estyuary to/the ocean.
A tidal*channel connected with_ the ocean at both ends.

Duration of one complete tidal cycle. When the tidal period
equals the. tidal day (24.84 hours), the tide exhibits diurnal
behavior.Should two complete tidal periods occur during the
tidal day, the tide exhibits semi-diurnal behavior.

\Volume of water*contained in a tidal bay, inlet or estuary
between lewsand high tide levels.

Vertical distance between specified low and high tide levels.

Scour at bridges over tidal waterways, i.e., in the coastal
zone.

A generic term which includes tidal inlets, estuaries, bridge
crossings to islands or between islands, inlets to bays,
crossings between bays, tidally affected streams, etc.

Rhythmic diurnal or semi-diurnal variations in sea level that
result from gravitational attraction of the moon and sun and
other astronomical bodies acting on the rotating earth. Also,
daily tides.

Structure placed between revetment and bank to prevent
flanking.

A revetment made of brush, poles, logs, or lumber interwoven

or otherwise lashed together. The completed mattress is then

placed on the bank of a stream and weighted with ballast.
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toe of bank:

toe protection:

total scour:

total sediment load:

tractive force:

trench-fill revetment:

tsunami:

turbulence:

ultimate scour:

uniform flow:

unit discharge:

unit shear force
(shear stress):

unsteady flow:

That portion of a stream cross section where the lower bank
terminates and the channel bottom or the opposite lower bank
begins.

Loose stones laid or dumped at the toe of an embankment,
groin, etc., or masonry or concrete wall built at the junction of
the bank and the bed in channels or at extremities of
hydraulic structures to counteract erosion.

The sum of long-term degradation, general (contraction)
scour, and local scour.

The sum of suspended load and bed load or the sum of bed
material load and wash load of a stream (total load).

The drag or shear on a streambed or bank caused by passing
water which tends to move soil partieles along with the
streamflow.

Stone, concrete, or masonry material placedlin a trench dug
behind and parallel to an“éroding streambank. When the
erosive action (of the stream reach€s the trench, the material
placed in‘the“trench armaers the bank and thus retards further
erosion.

Long-period Jecean wave“resulting from earthquake, other
seismic disturbances orisubmarine landslides.

Motion. of. fluids in“which local velocities and pressures
fluctuate irregularly in a random manner as opposed to
laminar flow wwhere all particles of the fluid move in distinct
and separate lines.

The maximum depth of scour attained for a given flow
condition. May require multiple flow events and in cemented
er cohesive soils may be achieved over a long time period.

Flow of constant cross section and velocity through a reach of
channel at a given time. Both the energy slope and the water
slope are equal to the bed slope under conditions of uniform
flow.

Discharge per unit width (may be average over a cross
section, or local at a point).

The force or drag developed at the channel bed by flowing
water. For uniform flow, this force is equal to a component of
the gravity force acting in a direction parallel to the channel
bed on a unit wetted area. Usually in units of stress, Pa
(N/m?) or (Ib/ft?).

Flow of variable discharge and velocity through a cross
section with respect to time.
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upper bank:

velocity:

vertical abutment:

vortex:

wandering channel:

wandering thalweg:

wash load:

watershed:

waterway opening
width (area):

wave period:

weephole:

windrow revetment:

wire mesh:

The portion of a streambank having an elevation greater than
the average water level of the stream.

The time rate of flow usually expressed in m/s (ft/sec). The
average velocity is the velocity at a given cross section
determined by dividing discharge by cross-sectional area.

An abutment, usually with wingwalls, that has no fill slope on
its streamward side.

Turbulent eddy in the flow generally caused by an obstruction
such as a bridge pier or abutment (e.g., horseshoe vortex).

A channel exhibiting a more or less non-systematic process of
channel shifting, erosion and deposition, with no definite
meanders or braided pattern.

A thalweg whose position in the channel/shifts during floods
and typically serves as an inset channel that conveys all or
most of the stream flow at normal or'lower stages.

Suspended material of vefy small size (generally clays and
colloids) originating primarily. from er@sion on the land slopes
of the drainage.area and/present to a negligible degree in the
bed itself:

Seedrainage basin:

Width (area)rof bridge (opening at (below) a specified stage,
measured-normal to the'principal direction of flow.

Time interval between arrivals of successive wave crests at a
point.

A hole in_ansimpermeable wall or revetment to relieve the
neutral,stress*or pore pressure in the soil.

A row of stone placed landward of the top of an eroding
streambank. As the windrow is undercut, the stone is
launched downslope, thus armoring the bank.

Wire woven to form a mesh; where used as an integral part of
a countermeasure, openings are of suitable size and shape to
enclose rock or broken concrete or to function on fence-like
spurs and retards.
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CHAPTER 1
INTRODUCTION

1.1 PURPOSE
The purpose of this document is to provide guidelines for the following:

1. Designing new and replacement bridges to resist scour

2. Evaluating existing bridges for vulnerability to scour

3. Inspecting bridges for scour

4. Improving the state-of-practice of estimating scour at bridges

1.2 BACKGROUND

The most common cause of bridge failures is from floods scouring bedj)material from around
bridge foundations. Scour is the engineering term for the erosion caused’by water of the soil
surrounding a bridge foundation (piers and abutments). During the spring floods of 1987, 17
bridges in New York and New England were damaged or destroyed by seeur. In 1985, 73
bridges were destroyed by floods in Pennsylvania, Virginia, and West"Virginia. A 1973
national study for the Federal Highway Administration (FHWA)-ef 383 bridgefailures caused
by catastrophic floods showed that 25 percentjinvolved pier damagefand 75 percent involved
abutment damage.”’ A second more extensive study,in/1978 |nd|cated local scour at bridge
piers to be a problem about equal to abuttment scour prfeblems.® A number of case histories
on the causes and consequences of\sCaur at major\bridges are presented in Transportation
Research Record 950.°

From available information, the.1993 flood in\the upper Mississippi basin, caused 23 bridge
failures for an estimated damage 6f $15 million. The modes of bridge failures were 14 from
abutment scour, two from pier 'scourathree from pier and abutment scour, two from lateral
bank migration, one from debris load,@nd one from dnknown cause.?

In the 1994 flooding from storm~Alberto in Geergia, there were over 500 state and locally
owned bridges with damage® “atiributed to scour. Thirty-one of state-owned bridges
experienced from 15 to 20 feetvof contraction scour and/or long-term degradation in addition
to local scour. These bridges'had to beyreplaced. Of more than 150 bridges identified as
scour damaged, the Georgia Department of Transportation (GADOT) also recommended
that 73 non-federal aidybridges be’ repaired or replaced. Total damage to the GADOT
highway system was-approximately $130 million.*

The American Association of ‘State Highway and Transportation Officials (AASHTO) standard
specifications for highway'bridges has the following requirements to address the problem of
stream stability and scour.

» Hydraulic studies are a necessary part of the preliminary design of a bridge and should
include. . .estimated scour depths at piers and abutments of proposed structures.

» The probable depth of scour shall be determined by subsurface exploration and hydraulic
studies. Refer to Article 1.3.2 and FHWA Hydraulic Engineering Circular (HEC) 18 for
general guidance regarding hydraulic studies and design.

e .. .in all cases, the pile length shall be determined such that the design structural load
may be safely supported entirely below the probable scour depth.
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1.3 COMPREHENSIVE ANALYSIS

This manual is part of a set of HECs issued by FHWA to provide guidance for bridge scour
and stream stability analyses. The three manuals in this set are:

HEC-18 Evaluating Scour at Bridges
HEC-20 Stream Stability at Highway Structures®
HEC-23 Bridge Scour and Stream Instability Countermeasures”

The Flow Chart of Figure 1.1 illustrates graphically the interrelationship between these three
documents and emphasizes that they should be used as a set. A comprehensive scour
analysis or stability evaluation should be based on information presented in all three
documents.

While the flow chart does not attempt to present every detail of a complete stream stability
and scour evaluation, it has sufficient detail to show the major elements in a complete
analysis, the logical flow of a typical analysis or evaluation, and the most common decision
points and feedback loops. It clearly shows how the three documents tie together, and
recognizes the differences between design of a new bridge and‘evaltation of an existing
bridge.

The HEC-20 block of the flow chart outlines ‘initial data colleetion and: site ‘reconnaissance
activities leading to an understanding of the problem, evalyation of river system stability and
potential future response. The HEC-20 procedures include*both qualitative and quantitative
geomorphic and engineering analysis teChniques which help establish the level of analysis
necessary to solve the stream instabilitysxand scour problem fer'design of a new bridge, or for
the evaluation of an existing bridgerthat may require‘rehabilitation or countermeasures. The
"Classify Stream," "Evaluate Stability,* and !Assess Response' portions of the HEC-20 block
are expanded in HEC-20 into,.assix-step~kevel 1 ¢andvan eight-step Level 2 analysis
procedure. In some cases, the’HEC-20 analysis may be sufficient to determine that stream
instability or scour problems do'not exist{i.e., the bridge has a "low risk" of failure regarding
scour susceptibility.

In most cases, the analysis or evaluation willprogress to the HEC-18 block of the flow chart.
Here more detailed hydrologic.and hydraulicxdata are developed, with the specific approach
determined by the level of complexityofithe,problem and waterway characteristics (e.g., tidal
or riverine). The "Scour/Analysis" partien of the HEC-18 block encompasses a seven-step
specific design approachwwhich includes evaluation of the components of total scour (see
Chapter 3).

Since bridge scour*évaluation ‘requires multidisciplinary inputs, it is often advisable for the
hydraulic engineer to involvestructural and geotechnical engineers at this stage of the
analysis. Once the total*scour prism is plotted, then all three disciplines must be
involved in a determination of structural stability.

For a new bridge design, if the structure is stable the design process can proceed to
consideration of environmental impacts, cost, constructability, and maintainability. If the
structure is unstable, revise the design and repeat the analysis. For an existing bridge, a
finding of structural stability at this stage will result in a "low risk" evaluation, with no further
action required. However, a Plan of Action should be developed for an unstable eX|st|ng
bridge (scour critical) to correct the problem as discussed in Chapter 12 and HEC-23."
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The scour problem may be so serious that installing countermeasures would not provide a
viable solution and a replacement or substantial bridge rehabilitation would be required. If
countermeasures would correct the stream instability or scour problem at a reasonable cost
and with acceptable environmental impacts, the analysis would progress to the HEC-23
block of the flow chart.

HEC-23 provides a range of resources to support bridge scour or stream instability
countermeasure selection and design. A countermeasure matrix in HEC-23 presents a
variety of countermeasures that have been used by State departments of transportation
(DOTs) to control scour and stream instability at bridges. The matrix is organized to
highlight the various groups of countermeasures and identifies distinctive characteristics of
each countermeasure. The matrix identifies most countermeasures used and lists
information on their functional applicability to a particular problem, their suitability to specific
river environments, the general level of maintenance resources required, and which DOTs
have experience with specific countermeasures. Finally, a reference source for design
guidelines is noted.

HEC-23 includes specific design guidelines for the most common, (and some uncommon)
countermeasures used by DOTs, or references to sources of designiguidance. Inherent in
the design of any countermeasure is an evaluation of potéential environmental impacts,
permitting for countermeasure installation, and redesign, if necessary, to,meetenvironmental
requirements. As shown in the flow chart, to be, effectiveimadst countermeasures will require
a monitoring plan, inspection, and maintenance

1.4 MANUAL ORGANIZATION

The procedures presented in this'\documenticontain the state-of-knowledge and practice for
dealing with scour at highway hridges.

« Chapter 1 gives the background ef‘the scour problem, a flowchart for a comprehensive
analysis using HEC-18, HEG=20+and HEC-23, organization of this manual and
improvements needed in the .state-of-knowledge of scour.

« Chapter 2 gives recommendations for{designing bridges to resist scour.

» Basic concepts and definitions are,presented in Chapter 3.

» Methods for estimating long-term aggradation and degradation are given in Chapter 4.

o Chapter 5 provides ¢rocedures and equations for determining contraction scour and
discusses other general scour conditions.

» Chapter 6 provides equations for calculating and evaluating local scour depths at piers.

» Chapter 7 discusses local scour at abutments and the equations for predicting scour
depths at abutments.

« Chapter 8 provides a comprehensive example of scour analysis for a river crossing.

» Chapter 9 provides an introduction to tidal processes and scour analysis methods for
bridges over tidal waterways.

o Chapter 10 explains how the National Bridge Scour Evaluation program determines the
vulnerability of existing bridges to scour and gives the status of the program.
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« Chapter 11 explains how the National Scour Evaluation program relates to the National
Bridge Inspection Standards (NBIS). It also presents guidelines for inspecting bridges for
scour.

« Chapter 12 explains the need for and details of a Plan of Action to protect a bridge that
has been determined to be scour critical.

1.5 OBJECTIVES OF A BRIDGE SCOUR EVALUATION PROGRAM

The need to minimize future flood damage to the nation's bridges requires that additional
attention be devoted to developing and implementing improved procedures for designing and
inspecting bridges for scour.® Approximately 83 percent of the 583,000 bridges in the
National Bridge Inventory are built over waterways. Statistically, we can expect hundreds of
these bridges to experience floods in the magnitude of a 100-year flood or greater each year.
Because it is not economically feasible to construct all bridges ta resist all conceivable
floods, or to install scour countermeasures at all existing bridges..to ensure absolute
invulnerability from scour damage, some risks of failure from future floods may have to be
accepted. However, every bridge over water, whether existing or undéridesign, should
be assessed as to its vulnerability to floods in order, to determine” the prudent
measures to be taken. The added cost of making a bridge'less vulnerable to scour is small
when compared to the total cost of a failure Which can easily be twoto ten times the cost of
the bridge itself. Moreover, the need {0~ensure public safety ‘and,minimize the adverse
effects resulting from bridge closureS“tequires our best efforts to improve the state-of-
practice for designing and maintainifig. bridge fotndations tofresist the effects of scour. The
hydraulic design of bridge waterways, is “typically hased on flood frequencies
somewhat less than those recommended for scourianalysis in this publication.

The procedures presented in thisgmanual serve as guidance for implementing the
recommendations contained in the/FHWA Technical Advisory T5140.23 entitled, "Evaluating
Scour at Bridges."® The regommendations\have been developed to summarize the
essential elements which should’ be addressed in developing a comprehensive scour
evaluation program. A keyrelement ‘of \the program is the identification of scour-critical
bridges which will be entered“into the"National Bridge Inventory using the FHWA document
"Recordir?%) and Coding ‘Guide for“the” Structure Inventory and Appraisal of the Nation's
Bridges."

1.6 DUAL SYSTEM OF UNITS

This edition of HEC-18 uses dual units (S| metric and English). The "English" system of units
as used throughout this manual refers to U.S. customary units. In Appendix A, the metric
(SI) unit of measurement is explained. The conversion factors, physical properties of
water in the Sl and English systems of units, sediment particle size grade scale, and
some common equivalent hydraulic units are also given. This edition uses for the unit of
length the meter (m) or foot (ft); of mass the kilogram (kg) or slug; of weight/force the newton
(N) or pound (Ib); of pressure the Pascal (Pa, N/m?) or (Ib/ft?); and of temperature the degree
centigrade (°C) or Fahrenheit (°F). The unit of time is the same in S| as in English system
(seconds, s). Sediment particle size is given in millimeters (mm), but in calculations the
decimal equivalent of millimeters in meters is used (1 mm = 0.001 m) or for the English
system feet (ft). The value of some hydraulic engineering terms used in the text in Sl units
and their equivalent English units are given in Table 1.1.
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Table 1.1. Commonly Used Engineering Terms in S| and English Units.
Term S| Units English Units
Length 1m 3.28 ft
Volume 1m’ 35.31 ft’
Discharge 1m’s 35.31 ft'/s
Acceleration of Gravity 9.81 m/s” 32.2 ft/s’
Unit Weight of Water 9800 N/m° 62.4 Ib/ft®
Density of Water 1000 kg/m® 1.94 slugs/ft®
Density of Quartz 2647 kg/m® 5.14 slugs/ft’
Specific Gravity of Quartz 2.65 2.65
Specific Gravity of Water 1 1
Temperature °C =5/9 (°F - 32) °F

1.7 STATE-OF-KNOWLEDGE AND PRACTICE FOR ESTIMATING SCOUR AT BRIDGES

Some of the problems associated with estimating scour and previding cost-effective and safe
designs are being addressed in research and development programs of the FHWA and
individual DOTs. The following sections detail the most préssingresearchwneéeds.

1.

Field Measurements of Scour. The.current equationstand methods for estimating scour
at bridges are based primarily on laboratory research. Very little field data have been
collected to verify the applicability ‘and accuracCy-of the varieus design procedures for the
range of soil conditions, stream’ flow conditions, and\bridge designs encountered
throughout the United States. “In particular, DOTsqare‘encouraged to initiate studies for
the purpose of obtaining field measurements of scour and related hydraulic conditions at
bridges for evaluating, verifying, and_improving_ existing scour prediction methods. In
excess of 20 states have initiated 'cooperative studies with the Water Resources Division
of the U.S. Geological Survey (USGS) to calleet scour data at existing bridges. A model
cooperative agreement with«the USGS(for purposes of conducting a scour study was
included in the FHWA guidance "Intérim Procedures for Evaluatin? Scour at Bridges,"
which accompanied the ‘Septemben]988 FHWA Technical Advisory." 9

Scour_Monitoring. and> Measurement Equipment. Many bridges in the United States
were constructed)prior tosthe development of scour estimation procedures. Some of
these bridges ‘have foundations which are vulnerable to scour; however, it is not
economically feasible\to tepair or replace all of these bridges. Therefore, these bridges
need to be monitored” during floods and closed before they fail. The FHWA, in
cooperation with DOTs and the Transportation Research Board, has conducted research
to develop scour monitoring and measuring instruments.'® This research has developed
several instruments for scour monitoring and measurement (see Chapter 7, HEC-23)."
However, there is a need for additional research to develop additional instrumentation
and equipment to measure scour for research and to indicate when a bridge is in danger
of collapsing due to scour.

Equipment and Methods to Determine Unknown Foundations. Many of the 575,000
bridges have Unknown foundations. Research sponsored by FHWA, in cooperation with
DOTs and the Transportation Research Board has investigated techniques and
instruments to identify the type and depth of unknown foundations for most existing
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bridges. Additional research is needed to perfect the methods and instruments and to
develop alternative methods and equipment (Appendix L).

Hydraulic Variables for Scour Computations. Advances have been made in
developing computational software to establish hydraulic variables for scour
computations, including 1- and 2-dimensional, steady and unsteady models. Recent
research has provided guidance for applying these models to estimating scour for coastal
(tidal) bridges.""™® Most, if not all, of the commonly used scour prediction equations have
been incorporated into these models. However, applications methodologies are required
to facilitate the use of more appropriate hydraulic variables that can be obtained from
more sophisticated computer models. World wide web sites providing hydraulic models
applicable to scour computations include:

« www.fhwa.dot.gov/bridge/hydsoft.ntm

e www.hec.usace.army.mil/software/index.html

Pressure Flow. Research sponsored by FHWA has developed equations and methods
to determine pier and abutment local scour depths when a bridge is submerged (pressure
flow).'" A regression equation for vertical contfaction’ scour, is'/available, but
combinations of vertical and lateral contraction scounneed.o be investigated.

Field and Laboratory Studies of sscour. Laboratory studies’are needed to better
understand certain elements of the seour processes and develop alternate and improved
scour countermeasures. Only. through centrolled experiments can the effect of the
variables and parameters.asseciated with scour be determined. Through these efforts,
scour prediction equations” €an be_‘improved ‘andw additional design methods for
countermeasures developed. ResultsAfrom these laboratory experiments must be verified
by ongoing field measurements of scour.

Laboratory and field research.is needed {06:
a. Improve methods to'predict scoundepths associated with pressure flow,
b. Improve equations for abutment scour,

c. Improve methods fofestimating scour when abutments are set back from the channel
with overbank flow,

d. Conduct fundamental research on the mechanics of riverine and tidal scour,

e. Determine methods to predict scour depths when there is ice or debris buildup at a
pier or abutment,

f. Improve our knowledge of the influence of graded, armored, or cohesive bed material
on maximum local scour at piers and abutments,

g. Improve methods for determining the size and placement (elevation, width, and
location) of riprap in the scour hole to protect piers and abutments,

h. Determine the width of scour hole as a function of scour depth and bed material size,
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Improve our knowledge of the effects of flow depth and velocity on scour depths,
Improve our understanding of the bridge scour failure mechanism which would
combine the various scour components (pier, abutment, contraction, lateral migration,
degradation) into an estimate of the scoured cross section under the bridge,

Improve methods to predict the effect of flow angle of attack against a pier or
abutment on scour depth,

Determine the effect of wide piers and variable pier widths on scour depths,
. Determine the impact of overlapping scour holes, and

Determine scour depths in structures designed as bottomless culverts, that is culverts
founded on spread footings and placed on erodible soil.
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CHAPTER 2

DESIGNING BRIDGES TO RESIST SCOUR

2.1 DESIGN PHILOSOPHY AND CONCEPTS

Bridge foundations should be designed to withstand the effects of scour without failing for
the worst conditions resulting from floods equal to the 100-year flood, or a smaller flood if it
will cause scour depths deeper than the 100-year flood. Bridge foundations should be
checked to ensure that they will not fail due to scour resulting from the occurrence of a
superflood in order of magnitude of a 500-year flood. This requires careful evaluation of the
hydraulic, structural, and geotechnical aspects of bridge foundation design.

Guidance in this chapter is based on the following concepts:

1.

The foundation should be designed by an interdisciplinaryteam of engineers with
expertise in hydraulic, geotechnical, and structural design.

Hydraulic studies of bridge sites are a necessary part/ofsa bridge design.” These studies
should address both the sizing of the bridge waterway opening and the design of the
foundations to be safe from scour. , The, seope of\the analysis should be commensurate
with the importance of the highway,and consequences of failure.

Consideration must be givengte the limitations and gaps in existing knowledge when
using currently available formulas for estimating scour, /The designer needs to apply
engineering judgment in{comparing~results obtained from scour computations
with available hydrologic and hydraulic data to achieve a reasonable and prudent
design. Such data should include:

a. Performance of existing structures during past floods

b. Effects of regulation‘and controhof\flood discharges

c. Hydrologicreharacteristics and/flood history of the stream and similar streams
d. Whether the bridgé issstructurally continuous

The principles of economic analysis and experience with actual flood damage indicate
that it is almost always cost-effective to provide a foundation that will not fail, even from a
very large flood event or superflood. Generally, occasional damage to highway
approaches from rare floods can be repaired quickly to restore traffic service. On the
other hand, a bridge which collapses or suffers major structural damage from scour can
create safety hazards to motorists as well as significant social impacts and economic
losses over a long period of time. Aside from the costs to the DOTs of replacing or
repairing the bridge and constructing and maintaining detours, there can be significant
costs to communities or entire regions due to additional detour travel time,
inconvenience, and lost business opportunities. Therefore, a higher hydraulic standard
is warranted for the design of bridge foundations to resist scour than is usually required
for sizing of the bridge waterway. This concept is reflected in the following design
procedure.
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2.2 GENERAL DESIGN PROCEDURE

The general design procedure for scour outlined in the following steps is recommended for
determining bridge type, size, and location (TS&L) of substructure units:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Select the flood event(s) that are expected to produce the most severe scour
conditions. Experience indicates that this is likely to be the 100-year flood or the
overtopping flood when it is less than the 100-year flood. Check the 100-year flood
or the overtopping flood (if less than the 100-year flood) and other flood events if
there is evidence that such events would create deeper scour than the 100-year or
overtopping floods. Overtopping refers to flow over the approach embankment(s),
the bridge itself, or both. See Appendix B for a discussion of extreme event
combinations.

Develop water surface profiles for the flood flows in Step 1, taking care to evaluate
the range of potential tailwater conditions downstream of the“bridge which could
occur during these floods. The FHWA microcomputer, software WSPRO, is
recommended for this task."” The U.S. Army Corps of Engineers (USACE)
Hydro(l1cgqi7c): Engineering Center's River Analysis System (HEC-RAS) can also be
used.' ™

Using the seven-step Specific Design”Approach in Section)2'4¢ estimate total scour
for the worst condition from Steps*1 and 2 above. The resulting scour from the
selected flood event should, be ‘eonsideréd.in the design of a foundation. For this
condition, minimum geotechnical safety factors..commonly accepted by DOTs
should be applied. ¢or ‘example,for pile design_in friction, a commonly applied
factor of safety ranges#rom two_to three, for the 100-year or overtopping flood.

Plot the total scour depths ‘obtained in Step 3 on a cross section of the stream
channel and floodplain at thesbridge site.

Evaluate the results,Obtained«in¢Steps 3 and 4. Are they reasonable, considering
the limitations in.cufrent scounestimating procedures? The scour depth(s) adopted
may differ from*the equation value(s) based on engineering judgment.

Evaluate.thie)bridgesJ'S&L on the basis of the scour analysis performed in Steps 3
through 5.“Modify the TS&L as necessary.

a. Visualize the "overall flood flow pattern at the bridge site for the design
conditions. Use this mental picture to identify those bridge elements most
vulnerable to flood flows and resulting scour.

b. The extent of protection to be provided should be determined by:

» Degree of uncertainty in the scour prediction method
» Potential for and consequences of failure
Perform the bridge foundation analysis on the basis that all streambed material in

the scour prism above the total scour line (Step 4) has been removed and is not
available for bearing or lateral support. All foundations should be designed in
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accordance with the AASHTO Standard Specifications for Highway Bridges.® In
the case of a pile foundation, the piling should be designed for additional lateral
restraint and column action because of the increase in unsupported pile length after
scour. In areas where the local scour is confined to the proximity of the footing, the
lateral ground stresses on the pile length which remains embedded may not be
significantly reduced from the pre-local scour conditions.

a. Spread Footings On Soil

* Insure that the top of the footing is below the sum of the long-term
degradation, contraction scour, and lateral migration

» Place the bottom of the footing below the total scour line from Step 4
» The top of the footing can act as a local scour arrester.

b. Spread Footings On Rock Highly Resistant To Scour

Place the bottom of the footing directly on the cleanéd rock surface for massive
rock formations (such as granite), that are/highly” resistant, to' scour. Small
embedments (keying) should bey.avoidedy sinege blasting, to achieve keying
frequently damages the . sub-footing reCk *structure "and makes it more
susceptible to scour. [ffoetings on {smooth massive’ rock surfaces require
lateral constraint, steel dowels should be drilled and\grouted into the rock below
the footing level.

c. Spread Footings On Erodible-Reck

Weathered or other potentially erodible rock formations need to be carefully
assessed for scour,, "An’ engineering geologist familiar with the area geology
should be consulted*to determine if rock or soil or other criteria should be used
to calculate thersupport for the'spread footing foundation. The decision should
be based on.antanalysis of,intact rock cores, including rock quality designations
and local geeology, as well.as hydraulic data and anticipated structure life. An
important,consideration_may be the existence of a high quality rock formation
belowa thin weathered zone. For deep deposits of weathered rock, the
potential scour depth should be estimated (Steps 4 and 5) and the footing base
placed belowthat depth. Excavation into weathered rock should be made with
care. If blasting is required, light, closely spaced charges should be used to
minimize overbreak beneath the footing level. Loose rock pieces should be
removed and the zone filled with clean concrete. In any event, the final footing
should be poured in contact with the sides of the excavation for the full designed
footing thickness to minimize water intrusion below footing level. Guidance on
scourability of rock formations is given in FHWA memorandum "Scourability of
Rock Formations" dated July 19, 19917® (see Appendix L).

d. Spread Footings Placed On Tremie Seals And Supported On Soil

* Insure that the top of the footing is below the sum of the long-term
degradation, contraction scour, and lateral migration
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» Place the bottom of the footing below the total scour line from Step 4

e. For Deep Foundations (Drilled Shaft And Driven Piling) With Footings Or
Caps

Placing the top of the footing or pile cap below the streambed a depth equal to
the estimated long-term degradation and contraction scour depth will minimize
obstruction to flood flows and resulting local scour. Even lower footing
elevations may be desirable for pile supported footings when the piles could be
damaged by erosion and corrosion from exposure to river or tidal currents. For
more discussion on pile and drilled shaft foundations, see the manuals on
Design and Construction of Driven Pile Foundations and Drilled Shafts."% 2%

f. Stub Abutments on Piling

Stub abutments positioned in the embankment should.pe, founded on piling
driven below the elevation of the thalweg including long tefm degradation and
contraction scour in the bridge waterway to assuresstructural integrity in the
event the thalweg shifts and the bed material around the_piling ,scours to the
thalweg elevation.

Step 8. Repeat the procedure in Steps.2\through 6,above and caledlate the scour for a
superflood. It is recommended that this superflood (ar check flood) be on the order
of a 500-year event. However, flows greater or less, than these suggested floods
may be appropriate depénding Uupon ‘hydrologic’ considerations and the
consequences associated, with damage to the bridge. An overtopping flood less
than the 500-year flood may produce the worst-case situation for checking the
foundation design. The foundation design determined under Step 7 should be
reevaluated for the superflood* condition “and design modifications made where
required.

a. Check to make-sure that«the ‘bottom of spread footings on soil or weathered
rock is below.thée total scour depth for the superflood.

b. All foundations should have a minimum factor of safety of 1.0 (ultimate
load)-«under thesstperflood conditions. Note that in actual practice, the
calculations for‘step 8 would be performed concurrently with steps 1 through 7
for efficiency‘of operation.

2.3 DESIGN CONSIDERATIONS

2.3.1 General

1. Raise the bridge superstructure elevation above the general elevation of the approach
roadways wherever practicable. This provides for overtopping of approach embankments
and relief from the hydraulic forces acting at the bridge. This is particularly important for
streams carrying large amounts of debris which could clog the waterway at the bridge.
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It is recommended that the elevation of the lower cord of the bridge be increased a
minimum of 0.9 m (3 ft) above the normal freeboard for the 100-year flood for streams
that carry a large amount of debris.

Superstructures should be securely anchored to the substructure if buoyant, or if debris
and ice forces are probable. Further, the superstructure should be shallow and open to
minimize resistance to the flow where overtopping is likely.

Continuous span bridges withstand forces due to scour and resultant foundation
movement better than simple span bridges. Continuous spans provide alternate load
paths (redundancy) for unbalanced forces caused by settlement and/or rotation of the
foundations. This type of structural design is recommended for bridges where there is a
significant scour potential.

Local scour holes at piers and abutments may overlap one another.in some instances. If
local scour holes do overlap, the scour is indeterminate and ‘may be deeper. The
topwidth of a local scour hole on each side of the pier rangesifrom=1.0 to 2.8 times the
depth of local scour. A topwidth value of 2.0 times the depth of local scour on each side
of a pier is suggested for practical applications.

For pile and drilled shaft supported substructures subjected to (scour, a reevaluation of
the foundation design may require a_.change in the’pile or shaft length, number, cross-
sectional dimension and type based“en“the loading*and performance requirements and
site-specific conditions.

At some bridge sites, hydraulics and traffic conditions‘may necessitate consideration of a
bridge that will be partially orf even totally.inundated,during high flows. This consideration
results in pressure flow through thebridge waterway. Chapter 6 has a discussion on
pressure flow scour for these cases.

2.3.2 Piers

1.

Pier foundations on floodplains, 'should be designed to the same elevation as pier
foundations in.the, stream channél if there is a likelihood that the channel will shift its
location over the'life of the bridge.

Align piers with the direction of flood flows. Assess the hydraulic advantages of round
piers, particularly wherethere are complex flow patterns during flood events.

Streamline piers to decrease scour and minimize potential for buildup of ice and debris.
Use ice and debris deflectors where appropriate.

Evaluate the hazards of ice and debris buildup when considering use of multiple pile
bents in stream channels. Where ice and debris buildup is a problem, consider the bent
a solid pier for purposes of estimating scour. Consider use of other pier types where
clogging of the waterway area could be a major problem.

Scour analyses of piers near abutments need to consider the potential of larger velocities
and skew angles from the flow coming around the abutment.
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2.3.3 Abutments

1. The equations used to estimate the magnitude of abutment scour were developed in a
laboratory under ideal conditions and for the most part lack field verification. Because
conditions in the field are different from those in the laboratory, these equations tend to
over predict the magnitude of scour that may be expected to develop. Recognizing this,
it is recommended that the abutment scour equations be used to develop insight as to
the scour potential at an abutment. Engineering judgment must be used to determine if
the abutment foundation should be designed to resist the computed local scour. As an
alternate, abutment foundations should be designed for the estimated long-term
degradation and contraction scour. Riprap and/or guide banks should be used to protect
the abutment for this alternative. In summary, riprap or some other protection should
always be used to protect the abutment from erosion. Proper design techniques and
placement procedures for rock riprap and guide banks are discussed in HEC-23."

2. Relief bridges, guide banks, and river training works should be used, where needed, to
minimize the effects of adverse flow conditions at abutments.

3. Where ice build-up is likely to be a problem, set the toe of spill-through slopes or vertical
abutments back from the edge of the channel bank tofacilitate passage of the ice.

4. Wherever possible, use spill-through, (sloping)/abutments.’ Seour at spill-through
abutments is about 50 percent of thatof vertical wallabutments.

5. Riprap or a guide bank 15 m (80 ft) or longer, or other.bank protection methods should
be used on the downstream_side of an.abutment and\approach embankment to protect
them from erosion by the wake vortex

2.3.4 Superstructures

The design of the superstrueture has «a’*significant impact on the scour of the foundations.
Hydraulic forces that should{be considered in the design of a bridge superstructure include
buoyancy, drag, and .impact from,‘ice" and floating debris. The configuration of the
superstructure should\be-influenced By the highway profile, the probability of submergence,
expected problems*with ice andhdebris, and flow velocities, as well as the usual economic,
structural and geometric considerations. Superstructures over waterways should provide
structural redundancy, sueh as continuous spans (rather than simple spans).

Buoyancy. The weight of a submerged or partially submerged bridge superstructure is the
weight of the superstructure less the weight of the volume of water displaced. The volume of
water displaced may be much greater than the volume of the superstructure components if
air is trapped between girders. Also, solid parapet rails and curbs on the bridge deck can
increase the volume of water displaced and increase buoyant forces. The volume of air
trapped under the superstructure can be reduced by providing holes (vents) through the
deck between structural members. Superstructures should be anchored to piers to counter
buoyant forces and to resist drag forces. Continuous span designs are also less susceptible
to failure from buoyancy than simple span designs.

Drag Forces. Drag forces on a submerged or partially submerged superstructure can be
calculated by Equation 2.1:
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2
4 =Cy pHV_ (2.1)
2
where

Fs = Drag force per unit of length of bridge, N/m (lb/ft)

Cqs = Coefficient of drag (2.0 to 2.2)

p = Density of water, 1000 kg/m® (1.94 slugs/ft’)

H = Depth of submergence, m (ft)

V = Velocity of flow, m/s (ft/s)

Floating Debris and Ice. Where bridges are destroyed by debris and ice, it usually is due to
accumulations against bridge components. Waterways may be patrtially or totally blocked by
ice and debris, creating hydraulic conditions that cause or increase scour at pier foundations
and bridge abutments, structural damage from impact and uplift,, and overtopping of
roadways and bridges. Floating debris is a common hydraulic problemyat highway stream
crossings nation-wide. Debris hazards occur more frequently in' unstable streams where
bank erosion is active and in streams with mild to moderate slopes, as,contrasted with
headwater streams. Debris hazards are often associated with lafge floods, and most debris
is derived locally along the streambanks upstream fromgthe bridge. After being mobilized,
debris typically moves as individual logs which ‘tend to, cenCentrate in the thalweg of the
stream. It is possible to evaluate the abundance of debfris upstream of“a bridge crossing and
then to implement mitigation measures, ‘'such as removal and, or containment, to minimize
potential problems during a major flood, (see additional discussion,in HEC-20, Chapter 4).(6’

Ice Forces. Superstructuresi'may, be subjected to impact./forces from floating ice, static
pressure from thermal movements or jcewjams, or ‘wplift from adhering ice in water of
fluctuating levels. The latter is usuallyt.associated with relatively large bodies of water.
Superstructures in these locations, 'should normally be high enough to be unaffected.
Research is needed to define thegstatic and ‘dynamic loads that can be expected from ice
under various conditions of icesstrength and(streamflow.

In addition to forces imposed.on bridgexsuperstructures by ice loads, ice jams at bridges can
cause exaggerated backwater and=assluicing action under the ice. There are numerous
examples of foupdation*scour from.this orifice flow under ice as well as superstructure
damage and failure’from icefarces. Accumulations of ice or drift may substantially increase
local pier and abutment scoursespecially if they are allowed to extend down to near the
channel bed. Ice also has serious effects on bank stability. For example, ice may form in
bank stabilization materials, and large quantities of rock and other material embedded in the
ice may be floated downstream and dumped randomly when the ice breaks up. Banks are
subjected to piping forces during the drawdown of water surface elevation after the breakup.

Debris_Forces. Information regarding methods for computing forces imposed on bridge
superstructures by floating debris is also lacking despite the fact that debris causes or
contributes to many failures. Floating debris may consist of logs, trees, house trailers,
automobiles, storage tanks, lumber, houses, and many other items representative of
floodplain usage. This complicates the task of computing impact forces since the mass and
the resistance to crushing of the debris contribute to the impact force.
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A general equation for computing impact forces is:

2
F =Mdv/dt ="V (2.2)
2S
where:
F = Impactimparted by the debris, N (Ib)
M = Mass of the debris, kg (slugs)
S = Stopping distance, m (ft)
V = Velocity of the floating debris prior to impact, m/s (ft/s)

In addition to impact forces, a buildup of debris increases the effective depth of the
superstructure and the drag coefficient may also be increased. Perhaps the most hazardous
result of debris buildup is partial or total clogging of the waterway,., This can result in a
sluicing action of flow under the debris which can result in scour and-foundation failure or a
shift in the channel location from under the bridge.

2.4 SPECIFIC DESIGN APPROACH

The seven specific steps recommended for estimatingisCour at bridges-are:

Step 1: Determine scour analysis yariables

Step 2: Analyze long-term bed.elevation change

Step 3: Compute the magnitude of contfaction scour

Step 4: Compute other general scour depths:

Step 5: Compute the magnitude of localiscour at piers

Step 6: Determine abutment foundation type, protection and elevation. Computation of
local scour depths may belused to aid in this determination.

Step 7: Plot and €valuate ‘thevtotal scour depths as outlined in Steps 4 through 6 of the
General Design'Pracedure in Section 2.2.

The engineer should evaluate how reasonable the individual estimates of general scour
(contraction and other) and local scour depths are in Steps 3, 4, and 5 and evaluate the
reasonableness of the total scour in Step 7. The results from this Specific Design Approach
complete Steps 1 through 6 of Section 2.2. The design must now proceed to Steps 7 and 8
of the General Design Procedure in Section 2.2.

The procedures for each of the steps are discussed in the following sections with reference
to specific chapters where detailed procedures and equations are given.
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2.5 DETAILED PROCEDURES

2.5.1 Step 1. Determine Scour Analysis Variables

1.

Determine the magnitude of the discharges for the floods in Steps 1 and 8 of the General
Design Procedure in Section 2.2, including the overtopping flood when applicable. For
guidance for a particular state in determining the magnitude of the 500-year flood,
contact with the U.S. Geological Survey Water Resources District office is suggested.
Experience has shown that the incipient overtopping discharge often puts the most
stress on a bridge. However, special conditions (angle of attack, pressure flow,
decrease in velocity or discharge resulting from high flows overtopping approaches or
going through relief bridges, ice jams, etc.) may cause a more severe condition for scour
with a flow smaller than the overtopping or 100-year flood.

Determine if there are existing or potential future factors that will‘produce a combination
of high discharge and low tailwater control. Are there bedrock or other controls (old
diversion structures, erosion control checks, other bridges,.etc.) that might be lowered or
removed? Are there dams or locks downstream that would control the'tailwater elevation
seasonally? Are there dams upstream or downstreant that-eould control'the elevation of
the water surface at the bridge? Seléct, the lowest, reasonable, downstream water-
surface elevation and the largest discharge to ‘estimate thé greatest scour potential.
Assess the distribution of the velocitysand discharge“per foot of \width for the design flow
and other flows through the bridge opening., Also, .eonsider the contraction and
expansion of the flow in the‘bridge waterway, as_.well ‘as present conditions and
anticipated future changesin the river.

Determine the water-surface profiles_for the discharges judged to produce the most
scour from step 1, using WSPRO\\of*HEC River Analysis System (HEC-RAS).">'® ™ |n
some instances, the designer may wish tovuse BRI-STARS.?" Hydraulic studies by the
USACE, USGS, the Fedérall Emergency Management Agency (FEMA), etc. are
potentially useful sources,of hydraulic,data to calibrate, verify, and evaluate results from
WSPRO or HEC-RAS., ‘The engineernshould anticipate future conditions at the bridge, in
the upstream watershed, and at-dewnstream water-surface elevation controls as outlined
in HEC-20.®” From gomputer andlysis and from other hydraulic studies, determine input
variables such.as the disecharge, velocity and depth needed for the scour calculations.

Collect and summarize the following information as appropriate (see HEC-20 for a step-
wise analysis proceduré®).

a. Boring logs to define geologic substrata at the bridge site

b. Bed material size, gradation, and distribution in the bridge reach
c. Existing stream and floodplain cross section through the reach
d. Stream planform

e. Watershed characteristics

f. Scour data on other bridges in the area
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g. Slope of energy grade line upstream and downstream of the bridge

h. History of flooding

i. Location of bridge site with respect to other bridges in the area, confluence with
tributaries close to the site, bed rock controls, man-made controls (dams, old check
structures, river training works, etc.), and confluence with another stream
downstream

j-  Character of the stream (perennial, flashy, intermittent, gradual peaks, etc.)

k. Geomorphology of the site (floodplain stream; crossing of a delta, youthful, mature or
old age stream; crossing of an alluvial fan; meandering, straight or braided stream;
etc.) (see HEC-20 and HDS 6)® %

I.  Erosion history of the stream

m. Development history (consider present and future conditions) of.the stream and
watershed, collect maps, ground photographs, aerial photographs; interview local
residents; check for water resource projects planned or'eontemplated

n. Sand and gravel mining from the streambed orfloedplain’ up-*and downstream from
site

o. Other factors that could affect the bridge
p. Make a qualitative evaluation of thesite with ansestimate of the potential for stream
movement and its effect’'on thésbridge
2.5.2 Step 2: Analysis of Lopg<Term Bed Elevation Change
Using the information collected in Step, 1, above, and procedures in HEC-20 and Chapter
4, determine the long-term trend in_the streambed elevation.
2.5.3 Step 3: Compute thesMagnitude of Contraction Scour
Using the information collected in Step 1, above, compute the magnitude of the contraction
scour using the equations and procedures in Chapter 5.
2.5.4 Step 4. Determine the Magnitude of Other General Scour Components

Using the information collected in Step 1, above, determine the magnitude of other general
scour components, if any, using the procedures discussed in Chapter 5.
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2.5.5 Step 5: Compute the Magnitude of Local Scour at Piers

Using the information collected in Step 1, above, compute the magnitude of local pier scour
using the equations and procedures in Chapter 6.

2.5.6 Step 6: Determine the Foundation Elevation for Abutments

Using the information collected in Step 1, above, compute the magnitude of abutment scour
using the information and procedures in Chapter 7.

2.5.7 Step 7. Plot the Total Scour Depths and Evaluate the Design

Plot the Total Scour Depths. On the cross section of the stream channel or other general
floodplain at the bridge crossing, plot the estimate of long-term ‘bed elevation change,
contraction scour, and local scour at the piers and abutments. Use"a diStorted scale so that
the scour determinations will be easy to evaluate. Make a sketcheof any planform changes
(lateral stream channel movement due to meander migration, etc:) that might be reasonably
expected to occur.

1. Long-term elevation changes may be.either aggradation or degradation. However, only
degradation is considered in scour eomputations.

2. Contraction or other general ‘scour is then, plotted~frem and below the long-term
degradation line.

3. Local scour is then plotted from and,below the contraction scour line.
4. Plot not only the depth of scouratieach pier,and abutment, but also the scour hole width.
Use 2.0 times the depth of leCal scour, ., to estimate scour hole width on each side of

the pier.

Evaluate the Total Scour\Depths.

1. Evaluate whether)the computed scour depths are reasonable and consistent with the
design engineef's previouss experience, and engineering judgment. If not, carefully
review the calculations and design assumption in order to modify the depths. These
modifications must reflect sound engineering judgment.

2. Evaluate whether the local scour holes from the piers or abutments overlap between
spans. If so, local scour depths can be larger though indeterminate. For new or
replacement bridges, the length of the bridge opening should be reevaluated and the
opening increased or the number of piers decreased as necessary to avoid overlapping
scour holes.

3. Evaluate other factors such as lateral movement of the stream, stream flow hydrograph,

velocity and discharge distribution, movement of the thalweg, shifting of the flow
direction, channel changes, type of stream, or other factors.
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4.

Evaluate whether the calculated scour depths appear too deep for the conditions in the
field, relative to the laboratory conditions. Abutment scour equations are for the
worst-case conditions. Rock riprap and/or a guide bank could be a more cost-effective
solution than designing the abutment to resist the computed abutment scour depths.

If the calculated scour depths appear too deep, consider recalculating the hydraulic
variables after long-term degradation and/or contraction scour are accounted for. This
may decrease the total scour depth.

Evaluate cost, safety, etc. Also, account for ice and/or debris effects.

In the design of bridge foundations, the bottom foundation elevation(s) should be at or
below the total scour elevation(s) as discussed in Section 2.2.

Reevaluate the Bridge Design. Reevaluate the bridge design on the_basis of the foregoing

scour computations and evaluation. Revise the design as necessary. This evaluation
should consider the following questions:

1.

2.

Is the waterway area large enough (e.g., is contraction scour too large)?

Are the piers too close to each other @orto the abutmeénts (i.e.ndo the scour holes
overlap)? Estimate the topwidth of,a scour hole ‘en”each side of ‘a“pier at 2.0 times the
depth of scour. If scour holes overlapy,local scour can be deepel

Is there a need for relief bridges? Should they or the main,bridge be larger?

Are bridge abutments propetly alignedswith the flow.and focated properly in regard to the
stream channel and floodplain?

Is the bridge crossing of the stream and floedplain in a desirable location? If the location
presents problems:

a. Can it be changed?

b. Can river training:works, guidé banks, abutment setback from the channel, or relief
bridges serve to providefor an acceptable flow pattern at the bridge?

Is the hydraulic study adequate to provide the necessary information for foundation
design?

Are flow patterns complex?

Should a 2-dimensional, water-surface profile model be used for analysis?
Is the foundation design safe and cost-effective?

Is a physical model study needed/warranted?

Qo ow
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CHAPTER 3

BASIC CONCEPTS AND DEFINITIONS OF SCOUR

3.1 GENERAL

Scour is the result of the erosive action of flowing water, excavating and carrying away
material from the bed and banks of streams and from around the piers and abutments of
bridges. Different materials scour at different rates. Loose granular soils are rapidly eroded
by flowing water, while cohesive or cemented soils are more scour-resistant. However,
ultimate scour in cohesive or cemented soils can be as deep as scour in sand-bed
streams. Under constant flow conditions, scour will reach maximum depth in sand- and
gravel-bed material in hours; cohesive bed material in days; glacial till, sandstones, and
shale in months; limestone in years, and dense granite in centuries. Under flow conditions
typical of actual bridge crossings, several floods may be needed to attainmaximum scour.

Determining the magnitude of scour is complicated by the cyclic nature of the scour process.
Scour can be deepest near the peak of a flood, but hardly visiblesas floodwaters recede and
scour holes refill with sediment.

Designers and inspectors need to carefullyistudy site-specific/subsurface information in
evaluating scour potential at bridges, giving particular attention {te’ foundations on rock.
Massive rock formations with few discontinuitiesware highlyqresistant to scour during the
lifetime of a typical bridge.

All of the equations for estimating contraction and ‘local 'scour are based on laboratory
experiments with limited field verifications jHowever, contraction and local scour depths at
piers as deep as computed by theSe jequations have been observed in the field. The
equations recommended in this document are ‘considered to be the most applicable for
estimating scour depths.

A factor in scour at highway’ erossings“and encroachments is whether it is clear-water or
live-bed scour. Clear<water scourfoceurs where there is no transport of bed material
upstream of the crossing, or en¢roachment or the material being transported from the
upstream reach is transported through the downstream reach at less than the capacity of the
flow. Live-bed scouf occurs ‘where there is transport of bed material from the upstream
reach into the crossing of,encroachment. This subject is discussed further in Section 3.4.

This document presents procedures, equations, and methods to analyze scour in both
riverine and coastal areas. In riverine environments, scour results from flow in one direction
(downstream). In coastal areas, highways that cross waterways and/or encroach
longitudinally on them are subject to tidal fluctuation and scour may result from flow in two
directions. In waterways influenced by tidal fluctuations, flow velocities do not necessarily
decrease as scour occurs and the waterway area increases. In tidal waterways as waterway
area increases, the discharge may increase. This is in sharp contrast to riverine waterways
where the principle of flow continuity and a constant discharge requires that velocity be
inversely proportional to the waterway area. However, the methods and equations for
determining stream instability, scour and associated countermeasures can be applied
to both riverine and coastal streams.®?% The difficulty in tidal streams is in determining
the hydraulic parameters (such as discharge, velocity, and depth) that are to be used in the
scour equations. Tidal scour is discussed in Chapter 9.
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3.2 TOTAL SCOUR

Total scour at a highway crossing is comprised of three components:
1. Long-term aggradation and degradation of the river bed

2. General scour at the bridge

a. Contraction scour
b. Other general scour

3. Local scour at the piers or abutments

These three scour components are added to obtain the total scour at a pier or abutment.
This assumes that each component occurs independent of the other. Considering the
components additive adds some conservatism to the design. In addition, lateral migration
of the stream must be assessed when evaluating total scour at bridge‘piers and abutments.

3.2.1 Aggradation and Degradation

Aggradation and degradation are long-term streambedqgelevation changes*due to natural or
man-induced causes which can affect the teach of the siver on which_the bridge is located.
Aggradation involves the deposition of_material eroded from the .channel or watershed
upstream of the bridge; whereas, ‘dégradation involves the “lowering or scouring of the
streambed due to a deficit in sediment supply framupstreams

3.2.2 General Scour

General scour is a lowering of the.streambed.across the stream or waterway bed at the
bridge. This lowering may be uniform across‘ther bed or non-uniform, that is, the depth of
scour may be deeper in some“parts of the cross section. General scour may result from
contraction of the flow, which«results insretnoyval of material from the bed across all or most of
the channel width, or from othér general 'scour conditions such as flow around a bend where
the scour may be concegntrated near. the outside of the bend. General scour is different from
long-term degradation, inpthat generaliscour may be cyclic and/or related to the passing of a
flood.

3.2.3 Local Scour

Local scour involves removal of material from around piers, abutments, spurs, and
embankments. It is caused by an acceleration of flow and resulting vortices induced by
obstructions to the flow. Local scour can be either clear-water or live-bed scour.

3.2.4 Lateral Stream Migration

In addition to the types of scour mentioned above, naturally occurring lateral migration of the
main channel of a stream within a floodplain may affect the stability of piers in a floodplain,
erode abutments or the approach roadway, or change the total scour by changing the flow
angle of attack at piers and abutments. Factors that affect lateral stream movement also
affect the stability of a bridge foundation. These factors are the geomorphology of the
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stream, location of the crossing on the stream, flood characteristics, and the characteristics
of the bed and bank materials (see HEC-20, and HDS 6). %2

The following sections provide a more detailed discussion of the various components of total
scour.

3.3 LONG-TERM STREAMBED ELEVATION CHANGES
(AGGRADATION AND DEGRADATION)

Long-term bed elevation changes may be the natural trend of the stream or the result of
some modification to the stream or watershed. The streambed may be aggrading,
degrading, or in relative equilibrium in the vicinity of the bridge crossing. Long-term
aggradation and degradation do not include the cutting and filling of the streambed in the
vicinity of the bridge that might occur during a runoff event (general and local scour). A long-
term trend may change during the life of the bridge. These long-term_changes are the result
of modifications to the stream or watershed. Such changes may be“the result of natural
processes or human activities. The engineer must assess the present’state of the stream
and watershed and then evaluate potential future changes in_the, river system. From this
assessment, the long-term streambed changes must be estimated. Meéthods to estimate
long-term streambed elevation changes are discussed in Chapter4.

3.4 CLEAR-WATER AND LIVE-BED SCOUR

There are two conditions for contraction and 4oc€al scour: clear-water and live-bed scour.
Clear-water scour occurs when«there is 1o mevemeni/of the bed material in the flow
upstream of the crossing or thewbed material being {transported in the upstream reach is
transported in suspension through the sCour‘hole at the pier or abutment at less than the
capacity of the flow. At the pier or abutment the acceleration of the flow and vortices created
by these obstructions cause the bed material around them to move. Live-bed scour occurs
when there is transport of bed material from the upstream reach into the crossing. Live-bed
local scour is cyclic in nature; that’is, the scour hole that develops during the rising stage of a
flood refills during the falling,stage.

Typical clear-water scour, situations.include (1) coarse-bed material streams, (2) flat gradient
streams during low, flowy, (3) local'deposits of larger bed materials that are larger than the
biggest fraction beingytransported by the flow (rock riprap is a special case of this situation),
(4) armored streambeds_ where ‘the only locations that tractive forces are adequate to
penetrate the armor layer~are’ at piers and/or abutments, and (5) vegetated channels or
overbank areas.

During a flood event, bridges over streams with coarse-bed material are often subjected to
clear-water scour at low discharges, live-bed scour at the higher discharges and then clear-
water scour at the lower discharges on the falling stages. Clear-water scour reaches its
maximum over a longer period of time than live-bed scour (Figure 3.1). This is because
clear-water scour occurs mainly in coarse-bed material streams. In fact, local clear-water
scour may not reach a maximum until after several floods. Maximum local clear-water pier
scour is about 10 percent greater than the equilibrium local live-bed pier scour.
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Figure 3.1. Pier scour depth in a sand-bed stream as-a function ef time.

Critical velocity equations with the referenCe\particle 'size (D) equal\to D5, are used to
determine the velocity associated with the_initiation of\motion. They are“used as an indicator
for clear-water or live-bed scour conditiens. If the mean‘velocity (V).ih the upstream reach is
equal to or less than the critical velogity, (V.) of the median diameter (Ds,) of the bed material,
then contraction and local scourewill be clear-water?scour, “Also, if the ratio of the shear
velocity of the flow to the fall welogity of the"Ds, of the.bed, material (V-/w) is greater than 2,
contraction and local scour may be clear-water. If thé mean velocity is greater than the
critical velocity of the median bed material size, live-bed scour will occur. An equation to
determine the critical velocity for a.given flow depth and size of bed material is derived in
Appendix C and given in Chapter.5.

This technique can be applied\o any+unvegetated channel or overbank area to determine
whether scour is clear-watet.or live-pbedy This procedure should be used with caution for
assessing whether or not_scour in-the.overbank will be clear-water or live-bed. For most
cases, the presenee™of'vegetation_on the overbank will effectively bind and protect the
overbank from eresive velociti€s. Also, in the overbank, generally the velocities are small
and the bed material’so fine‘that most overbank areas will experience clear-water scour.

Live-bed pier scour in sand-bed streams with a dune bed configuration fluctuates about the
equilibrium scour depth (Figure 3.1). This is due to the variability of the bed material
sediment transport in the approach flow when the bed configuration of the stream is dunes.
In this case (dune bed configuration in the channel upstream and through the bridge),
maximum depth of pier scour is about 30 percent larger than equilibrium depth of scour.
However, with the exception of crossings over large rivers (i.e., the Mississippi, Columbia,
etc.), the bed configuration in sand-bed streams will plane out during flood flows due to the
increase in velocity and shear stress. For general practice, the maximum depth of pier scour
is approximately 10 percent greater than equilibrium scour.

For a discussion of bedforms in alluvial channel flow, see Chapter 3 of HDS 6.* Equations
for estimating local scour at piers or abutments are given in Chapters 6 and 7 of this
document. These equations were developed from laboratory experiments and limited field
data for both clear-water and live-bed scour.
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3.5 GENERAL SCOUR

3.5.1 Contraction Scour

Contraction scour occurs when the flow area of a stream at flood stage is reduced, either by
a natural contraction of the stream channel or by a bridge. It also occurs when overbank flow
is forced back to the channel by roadway embankments at the approaches to a bridge. From
continuity, a decrease in flow area results in an increase in average velocity and bed shear
stress through the contraction. Hence, there is an increase in erosive forces in the
contraction and more bed material is removed from the contracted reach than is transported
into the reach. This increase in transport of bed material from the reach lowers the natural
bed elevation. As the bed elevation is lowered, the flow area increases and, in the riverine
situation, the velocity and shear stress decrease until relative equilibrium is reached; i.e., the
quantity of bed material that is transported into the reach is equal to that removed from the
reach, or the bed shear stress is decreased to a value such that no sediment is transported
out of the reach. Contraction scour, in a natural channel or at a/bridge crossing, involves
removal of material from the bed across all or most of the_channel width. Methods to
estimate live-bed and clear-water contraction scour are presentedgn Chapter|5.

In coastal waterways which are affected by tides, as the ‘cross-sectional area increases the
discharge from the ocean may increase and.thus the/velocity @ndsshear stress may not
decrease. Consequently, relative equilibrium may not be reached? Thus, at tidal inlets
contraction scour may result in a continual lowering.of the bed {long-term degradation).

Live-bed contraction scour is typieally cyclig; for'example, the bed scours during the rising
stage of a runoff event and fills"on the falling*stage. The«cyclic nature of contraction scour
causes difficulties in determining contraction scour depths after a flood. The contraction of
flow at a bridge can be caused by (either a natural decrease in flow area of the stream
channel or by abutments projecting/into the channel and/or piers blocking a portion of the
flow area. Contraction can alseybe caused, by the approaches to a bridge cutting off
floodplain flow. This can cause clear-watenseour on a setback portion of a bridge section or
a relief bridge because (the floodplainwflow does not normally transport significant
concentrations of bed material sediments. This clear-water picks up additional sediment
from the bed upon_reaching the bridge opening. In addition, local scour at abutments may
well be greater dde.to,the clear-water floodplain flow returning to the main channel at the end
of the abutment.

Other factors that can cause contraction scour are (1) natural stream constrictions, (2) long
highway approaches to the bridge over the floodplain, (3) ice formations or jams, (4) natural
berms along the banks due to sediment deposits, (5) debris, (6) vegetative growth in the
channel or floodplain, and (7) pressure flow.

3.5.2 Other General Scour

Other general scour conditions can result from erosion related to the planform characteristics
of the stream (meandering, braided or straight), variable downstream control, flow around a
bend, or other changes that decrease the bed elevation. General scour conditions can occur
at bridges located upstream or downstream of a confluence. These scour conditions are
discussed in Section 5.8 and HDS 6.
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3.6 LOCAL SCOUR

The basic mechanism causing local scour at piers or abutments is the formation of vortices
(known as the horseshoe vortex) at their base (Figure 3.2). The horseshoe vortex results
from the pileup of water on the upstream surface of the obstruction and subsequent
acceleration of the flow around the nose of the pier or abutment. The action of the vortex
removes bed material from around the base of the obstruction. The transport rate of
sediment away from the base region is greater than the transport rate into the region, and,
consequently, a scour hole develops. As the depth of scour increases, the strength of the
horseshoe vortex is reduced, thereby reducing the transport rate from the base region.
Eventually, for live-bed local scour, equilibrium is reestablished between bed material inflow
and outflow and scouring ceases. For clear-water scour, scouring ceases when the shear
stress caused by the horseshoe vortex equals the critical shear stress of the sediment
particles at the bottom of the scour hole.

@ Horseshoe Vortex

Figure 3.2. /[Schematic representation of scour at a cylindrical pier.

In addition to the"horseshoevvortex around the base of a pier, there are vertical vortices
downstream of the pier called, the wake vortex (Figure 3.2). Both the horseshoe and wake
vortices remove material from the pier base region. However, the intensity of wake vortices
diminishes rapidly as the distance downstream of the pier increases. Therefore, immediately
downstream of a long pier there is often deposition of material.

Factors which affect the magnitude of local scour depth at piers and abutments are (1)
velocity of the approach flow, (2) depth of flow, (3) width of the pier, (4) discharge intercepted
by the abutment and returned to the main channel at the abutment (in laboratory flumes this
discharge is a function of projected length of an abutment into the flow), (5) length of the pier
if skewed to flow, (6) size and gradation of bed material, (7) angle of attack of the approach
flow to a pier or abutment, (8) shape of a pier or abutment, (9) bed configuration, and (10) ice
formation or jams and debris.
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Flow velocity affects local scour depth. The greater the velocity, the deeper the scour.
There is a high probability that scour is affected by whether the flow is subcritical or
supercritical. However, most research and data are for subcritical flow (i.e., flow with a
Froude Number less than 1.0, Fr < 1).

Flow depth also has an influence on the depth of local scour. An increase in flow depth
can increase scour depth by a factor of 2 or greater for piers. With abutments, the
increase is approximately 1.1 to 2.15 depending on the shape of the abutment.

Pier width has a direct influence on depth of local scour. As pier width increases, there is
an increase in scour depth. There is a limit to the increase in scour depth as width
increases. Very wide piers (see Section 6.3) do not have scour depths as deep as
predicted by existing equations.

In laboratory flume studies, an increase in the projected length of an abutment (or
embankment) into the flow increased scour; whereas, this is not_the case in the field.
Due to the relatively small scale of a laboratory flume, floodplain, flow intercepted by the
embankment and returned to the main channel is directly related to the length of the
obstruction. However, in the field case the embankment length is not @ good measure of
the discharge returned to the main channel. This résults«<in "ineffective flow" on the
floodplain which can be even more pronounced on wide heavily vegetated floodplains. In
order to properly apply laboratory derivedtabutment,Scour equations’to the field case, an
assessment must be made of the Yocation of, thesboundary between "live flow" and
"ineffective flow." The location of this boundary should’then be used to establish the
length of the abutment or embankment for abutment scour computations (see Section
7.2).

Pier length has no appreciable effect.0n local scour,depth as long as the pier is aligned
with the flow. When the pier is(skewed to thé flow, the pier length has a significant
influence on scour depth. For(example, doubling the length of the pier increases scour
depth from 30 to 60 percent (depending ofithe angle of attack).

Bed material characteristiCs such as‘size, gradation, and cohesion can affect local scour.
Bed material in the sand-size range has little effect on local scour depth. Likewise, larger
size bed material that,can be moved by the flow or by the vortices and turbulence created
by the pier or abutment willknot affect the maximum scour, but only the time it takes to
attain it. Verydarge particles in the bed material, such as coarse gravels, cobbles or
boulders, may armor sthe“scour hole. Research at the University of Aukland, New
Zealand, by the Washington State DOT, and by other researchers developed equations
that take into account the decrease in scour due to the armoring of the scour hole.®> 262"
%) Richardson and Richardson combined these equations into a simplified equation,
which accounted for bed material size.*® However, field data are inadequate to support
these equations at this time.

Molinas in flume experiments sponsored by FHWA, showed for Froude Numbers less
than 1.0 (Fr < 1.0), and a range of bed material sizes, that when the approach velocity
(V4) of the flow is less than the critical velocity (V) of the Dy, size of the bed material,
the Dy, size will decrease the scour depth.®”

The size of the bed material also determines whether the scour at a pier or abutment is
clear-water or live-bed scour. This topic is discussed in Section 3.4.
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Fine bed material (silts and clays) will have scour depths as deep as sand-bed streams.
This is true even if bonded together by cohesion. The effect of cohesion is to influence
the time it takes to reach maximum scour. With sand-bed material the time to reach
maximum depth of scour is measured in hours and can result from a single flood event.
With cohesive bed materials it may take much longer to reach the maximum scour depth,
the result of many flood events. Scour in cohesive bed material is discussed in Section
12.9 and Appendix L

Angle of attack of the flow to the pier or abutment has a significant effect on local scour,
as was pointed out in the discussion of pier length. Abutment scour is reduced when
embankments are angled downstream and increased when embankments are angled
upstream. According to the work of Ahmad, the maximum depth of scour at an
embankment inclined 45 degrees downstream is reduced by 20 percent; whereas, the
maximum scour at an embankment inclined 45 degrees upstream is increased about 10
percent.®”

Shape of the nose of a pier or an abutment can have up to a“20%percent influence on
scour depth. Streamlining the front end of a pier reduces the strength_of the horseshoe
vortex, thereby reducing scour depth. Streamlining the downstream end of piers reduces
the strength of the wake vortices. A square-nose pier willkhave maximum scour depths
about 20 percent greater than a sharp-nose. pier and{10/percentigreater than either a
cylindrical or round-nose pier. The shape'.effect is, négligible for flew angles in excess of
five degrees. Full retaining abutments with vertical'walls on the stream side (parallel to
the flow) and vertical walls parallelznto the readway willyproduce scour depths about
double that of spill-through (sloping)*abutments:

Bed configuration of sand-hed“channels,affects the,magnitude of local scour. In streams
with sand-bed material, the shape 0fi the bed (bed configuration) as described by
Richardson et al. may be ripples, dunes, flane bed, or antidunes.®® The bed
configuration depends on the ssize distribution of the sand-bed material, hydraulic
characteristics, and fluid viscoesity. The bed configuration may change from dunes to
plane bed or antidunes during“an increase-in flow for a single flood event. It may change
back with a decrease inflow. The, bedvconfiguration may also change with a change in
water temperature or. suspended ‘sediment concentration of silts and clays. The type of
bed configuration, and\change in bed configuration will affect flow velocity, sediment
transport, and seout? HDS 6, discusses bed configuration in detail.*?

Potentially, ice and debris ‘can increase the width of the piers, change the shape of piers
and abutments, increase the projected length of an abutment, and cause the flow to
plunge downward against the bed. This can increase both local and contraction scour.
The magnitude of the increase is still largely undetermined. Debris can be taken into
account in the scour equations by estimating how much the debris will increase the width
of a pier or length of an abutment. Debris and ice effects on contraction scour can also
be accounted for by estimating the amount of flow blockage (decrease in width of the
bridge opening) in the equations for contraction scour. Limited field measurements of
scour at ice jams indicate the scour can be as much as 3 to 10 m (10 to 30 ft).
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3.7 LATERAL SHIFTING OF A STREAM

Streams are dynamic. Areas of flow concentration continually shift banklines, and in
meandering streams having an "S-shaped" planform, the channel moves both laterally and
downstream. A braided stream has numerous channels which are continually changing. In a
braided stream, the deepest natural scour occurs when two channels come together or when
the flow comes together downstream of an island or bar. This scour depth has been
observed to be 1 to 2 times the average flow depth.

A bridge is static. It fixes the stream at one place in time and space. A meandering stream
whose channel moves laterally and downstream into the bridge reach can erode the
approach embankment and can affect contraction and local scour because of changes in
flow direction. A braided stream can shift under a bridge and have two channels come
together at a pier or abutment, increasing scour. Descriptions of stream morphology are
given in HDS 6 and HEC-20.%%9

Factors that affect lateral shifting of a stream and the stability of a bridge are the
geomorphology of the stream, location of the crossing on the_stream, flood characteristics,
the characteristics of the bed and bank material, and wash foady It is difficult to anticipate
when a change in planform may occur. It maysbe gradual.6or the.result of'a single major flood
event. Also, the direction and magnitude ofythe movemeni’of thé stream are not easily
predicted. While it is difficult to evaluate‘the’ vulnerability of abridge due to changes in
planform, it is important to incorporate ‘potential planform changes_hto the design of new
bridges and design of countermeasuressfor existing, bridges.« These factors are discussed
and analysis techniques are presented)in HEC*20.©¢’

Countermeasures for lateral shifting and instability of the’stream may include changes in the
bridge design, construction of ‘river conirol works, protection of abutments with riprap, or
careful monitoring of the river in a(bridge inspection program. Serious consideration
should be given to placing footings/foundations located on floodplains at elevations
the same as those located in(themain chiannel. Control of lateral shifting requires river
training works, bank stabilizing,by riprapjcand/or guide banks. The design of these works is
beyond the scope of this circular. Désignsmethods are given by FHWA in HEC-23,"” HDS
6, HEC-11,%¥ and sindilar publications.®**® The USACE and AASHTO provide additional
guidance.(36’37’38’39)
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CHAPTER 4

LONG-TERM AGGRADATION AND DEGRADATION

4.1 INTRODUCTION

This chapter discusses the factors affecting long-term bed elevation changes, methods
available for estimating these changes, and the role of sediment transport computer models
that are available to compliment HEC-20 procedures. This chapter links long-term
degradation to the other components of scour at a bridge site. In following chapters methods
and equations are given for determining the other components of total scour. Procedures for
estimating long-term aggradation and degradation at a bridge are presented in HEC-20.®

4.2 LONG-TERM BED ELEVATION CHANGES

Long-term bed elevation changes may be the natural trend of the stream-0r may be the result
of some modification to the stream or watershed. The streambed may be aggrading,
degrading, or in relative equilibrium in the vicinity of the bridge crossing. In this section, long-
term trends are considered. Long-term aggradation and degradationndo (not include the
cutting and filling of the streambed at a bridge-that might oeCurduring a,runoff event (general
and local scour). A stream may cut and fill @t specific/locations~during a runoff event and
also have a long-term trend of an increase~0r decreasesin bed elevation over a longer reach
of a stream. The problem for the\éngineer is. t0, estimate ‘the fong-term bed elevation
changes that will occur during the life"ofithe structure:

A long-term trend may change,during the lifé of the bridge. “Fhese long-term changes are the
result of modifications to the ‘Stream or“watershed. ‘Such changes may be the result of
natural processes or human activities=\ The engineer must assess the present state of the
stream and watershed and then evaluate potential future changes in the river system. From
this assessment, the long-term streambed changes must be estimated.

Factors that affect long-term\bed elevation” changes are dams and reservoirs (up- or
downstream of the bridge), ehanges in'watershed land use (urbanization, deforestation, etc.),
channelization, cutoffs “,of) meander,_bends (natural or man-made), changes in the
downstream channelkbaseslevel (control), gravel mining from the streambed, diversion of
water into or out(ofsthe streampnatural lowering of the fluvial system, movement of a bend
and bridge location.with respect to stream planform, and stream movement in relation to the
crossing. Tidal ebb and flood may degrade a coastal stream; whereas, littoral drift may result
in aggradation. The elevation of the bed under bridges which cross streams tributary to a
larger stream will follow the trend of the larger stream unless there are controls. Controls
could be bed rock, dams, culverts or other structures. The changes in bed elevation
decrease the further upstream the bridge is from the confluence with another stream or from
other bed elevation controls.

The USACE, USGS, and other Federal and State agencies should be contacted concerning
documented long-term streambed variations. If no data exist or if such data require further
evaluation, an assessment of long-term streambed elevation changes for riverine streams
should be made using the principles of river mechanics. Such an assessment requires the
consideration of all influences upon the bridge crossing, i.e., runoff from the watershed to a
stream (hydrology), sediment delivery to the channel (watershed erosion), sediment transport
capacity of a stream (hydraulics), and response of a stream to these factors (geomorphology
and river mechanics).
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With coastal streams, the principles of both river and coastal engineering mechanics are
needed. In coastal streams, estuaries or inlets, in addition to the above, consideration must
be given to tidal conditions, i.e., the magnitude and period of the storm surge, sediment
delivery to the channel by the ebb and flow of the tide, littoral drift, sediment transport
capacity of the tidal flows, and response of the stream, estuary, or inlet to these tidal and
coastal engineering factors.

Significant morphologic impacts can result from human activities. The assessment of the
impact of human activities requires a study of the history of the river, estuary, or tidal inlet, as
well as a study of present water and land use and stream control activities. All agencies
involved with the river or coastal area should be contacted to determine possible future
changes.

4.3 ESTIMATING LONG-TERM AGGRADATION AND DEGRADATION

To organize an assessment of long-term aggradation and degradationya three-level fluvial
system approach can be used. The three level approach_consists of (1) a qualitative
determination based on general geomorphic and river mechanics relationships, (2) an
engineering geomorphic analysis using established qualitativesand quantitative relationships
to estimate the probable behavior of the stream system to various, scenarios or future
conditions, and (3) physical models oR physicah process computer modeling using
mathematical models such as BRI-STARS®" and the USACE,HEC:6“? to make predictions
of quantitative changes in streambed‘€levation due.fo changés in the stream and watershed.
Methods to be used in Levels (1) arld (2) are ptesented in HEC-20 and HDS 6.¢ %)

For coastal areas, where ‘highway cressings (bridges) and/or longitudinal stream
encroachments are subject to’ tidal «infldences, the three-level approach used in fluvial
systems is also appropriate (Chapter(9)). The following sections outline procedures that can
assist in identifying long-term trends.in vertical stability.

4.3.1 Bridge Inspection Records

The biannual bridge inspection (reports for bridges on the stream where a new or
replacement bridge=is”beingdesigned are an excellent source of data on long-term
aggradation or degradation‘trends. Also, inspection reports for bridges crossing streams in
the same area or region‘should be studied. In most states the biannual inspection includes
taking the elevation and/er cross section of the streambed under the bridge. These
elevations are usually referenced to the bridge, but these relative bed elevations will show
trends and can be referenced to sea level elevations. Successive cross sections from a
series of bridges in a stream reach can be used to construct longitudinal streambed profiles
through the reach.

4.3.2 Gaging Station Records
The USGS and many State Water Resource and Environmental agencies maintain gaging
stations to measure stream flow. In the process they maintain records from which the

aggradation or degradation of the streambed can be determined. Gaging station records at
the bridge site, on the stream to be bridged and in the area or region can be used.
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Where an extended historical record is available, one approach to using gaging station
records to determine long-term bed elevation change is to plot the change in stage through
time for a selected discharge. This approach is often referred to as establishing a "specific
gage" record.

Figure 4.1 shows a plot of specific gage data for a discharge of 14 m*sec (500 cfs) from
about 1910 to 1980 for Cache Creek in California. Cache Creek has experienced significant
gravel mining with records of gravel extraction quantities available since about 1940. When
the historical record of cumulative gravel mining is compared to the specific gage plot, the
potential impacts are apparent. The specific gage record shows more than 3 m (10 ft) of
long-term degradation in a 70-year period.
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Figure 4.1. Specific gage data for Cache Creek, California.
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4.3.3 Geology and Stream Geomorphology

The geology and geomorphology of the site needs to be studied to determine the potential
for long-term bed elevation changes at the bridge site. Quantitative techniques for
streambed aggradation and degradation analyses are covered in detail in HEC-20.®) These
techniques include:

Incipient motion analysis
Analysis of armoring potential
Equilibrium slope analysis
Sediment continuity analysis

Sediment transport concepts and equations are discussed in detail in HDS 6.%?

4.3.4 Computer Models

Sediment transport computer models can be used to determine Jong-term aggradation or
degradation trends. These computer models route sediment/down a channél and adjust the
channel geometry to reflect imbalances in sediment supply and-transporticapacity. The BRI-
STARS®"Y and HEC-6“? models are exampleshof sedimentstransport, models that can be
used for single event or long-term estimatéstof changes‘in bed glevation. The information
needed to run these models includes:

Channel and floodplain geometry
Structure geometry

Roughness

Geologic or structural vertical controls
Downstream water surface relationship
Event or long-term inflow hydrographs
Tributary inflow hydrographs

Bed material gradations

Upstream sediment supply

Tributary sediment sdpply

Selection of apprapriate, sediment transport relationship
Depth of alluvium

These models perform hydraulic and sediment transport computations on a cross section
basis and adjust the channel geometry prior to proceeding with the next time step. The
actual flow hydrograph can be used as input. BRI-STARS®" also has an option where width
adjustment can be predicted.

4.3.5 Aggradation, Degradation, and Total Scour

Using all the information available estimate the long-term bed elevation change at the bridge
site for the design life of the bridge. Usually, the design life is 100 years. If the estimate
indicates that the stream will degrade, use the elevation after degradation as the base
elevation for general and local scour. That is, total scour must include the estimated
long-term degradation. If the estimate indicates that the stream will aggrade, then (1)
make note of this fact to inspection and maintenance personnel, and (2) use existing ground
elevation as the base for general and local scour.
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4.3.6 Inspection, Maintenance, and Countermeasures

The estimate of long-term aggradation or degradation in the final design should be
communicated to inspection and maintenance personnel. This information will aid them in
tracking long-term trends and provide feedback for future design and evaluation. HEC-23""
outlines techniques for controlling long-term bed elevation changes and provides design
guidance for countermeasures commonly used for vertical stability problems.
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CHAPTER 5

GENERAL SCOUR

5.1 INTRODUCTION

General scour is the general decrease in the elevation of the bed across the bridge opening.
It does not include localized scour at the foundations (local scour) or the long-term changes
in the stream bed elevation (aggradation or degradation). General scour may not have a
uniform depth across the bridge opening. General scour can be cyclic, that is, there can be
an increase and decrease of the stream bed elevation (cutting and filling) during the passage
of a flood.

The most common general scour is contraction scour. There are several cases and flow
conditions for contraction scour. Typically, contraction scour occurs where the bridge
opening is smaller than the flow area of the upstream channel and/or, floodplain. Other
general scour conditions can result from erosion related to planform “eharacteristics of the
stream, flow around a bend, variable downstream control, or_other changes that decrease
the bed elevation at the bridge. In this chapter, methods and equations willlbe presented to
estimate general scour.

5.2 CONTRACTION SCOUR

5.2.1 Contraction Scour Conditions

Contraction scour equations are based omnthe principle'of conservation of sediment transport
(continuity). In the case of live-bed/scour, the fully developed scour in the bridge cross
section reaches equilibrium when sediment transported into the contracted section equals
sediment transported out. As scadr/develops, the shear stress in the contracted section
decreases as a result of a largerflow area @nd decreasing average velocity. For live-bed
scour, maximum scour occursswhen the, shear stress reduces to the point that sediment
transported in equals the _bed sediment, transported out and the conditions for sediment
continuity are in balance._For clear-water scour, the transport into the contracted section is
essentially zero and «maximum scodn occurs when the shear stress reduces to the critical
shear stress of the.bed material,in the section. Normally, for both live-bed and clear-water
scour the width of the contracted section is constrained and depth increases until the limiting
conditions are reached.

Live-bed contraction scour occurs at a bridge when there is transport of bed material in the
upstream reach into the bridge cross section. With live-bed contraction scour the area of the
contracted section increases until, in the limit, the transport of sediment out of the contracted
section equals the sediment transported in.

Clear-water contraction scour occurs when (1) there is no bed material transport from the
upstream reach into the downstream reach, or (2) the material being transported in the
upstream reach is transported through the downstream reach mostly in suspension and at
less than capacity of the flow. With clear-water contraction scour the area of the contracted
section increases until, in the limit, the velocity of the flow (V) or the shear stress (t,) on the
bed is equal to the critical velocity (V.) or the critical shear stress (t.) of a certain particle size
(D) in the bed material.
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There are four conditions (cases) of contraction scour at bridge sites depending on the type
of contraction, and whether there is overbank flow or relief bridges. Regardless of the case,
contraction scour can be evaluated using two basic equations: (1) live-bed scour, and (2)
clear-water scour. For any case or condition, it is only necessary to determine if the flow in
the main channel or overbank area upstream of the bridge, or approaching a relief bridge, is
transporting bed material (live-bed) or is not (clear-water), and then apply the appropriate
equation with the variables defined according to the location of contraction scour (channel or
overbank).

To determine if the flow upstream of the bridge is transporting bed material, calculate the
critical velocity for beginning of motion V. of the D5, size of the bed material being considered
for movement and compare it with the mean velocity V of the flow in the main channel or
overbank area upstream of the bridge opening. If the critical velocity of the bed material is
larger than the mean velocity (V. > V), then clear-water contraction scour will exist. If the
critical velocity is less than the mean velocity (V. < V), then live-bed contraction scour will
exist. To calculate the critical velocity use the equation derived in‘the,Appendix C. This
equation is:

Vc :Ku y1/6 D1/3 (51)

where:

Ve Critical velocity abeveswhich bed ‘material of\size’D and smaller

will be transported; mis (ft/s)

y =  Average depth of flew upstream;of the bridge; m (ft)

D = Particle sizefor\, m (ft)

Ds, = Particle size in a mixturé/of Which 50 percent are smaller, m (ft)
K. = 6.19 Sl units

Ko = 1117 English units

The Dsg is taken as an averagé ofthe bedimaterial size in the reach of the stream upstream
of the bridge. It is a characteristic size of'the material that will be transported by the stream.
Normally this would be the“bed material'size in the upper 0.3 m (1 ft) of the stream bed.

Live-bed contraetionnscour depths may be limited by armoring of the bed by large
sediment particles in the bhed material or by sediment transport of the bed material into
the bridge cross-sectigh.. “Under these conditions, live-bed contraction scour at a
bridge can be determined/by calculating the scour depths using both the clear-water
and live-bed contraction scour equations and using the smaller of the two depths.

5.2.2 Contraction Scour Cases
Four conditions (cases) of contraction scour are commonly encountered:

Case 1. Involves overbank flow on a floodplain being forced back to the main channel by
the approaches to the bridge. Case 1 conditions include:

a. The river channel width becomes narrower either due to the bridge abutments

projecting into the channel or the bridge being located at a narrowing reach of
the river (Figure 5.1);
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b. No contraction of the main channel, but the overbank flow area is completely
obstructed by an embankment (Figure 5.2); or

c. Abutments are set back from the stream channel (Figure 5.3).

Case 2. Flow is confined to the main channel (i.e., there is no overbank flow). The normal

river channel width becomes narrower due to the bridge itself or the bridge site is
located at a narrower reach of the river (Figures 5.4 and 5.5).

Case 3. A relief bridge in the overbank area with little or no bed material transport in the

overbank area (i.e., clear-water scour) (Figure 5.6).

Case 4. A relief bridge over a secondary stream in the overbank area with bed material

transport (similar to Case 1) (Figure 5.7).

Notes:

1.

Cases 1, 2, and 4 may either be live-bed or clear-water scour depending on whether
there is bed material transport from the upstream reach into the bridge reach during flood
flows. To determine if there is bed materiaktransport compute the critical welocity at the
approach section for the D5, of the bed material using the equation given above and
compare to the mean velocity at the approach section.\J'o detérmine’if the bed material
will be washed through the contraction determine theyratio of the/shear velocity (V-) in the
contracted section to the fall velocity (w) of the«Ds, of the bedvmaterial being transported
from the upstream reach (see the definition'of - in the live-bed contraction scour
equation). If the ratio is muchlarger thani2, then the bed material from the upstream
reach will be mostly suspended bed material dischargesand may wash through the
contracted reach (clear-water scour).

Case 1c is very complex. Thé.depth of centraction scour depends on factors such as
(1) how far back from the bank-lifie the abutment is set, (2) the condition of the overbank
(is it easily eroded, are there trees onythe bank, is it a high bank, etc.), (3) whether the
stream is narrower or wider at the bridge’ than at the upstream section, (4) the magnitude
of the overbank flow+that is returned to the bridge opening, and (5) the distribution of the
flow in the bridge section, and (6) other factors.

The main channel updersthe bridge may be live-bed scour; whereas, the set-back
overbank area may be/clear-water scour.

WSPRO!" or HEC-RAS"®"") can be used to determine the distribution of flow between
the main channel and the set-back overbank areas in the contracted bridge opening.
However, the distribution of flow needs to be done with care. Studies by Chang“" and
Sturm “? have shown that conveyance calculations do not properly account for the flow
distribution under the bridge.

If the abutment is set back only a small distance from the bank (less than 3 to 5 times the
average depth of flow through the bridge), there is the possibility that the combination of
contraction scour and abutment scour may destroy the bank. Also, the two scour
mechanisms are not independent. Consideration should be given to using a guide bank
and/or protecting the bank and bed under the bridge in the overflow area with rock riprap.
See HEC-23" for guidance on designing rock riprap.
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3.

Case 3 may be clear-water scour even though the floodplain bed material is composed of
sediments with a critical velocity that is less than the flow velocity in the overbank area.
The reasons for this are (1) there may be vegetation growing part of the year, and (2) if
the bed material is fine sediments, the bed material discharge may go into suspension
(wash load) at the bridge and not influence contraction scour.

Case 4 is similar to Case 3, but there is sediment transport into the relief bridge opening
(live-bed scour). This case can occur when a relief bridge is over a secondary channel
on the floodplain. Hydraulically this is no different from case 1, but analysis is required to
determine the floodplain discharge associated with the relief opening and the flow
distribution going to and throu%h the relief bridge. This information could be obtained
from WSPRO!" or HEC-RAS.""® "

5.3 LIVE-BED CONTRACTION SCOUR

A modified version of Laursen's 1960 equation for live-bed scour at/aylong contraction is
recommended to predict the depth of scour in a contracted section,“> “Fhe original equation
is given in Appendix C. The modification is to eliminate the ratio of*Manning's n (see the
following Note #3). The equation assumes that bed material is being transported from the
upstream section.

6/7 k
ﬁ:(&j (Mj 1 (5.2)
Y4 Q, W,
Ys = Y2 - Yo = (average contraction scour depth) (5.3)
where:
y1 = Average depth in thejupstream main channel, m (ft)
y» = Average depthiinsthe contracted'section, m (ft)
Yo = Existing depthiin'the contracted section before scour, m (ft) (see Note 7)
Q, = Flow in the.dpstream chanrel transporting sediment, m%/s (ft*/s)
Q, = Flow in‘thecontracted channel, m*/s (ft%/s)
W; = Bottom widithsef the upstream main channel that is transporting bed
material, ;mi(ft)
W, = Bottom ‘width“of the main channel in the contracted section less pier
width(s), m(ft)
ki = Exponent determined below
Vilw ¢ Mode of Bed Material Transport
<0.50 0.59 | Mostly contact bed material discharge
0.50t0 2.0 | 0.64 | Some suspended bed material discharge
>2.0 0.69 | Mostly suspended bed material discharge
V- = (t/p)” = (gys S1)”%, shear velocity in the upstream section, m/s (ft/s)
w = Fall velocity of bed material based on the Ds,, m/s (Figure 5.8)
For fall velocity in English units (ft/s) multiply @ in m/s by 3.28
g = Acceleration of gravity (9.81 m/s?) (32.2 ft/s?)
S; = Slope of energy grade line of main channel, m/m (ft/ft)
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Shear stress on the bed, Pa (N/m?) (Ib/ft?)
Density of water (1000 kg/m?) (1.94 slugs/ft®)

To

Notes:

1.

Q. may be the total flow going through the bridge opening as in cases 1a and 1b. It is
not the total flow for Case 1c. For Case 1c contraction scour must be computed
separately for the main channel and the left and/or right overbank areas.

Q is the flow in the main channel upstream of the bridge, not including overbank flows.

The Manning's n ratio is eliminated in Laursen live-bed equation to obtain Equation 5.2
(Appendix C).This was done for the following reasons. The ratio can be significant for a
condition of dune bed in the upstream channel and a corresponding plane bed, washed
out dunes or antidunes in the contracted channel. However, Laursen's equation does not
correctly account for the increase in transport that will occur as_the result of the bed
planning out (which decreases resistance to flow, increases theveloeity and the transport
of bed material at the bridge). That is, Laursen's equation_indicates a decrease in scour
for this case, whereas in reality, there would be an increase in scour depth. In addition,
at flood flows, a plane bedform will usually exist upstream and ‘throdgh the bridge
waterway, and the values of Manning's n~wilkbe equal{ Conseqlently,'the n value ratio
is not recommended or presented in Equation 5.2:

W, and W, are not always easily. defined. In.some casesi,it is acceptable to use the
topwidth of the main channel to(define these widths. Whether topwidth or bottom width is
used, it is important to be.consistent soxhat W, and W, refer to either bottom widths or
top widths.

Ds, mm

0.01 S i e+ 0.00001
0.001 0.01 0.1 1
®, m/s

Figure 5.8. Fall velocity of sand-sized particles with specific gravity of 2.65 in metric units.
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5. The average width of the bridge opening (W,) is normally taken as the bottom width, with
the width of the piers subtracted.

6. Laursen's equation will overestimate the depth of scour at the bridge if the bridge is
located at the upstream end of a natural contraction or if the contraction is the result of
the bridge abutments and piers. At this time, however, it is the best equation available.

7. In sand channel streams where the contraction scour hole is filled in on the falling stage,
the y, depth may be approximated by y;,  Sketches or surveys through the bridge can
help in determining the existing bed elevation.

8. Scour depths with live-bed contraction scour may be limited by coarse sediments
in the bed material armoring the bed. Where coarse sediments are present, it is
recommended that scour depths be calculated for live-bed scour conditions using
the clear-water scour equation (given in the next section) in addition to the live-bed
equation, and that the smaller calculated scour depth be used.

5.4 CLEAR-WATER CONTRACTION SCOUR

The recommended clear-water contractionsscour equationsis based on a development
suggested by Laursen® (presented in the Appendix €)./ The equation.is:

K Q2 3/7
Y2 = {%} (5.4)
D.° W
Vs = Y2 - Yo = (average contraction scour, depth) (5.5)
where:
y» = Average equilibrium depthin the contracted section after contraction scour,
m (ft)
Q = Discharge. through-the/ bridge or on the set-back overbank area at the
bridge associated'with the width W, m?/s (ft%/s )
D, = Diameter ofthe&smallest nontransportable particle in the bed material (1.25
Dso) in the centracted section, m (ft)
Dsg = Median diameter of bed material, m (ft)
W = Bottom width of the contracted section less pier widths, m (ft)
Yo = Average existing depth in the contracted section, m (ft)
Ko = 0.025 Sl units
Ku. = 0.0077 English units

Equation 5.4 is a rearranged version of 5.1.

Because Dsg is not the largest particle in the bed material, the scoured section can be
slightly armored. Therefore, the Dy, is assumed to be 1.25 Dso. For stratified bed
material the depth of scour can be determined by using the clear-water scour equation
sequentially with successive D, of the bed material layers.
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5.5 CONTRACTION SCOUR WITH BACKWATER

The live-bed contraction scour equation is derived assuming a uniform reach upstream and
a long contraction into a uniform reach downstream of the bridge. With live-bed scour the
equation computes a depth after the long contraction where the sediment transport into the
downstream reach is equal to the sediment transport out. The clear-water contraction scour
equations are derived assuming that the depth at the bridge increases until the shear-stress
and velocity are decreased so that there is no longer any sediment transport. With the clear-
water equations it is assumed that flow goes from one uniform flow condition to another.
Both equations calculate contraction scour depth assuming a level water surface (ys = y> -Yo).
A more consistent computation would be to write an energy balance before and after the
scour. For live-bed the energy balance would be between the approach section (1) and the
contracted section (2). Whereas, for clear-water scour it would be the energy at the same
section before (1) and after (2) the contraction scour.

Backwater, in extreme cases, can decrease the velocity, shear stress and the
sediment transport in the upstream section. This will increase’the scour at the
contracted section. The backwater can, by storing sediment in the upstream section,
change live-bed scour to clear-water scour.

5.6 CONTRACTION SCOUR EXAMPLE PROBLEMS (S1)

5.6.1 Example Problem 1 - Live-BedyContraetion Scour (Sl)

Given:
The upstream channel width =98.2 m; depth = 2,62 m
The discharge is 773 m*/s and is.all containéd within the channel. Channel slope =
0.004 m/m
The bridge abutments cansist of vertical,walls with wing walls. Bridge width = 37.2 m;
with 3 sets of piers consisting of 3,celumns, 0.38 m in diameter.
The bed material size? from 0 t6,0.9'm, the Dsqis 0.31 mm and below 0.9 m the Dsg is
0.70 mm with a fall velocity of 0.10 m/s
Original depth,at\bridge is estimated as 2.16 m

Determine:
The magnitude ofithe,contraction scour depth.

Solution:
1. Determine if it is live-bed or clear-water scour.

Average velocity in the upstream reach

V =773/ (2.62 X98.2) =3.0 m/s

For velocities this large and bed material this fine live-bed scour will occur. Check by
calculating V. for 0.7 mm bed material size. If live-bed scour occurs for 0.7mm it
would also be live-bed for Dsg = 0.3 mm.

V. =6.19 (2.62)"® (0.0007)" =0.65 m/s

Live-bed contraction scour is verified
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2. Calculate contraction scour

a. Determine k; for mode of bed material transport
V- =(9.81 X 2.62 X 0.004)*°=0.32 m/s

w=0.10; VJ/w=3.2; ks =0.69

b. Live-bed contraction scour. Equation 5.2

Y . 08.2 0.69 200
262 | 36.06 '

Q1 = Qz

y, = 2.62 X 2.00 = 5.24 m from water surface.

ys =5.24 - 2.16 = 3.08 m from original bed surface
5.6.2 Example Problem 2 - Alternate Methodh(SI)

An alternative approach to calculating ys«in\Problem s to calculate the scour depth using
both the clear-water and the live-bed,equation and take the smaller scour depth.

a. Live bed-bed scour depth is 3.08um'from_ Problem 1.

b. Clear-water scour depth (Equation 5.4)

D, =125 Dy, =125 (0.0007) =0.0009\m

2 3/7
- 0.0225/3(773) | @ztrzm
0.0009%° (36.06)

Ys =21.12 - 2.16=48,96 m from,original bed surface

c. Live-bed scour (3.08'm™<, 18.96 m). The sediment transport limits the contraction scour
depth rather than the size of‘the bed material.

5.6.3 Example Problem 3 - Relief Bridge Contraction Scour (SI)

The 1952 flood on the Missouri River destroyed several relief bridges on Highway 2 in lowa
near Nebraska City, Nebraska. The USGS made continuous measurements during the
period April 2 through April 29, 1952. This data set is from the April 21, 1952 measurement
(measurement # 1013). The discharge in the relief bridge was 368 m*/s. The measurement
was made on the upstream side of Cooper Creek ditch using a boat and tag line.

Q = 368 m?¥s; Bridge width (minus piers) = 91.4 m; Area = 706.43 m?
Vaverage = 0.52 m/s; yo = 1.28 t0 1.62 m
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5.7

571

Given:

Dsg =0.24 mm (D, = 1.25x0.24 = 0.3 mm)
Clear- water scour because of low velocity flow on the floodplain (Equation 5.4)
Calculate y,:

_| _0.025(368)*
21 (0.0003)?? (914)

3/7
} =6.89m

y> =6.89 m from the water surface, this compares to 7.71 m measured at the site.
CONTRACTION SCOUR EXAMPLE PROBLEMS (ENGLISH)
Example Problem 1 - Live-Bed Contraction Scour (English)

The upstream channel width = 322 ft; depth = 8.6 ft

The discharge is 27,300 cfs and is all contained within theichannel. Channel slope =
0.004 (ft/ft)

The bridge abutments consist of vertical walls withiwing walls, ‘width = 122 ft; with 3
sets of piers consisting of 3 columns\154inchesin’diameter.

The bed material size: from 0 to 3,ftthe Dspdis 0.81 mm (0.0010 ft) and below 3 ft the
Dsg is 0.70 mm (0.0023 ft) with'a fall velocity~of 0.33 ft/sec

Original depth at bridge is estimated as 7.1 ft

Determine;

The magnitude of the contraction‘scour depth,

Solution:

1. Determine if it is live-bed)or clear-water scour.

Average velocity in.the upstream reach

V = 27,30048%6 x1322) = 9.86 ft/s

For velocities'this large ‘and bed material this fine live-bed scour will occur. Check by
calculating V. fon/0.7 mm bed material size. If live-bed scour occurs for 0.7mm it
would also be live-bed for 0.3mm.

V. =11.17 (8.6)"® (0.0023)"® =2.11 ft/s

Live-bed contraction scour is verified

2. Calculate contraction scour

a. Determine K, for mode of bed material transport

V. =(32.2 x 8.6 x 0.004)*°=1.05 ft/s

w=033 V/Ww=3.2 K1 =0.69
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b. Live-bed contraction scour. Equation 5.2

Q1 = Qz
Yo _| 322 o =200
8. 118.25 '

y, = 8.6 x 2.00 = 17.2 ft from water surface.

ys =17.2-7.1 =10.1 ft from original bed surface
5.7.2 Example Problem 2 - Alternate Method (English)
An alternative approach is demonstrated to calculating ys in Problem 1 to determine if scour
is clear-water or live-bed. In this method calculate the scour depth using-both the clear-water
and the live-bed equation and take the smaller scour depth.
a. Live-bed scour depth is 10.1 ft from Problem 1.

b. Clear-water scour depth (Equation 5.4)

D,, =125 Dy, =125 (0.0023) =0.0030 ft

_| 0.0077 (27,300)?
Y2 = 2/3 2
0.0030? (118.25)

3/7
} = 69:31ft

ys =69.31-7.1=62.2ft from originalbed’surface

c. Live-bed scour (10.1 ft < 62.2'ft). The_sediment transport limits the contraction scour
depth rather than the size of the'hed material.

5.7.3 Example Problem3+ ReliefBridge Contraction Scour (English)

The 1952 flood onthe Missouri River destroyed several relief bridges on Highway 2 in lowa
near Nebraska City, Nebraska> The USGS made continuous measurements during the
period April 2 through April 29, 1952. This data set is from the April 21, 1952 measurement
(measurement #1013). The discharge in the relief bridge was 13,012 cfs. The measurement
was made on the upstream side of Cooper Creek ditch using a boat and tag line.

Q = 13,012 cfs; Bridge width (minus piers) = 300 ft; Area = 7,604 ft?

Vaverage = 1.71 ft/s; yo = 4.2 10 5.3 ft

Dso =0.24 mm (D, = 1.25 x 0.24 = 0.3 mm)

Clear- water scour because of low velocity flow on the floodplain (Equation 5.4)

, 37
0.0077 (13,012) 2} =226 ft

V2= {(0.0010)2’3 (300)

y. = 22.6 ft from the water surface, this compares to 25.3 ft measured at the site.
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5.8 OTHER GENERAL SCOUR CONDITIONS

5.8.1 Discussion

In a natural channel, the depth of flow is usually greater on the outside of a bend. In fact,
there may well be deposition on the inner portion of the bend at a point bar. If a bridge is
located on or close to a bend, the general scour will be concentrated on the outer portion of
the bend. Also, in bends, the thalweg (the part of the stream where the flow is deepest and,
typically, the velocity is the greatest) may shift toward the inside of the bend as the flow
increases. This can increase scour and nonuniform distribution of scour in the bridge
opening. In some cases during high flow the point bar may have a channel (chute channel)
eroded across it. This can further skew the distribution of scour in the bridge reach.
Consequently, other general scour conditions such as these are differentiated from
contraction scour which involves removal of material from the bed across all or most of the
channel width.

The relatively shallow straight reaches between bendway pools are called _crossings. With
changes in discharge and stage the patterns of scour and fill €an also change in the crossing
and pool sequence. These geomorphic processes are discussed in more deétail in HEC-20
and HDS 6.¢%? These processes are considered part of géneral scoln, They are cyclic and
may be in equilibrium around some general/bed elevation. Theresare no equations for
predicting these changes in elevations, Generally, asstudy, of the stream using aerial
photographs and/or successive cross'section surveys can determine trends. In this case, the
long-term safety of the bridge depends, primarily, on inspection.

Some general scour conditions™are asseciated with 7a. particular channel morphology.
Braided channels will have deep scour, holes when two ‘channels come together downstream
from a bar or island (confluence scour)s At other4imes a bar or island will move into the
bridge opening concentrating the(flow onto a’pier or abutment or changing the angle of
attack. In anabranching flow, whereflow is if“twe or more channels around semi-permanent
islands, there is a problem of ‘determining the-distribution of flow between the channels, and
over time the distribution may) change. \T'he bridge could be designed for the anticipated
worst case flow distribution or designed using the present distribution. In either case,
inspection and maintenance personnel should be informed of the potential for the flow
distribution and scourconditions,to change.

Other general scour cansbevcaused by short-term (daily, weekly, yearly, or seasonal)
changes in the downstream’water surface elevation that control backwater and hence, the
velocity through the bridge opening. Similarly, a bridge located upstream or downstream of a
confluence can experience general scour caused by variable flow conditions on the main
river and tributary. Because this scour is reversible, it is considered other general scour
rather than long-term aggradation or degradation. These channel changes and other general
scour conditions are also discussed in HEC-20 and HDS 6.6
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5.8.2 Determining Other General Scour

Scour at a bridge cross-section resulting from variable water surface elevation downstream
of the bridge (e.g., tributary or downstream control) is analyzed by determining the lowest
potential water-surface elevation downstream of the bridge insofar as scour processes are
concerned. Then determine contraction and local scour depths using these worst-case
conditions.

General scour in a channel bendway resulting from the flow through the bridge being
concentrated toward the outside of the bend is analyzed by determining the superelevation of
the water surface on the outside of the bend and estimating the resulting velocities and
depths through the bridge. The maximum velocity in the outer part of the bend can be 1.5 to
2 times the mean velocity. A physical model study can also be used to determine the
velocity and scour depth distribution through the bridge for this case.

Estimating general scour across the bridge cross-section for unusual situations involves
particular skills in the application of principles of river mechanics=to the site-specific
conditions. To determine the scour across the bridge opening_in many bridge crossings will
require 2-dimensional (2-D) computer programs (for examplg, FESWMS“) L see discussion
Chapter 9, Section 9.5) or a physical model (HEC-23)."” SUchsstudies should’be undertaken
by engineers experienced in the fields of hydraulies and«iver ptechanics.
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CHAPTER 6

DETERMINATION OF LOCAL SCOUR AT PIERS

6.1 GENERAL

Local scour at piers is a function of bed material characteristics, bed configuration, flow
characteristics, fluid properties, and the geometry of the pier and footing. The bed material
characteristics are granular or non granular, cohesive or noncohesive, erodible or non
erodible rock. Granular bed material ranges in size from silt to large boulders and is
characterized by the D5y and a coarse size such as the Dg, or Dgy size. Cohesive bed
material is composed of silt and clay, possibly with some sand which is bonded chemically
(see discussion in Chapter 3). Rock may be solid, massive, or fractured. It may be
sedimentary or igneous and erodible or non erodible.

Flow characteristics of interest for local pier scour are the velocity and.depth just upstream of
the pier, the angle the velocity vector makes to the pier (angle of attack); and free surface or
pressure flow. Fluid properties are viscosity, and surface tension which for the field case
can be ignored.

Pier geometry characteristics are its type, dimensionssand shape./ Types of piers include
single column, multiple columns, or rectangular; with, orwithout friction' or tip bearing piles;
with or without a footing or pile cap; footing-or pile cap‘in the bed, on,ithe surface of the bed,
in the flow or under the deck out of the flow. Important dimensions are the diameter for
circular piers or columns, spacing for multiplescolumns, andwidth and length for solid piers.
Shapes include round, square <orssharp «nosey~circulan” cylinder, group of cylinders, or
rectangular. In addition, piers 'may be simple,or complex: A simple pier is a single shaft,
column or multiple columns exposed toghe*flow. Whereas, a complex pier may have the
pier, footing or pile cap, and piles exposed-to the flow.

Local scour at piers has been studied extensively‘in the laboratory; however, there is limited
field data. The laboratory studies)have been mostly of simple piers, but there have been
some laboratory studies of-complex pietsyOften the studies of complex piers are model
studies of actual or proposed pier configurations. As a result of the many laboratory studies,
there are numerous pieriscour equatiens: In general, the equations are for live-bed scour in
cohesionless sand-bed streams.

A graphical comparison by ‘Jones of the more common equations is given in Figure 6.1.“%
An equation given by Melville‘and Sutherland to calculate scour depths for live-bed scour in
sand-bed streams has been added to the original figure.”® Some of the equations have
velocity as a variable, normally in the form of a Froude Number. However, some equations,
such as Laursen's do not include velocity.*” A Froude Number of 0.3 was used in Figure
6.1 for purposes of comparing commonly used scour equations. Jones also compared the
equations with the available field data. His study showed that the CSU equation enveloped
all the data, but gave lower values of scour than the Jain and Fischer, Laursen, Melville and
Sutherland, and Neill equations.?*"*¢%%49) The CSU equation includes the velocity of the
flow just upstream of the pier by including the Froude Number in the equation. On the basis
of Jones' studies“?’ the Colorado State University (CSU) equation was recommended in the
Interim Procedures that accompanied FHWA'’s Technical Advisory T5140.20.""% With
modifications, the CSU equation was recommended in previous editions of HEC-18. The
modifications were the addition of coefficients for the effect of bed form and size of bed
material.
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Sutherland

~
[77]
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o
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Figure 6.1. Comparison of scour equations for variable dépth.ratios (y/a) (affer Jones).“?

Mueller® compared 22 scour equations“using field data collectedsby the USGS®®. He
concluded that the HEC-18 equationnwas ‘good for design because’it rarely under predicted
measured scour depth. However, it frequently, over-predicted the observed scour. The data
contained 384 field measurements of-scour-«at 56\bridges (Figure 6.2).

From Iaboratory data, Melville and Suthefland reported 2.4 as an upper limit for the depth of
scour to pier width ratio (ys/a) for cylindieal piers. ©® In these studies, the Froude Number
was less than 1.0. Chang®" also, neted'that inall the data he studied, there were no values
of the ratio of scour depth to pier.width (ys/a) larger than 2.3. However, values of ys/a around
3.0 were obtalned by Jain and“Fischer for chute-and-pool flows with Froude Numbers as
high as 1.5.“”) The largest value of yJaforantidune flow was 2.5 with a Froude Number of
1.2. These upper limits werte'derived¥or cCircular piers and were uncorrected for pier shape
or for skew. Also, pressure)flow, ice.or debris can increase the ratio.

From the above_discussiongthe ratio of ys/a can be as large as 3 at large Froude
Numbers. Therefore, it istrecommended that the maximum value of the ratio be taken
as 2.4 for Froude Numbers less than or equal to 0.8 and 3.0 for larger Froude
Numbers. These limiting’ ratio values apply only to round nose piers which are
aligned with the flow.

6.2 LOCAL PIER SCOUR EQUATION

To determine pier scour, an equation based on the CSU equation is recommended for
both live-bed and clear-water pier scour.””? The equation predicts maximum pier scour
depths. The equation is:

0.65
Ys 220K, K, Ks K, (ij Fro43 (6.1)
Y4 Yi
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As a Rule of Thumb, the maximum scour depth for round nose piers aligned with the flow is:

Ys < 2.4 times the pier width (a) for Fr < 0.8 (6.2)
ys < 3.0 times the pier width (a) for Fr> 0.8

In terms of ys/a, Equation 6.1 is:

0.35
Ys 220K, K, K, K, (ﬁj Fr042 (6.3)
a a
where:
Ys = Scour depth, m (ft)
y1 = Flow depth directly upstream of the pier, m (ft)
Ki = Correction factor for pier nose shape from Figure 6.3-and Table 6.1
K, = Correction factor for angle of attack of flow from Table 6.2 or Equation 6.4
Kz = Correction factor for bed condition from Table.6.3
Ks = Correction factor for armoring by bed material size from Equation 6.5
a = Pier width, m (ft)
L = Length of pier, m (ft)
Fry = Froude Number directly upstream of the pier = V1/(gy1)1/2
Vi = Mean velocity of flow directly upstream of the pier, mfs (ft/s)
g = Acceleration of gravity, (9:81 m/s*)+32.2 ft/s®)

The correction factor, K,, for @angle,of attackof the flow, 6, is calculated using the following
equation:

K, = (Cos 8 +L/a Sin 8)*% (6.4)

If L/a is larger than 12, use L/a,=*12 as asmaximum in Equation 6.4 and Table 6.2. Table 6.2
illustrates the magnitude ofthe effect of thesangle of attack on local pier scour.

L m_Eﬂ_l o
T 1 10

{a) SQUARE NOSE (b} ROUND NOSE (c)} CYLINDER

L=(#of Piers)-(a}

“<>I i O O

{d} SHARP NOSE (e} GROUP OF CYLINDERS
(See Multiple Columns)

Figure 6.3. Common pier shapes.
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Table 6.1. Correction Factor, Ky,
for Pier Nose Shape.

Table 6.2. Correction Factor, K;, for Angle of
Attack, 0, of the Flow.

Shape of Pier Nose Ki Angle L/a=4 L/a=8 L/a=12
(a) Square nose 1.1 0 1.0 1.0 1.0
(b) Round nose 1.0 15 1.5 2.0 2.5
(c) Circular cylinder 1.0 30 2.0 2.75 3.5
(d) Group of cylinders 1.0 45 2.3 3.3 4.3
(e) Sharp nose 0.9 90 25 3.9 5.0

Angle = skew angle of flow

L = length of pier, m

Table 6.3. Increase in Equilibrium Pier Scour Depths, Kj;, for Bed Condition.

Bed Condition Dune Height m Ks
Clear-Water Scour N/A .1
Plane bed and Antidune flow N/A 1.1
Small Dunes 3>H > 0.6 1.1
Medium Dunes 9>H™S 3 12 to"1.1
Large Dunes H >9 1.3

Notes:

1.

The correction factor K; {fer_pier noseshape should be’/determined using Table 6.1 for
angles of attack up to 5 degrees. For-greater angles,’K:> dominates and K; should be
considered as 1.0. If L/ais largerthan 12, use the values for L/a = 12 as a maximum in
Table 6.2 and Equation 6.4.

The values of the correction“factor K», should be applied only when the field conditions
are such that the entiredength of the“pier is subjected to the angle of attack of the flow.
Use of this factor will.result in a significant over-prediction of scour if (1) a portion of the
pier is shielded fromthe direct impingement of the flow by an abutment or another pier;
or (2) an abutment,orranother pier redirects the flow in a direction parallel to the pier. For
such cases, judgment must be exercised to reduce the value of the K; factor by selecting
the effective length of the“pier actually subjected to the angle of attack of the flow.
Equation 6.4 should'be used for evaluation and design. Table 6.2 is intended to
illustrate the importance of angle of attack in pier scour computations and to establish a
cutoff point for K; (i.e., a maximum value of 5.0).

The correction factor K results from the fact that for plane-bed conditions, which is
typical of most bridge sites for the flood frequencies employed in scour design, the
maximum scour may be 10 percent greater than computed with Equation 6.1. In the
unusual situation where a dune bed configuration with large dunes exists at a site
during flood flow, the maximum pier scour may be 30 percent greater than the predicted
equation value. This may occur on very large rivers, such as the Mississippi. For
smaller streams that have a dune bed configuration at flood flow, the dunes will be
smaller and the maximum scour may be only 10 to 20 percent larger than equilibrium
scour. For antidune bed configuration the maximum scour depth may be 10 percent
greater than the computed equilibrium pier scour depth.
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4. Piers set close to abutments (for example at the toe of a spill through abutment) must be
carefully evaluated for the angle of attack and velocity of the flow coming around the
abutment.

The correction factor K, decreases scour depths for armoring of the scour hole for bed
materials that have a D5, equal to or larger than 2.0 mm and Dgs equal to or larger than 20
mm. The correction factor results from recent research by Molinas and Mueller. Molinas’s
research for FHWA showed that when the approach velocity (V4) is less than the critical
velocity (Vo) of the Dgy size of the bed materlal and there is a gradation in sizes in the bed
material, the Dgo will limit the scour depth.®® °?  Mueller and Jones® developed a K,
correction coefficient from a study of 384 field measurements of scour at 56 bridges. The
equation developed by Jones®™ glven in HEC-18 Third Edition should be replaced with the
following:

e If Dsg <2 mm or Dgs < 20 mm, then K; = 1
e If Dsp > 2 mm and Dgs > 20 mm

then:
Ky =04 (Vr)"® (6.5)
where:

V, -V,
VR — 1 icDsg >0 (6 6)

VcD50 icDgs

and:

Vieox = approach velocity (m/s orift/sec) required to initiate scour at the pier for the

grain size Dy (m or ft)
D 0.053
V., = 0645 (—j Voo (6.7)
X a X

V.px = criticalvelocity (mis or ft/s) for incipient motion for the grain size D, (m or ft)
VCD — K y1/6 D1/3 (68)
where:

y1 = Depth of flow just upstream of the pier, excluding local scour, m (ft)

Vi = Velocity of the approach flow just upstream of the pier, m/s (ft/s)

D, = Grain size for which x percent of the bed material is finer, m (ft)

Ko = 6.19 Sl Units

Ko = 11.17 English Units

While K, provides a good fit with the field data the velocity ratio terms are so formed that if
D5y is held constant and Dgs increases, the value of K, increases rather than decreases.®
For field data an increase in Dgs was always accompanied with an increase in Ds,. The
minimum value of K, is 0.4,
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6.3 PIER SCOUR CORRECTION FACTOR FOR VERY WIDE PIERS

Flume studies on scour depths at wide piers in shallow flows and field observations of scour
depths at bascule piers in shallow flows indicate that existing equations, including the CSU
equation, overestimate scour depths. Johnson and Torrico®™ suggest the following
equations for a K,, factor to be used to correct Equation 6.1 or 6.3 for wide piers in shallow
flow. The correction factor should be applied when the ratio of depth of flow (y) to
pier width (a) is less than 0.8 (y/a < 0.8); the ratio of pier width (a) to the median
diameter of the bed material (Dsp) is greater than 50 (a/Ds; > 50); and the Froude
Number of the flow is subcritical.

0.34

K, = 2.58(1j Fr2® for V/V, <1 (6.9)

a

0.13
K, = 1.0@ Fr2% for V/V, 1 (6.10)

a
where:
Kw = Correction factor to Equation 6.1 or 6:3 for wide piers in shallow flow.

The other variables as-previously defined.

Engineering judgment should esused in applying Ky because it is based on limited
data from flume experimentsSy.Engineering judgmentshould take into consideration
the volume of traffic, the importancerof the highway, cost of a failure (potential loss
of lives and dollars) and the change‘in“eost that would occur if the K,, factor is used.

6.4 SCOUR FOR COMPLEXPIER FOUNDATIONS

6.4.1 Introduction

As Salim and Jones®*"*® point'out most pier scour research has focused on solid piers
with limited attention to the-determining scour depths for (1) pile groups, (2) pile groups and
pile caps, or (3) pile groups, pile caps and solid piers exposed to the flow. The three types
of exposure to the flow may be by design or by scour (long-term degradation, general
(contraction) scour, and local scour, in addition to stream migration). In the general case,
the flow could be obstructed by three substructural elements, herein referred to as the scour-
producing components, which include the pier stem, the pile cap or footing, and the pile
group. Nevertheless, ongoing research has determined methods and equations to determine
scour depths for complex pier foundations. The results of this research are recommended
for use and are given in the following sections. Physical Model studies are still
recommended for complex piers with unusual features such as staggered or unevenly
spaced piles or for major bridges where conservative scour estimates are not economically
acceptable. However, the methods presented in this section provide a good estimate of
scour for a variety of complex pier situations.
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The steps listed below are recommended for determining the depth of scour for any
combination of the three substructural elements exposed to the flow,®” but engineering
judgment is an essential element in applying the design graphs and equations presented in
this section as well as in deciding when a more rigorous level of evaluation is warranted.
Engineering judgment should take into consideration the volume of traffic, type of traffic
(school bus, ambulance, fire trucks, local road, interstate, etc.), the importance of the
highway, cost of a failure (potential loss of life and dollars) and the increase in cost that
would occur if the most conservative scour depth is used. The stability of the foundation
should be checked for:

e The scour depths should be determined for the 100-year flood or smaller discharge if it
causes deeper scour and the superflood, i.e., the 500-year flood, as recommended in
this manual.

 If needed use computer programs (HEC-RAS,!"® " WSPRO," FESWMS,* etc.) to
compute the hydraulic variables.

» Total scour depth is determined by separating the scour, producing components,
determining the scour depth for each component and adding the results: The method is
called "Superposition of the Scour Components."

» Analyze the complex pile configuration to“determing’the components of the pier that are
exposed to the flow or will be exposed,to the flow which will cause’scour.

+ Determine the scour depths for'eagh component exposedito the flow using the equations
and methods presented ingthe following sections.

» Add the components to determine thediotal scour depths.

 Plot the scour depths and_analyze the' results using an interdisciplinary team to
determine their reliability and~adequacy. for the bridge, flow and site conditions, safety
and costs.

« Conduct a physical model study.(Section 6.9) if engineering judgment determines it will
reduce uncertainly, increase the’safety of the design and/or reduce cost.

6.4.2 Superposition of SCour Components Method of Analysis

The components of a complex pier are illustrated in Figure 6.4.°® This is followed by a
definition of the variables. Note that the pile cap can be above the water surface, at the
water surface, in the water or on the bed. The location of the pile cap may result from
design or from long-term degradation and/or contraction scour. The pile group, as
illustrated, is in uniform (lined up) rows and columns. This may not always be the case. The
support for the bridge in many flow fields and designs may require a more complex
arrangement of the pile group. In more complex pile group arrangements, the methods of
analysis given in this manual may give smaller or larger scour depths.
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Figure 6.4. Definition sketch for scour components for a,complex.pier.®®

The variables illustrated in Figure 6.4 and othiers used irncomputations are as follows:

=y =y
& S
1 o n

<
noanoun

<
I

Distance between front.edge of pile cap or footing and pier, m (ft)

Height of the pile cap.above bed.atbeginning,of eomputation, m (ft)

h, + T = height of the pier stem'above the bed\before scour, m (ft)

ho + ¥s pier/2 =theight of pile,cap after pier'stem scour component has been
computed, m (ft)

ho + Vs pier/2 + Ys p/2 =3height of pile group after the pier stem and pile cap
scour components have been computed, m (ft)

Spacing between_columns of pilesy pile center to pile center, m (ft)
Thickness of pile-€ap or feotingy m (ft)

Approach flow depth at-the beginning of computations, m (ft)

Y1 + Vs piedd2,=.adjusted-flow depth for pile cap computations m (ft)

Y1 + Yspiel2/+ Vs pof2 =.adjusted flow depth for pile group computations, m
(ft)

Approach velecity used at the beginning of computations, m/sec (ft/sec)
V1(Vily.) adjusted velocity for pile cap computations, m/sec (ft/sec)
V1(y4/ys) =adjusted velocity for pile group computations, m/sec (ft/sec)

Total scour from superposition of components is given by:

Ys =

where:

ys pier +

Ys

ys pier
Yspe
Ys pg

Yspec Ys pg (6.11)

Total scour depth, m (ft)

Scour component for the pier stem in the flow, m (ft)

Scour component for the pier cap or footing in the flow, m (ft)
Scour component for the piles exposed to the flow, m (ft)
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Each of the scour components is computed from the basic pier scour Equation 6.1 using an
equivalent sized pier to represent the irregular pier components, adjusted flow depths and
velocities as described in the list of variables for Figure 6.4, and height adjustments for the
pier stem and pile group. The height adjustment is included in the equivalent pier size for
the pile cap. In the following sections guidance for calculating each of the components is
given.

6.4.3 Determination of the Pier Stem Scour Depth Component

The need to compute the pier stem scour depth component occurs when the pier cap or the
footing is in the flow and the pier stem is subjected to sufficient flow depth and velocity as to
cause scour. The first computation is the scour estimate, ys pier, for a full depth pier that has
the width and length of the pier stem using the basic pier equation (Equation 6.1). In
Equation 6.1, ayer is the pier width and other variables in the equation are as defined
previously. This base scour estimate is multiplied by Ky e, given in Figure 6.5 as a function
of hy/aper @and f/agier, to yield the pier stem scour component as follows:

0.65 0.43
) a.
M = thier 2.0K1K2K3K4 ( P'EFJ [ Vi J (6.12)
Y1 Y1 \VIY;

where:

Khpier = Coefficient to account'for the height of the ypier stem above the bed and
the shielding effectiby the pile cap overhang' distance "f" in front of the
pier stem (frem*Eigure 6.5)

1 I [ 1 [ [ 1 N O
0.9 K pier= (407577066 9f/a,6)% (4271 - .0778f/ay¢)hy /8y |
' \ ¥ (4615 - .0455ffa%)(N1/aye) - (0269 - .012f/a,)(h1/ae)°
081 \\ flape =0
074 | X
| fla,, =05
3 pier
. 0.6 — - \\ |
g -y 5
zzsa. 05 | \\; f/apie,f; 1.0 I
Aniar = 1. & f/a pier = 0 (data)
0.4 \ e mf/a Zler =0.167 (data)
\ Afla g = 0.5 (data)
0.3 Ny Xfla pier =1.5 (data)
X\Nx
o = N
0.1 - ==
]
O 1 1 1 1 1
-1 -0.5 0 0.5 1 15 2

h1/ apier

Figure 6.5. Suspended pier scour ratio.®®
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The quantity in the square brackets in Equation 6.12 is the basic pier scour ratio as if the
pier stem were full depth and extended below the scour.

6.4.4 Determination of the Pile Cap (Footing) Scour Depth Component

The need to compute the pile cap or footing scour depth component occurs when the pile
cap is in the flow by design, or as the result of long-term degradation, contraction scour,
and/or by local scour attributed to the pier stem above it. As described below, there are two
cases to consider in estimating the scour caused by the pile cap (or footing). Equation 6.1 is
used to estimate the scour component in both cases, but the conceptual strategy for
determining the variables to be used in the equation is different (partly due to limitations in
the research that has been done to date). In both cases the wide pier factor, K, in Section
6.3 may be applicable for this computation.

Case 1: The bottom of the pile cap is above the bed and in the flow either by design or after
the bed has been lowered by scour caused by the pier stem compoenent. The strategy is to
reduce the pile cap width, a,, to an equivalent full depth solid.pier width, a*,., using Figure
6.6. The equivalent pier width, an adjusted flow depth, y,, and an adjusted flow velocity, V5,
are then used in Equation 6.1 to estimate the Scour component:

04 1 Y 2 . N . M N O L
a*yo/ap.=EXP{ - 2.705™+,0.51Ln(T/¥3), - 2.783(haly2)S * 1.751/EXP(h,ly,)}
0.35
N
Tly,=0.8
0.3 N\

here..max value of y; = 3.5a,,

/
_/
/

0.6 N
0.25 ‘ \\
& Noa] N \
~ ™
=02 NG 1N \
RN
[
or [0
N N
N
\0‘1‘ \\\t\\\
\\ \\\\
0.05 —
0 " " "
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
haly,

Figure 6.6. Pile cap (footing) equivalent width.®®
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Case 2: The bottom of the pile cap or footing is on or below the bed. The strategy is to treat
the pile cap or exposed footing like a short pier in a shallow stream of depth equal to the
height to the top of the footing above bed. The portion of the flow that goes over the top of
the pile cap or footing is ignored. Then, the full pile cap width, a,, is used in the
computations, but the exposed footing height, y;, (in lieu of the flow depth), and the average
velocity, Vs, in the portion of the profile approaching the footing are used in Equation 6.1 to
estimate the scour component.

An inherent assumption in this second case is that the footing is deeper than the
scour depth so it is not necessary to add the pile group scour as a third component in
this case. If the bottom of the pile cap happens to be right on the bed, either the case 1 or
case 2 method could be applied, but they won'’t necessarily give the same answers. If both
methods are tried, then engineering judgment should dictate which one to accept.

Details for determining the pile cap or footing scour component for these two cases are
described in the following paragraphs.

Case 1. Bottom of the Pile Cap (Footing) in the Flow above the Bed

T = Thickness of the pile cap exposed to the flowj m (ft)
ha = hy+ Yspied2, m (ft)
Y2 = Y1+ Yspied2, = adjusted flow depth, m (ft)
Vo, = Vi(y+/y2) = adjusted flow velacity, m/s (ft/s)
where:
h, = Original height of the pilercap aboveithe\bed, m (ft)
2 = Original flow{depth at thesbeginning'ef the computations before scour, m
(ft)
Yspier = Pier stem scour depth'compaonent, m (ft)
A = Original approach velocity atithe beginning of the computations, m/s (ft/s)

Determine a*,./ap. from Figuren6.6 as+a*function of h,/y, and T/y, (note that the maximum
value of y, = 3.5 ay).

Compute a*,c = (a%8aps) a,; wheréja*,. is the width of the equivalent pier to be used in
Equation 6.1 and.ap is the width of the original pile cap. Compute the pile cap scour
component, ys o from Equation, 6.1 using a*,, Y., and V, as the pier width, flow depth, and
velocity parameters, respeetively. The rationale for using the adjusted velocity for this
computation is that the near bottom velocities are the primary currents that produce scour
and they tend to be reduced in the local scour hole from the overlying component. For
skewed flow use the L/a for the original pile cap as the L/a for the equivalent pier to
determine K,. Apply the wide pler correction factor, K,, if (1) the total depth, y, < 0.8 a*,,
(2) the Froude Number V./(g yz) <1, and (3) a*,c > 50 Ds,. The scour component equation
for the case 1 pile cap can then be written:

. 0.65 0.43
a
Yore =2.0K1K2K3K4KW( "°j ( Ve J (6.13)
Yo Y2 \/QY2

Next, the pile group scour component should be computed. This is discussed in Section
6.4.5.
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Case 2. Bottom of the Pile Cap (Footing) Located On or Below the Bed.

One limitation of the procedure described above is that the design chart in Figure 6.6 has not
been developed for the case of the bottom of the pile cap or footing being below the bed
(i.e., negative values of hy). In this case, use a modification of the exposed footing
procedure that has been described in previous editions of HEC-18. The previous procedure
was developed from experiments in which the footing was never undermined by scour and
tended to be an over predictor if the footing is undermined.

As for case 1:

Y1+ Yspier2, M (ft)
Vi(yaly2), m/s (ft/s)

\Z
V,

The average velocity of flow at the exposed footing (Vs) is determined using the following
equation:

In(10.93yf + 1)
Vi _ Ks (6.14)

Y,
2 In[10.93z2+1j

S

where:

V¢ = Average velocity inithe flow zone below the top of the footing, m/s (ft/s)

V, = Average adjusted velocity.in the vertical'of ‘flow approaching the pier, m/s
(ft/s)

In = Natural log to the base e

yi = hi+ yspe/2 = distance from the bed (after degradation, contraction scour,
and pier stem scéour) to the top'of the footing, m (ft)

ks = Grain roughness of the ‘hed (hormally taken as the Dg, for sand size bed

material and¢3/5 Dg, fongravel and coarser bed material), m (ft)
y> = Adjusted, depth of flow upstream of the pier, including degradation,
contractionscour andshalf the pier stem scour, m (ft)

See Figure 6.7 for anillustration, of variables.

Compute the pile cap scour‘depth component, ys . from Equation 6.1 using the full pile cap
width, ay, Yy, Vi as the width, flow depth, and velocity parameters, respectively. The wide
pier factor K, in Section 6.3 should be used in this computation if (1) the total depth y, < 0.8
ape, (2) the Froude Number V/(gy,)"? < 1, and (3) a,. > 50 Dso. Use ya/a,, to compute the K,
factor if it is applicable. The scour component equation for the case 2 pile cap or footing
can then be written:

a 0.65 V 0.43
Yere = 2 0K KKK K, (Lj [ f ] (6.15)

Y¢ Yi \/E
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Figure 6.7. Definition sketch for velocity~and depth emexposed footing.

In this case assume the piledcap scour ‘componentineludes the pile group scour and
compute the total scour depth as:

Ys = VYsper * Ys o (FOr case 2 only) (6.16)

In earlier editions of HEC-18,\the recommendation was to use the larger of the exposed
footing scour estimate or thepier stemiseour estimate, treating the pier stem portion as a full
depth pier that extended\below the.scour depth. Now the recommendation is to add the
components usipg amore realistic’estimate of the pier stem component and using an
adjusted approaeh velocityy/ W, to calculate Vi and the wide pier correction in the
computations for the exposed footing component.

6.4.5 Determination of the Pile Group Scour Depth Component

Research by Salim and Jones®®*"*%%? and by Smith®" has provided a basis for determining
pile group scour depth by taking into consideration the spacing between piles, the number of
pile rows and a height factor to account for the pile length exposed to the flow. Guidelines
are given for analyzing the following typical cases:

» Special case of piles aligned with each other and with the flow. No angle of attack.

» General case of the pile group skewed to the flow, with an angle of attack, or pile groups
with staggered rows of piles.
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The strategy for estimating the pile group scour component is the same for both cases, but
the technique for determining the projected width of piles is simpler for the special case of
aligned piles. The strategy is as follows:

Project the width of the piles onto a plane normal to the flow.

Determine the effective width of an equivalent pier that would produce the same scour if
the pile group penetrated the water surface.

Adjust the flow depth, velocity and exposed height of the pile group to account for the
pier stem and pile cap scour components previously calculated.

Determine the pile group height factor based on the exposed height of the pile group
above the bed.

Compute the pile group scour component using a modified version.of\Equation 6.1.

Projected width of piles

For the special case of aligned piles, the projected width, a,gr“Onto a’'plané normal to the
flow is simply the width of the collapsed pile group as illustrated in Figure 6.8.
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Figure 6.8. Projected width of piles for the special case of aligned flow.
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For the general case, Smith®" determined that a pile group could be represented by an
equivalent solid pier that has an effective width, a*,g, equal to a spacing factor multiplied by
the sum of the non-overlapping projected widths of the piles onto a plane normal to the flow
direction. The aligned pile group is a special case in which the sum of the non-overlapping
projected widths happens to be the same as the width of the collapsed pile group. The
procedure for the general case is the same as the procedure for the aligned pile groups
except for the determination of the width of the equivalent solid which is a more tedious
process for the general case. The sum of the projected widths can be determined by
sketching the pile group to scale and projecting the outside edges of each pile onto the
projection plane as illustrated in Figure 6.9 or by systematically calculating coordinates of the
edges of each pile along the projection plane. The coordinates are sorted in ascending
order to facilitate inspection to eliminate double counting of overlapping areas. Additional
experiments are being conducted at the FHWA hydraulics laboratory to test simpler
techniques for estimating the effective width, but currently Smith’s summation technique is a
logical choice.

Smith attempted to derive weighting factors to adjust the impact of,pites according to their
distance from the projection plane, but concluded that there was _not enough data and the
procedure would become very cumbersome with weighting factor§. |A reasonable
alternative to using weighting factors is tosexclude pilés ‘ether than,thestwo rows and
one column closest to the plane of projeetien as illustrated by-the“bold outlines in
Figure 6.9.
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the Plane of Projection

Figure 6.9. Projected width of piles for the general case of skewed flow.
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Effective width of an equivalent full depth pier

The effective width of an equivalent full depth pier is the product of the projected width of
piles multiplied by a spacing factor and a number of aligned rows factor (used for the special
case of aligned piles only).

a*pg = aproj Ksp Km (617)
where:
A = Sum of non-overlapping projected widths of piles (see Figures 6.8 and
6.9)
K = Coefficient for pile spacing (Figure 6.10)
Kn = Coefficient for number of aligned rows, m, (Figure 6.11 - note that K, is
constant for all S/a values when there are more than 6 rows of piles)
Kn = 1.0 for skewed or staggered pile groups

The number of rows factor, K, is 1.0 for the general case of skewed or staggered rows of
piles because the projection technique for skewed flow accounts for the number of rows and
is already conservative for staggered rows.

Adjusted flow depth and velocity

The adjusted flow depth and velocity 10 be used insthe pier scounequation are as follows:
Y3=y1+ YSpier/2 *tYs pC/21 m (ft) (618)

V3 =V (y4lys), m/s (ft/s) (6.19)

1 : . :
0.9 \ Ksp=1-4/3[1 1/(a,o/a)][1 - (Sla) *°]
0.8
0.7 \\\
06 D
v 05 oila=3 <
) 0.4 —ap ;\p,o,-/a=5><\ ————
0.3 l \\\\\
o apreffa =10 \\
0.1
0
1 2 3 4 5 6 7 8
S/a

Figure 6.10. Pile spacing factor (refer to Sheppard).©
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Figure 6.11. Adjustment factor forsnumber of alighed rows of\piles/(refer to Sheppard).©

The scour equation for a pile groupscan then be writtenas fellows:

Y . 0.65 0443
a
SPg — Kpg 2.0K1K3K4( pg} [ Vs j (6.20)
Y3 Vs 49y;

where:

Khpg = [Pile’group heightéfactor given in Figure 6.12 as a function of hs/y; (note

that'the maximum value of y; = 3.5 a*;)
hs = ho + Y sgle/23EYs o/2 = height of pile group above the lowered stream bed

after pier and pile cap scour components have been computed, m, (ft)
K, from Equation 6.1 has been omitted because pile widths are projected onto a plane that is
normal to the flow. The quantity in the square brackets is the scour ratio for a solid pier of
width, a*, if it extended to the water surface. This is the scour ratio for a full depth pile
group.

6.4.6 Determination of Total Scour Depth for the Complex Pier

The total scour for the complex pier from Equation (6.11) is:

Ys = Yspier + Yspc ¥ Yspg
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Kp pg = {3.08(fy3) - 5.23(hsly5)° + 5.25(hsly5)*- 2.10(h4lys) % | /
0.9 - \ _ /
[where: ys max = 3.5a%
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Figure 6.12. Pile group height'adjustment factor (refer to Sheppard).(ﬁz’

The guidelines described in this,section can-be used to.compute scour for a simple full depth
pile group in which case the first'two components will’be“zero and the pile group height
factor will be 1.0. Engineering judgment must be used if debris is considered a factor in
which case it would be logical to treat.the pile group’and debris as a vertical extension of the
pile cap and to compute scour using/the case 2(pile cap procedure described previously.

In cases of complex pile configuratiohs=where costs are a major concern, where
significant savings are anticipated sandior for major bridge crossings, physical model
studies are still the best'guide. Nevertheless, the guidelines described in this section
provide a first estimategand a(good indication of what can be anticipated from a
physical model study-

In many complex piers, the_pile*groups have a different number of piles in a row or column,
the spacing between piles is not uniform, and the widths of the piles may not all be the
same. An estimate of the scour depth can be obtained using the methods and equations in
this section. However, again it is recommended that a physical model study be conducted to
arrive at the final design and to determine the scour depths.

6.5 MULTIPLE COLUMNS SKEWED TO THE FLOW

For multiple columns (illustrated as a group of cylinders in Figure 6.13) skewed to the flow,
the scour depth depends on the spacing between the columns. The correction factor for
angle of attack would be smaller than for a solid pier. Raudkivi in discussing effects of
alignment states "...the use of cylindrical columns would produce a shallower scour; for
example, with five-diameter spacing the local scour can be limited to about 1.2 times the
local scour at a single cylinder."?®
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In application of Equation 6.1 with multiple columns spaced less than 5 pier diameters apart,
the pier width 'a' is the total projected width of all the columns in a single bent, normal to the
flow angle of attack (Figure 6.13). For example, three 2.0 m (6.6 ft) cylindrical columns
spaced at 10.0 m (33 ft) would have an 'a' value ranging between 2.0 and 6.0 m (6.6 and 33
ft), depending upon the flow angle of attack. This composite pier width would be used in
Equation 6.1 to determine depth of pier scour. The correction factor K; in Equation 6.1
for the multiple column would be 1.0 regardless of column shape. The coefficient K, would
also be equal to 1.0 since the effect of skew would be accounted for by the projected area of
the piers normal to the flow.

l‘ 10 m ’{ ‘4 10 m -,—{
5%0 O O

T MULTIPLE COLUMNS

ot

¢ ‘I 6m ||

2m( ) L/a=38
1

EQUIVALENT PIER

FLOW

Figure 6.13. Multiple ¢olumns skewed to the flow.

The scour depth for multiple, columns skéwed to the flow can also be determined by
determining the K, factor using, Equationt6:4~and using it in Equation 6.1. The width “a’ in
Equation 6.1 would be the width of a single“column. An example problem illustrates all three
methods of obtaining thé.scour depthfor'multiple columns.

If the multiple coldmns aresspaced 5 diameter or greater apart; and debris is not a
problem, limit the*scour,depths to a maximum of 1.2 times the local scour of a single
column.

The depth of scour for a multiple column bent will be analyzed in this manner except when
addressing the effect of debris lodged between columns. If debris is evaluated, it would be
logical to consider the multiple columns and debris as a solid elongated pier. The
appropriate L/a value and flow angle of attack would then be used to determine K, in
Equation 6.4.

Additional laboratory studies are necessary to provide guidance on the limiting flow angles of

attack for given distance between multiple columns beyond which multiple columns can be
expected to function as solitary members with minimal influence from adjacent columns.
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6.6 PRESSURE FLOW SCOUR

Pressure flow, which is also denoted as orifice flow, occurs when the water surface elevation
at the upstream face of the bridge is greater than or equal to the low chord of the bridge
superstructure (Figure 6.14). Pressure flow under the bridge results from a pile up of water
on the upstream bridge face, and a plunging of the flow downward and under the bridge. At
higher approach flow depths, the bridge can be entirely submerged with the resulting flow

being a complex combination of the plunging flow under the bridge (orifice flow) and flow
over the bridge (weir flow).

1K

Al
M.

WI///////////////I//I/IW///////M

L NN
NN

Y1

Figure 6.14. Definition skeich of vertical contraction scour resulting from pressure flow.

In many cases, whéen_a bridge is.submerged, flow will also overtop adjacent approach
embankments. TFhis) highway ‘approach overtopping is also weir flow. Hence, for any
overtopping situation the total, weir flow can be subdivided into weir flow over the bridge and
weir flow over the approach) Weir flow over approach embankments serves to reduce the
discharge which must pass either under or over the bridge. In some cases, when the
approach embankments are lower than the low chord of the bridge, the relief obtained from

overtopping of the approach embankments will be sufficient to prevent the bridge from being
submerged.

The hydraulic bridge computer models WSPRO or HEC-RAS are suitable for determination
of the amount of flow which will flow over the roadway embankment, over the bridge as weir
flow, and through the bridge opening as orifice flow, provided that the top of the highway is
properly included in the input data.”> "' These models can be used to determine average
flow depths and velocities over the road and bridge, as well as average velocities under the
bridge. It is recommended that one of these models be used to analyze the scour

problem when the bridge is overtopped with or without overtopping of the approach
roadway.
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With pressure flow, the local scour depths at a pier or abutment can be much larger than for
free surface flow with similar depths and approach velocities. The increase in local scour at
a pier subjected to pressure flow results from the flow being directed downward towards the
bed by the superstructure (vertical contraction of the flow) and by increasing the intensity of
the horseshoe vortex. The vertical contraction of the flow can be a more significant cause of
the increased scour depth. However, in many cases, when a bridge becomes submerged,
the average velocity under the bridge is reduced due to a combination of additional
backwater caused by the bridge superstructure impeding the flow, and a reduction of the
discharge which must pass under the bridge due to weir flow over the bridge and/or
approach embankments. As a consequence of this, increases in local scour attributed
to pressure flow scour at a particular site, may be offset to a degree by lower
velocities through the bridge opening due to increased backwater and a reduction in
discharge under the bridge due to overtopping of the bridge and approach
embankments.

Limited studies of pressure flow scour have been made in flumesiat Colorado State
University and FHWA's Turner Fairbank Highway Research Centerwhich indicate that pier
scour can be increased 200 to 300 percent by pressure flow.& #°° " Both.studies were for
clear-water scour (no transport of bed material upstream ofjthe bridge). Arneson®
conducted a more extensive study of pressure flow scourdindertive bed cenditions. FHWA's
Turner Fairbank Laboratory and Arneson’s study‘concluded, that (1)'pressure flow scour is a
combination of vertical contraction scour ‘and local\pier scouf, (2)=the local pier scour
component was approximately the same as the free-surface_lecal pier scour measurements
for the same approach flow condition,"and 3) the.two comporents were additive. Arneson's
equation, derived from multiple linear regression’ of his ,data, for bed vertical contraction
scour is:

Ys - _508 +127 (ﬁj + 444 [ij + 019 (V—j (6.21)
y1 Hb y1 Vc
where:
ys = Depth efvertical contraction scour relative to mean bed elevation, m (ft)
y. = Depthofiflow immediately upstream of the bridge, m (ft)
H, = Distance fromsthe low chord of the bridge to the average elevation of the
stream bed before scour, m (ft)
V., = Average Velocity of the flow through the bridge opening before scour
occurs, m/s (ft/s)
V. = Critical velocity of the Dsy of the bed material in the bridge opening, m/s

(ft/s)
The procedure for calculating pier scour for pressure flow is as follows:

a. Determine the flow variables using a 1-dimensional or 2-dimensional computer model
such as WSPRO, HEC-RAS, FESWMS, or RMA-2.

b. Calculate the critical velocity V; of the D5, of the bed material in the bridge opening.

c. Use the flow variables and critical velocity to compute the vertical contraction scour
(Equation 6.21).
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d. Use the flow variables to compute the local pier scour using Equations 6.1 or 6.3 and the
other procedures presented in previous sections.

e. Add the scour components obtained in ¢ and d to obtain the local pier scour for pressure
flow.

f. Use engineering judgment to evaluate the local pressure flow pier scour .

6.7 SCOUR FROM DEBRIS ON PIERS

Debris lodged on a pier can increase local scour at a pier. The debris may increase pier
width and deflect a component of flow downward. This increases the transport of sediment
out of the scour hole. When floating debris is lodged on the pier, the scour depth can be
estimated by assuming that the pier width is larger than the actual width. The problem is in
determining the increase in pier width to use in the pier scour equation. Furthermore, at
large depths, the effect of the debris on scour depth should “diminish (for additional
discussion, see HEC-20)).

As with estimating local scour depths with pressure flow, only”limited ‘res€arch has been
done on local scour with debris. Melville and)Dongol have conductedva limited quantitative
study of the effect of debris on local pier\seour and have made some recommendations
which support the approach suggested.above.®” However, additional laboratory studies will
be necessary to better define the influence of debris.on local seour.

An interim procedure for estimating,the effect.of debris.onlocal scour at piers is presented in
Appendix D.
6.8 TOPWIDTH OF SCOUR HOLES

The topwidth of a scour holesinncohesionless bed material from one side of a pier or footing
can be estimated from the.following equation:(68)

W =y, (K + Cot0) (6.22)
where:

W = Topwidth of the scour hole from each side of the pier or footing, m

ys = Scour depth, m (ft)

K = Bottom width of the scour hole related to the of scour depth

8 = Angle of repose of the bed material ranging from about 30° to 44°

The angle of repose of cohesionless material in air ranges from about 30° to 44°.
Therefore, if the bottom width of the scour hole is equal to the depth of scour ys (K = 1), the
topwidth in cohesionless sand would vary from 2.07 to 2.80 y;. At the other extreme, if K =
0, the topwidth would vary from 1.07 to 1.8 ys. Thus, the topwidth could range from 1.0 to
2.8 ys and depends on the bottom width of the scour hole and composition of the bed
material. In general, the deeper the scour hole, the smaller the bottom width. In water, the
angle of repose of cohesionless material is less than the values given for air; therefore, a
topwidth of 2.0 y; is suggested for practical applications (Figure 6.15).
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6.9 PHYSICAL MODEL STUDIES

For unusual or complex pier foundation configurations a_physical model study should be
made. The scale between medelhand prototype is based\on the Froude criteria, that is, the
Froude number for the model‘should be_the _same as'for‘the prototype. In general it is not
possible to scale the bed material sizef ) Also, at flood flows in sand bed streams the
sediment transport conditions will be‘live-bed and ‘“the bed configuration will be plane bed.
Whereas, in the model live-bed transport conditions will be ripples or dunes. These are
incomparable pier scour conditions. Therefore," it is recommended that a bed material be
used that has a critical velocity just ‘helow” the model velocity (i.e., clear-water scour
conditions). This will usually’give the 'maximum scour depth; but a careful study of the
results needs to be made by persons\with field and model scour experience. For additional
discussion of the use+of physical moedeling in hydraulic design, see HEC-23."

6.10 PIER SCOUR EXAMPLE PROBLEMS (SI)

6.10.1 Example Problem 1 - Scour at a Simple Solid Pier (SI)
Given:

Pier geometry: a=1.22m, L =18 m, round nose
Flow variables: y; = 3.12m, V; =3.36 m/s
Angle of attack = 0 degrees, g = 9.81 m/s’
Froude No. = 3.36/(9.81 x 3.12)°° = 0.61

Bed material: Dsy =0.32 mm, Dgs =7.3 mm
Bed Configuration: Plane bed.
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Determine:
The magnitude of pier scour depth.
Solution:

Use Equation 6.1.

0.65
Ys 220K, K, Ky K, (ij Fro43
Y1 Y4

ys /312 = 20x10x10x11x10x(122/ 312)26% 061043 = 0,07

Yy =0.97x312=3.03m

6.10.2 Example Problem 2 - Angle of Attack (SI)
Given:

Same as Problem 1 but angle of\attack is 201degrees
Solution:

Use Equation 6.4 to compute K,

K, =(CosB +L / a SinB)*®

If L/a is larger than 12, use L/a\= 12 as, aymaximum in Equation 6.4 (see Table 6.2).
L/a=18/1.22=14.8 >12juse 12
K, = (Cos 20 + 12.Sin,20)*%, =.2.86

ys = 3.03X286=8.7m

6.10.3 Example Problem 3 - Coarse Bed Material (Sl)

Given:
Same as Problem 1 but the bed material is coarser

Bed material: Dsg=17.8 mm, Dgs = 96.3 mm
Bed configuration: Plane Bed

Determine:

If the coarse bed material would decrease local scour depth. Determine K, and vys.
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Solution:
Use Equations 6.5, 6.6, 6.7, and 6.8
Ks =1 if Dsp <2 mm or Dgs < 20 mm
If Dsg =2 mm and Dgs >20 mm

then:
K, = 04 (Vg)*"™

VR - iCD50 > 0
Vc050 - Vic|:>95
where:
Viox = Approach velocity required«o initiate seourat/the pier, forsthe grain size
Dy m/s
D 0.053
Viox = 0645 (—j Vo
a X
Voox = Critical velocity for'ineipient motion for the«grain size D, ,m/s
Veox = 619 y!® DY3
Vepso = 6.19 (3.12)"7(0.0178)2\=1.95 m/s
Vepes = 6.19 (3.12)"®" (0.0963)"°) = 3.43 m/s
Vioso = 0.645 (0.0178/1.22)%%° (1.95)=1.01 m/s
Vimss = 0.645 (0.0963 / 122)°%° (3.43) = 1.93 m/s
Vg = (3:36 - 101 =117.5
(195 - 193)
Ky = 0.4 (1U75Y"=0.82
Vs = 0.82'X'803 =248 m

6.10.4 Example Problem4,-*Scour at Complex Piers
(Solid Pier on an Exposed Footing)(SI)

Given:

The pier in Problem 1 (Section 6.10.1) is on a 2.44 m wide by 1.60 m high by 19.81 m long
rectangular footing. Footing extends 0.76 m upstream from the pier stem. The footing is on
an unspecified pile foundation. The footing is exposed 1.50 m by long-term degradation.
Determine the local scour.

Pier geometry: ayer= 1.22 m, L= 18 m, round nose

Pile cap or footing geometry: a,. (oras) =2.44m,L=19.81m, T=160m, f=0.76 m
Approach flow: y; = 3.12 m, V; = 3.36 m/s

Angle of attack: 0 degrees
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Froude No. = 3.36/(9.81x3.12)%° = 0.61
Bed material: D5y = 0.32 mm,Dg, = 7.3 mm, plane bed
See sketch below:

ﬁ apier= [
1.22m
Y,=3.12m

T

4>{f=0.76 m
4 mud line

1.6m| a,=244m | [15M 7 5fer
‘ degradation

A 4
_ﬁo =-010m
Local Scour from Pier Stem

f=0.76 m

hy =hy + T =-0.10 +1.60 =1.50 m

K pier = function ( h4/apier, f/apier) (from Figure 6.5)
hi/apier = 1.5/1.22 = 1.23
flagier = 0.76/1.22 = 0.62

Kh pier — 0.06

0.65 0:43
. ay
yspler - thier 2.0K1K2K3K4 ( plerj { V1 J

Y Y1 \/E

0.65 0.43
Ysper — 006 2.0(1.0)(1.0)(1.1)(1.0)(1'22) ( 3.36 j

Y1 312 1/9.81x3.12

Ys pier =0.06x[0.97]x3.42 = 0.48'm

Note: the quantity in the square brackets is the scour ratio for a full depth pier.

Local Scour from the Pile Cap or Footing

Assume the average bed elevation in the vicinity of the pier lowers by 2 the pier stem scour.
Y2 = Y1+ Yspiedl2 =3.12+0.18/2=3.21m
V, = Vi(yaly2) = 3.36 (3.12/3.21) = 3.26 m/s

h2=ho + Yspie/2 =-0.10 + 0.09 = -0.01
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The bottom of the pile cap is below the adjusted mud line; use Case 2 computations for an
exposed footing.

yi = hy + Yo per/2 = 1.50 +0.09 = 1.59 m

The velocity on the footing is:

|n(10.93yf+1j |n(1o_931-59+1j
Vi _ Ks _ 0.0073 = 0.92
v, v ( 321 j
Yo In[1093 241 41
In(10.93k +1j 00073

S

Note: Assume K = Dgy = 7.3 mm

V;=0.92xV, = 0.92 x 3.26 =2.99 m/s

0.65 04
M:zoszKsK“KW(ij [ . j

Y¢ f \/&

0.65 0.43
M:2.0(1.1)(1.0)(1.1)(1.0)(1.0)(2'44) [ 23 j =283

Yi 1.89 \/9:81x11.59

Note that y./a;= 1.31 (>0.8); use Ky =,1.0
Ys footing = 2.83y; = 2.83 x 1.59= 450 m
Total Local Pier Scour Depth

Ys = Vs pier +Ys footing™— 0-18 + 4.50 %,4.68 m

6.10.5 Example Problem 5-'Scour at a Complex Pier with Pile Cap in the Flow (SI)

During the design of the .new Woodrow Wilson Bridge over the Potomac River several
complex pier configurations were tested in physical model studies. The purpose of this
problem is to analyze local scour for the possible condition that the main channel migrated to
the pier configured as shown in Figure 6.16. It was determined that the water surface
elevations would be +2.23 m and +2.96 m for the Q10 and the Qs events respectively and
the velocities in the main channel would be 3.41 m/sec and 4.27 m/sec for the Q4o and the
Qs00 events respectively. The following computations are for the Q4qo event:

Initial parameters
y1 =15.79 m
Vi =3.41 m/sec

apier = 9.754 m
ape= 16.23 m
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ho=7.77m

hy =ho + T = 12.65 m (resolution of the pile cap thickness below)

S =4.19 m (center to center spacing of piles)

T = 4.88 m (assign half of the tapered portion of the cap to the pile cap and half to
the pier)

f=2.627 m (Figure 6.16)

zero angle of attack
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Figure 6.16. Model oficomplex pier, geometry for the Woodrow Wilson Bridge.

Pier Stem Compenent
flagier = 2.627/9.754 ='0.27
hi/agier = 12.65/9.754 = 1.30

Kh pier = 0.062 (from Figure 6.5)

0.65 0.43
) a.
yspler :thler 2,0K1K2K3 K4[ plerj [ V»] J]

Y1 Y1 @

0.65 0.43
Yspier _ (9.754] [ 3.41 J
st = 0,062] 2.0(11)(1.0)(1.1)(1.0 =0.0627
15.79 (o) )15.79 J(9.81)15.79 0.06
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The quantity in the brackets is the scour ratio for a full depth pier that extends below the
scour hole.

Yspier = 0.0627 x 15.79 m =0.99 m
Pile Cap Component
hy =ho + Yspierd2 =7.77 + 0.495 =8.27 m
Y2 = Y1+ Yspied2 = 15.79 + 0.495 = 16.28 m
V, =Vy x (y4ly2) = 3.41 x (15.79/16.28) = 3.31 m/s
Note: For Figure 6.6, y, = 3.5a,. = 56.81 > 16.28; use y, = 16.28 m
ho/y, = 0.51
Tly, = 4.88/16.28 = 0.30

8 pe - 0.07 (from Figure 6.6)

ay

a%.=0.07x16.23=1.10 m

This is the width of a full depth pier that wotld preduce thé same scour depth as the isolated
pile cap will produce.

. 0.65 0.43
a
ﬁ=2.0K1K2K3K4KW(—p°j ( Yo ]

Yo Y2 M

y 110 \°% 3.31 o
spc _ : : =0.236
16.28 2'0(1'1)(1'0)(1'1)(1'0)(1'0)(16.28] [ (9.81)(16.28)}

Note that y,/a*,c = 14.8 (308);wuse K, = 1.0
Yspe = 0.236 x 16.28 = 3.84 m

Pile Group Component
hs = ho +(Ys pier + Yspc)/2 = 7.77 + (0.99 + 3.84)/2 = 10.19 m
Y3 = Y1+ (Yspiert Yspc)/2= 15.79 +(0.99 + 3.84)/2 = 18.20 m
V3 = V4 x (y4lys) =3.41 x (15.79/18.20) = 2.95 m/sec
Aprj =4 x1.676 = 6.71 m (from Figure 6.8)
apoj/a=6.71/1.676 =4.0
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S/a =4.19/1.676 = 2.5 (relative center to center spacing of piles)
Ksp = 0.58 (from Figure 6.10)
Kn=1.16 (From Figure 6.11 for three rows per foundation; foundations separated)
a%g = KopX Ky X @r5j = 0.58 X 1.16 X 6.71 =4.51 m
Note: for Figure 6.12, y3max = 3.5 X @*pg=15.79< 18.20; use y3=15.79 m
haly; =10.19/15.79 = 0.65
Kh pg = 0.79 (from Figure 6.12)

. 0.65 V 0.43
Ys a

3 Y3 \/@

y as 065 5 05 0.43
SPg  — . . i
1579 0" 2'0(1'0)(1'0)(1'1)(1'0)(15.79j (\/(9.81)(15.79)] W

Yspg =0.41x15.79=6.47m
Total Estimated Scour

ys= yspier+ yspc + yspg = 099 + 384 + 647 = 113 m

6.10.6 Example Problem 6+ Scour at Muiltiple Columns (SI)

Calculate the scour depth*for a piérthat consists of six 0.406 m columns spaced at 2.29 m
with a flow angle(of-attack of 26 degrees. Debris is not a problem and there is no armoring
at this site.

Data:

Columns: 6 columns 0.406 m, spaced 2.29 m
Velocity: V1 = 3.4 m/s; Depth: y; =6.1m

Angle of attack: 26 degrees

Spacing coefficient = S/a = 2.29/0.406 = 5.6; S/a > 5.0
Assume Kj; = 1.1 for plane bed condition

Determine the depth of local scour:

Three methods of calculating the scour depth will be illustrated:

(26)

a. Scour depth according to Raudkivi“™ is 1.2 times the local scour of a single

column.
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0.43
j =0.266

0.65
% v 10K O X Hx, 0(0.406) (( 34

6.1 9.81x6.1)%°

ys=6.1X0.266 X1.2=1.95m
b. Compare this value with that computed by collapsing the columns.
Collapsed pier width =6 X 0.406 = 2.44 m

Projected pier width = L Sin 26° + a Cos 26° = 2.44 Sin 26° + .406 Cos 26° = 1.44 m

144 %% 34 \*F
Ys = 20(10)(10)(11)10 (—j (—Osj = 0.604
6.1 6.1 (9.81x6.1)°

ys=3.68 m

c. The scour depth can be calculated for multiple columns by calculating the depth
for a single column and multiplyingtit by the K& factor given inNEquation 6.4. For
example:

K, = (Cos 26° + 2.44/0.406 Sin.26° "% =227

y 0406 34 NF
b 2'0(1'0)(2'27)(1'1)(1'0)(Wj (Wj - 0,603

ys=6.1 X 0.603 =3.68 m

Spacing between columnsifor this_pierjis greater than 5 times column diameter so
method (a) applies. ~Also, a medel study of the pier gave a scour depth of 1.95 m.
Therefore:

Ys=6.1 X 0266 X 192 = 1.96 m

6.10.7 Example Problem’ 7+ Pier Scour with Pressure Flow (SI)

An existing bridge is subjected to pressure flow to the top of a solid guard rail at the 100-
year return period flow. There is only a small increase in flow depth at the bridge for the
500-year return period flow due to the large overbank area. A HEC-RAS model of the flow
gives the following data:

Data:

y1= 9.75m, V=293 m/s, q;=28.56 cms/m

Pier width a = 0.914 m, is round nose, solid, aligned with the flow
Sand bed with Dsg= 0.4 mm and Dgs= 0.9 mm

Distance from stream bed to lower chord (H,) is 7.93 m before scour
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Calculate the local pier scour:
Vertical Contraction Scour Depth
Ysly1 = -5.08 + 1.27 yi/Hp+ 4.44 Hyly; + 0.19 VIV,
Ve =6.19 (y4)" (Dso)"”® =6.19 (9.75)" ( 0.0004)" = 0.669 m/s
V, =q/H,=28.56/7.93 = 3.60 m/s
Ys/9.75 = -5.08 + 1.27 (9.75/ 7.93) + 4.44 (7.93/9.75) + 0.19 (3.60/0.669)
ys/9.75=1.12 and ys=10.9m
Local Pier Scour
Y2 =Hp+ys=7.93+10.92=18.85m
Vo=V, (Hp /y2 ) = 3.60 (7.93/18.85) = 1.51 m/s
yoly1 = 2.0 Ky Ky Ks Ky (aly;)>® (Fr)2%
Ki= K, =Ky =1.0 ;K = 1.1;Fr=052 / (9.81,X18.85)°%= 0.11
Vs/18.85=2.0 X 1.1 X (0:914/18.85)*%, (011 1)*** =.0u12
ys = 18.85 X 0.12 = 2.26'm
Total Scour

ys =10.92 + 2.26 = 13.2'm
6.11 PIER SCOUR EXAMPLE PROBLEMS (ENGLISH)

6.11.1 Example Problept 1%Scour at a Simple Solid Pier (English)
Given:
Pier geometry: a =4.0 ft, L = 59 ft, round nose
Flow variables: y; = 10.2 ft, V4 = 11.02 ft/s
Angle of attack = 0 degrees, g = 32.2 ft/s”
Froude No. = 11.02/(32.2 x 10.2)°° = 0.61
Bed material: Dsy = 0.32 mm (0.0011 ft), Dgs = 7.3 mm (0.024 ft)
Bed Configuration: Plane bed
Determine:

The magnitude of pier scour depth.
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Solution:
Use Equation 6.1.

0.65
Ys 220K, K, K, K, [EJ Fro43
Y4 Y4

ys /10.2 = 2.0x1.0x10x1.1x10x (4.0 / 10.2)** x0.61°** =0.97
y, =0.97x10.22 = 9.9t

6.11.2 Example Problem 2 - Angle of Attack (English)
Given:
Same as Problem 1 but angle of attack is 20 degrees
Solution:
Use Equation 6.4 to compute K,
K, = (Cos 8 +L/a Sin 8)*%
If L/a is larger than 12,\use lt/a = 12(@s,a maximum in'Equation 6.4 (see Table 6.2).
L/a=18/1.22=14.8 > 12 use2
K, = (Cos 20 + 12 Sin 20)°%_/= 2.86

ys = 9.9 X 2.86 = 284t

6.11.3 Example Problem 3 - Coarse Bed Material (English)

Given:

Same as Problem 1 but the bed material is coarser

Bed material: Dsy = 17.8 mm, (0.058 ft); Dgs = 96.3 mm, (0.316 ft)

Bed configuration: Plane Bed
Determine:

If the coarse bed material would decrease local scour depth. Determine K, and ys.
Solution:

Use Equations 6.5, 6.6, 6.7, and 6.8
Ks =1 if Dsp <2 mm or Dgs < 20 mm
if Dsg >2 mm and Dgs >20 mm
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then:

K, = 04 (Vg)*'®

icDsgg

cDsg

where:

VicDx

VicDx

VcDx
VcDx
VcD50
VcD95
VicDSO
VicD95

Vr

Ky
Ys

>0
- VicD95
= Approach velocity required to initiate scour at the pier for the grain size
Dx , ft/s
0.053
= 0.645 (&j V.o
a X
Critical velocity for incipient motion for the grain sizeD, ,ft/s
- 11.2 y1/6 D1/3
= 11.2(10.2)" (0.058)" =6.38 ft/s
= 11.2 (10.2)"° (0.31621’3 = 11.23 ft/s
= 0.645 (0.058/4.0)°%° (6.38) = 3.29 ft/§
= 0.645(0.316/4.0)°%° (11123) = 6.38 ftls)
_ (1102 - 329) _ 1546
(6.38 - 6.3)
= 0.4 (154.6)"" = 0785
= 0.85X9.9=_84/+t

6.11.4 Example Problem 4 - Scour at' €omplex Piers
(Solid Pier on an Exposed Faaoting) (English)

Given:

The pier in Problem 1 (Section 6.11.1)ris on a 8.0 ft wide by 5.25 ft high by 65 ft long
rectangular footing. Footing extendsy2.5 ft upstream from the pier.
unspecified pile (foundation., Fhe footing is exposed 4.92 ft by long-term degradation.

Determine local pierscour,

Data:

Pier geometry; ayer = 4.0 ft, L = 59 ft, round nose

Pile cap or footing geometry, a . (oras) =8 ft, L=65ft, T= 5.12ft, f=2.5ft

Approach flow: y; = 10.2 ft, V4 =11.02 ft/s

Angle of attack = 0 degrees

Froude No. = 11.02/(32.2 x 10.2)°° = 0.61

Bed material: Dsy = 0.32 mm, Dgs = 7.3 mm, Plane bed
ho=4.92 - 5.25 =-0.33 ft

See sketch below:
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apier=
4 ft -
Y; =102 ft Hf=25f

k3 4 mud line
5251 a,=8ft | #9217 afier
degradation

Local Scour from Pier Stem

‘ _ﬁ =-0.33 ft

f=251t

hy=hg+T=-0.33+5.25=4.92 ft

Kh pier = function ( hi/apier, f/apier) (from Figure 6.5)
hi/apier = 4.92/4.0 = 1.23

flagier = 2.5/4 =0.62

Kh pier — 0 06

0.65 0743
. a..
ySpler = thier 2.0K1K2K3K4( plerj [ V1 J
y1 y1 \/ QY1

y 065
Jspier _ 505 20(10)(10)(11)(10) 102 [

0:43
1102 J
Y1

[322x102

Ys pier =0.06x[0.97]x10.2 = 0.6 ft

Note: the quantity in the square bracketsiis'the scour ratio for a full depth pier.

Local Scour from.the PilesCap ord0doting

Assume the average’bed elevation in the vicinity of the pier lowers by %2 the pier stem scour.
Vo= Y1 + Yspie/2 = 10:2 + 0.3 = 10.5 ft
V, = Vy(y4ly2) = 11.02 (10.2/10.5) = 10.7 ft/s
h2=ho * Ys pier/2 = -0.33 + 0.3 = -0.03 ft

The bottom of the pile cap is below the adjusted mud line; use Case 2 computations for an
exposed footing.

Vi = hy + Yo pier/2 = 4.92 +0.3 = 5.22 ft
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The velocity on the footing is:

Ve j ( 522 j
In| 10.93 Y1 +1 In| 10.93 2£< + 1
\/ ( K _ 024 =0.92
v, Vs ( 105 j
Y2 In 10.93 +1
In[10.93 ” +1j 0024

S

Note: assume ks = Dgs = 7.3 mm = 0.024 ft

V;=0.92xV, = 0.92 x 10.7 = 9.84 ft/s

0.65 0.43
ysfooting :2.0K1K2K3K4KW [ﬁ) [ Vf j

Y¢ f \/&

0.65 0.43
—ySf""““g:2.0(1.1)(1.0)(1.1)(1.0)(1.0)( 8'0j [ 984 j =283

Ve 5.22 32.2x5.22

Note that y./a;= 1.31 (>0.8); use Ky = 1.0
Ys footing = 2.83yr = 2.83 x 5.22= 14.8 ft
Total Local Pier Scour Depth

Ys = Vs pier + Vs footing = 14.8 + 0.6 =\1574 ft

6.11.5 Example Problem 5 «Sceur at a,€omplex Pier with Pile Cap in the Flow
(English)

During the design of thexhew Wooedrow Wilson Bridge over the Potomac River, several
complex pier configurations_were tested in physical model studies. The purpose of this
problem is to analyze‘local scour for the possible condition that the main channel migrated to
the pier configured as shewn-in Figure 6.16. It was determined that the water surface
elevations would be +7.3 ft.and + 9.7 ft for the Q400 and the Qs €vents respectively and the
velocities in the main channel would be 11.2 ft/sec and 14 ft/sec for the Qo0 and the Qsq
events respectively. The following computations are for the Q4q0 event:

Initial parameters:

y; =51.8ft

Vi =11.2 ft/sec

Apier = 32 ft

ap. = 53.25 ft

ho = 25.5 ft

hy =hy + T = 41.5 ft (resolution of the pile cap thickness below)
S = 13.75 ft (center to center spacing of piles)
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T.= 16 ft (assign half of the tapered portion of the cap to the pile cap and half to the
?fg.62 ft (Figure 6.16)
zero angle of attack
Pier Stem Component
flagier = 8.62/32 = 0.27
hi/apier = 41.5/32 = 1.30

Khpier = 0.062  (from Figure 6.5)

i 0.65 0.43
) a.
M:thier 20K KK K4[ plerj [ v J]

Y1 Y1 m

0.65 0.43
Ysvier _ 0062 2.0(1.1)(1.0)(1.1)(1.0)(Ej [L} } 0.0629

518 518) | (322)518

The quantity in the brackets is the seourratio for ‘a full depth, pier‘that extends below the
scour hole.

Yspier = 0.0629 x 51.8 ft=:3.2 ft
Pile Cap Component
hy = ho + Yspierd2 = 25.5 +4.6.527 1 ft
Y2 = Y1+ VYspierd2 = 51(8+1.6 = 534t
Vo =V x (yilyp)'=41.2 x (51-8/53.4) = 10.9 ft/s
Note: For Figure 6.6, ¥sman= 3.5 apc = 186.38 > 53.4; use y, = 53.4 ft
holy, = 0.51
Tly, = 16/53.4 = 0.30

*

8 e ~007 (from Figure 6.6)

A

a*,c=0.07 x 53.25 = 3.7 ft

This is the width of a full depth pier that would produce the same scour depth as the isolated
pile cap will produce.
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. 0.65 0.43
&:2.0K1K2K3K4Kw(a p"j [ Va ]
Ya Y2 Jay,

Yoo _ 37 109 ) Lo
e 2.0(1.1)(1.0)(1.1)(1.0)(1.0)( 534} [ ¢(32.2)(53.4)j -

Note that y,/a*,c = 14.4 (>0.8); use K,, = 1.0
Yspe = 0.24 x 53.4 = 12.8 ft
Pile Group Component
hs = ho +(Ys pier + Yspe)/2 = 25.5 +(3.2 + 12.8)/2= 33.5 ft
Y3 = Y1+ (Yspiert Yspc)/2=51.8 +(3.2 + 12.8)/2 = 59.8 ft
V3 =Vq x(yilys) =11.2 x (51.8/59.8) = N7 ft/s
Apro) =4 x 5.5 =22.0 ft (from Figure 6.8)
ap/@a=22.0/55=4.0
S/a = 13.75/5.5 = 2.5 (relative centerto center spacing of piles)

Ksp = 0.58 (from Figure 6.10)

Kn =1.16 (From Figure 6.44 for three«ows per foundation; foundations separated)

a*pg = Kep X Kiy X @ pr05=,0.58 x 1,16:x:22.0 = 14.8 ft
Note: in Figure 6.12, y3nax = 3.5 X @%p5=.51.8 < 59.8; use y; = 51.8 ft
hs/y; = 33.5/61.8 = 0.65

Kh pg =0.79  (from Eigure 6.12)

a* 0.65 V 0.43
hpg 2'OK1K2K3K4( pc} ( 2 j

Ys \@3

ySpg - K
Y3

y 148\°%( 97 ¥
?f’sg =079 2.0(1.0)(1.0)(1.1)(1.0)(—j [Wj }: 0.41

Yspg =0.41 x 51.8 = 21.24 ft
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Total Estimated Scour

Ys= Yspier ¥ Yspc + Yspg = 3.7 +12.8 + 21.24 = 37.74 ft

6.11.6 Example Problem 6 - Scour at Multiple Columns (English)

Calculate the scour depth for a pier that consists of six 16-inch columns spaced at 7.5 ft with
an flow angle of attack of 26 degrees. Debris is not a problem and there is no armoring at
this site.

Data:

Columns: 6 columns 1.33 ft, spaced 7.5 ft

Velocity: V4 = 11.16 ft/s; Depth: y, = 20.0 ft

Angle of attack: 26 degrees

Spacing coefficient = S/a = 7.5/1.33 = 5.6; S/a > 5.0
Assume K3 = 1.1 for plane bed condition

Determine the depth of local scour:

Three methods of calculating the scour.depth will'be illustrated,

a. Scour depth according to “Raudkivi®®

column.

is41.2 times, the local scour of a single

0.65
;—5 = 2.0x1.0x1.0x11x1.0 (1'33j ( 16

0.43
=0.266
20 (32.2x20)°'5j

ys=20 X 0.266 X 1.2 = 6.4 {t

b. Compare this valug¢'with that computed by collapsing the columns.

Collapsed pier width,="6 X 1.33 5,8.0 ft

Projected pier. width = L Sin26° + a Cos 26° = 8.0 Sin 26° + 1.33 Cos 26° = 4.70 ft

y a7\ 1116 )"
Y = 2.0(1.0)(1.0)(1.1)(1.0)(%j (Wj = 0,603

ye = 12.1 ft

c. The scour depth can be calculated for multiple columns by calculating the depth
for a single column and multiplying it by the K, factor given in Equation 6.4. For
example:

K, =(Cos 26°+ 8.0/1.33 Sin 26°)*% =227

1.33) O'GS[ 1116
20 (32.2x20

y 0.43
i =20 (1.0)(2.27)(1.1)(1.0)( )0-5j =0.603

ys =20 X 0.603 = 12.1 ft
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Spacing between columns for this pier is greater than 5 times column diameter so method
(a) applies. Also, a model study of the pier gave a scour depth of 6.4 ft. Therefore:

ys=20 X 0.266 X 1.2 = 6.4 ft

6.11.7 Example Problem 7 - Pier Scour with Pressure Flow (English)
An existing bridge is subjected to pressure flow to the top of a solid guard rail at the 100-
year return period flow. There is only a small increase in flow depth at the bridge for the
500-year return period flow due to the large overbank area. A HEC-RAS model of the flow
gives the following data:
Data:

Y1 = 32 ft, V1 = 9.61 ft/S, q1 = 307.5 cfs/ft

Pier width a = 3.0 ft, is round nose, solid, aligned with the flow.

Sand bed with Dsg= 0.4 mm and Dg; = 0.9 mm

Distance from stream bed to lower chord (Hy) is 26 ft before scour
Calculate the local pier scour:

Vertical Contraction Scour Depth

ys/y1 = -5.08 + 1.27 y4/Hp#'4.44 Hyly, +0.19 V,/V,

Ve =11.2 (y4)" (Dso)"™ & 11.2 (32)1%0.0013)"/ =218 ft/s

V. = q4/Hp=307.5/26 = 11.82\ft/s

ys/32 = -5.08 + 1.27 (32/-26) + 4.44 (26/32) + 0.19 (11.82/2.18)

ys/32=1.12 and_ .y =.35.9 ft

Local PiersScour

Y2 = Hptys =26 # 35.9=61.9 ft

Vo=V, (Hply, ) = 11.82 (26/61.9) = 4.96 ft/s

ysly1 = 2.0 Ky Ko Kz Ky (alyy)*® (Fr)®®

Ki=Ko=Ks=1.0;Ks = 1.1; Fr=4.96 / (32.2 X 61.9)*° = 0.11

Vs/61.9=2.0X 1.1 X (3.0/61.9)>% (0.11)°* =0.12

ys = 7.4 ft

Total Scour

ys = 35.9 + 7.4 = 43.3 ft
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CHAPTER 7

EVALUATING LOCAL SCOUR AT ABUTMENTS

7.1 GENERAL

Scour occurs at abutments when the abutment and embankment obstruct the flow. Several
causes of abutment failures during post-flood field inspections of bridge sites have been
documented:©®

Overtopping of abutments or approach embankments
Lateral channel migration or stream widening processes
Contraction scour

Local scour at one or both abutments

Abutment damage is often caused by a combination of these factors, Where abutments are
set back from the channel banks, especially on wide floodplains, large focal scour holes have
been observed with scour depths of as much as four times the approach flow depth on the
floodplain. As a general rule, the abutments most vulnerable te.damage ‘are those located at
or near the channel banks.

The flow obstructed by the abutment and,approach highway embankment forms a horizontal
vortex starting at the upstream end! ofvthe abutment and’«unning along the toe of the
abutment, and a vertical wake vortex at the downstream end‘of the abutment (Figure 7.1).

Figure 7.1. Schematic representation of abutment scour.

The vortex at the toe of the abutment is very similar to the horseshoe vortex that forms at
piers, and the vortex that forms at the downstream end is similar to the wake vortex that
forms downstream of a pier. Research has been conducted to determine the depth and
location of the scour hole that develops for the horizontal (so called horseshoe) vortex that
occurs at the upstream end of the abutment, and numerous abutment scour equations have
been developed to predict this scour depth.
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Abutment failures and erosion of the fill also occur from the action of the downstream wake
vortex. However, research and the development of methods to determine the erosion from
the wake vortex has not been conducted. An example of abutment and approach erosion of
a bridge due to the action of the horizontal and wake vortex is shown in Figure 7.2.

Figure 7.2. Scour of bridge abutment and approaech embankment.

The types of failures described _above are initiated as_a result of the obstruction to the flow
caused by the abutment and’ highway ‘embankment>and subsequent contraction and
turbulence of the flow at the abutmentss sThere are other conditions that develop during
major floods, particularly on wide floodplains, that are more difficult to foresee but that need
to be considered in the hydraulic analysis and désign of the substructure:©?

» Gravel pits on the floodplain upstream«of.a’ structure can capture the flow and divert the
main channel flow out©f its normal“banks into the gravel pit. This can result in an
adverse angle of attackof thesflew on the downstream highway with subsequent
breaching of the embankment and/~or failure of the abutment.

» Levees can become weakened and fail with resultant adverse flow conditions at the
bridge abutment.

o Debris can become lodged at piers and abutments and on the bridge superstructure,

modifying flow conditions and creating adverse angles of attack of the flow on bridge
piers and abutments.

7.2 ABUTMENT SCOUR EQUATIONS

7.2.1 Overview

Equations for predicting abutment scour depths such as Liu et al., Laursen, Froehlich, and
Melville are based entirely on laboratory data.®*®""? The problem is that little field data on
abutment scour exist. Liu et al.'s equations were developed by dimensional analysis of the
variables with a best-fit line drawn through the laboratory data.”’” Laursen's equations are
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based on inductive reasoning of the change in transport relations due to the acceleration of
the flow caused by the abutment.“®’ Froehlich's equations were derived from dimensional
analysis and regression analysis of the available laboratory data.”" Melville's equations
were derived from dimensional analysis and development of relations between
dimensionless parameters using best-fit lines through laboratory data.®

Until recently, the equations in the literature were developed using the abutment and
roadway approach length as one of the variables. This approach results in excessively
conservative estimates of scour depth. Richardson and Richardson pointed this out in a
discussion of Melville's (1992) paper:*>"?

"The reason the equations in the literature predict excessively conservative abutment
scour depths for the field situation is that, in the laboratory flume, the discharge
intercepted by the abutment is directly related to the abutment length; whereas, in the
field, this is rarely the case."

Figure 7.3. illustrates the difference. Thus, equations for predictingfabutment scour would be
more applicable to field conditions if they included the discharge intercepted by the
embankment rather than embankment length. Sturm“7%"toficluded(that a discharge
distribution factor is the appropriate variable to,use on local’'sceur/depth ratherthan abutment
length.
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Figure 7.3. Comparison.of (a) laboratory flow characteristics to (b) field flow conditions.

Abutment scour depends on the interaction of the flow obstructed by the abutment and
roadway approach and the flow in the main channel at the abutment. The discharge
returned to the main channel at the abutment is not simply a function of the abutment and
roadway length in the field case. Richardson and Richardson noted that abutment scour
depth depends on abutment shape, discharge in the main channel at the abutment,
discharge intercepted by the abutment and returned to the main channel at the abutment,
sediment characteristics, cross-sectional shape of the main channel at the abutment
(especially the depth of flow in the main channel and depth of the overbank flow at the
abutment), and alignment.”® In addition, field conditions may have tree-lined or vegetated
banks, low velocities, and shallow depths upstream of the abutment. Most of the early
laboratory research failed to replicate these field conditions.
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Recent research sponsored by the National Cooperative Highway Research Program of the
Transportation Research Board has developed an equation to determine abutment scour that
includes the discharge intercepted by an abutment and its approach rather than abutment
and approach length.” The equation and method are presented in Appendix E. In addition,
Maryland State Highway Administration has deveIoPed a method to determine scour depths
at abutments, which is presented in Appendix F.*""® Both methods are under development
and show promise of improving abutment scour calculations. They should be used with
caution, and use of engineering judgment is needed for application at this time.

Abutment foundations should be designed to be safe from long-term degradation, lateral
migration, and contraction scour; and protected from local horizontal and wake vortex scour
with riprap and/or guidebanks, dikes, or revetments protected with riprap. The two equations
provided in this chapter should be used as guides in the design.

7.2.2 Abutment Scour Parameter Determination

Many of the abutment scour prediction equations presented in the literatdre use the length of
an abutment (embankment) projected normal to flow as an independent variable. In practice,
the length of embankment projected normal to flow that is{used in these relationships is
determined from the results of 1-dimensional fiydraulic medels.stch as’'WSPRO!" or HEC-
RAS."®'") These models assume an average, Velocity ovef the entiféncross section (Figure
7.3a). In reality, conveyance and associated velocityandlow depth at the outer extremes of
a floodplain are much less, particularlysin~wide and shallow heavily vegetated floodplains
(Figure 7.3b). This flow is typically reférred to as "ineffective™flow. When applying abutment
scour equations that use the length/of.embankment projected normal to flow, it is imperative
that the length used be the lengthloffembankment.blocking™live" flow.

The length of embankment blocking ('live" flow capm be determined from a graph of
conveyance versus distance across a‘representative cross-section upstream of the bridge
(Figure 7.4). If a relatively large portion of a cross-section is required to convey a known
amount of discharge in the floodplain, then_the “length of embankment blocking this flow
should probably not be included-When detefmining the length of embankment for use in the
abutment scour prediction relationships ‘Alternately, if the flow in a significant portion of the
cross-section has low velocity and/or is\shallow, then the Ieng;th of embankment blocking this
flow should probably not be used_either. Both WSPRO!"® and HEC-RAS!"®') can easily
compute conveyancewersus distanegefacross a cross section.

For example, Figure” 7.4, shows"the plan view of an embankment blocking three equal
conveyance tubes on thesright floodplain at a bridge. Since the right conveyance tube
occupies the majority of floedplain but conveys only one-third of the floodplain flow, it should
not be included in the "live" flow area for determining L’. In this case the length of
embankment, L', blocking the "live" flow is approximately the length of the two inner
conveyance tubes. In the event that the conveyance versus distance graph does not show a
conclusive break point between "live" flow and ineffective flow, an alternative procedure is to
estimate L’ as the width of the conveyance tube directly upstream of the abutment times the
total number of conveyance tubes (including fractional portions) obstructed by the
embankment. This length is more representative of the uniform flow conditions in the
laboratory experiments used to develop abutment scour equations.
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7.3 ABUTMENT SITE CONDITIONS

Abutments can be set back from,the natural'stream bank, ‘placed at the bankline or, in some
cases, actually set into the chanhnel itselfsCommon designs’include stub abutments placed
on spill-through slopes, and vertical ‘wall abutments, with or without wingwalls. Scour at
abutments can be live-bed or clear-water scour. The bridge and approach road can cross
the stream and floodplain at a skew angle and. this will have an effect on flow conditions at
the abutment. Finally, there can~be varying amounts of overbank flow intercepted by the
approaches to the bridge and_returned toythe ‘stream at the abutment. More severe abutment
scour will occur when the imajority ofsoverbank flow returns to the bridge opening directly
upstream of the bridge«crossing. Lessysevere abutment scour will occur when overbank
flows gradually return,torthe main channel upstream of the bridge crossing.

7.4 ABUTMENT SKEW

The skew angle for an abutment (embankment) is depicted in Figure 7.5. For an abutment
angled downstream, the scour depth is decreased, whereas the scour depth is increased for
an abutment angled upstream. An equation and guidance for adjusting abutment scour
depth for embankment skew are given in Section 7.7.1.

7.5 ABUTMENT SHAPE

There are three general shapes of abutments: (1) spill-through abutments, (2) vertical walls
without wing walls, and (3) vertical-wall abutments with wing walls (Figure 7.6). These
shapes have varying angles to the flow. As shown in Table 7.1, depth of scour is
approximately double for vertical-wall abutments as compared with spill-through abutments.
Similarly, scour at vertical wall abutments with wingwalls is reduced to 82 percent of the
scour of vertical wall abutments without wingwalls.
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Figure 7.5. Orientation of embankment angles 9, t6 the flow:
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Figure 7.6. Abutment shape.

Table 7.1. Abutment Shape Coefficients.
Description Ki
Vertical-wall abutment 1.00
Vertical-wall abutment with wing walls 0.82
Spill-through abutment 0.55
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7.6 DESIGNING FOR SCOUR AT ABUTMENTS

The preferred design approach is to place the abutment foundation on scour resistant rock or
on deep foundations. Available technology has not developed sufficiently to provide reliable
abutment scour estimates for all hydraulic flow conditions that might be reasonably expected
to occur at an abutment. Therefore, engineering judgment is required in designing
foundations for abutments. In many cases, foundations can be designed with
shallower depths than predicted by the equations when they are protected with rock
riprap and/or with a guide bank placed upstream of the abutment designed in
accordance with guidelines in HEC-23."? Cost will be the deciding factor.

Based on lessons learned from field evaluations of damaged abutments, consideration
should be given to designing deep foundations (piles and shafts) to support both vertical wall
abutments and stub abutments on spill-through slopes for the condition where the approach
embankment is breached and all supporting soil around the abutment (including the spill
through slope) has been removed (see Figure 7.2). Piling for abutments should be driven
below the elevation of the long-term degradation and contraction/scour. The potential for
lateral channel instability should also be considered when designing abutment foundation
depths. Some State DOTs evaluate the abutment for scour (in agmanner(similar to that of a
pier.

On wide floodplains or on floodplains with complex conditiens whiCh eould affect future flood
flows (confluences, adverse meander patteérns and bends, gravel mining pits, ponding of the
flow, levee systems, etc.) additional“scour countermeasures such as guidebanks, dikes or
revetments should be evaluated for inclusion withithe initial*bridge construction. The intent
here is to establish a control to.maintain a favorable approeach flow condition at the abutment
even though upstream conditiops may change.

The potential for lateral channel migration, long-term degradation and contraction scour
should be considered in setting abutment foundation depths near the main channel. It is
recommended that the abutmentsscour, eqUations presented in this chapter be used to
develop insight as to the scourpotential at an~abutment.

Where spread footings are)placed on erodible soil, the preferred approach is to place the
footing below the elevation,of total scour. If this is not practicable, a second approach is to
place the top of(foetings below, the depth of the sum of contraction scour and long-term
degradation and to-provideyscour countermeasures. For spread footings on erodible soil, it
becomes especially impoartant“to protect adjacent embankment slopes with riprap or other
appropriate scour countermeasures. The toe or apron of the riprap serves as the base for the
slope protection and must be carefully designed to resist scour while maintaining the support
for the slope protection.

In summary, as a minimum, abutment foundations should be designed assuming no
ground support (lateral or vertical) as a result of soil loss from long-term degradation,
stream instability, and contraction scour. The abutment should be protected from
local scour using riprap and/or guide banks. Guidelines for the design of riprap and
guide banks are given in HEC-23."7 To protect the abutment and approach roadway
from scour by the wake vortex several DOTs use a 15-meter (50-ft) guide bank
extending from the downstream corner of the abutment. Otherwise, the downstream
abutment and approach should be protected with riprap or other countermeasures.
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In the following sections, two equations are presented for use in estimating scour depths as a
guide in designing abutment foundations. The methods can be used for either clear-water or
live-bed scour.

7.7 LIVE-BED SCOUR AT ABUTMENTS

As a check on the potential depth of scour to aid in the design of the foundation and
placement of rock riprap and/or guide banks, Froehlich's® live-bed scour equation or the
HIRE equation in HDS 62 can be used.

7.7.1 Froehlich's Live-Bed Abutment Scour Equation

Froehlich”" analyzed 170 live-bed scour measurements in laboratory flumes by regression
analysis to obtain the following equation:

0.43
Ys 2227K, K, (L—j Frot 44 (7.1)
Ya a
where:
Ky = Coefficient for abutment'shape (Table 7.1)
K, = Coefficient for angle of embankmentto flow
Ko = (8/90)°" (seeFigure 7.4 fordefinition.of 0)
08<90° if embankment points-downstream
0>90° if embankment-points upstream
L = Length of active flow ebstructed.by the embankment, m (ft)
A. = Flzowzarea of the ‘@pproach cfess*section obstructed by the embankment,
m* (ft)
Fr = Froude Number of approach flow upstream of the abutment = V4/(gya)"?
Ve = QA mis(it/s)
Q. = Flow abstructed by-the.abutment and approach embankment, m*/s (ft%/s)
Ya = Average'depth of flow on the floodplain (Ac/L), m (ft)
L = Lenhgth of embankment projected normal to the flow, m (ft)
ys = Scour depthym(ft)

It should be noted that Equation 7.1 is not consistent with the fact that as L" tends to O, ys
also tends to 0. The 1 was added to the equation so as to envelope 98 percent of the data.
See Section 7.2.2 and Figure 7.4 for guidance on estimating L'.

7.7.2 HIRE Live-Bed Abutment Scour Equation

An equation based on field data of scour at the end of spurs in the Mississippi River
(obtained by the USACE) can also be used for estimating abutment scour.”? This field
situation closely resembles the laboratory experiments for abutment scour in that the
discharge intercepted by the spurs was a function of the spur length. The modified equation,
referred to herein as the HIRE equation, is applicable when the ratio of projected abutment
length (L) to the flow depth (y,) is greater than 25. This equation can be used to estimate
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scour depth (ys) at an abutment where conditions are similar to the field conditions from
which the equation was derived:

Yo — g pro Ky (7.2)
Y 0.55
where:
Ys = Scour depth, m (ft)
y1 = Depth of flow at the abutment on the overbank or in the main channel, m (ft)
Fr = Froude Number based on the velocity and depth adjacent to and upstream
of the abutment
Ki = Abutment shape coefficient (from Table 7.1)
K, = Coefficient for skew angle of abutment to flow calculated as for Froehlich's

equation (Section 7.7.1)

7.8 CLEAR-WATER SCOUR AT AN ABUTMENT

Equations 7.1 and 7.2 are recommended for-boeth live-bed’and clear-water abutment scour
conditions. If a method other than Froehlich's(equatian is\used, itis, suggested that scour for
both the clear water and live bed conditionsbe computed (see Appendix E and Appendix F).
Engineering judgment should then bedsed to select the mostsappropriate scour depth.

7.9 ABUTMENT SCOUR EXAMPRLE PROBLEMS (SI)

7.9.1 Example Problem 1 (SI)

Determine abutment scour depth.for the fellewing conditions to aid in scour evaluation and
design of countermeasures{ /The right abutment is at the bankline with 3.00 m of overbank
flow width. The left abutment projectsyinto the channel 61.96 m. Each of these lengths
represents the full length “ef obstruction”of active flow. The projection on the left side is the
result of stream @rosion and widening. The right channel bank is 0.61 m high and the
embankment extends back, 3.00om to a 3 m high bank. The bridge and approach are
oriented at a 10° angle upstream to the flow from the right side.

Given:
Upstream channel depth = 2.62 m
Discharge = 773.05 m®/s

Bridge is vertical wall with wingwalls

Original (unscoured) depth of flow at bridge is estimated as 2.16 m
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Right Abutment
L=L"=3Co0s10° =2.95m
y, =262-061=201m

L. 2—9? =147 < 25 (Use Froehlich Equation)

y, 20

L' 0.43
Ys 22027k, K, (—j Fro6" 41
Ya

a

K, =0.82

) 13 100 0.13
K, = (—) = (—j =101 (Abutment angles 10° upstrean)
90 90

A, =201x295 =5.93m?

Q, =17.8m°/s; V, =3.00m/s (Q. and\V, areobtained from HEC-RAS)

V, 3.00

Fr=—Ye = — =068
Joy.  (9.81x201)
295 43
2y—51 =227 (0.82) (1.01)(2'—01) (0.68)°%" +1=275

Yy, =275x2.01=553m

Left Abutment

L =6196 Cos 10°=6102m

y, =216m
L - 8102 _ 589525 (Use HIRE Equation)
y, 216

v, =372m/s (From HEC-RAS stream tube next to abutment)
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v, _ 372

Fr= = 2 =0.81
lay, (9.81x216)
K, =082
13
K2 = (@) =0.98
90
Ys - 4(081)°% 2820 08) = 5.45
Y, 0.55

Yy, =545x216 =118m

7.10 ABUTMENT SCOUR EXAMPLE PROBLEMS (English)

7.10.1 Example Problem 1 (English)

Determine abutment scour depth for the following,conditions tovaid in scour evaluation and
design of countermeasures. The‘tight'abutment is“at the bankline with 9.8 ft of overbank flow
width. The left abutment projects«into the ¢hannel 200 ft., Each of these lengths represents
the full length of obstruction of) active, flows The projection on the left side is the result of
stream erosion and widening. The fight"channel bank is 2 ft high and the embankment
extends back 9.8 ft to a 9.8 ft high/bank. The™bridge and approach are oriented at a 10°
angle upstream to the flow from the right side:

Given:

Upstream channel depth,=8.6 ft
Discharge is 27,300.¢fs

Bridge is vertical wallwith wingwalls

Original (unscoured) depth.of flow at bridge is estimated as 7.1 ft

Right Abutment

L=L'=98Cos10°=9.7ft
y, =86 -20 =661t

L. 2—; =147 < 25 (Use Froehlich Equation)

Ya
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L 0.43
Xi:227K1K26—J Fro®! +1
Ya Ya

K, =0.82

9 13 100 0.13
K, = (_) = (—j =101 (Abutment angles 10° upstream)
90 90

A, =6.6x9.7 =64.0ft?
Q, =629cfs; V, =9.8ft/s (Qe and V. are obtained from HEC-RAS)

Fr=Ye = 98 _ _gg7
gy, (322x66)

43
Ys - 2.27(0.82)(1.01)(£j (0.67)0'61 +1=2744
6.6 6.6
Yy, =2.74x6.6 =18.1ft
Left Abutment

L =200Cos10°=197.0ft

y, = 7.1ft

L. % = 27.7 >25 (Use’HIRE Equation)

Y1

v, =12.2ft/s (From HEC-RAS stream tube next to abutment)

Fr=—Y1=_ 122 _gg4

Jay,  (322x7.1)"

K,=0.82
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A3
K, = (@j =098
)

3 0.82
Y1

Y, =545x7.1=387ft

Vs =4(081)°% 2 (0.98) =545
0.55

713






CHAPTER 8

COMPREHENSIVE EXAMPLE SCOUR PROBLEM

8.1 GENERAL DESCRIPTION OF PROBLEM

This example problem is taken from a paper by Arneson et al.”” FHWA's WSPRO computer
program was used to obtain the hydraulic variables. The program uses 20 stream tubes to
give a quasi 2-dimensional analysis. Each stream tube has the same discharge (1/20 of the
total discharge). The stream tubes provide the velocity distribution across the flow and the
program has excellent bridge routines. The problem presented here is worked in Sl (metric)
units, however, the same problem worked in English units is presented in Appendix H. The
solution follows Steps 1-7 of the specific design approach of Chapter 2 (Section 2.4).

A 198.12-m long bridge (Figure 8.1) is to be constructed over a channel with spill-through
abutments (slope of 1V:2H). The left abutment is set approximately 60:5 m back from the
channel bank. The right abutment is set at the channel bank. The bridge deck is set at
elevation 6.71 m and has a girder depth of 1.22 m. Six round-nose piersfare evenly spaced
in the bridge opening. The piers are 1.52 msthick, 12.19"m feng, and are ‘aligned with the
flow. The 100-year design discharge is 849.5hm?%/s. The'5004year flow,of 1444.16 m*/s was
estimated by multiplying the Q40 by 1.7 singe‘no hydrelegie recordsywere available to predict
the 500-year flow.

7 —
2 &~
27 \ 7 7 /
s °] LEFT RIGHT
c 44 ABUTMENT z( : 4 ABUTMENT
S oA RY
¢ , ] Water~surface \ / Water surface
i) | at downstream \/ one bridge length
Wy | ~fdce fof bridge upstream
0 T T T T T i I T
) 100 200 300 400 500 800 700 800

Distance in Meters

Figure 8.1. Cross section of proposed bridge.

8.2 STEP 1: DETERMINE SCOUR ANALYSIS VARIABLES

From Level 1 and Level 2 analysis: a site investigation of the crossing was conducted to
identify potential stream stability problems at this crossing. Evaluation of the site indicates
that the river has a relatively wide floodplain. The floodplain is well vegetated with grass and
trees; however, the presence of remnant channels indicates that there is a potential for
lateral shifting of the channel.
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The bridge crossing is located on a relatively straight reach of channel. The channel
geometry is relatively the same for approximately 300 m up- and downstream of the bridge
crossing. The Dsy of the bed material and overbank material is approximately 0.002 m (2
mm). The maximum grain size of the bed material is approximately 0.008 m (8 mm). The
specific gravity of the bed material was determined to be equal to 2.65.

The river and crossing are located in a rural area with the primary land use consisting of
agriculture and forest.

Review of bridge inspection reports for bridges located upstream and downstream of the
proposed crossing indicates no long-term aggradation or degradation in this reach. At the
bridge site, bedrock is approximately 46 m below the channel bed.

Since this is a sand-bed channel, no armoring potential is expected. Furthermore, the bed
for this channel at low flow consists of dunes which are approximately 0.3 to 0.5 m high. At
higher flows, above the Qs, the bed will be either plane bed or antidunes.

The left and right banks are relatively well vegetated and stable; however, there are isolated
portions of the bank which appear to have been undercut and_are eroding._Brush and trees
grow to the edge of the banks. Banks will require riprap protection if disturbed. Riprap will
be required upstream of the bridge and extendidownstreant of the bridge:

8.2.1 Hydraulic Characteristics

Hydraulic characteristics at the bridge. weresdetermined uging*WSPRO."® Three cross
sections were used for this analysis ‘and arexdenoted as "EXHN ™for the section downstream of
the bridge, "FULLV" for the fullsvalley section, at the tbridge; and "APPR" for the approach
section located one bridge length upstream of the ‘bridge. The bridge geometry was
superimposed on the full-valley section~and is denoted "BRDG." Values used for this
example problem are based on the,output from the WSPRO model which is presented in
Appendix G (Sl). Specific values.for scour analysis variables are given for each computation
separately and cross referenced-t6the line numbers of the WSPRO output.

The HP2 option was used to provideshydraulic characteristics at both the bridge and
approach sections. This )WSPRO “option subdivides the cross section into 20 equal
conveyance tubes.. Figures 8.2 and’8.3 illustrate the location of these conveyance tubes for
the approach and.bridge cross, section, respectively. Figure 8.4 illustrates the average
velocities in each cenveyange tube and the contraction of the flow from the approach section
through the bridge. Figure=8.4 also identifies the equal conveyance tubes of the approach
section which are cut off by.the abutments.

Hydraulic variables for performing the various scour computations were determined from the
WSPRO output (Appendix G) and from Figures 8.2, 8.3, and 8.4. These variables which will
be used to compute contraction scour and local scour are presented in Tables 8.1 through
8.6.

Contraction scour will occur both in the main channel and on the left overbank of the bridge
opening. For the main channel, contraction scour could be either clear-water or live-bed
depending on the magnitude of the channel velocity and the critical velocity for sediment
movement. A computation will be performed to determine the sediment transport
characteristics of the main channel and the appropriate contraction scour equation.
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Table 8.1. Hydraulic Variables from WSPRO for Estimation of Live-bed Contraction Scour.

Remarks
Q (m’/s) 849.51 | Total discharge, line 8 of WSPRO input or Line 26 of
WSPRO output.
K, (Approach) 19 000 | Conveyance of main channel of approach. Line 378
of WSPRO output, SA#2.
Kiotal (Approach) 39 150 | Total conveyance of approach section. Line 380 of
WSPRO output.
W, or TOPW 121.9 | Topwidth of flow (TOPW). Assumed to represent
(Approach) (m) active live bed width of approach. Line 378 of
WSPRO output, SA#2.
A. (Approach) (m?) 320 | Area of main channel approach section. Line 378,
SA#2.
WETP (Approach) (m) 122.0 | Wetted perimeter of main channel approach section.
Line 378 of WSPRO output, SA#2.
K. (Bridge) 11 330 | Conveyance of main channel through bridge. Line
333 of WSPRO output, SA#2.
Kiotal (Bridge) 12 540 | Total conveyance through bridge. Line 334 of
WSPRO output.
A (Bridge) (m?) 236 | Area of the main channelybridge section. Line 333 of
WSRRO output, SA #2:
W, (Bridge) (m) 122 | Channel width<«at'the bridge.(Difference between
subarea break-points defining'banks at bridge, line
109 of WSPRO, output.
W, (Bridge) (m) 118.9%, Channel.width at bridge; less 4 channel pier widths
(6.08, M)
St (m/m) 0002 | Average‘unconstricted>energy slope (SF). Line 260,
or 266 of WSPRO"eutput.

Table 8.2. Hydraulic Variables from WSPRO for Estimation of Clear-water Contraction
Scour on Left Overbank

Remarks
Q (m’/s) 849.54 | Tetal discharge, (see Table 8.1).
Qghan (Bridge) (m°/s) 767 .54 |\Flow in main channel at bridge. Determined in live-
bed computation of step 3A.

Q. (Bridge) (m°/s) 8197 | Flow in left overbank through bridge. Determined by
subtracting Qcnan (listed above) from total discharge
through bridge.

D,, (Bridge Overbank) 0.0025 | Grain size of left overbank area. D,, = 1.25 Ds.
(m)
Wetback (Bridge)(m) 68.8 | Topwidth of left overbank area (SA #1) at bridge.
Line 332, of WSPRO output.
W contracted 65.8 | Set back width less two pier widths (3.04 m)
(Bridge) (m)
A (Bridge) (m®) 57 | Area of left overbank at the bridge. Line 332 of

WSPRO output, SA #1.

Table 8.3. Hydraulic Variables from WSPRO for Estimation of Pier Scour (Conveyance Tube

Number 12).
Remarks
V, (m/s) 3.73| Velocity in conveyance tube #12. Line 314 of WSPRO
output.
Y4 (m) 2.84| Mean depth of tube #12. Line 315 of WSPRO output.
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Table 8.4. Hydraulic Variables from WSPRO for Estimation of Abutment Scour Using
Froehlich’s Equation for Left Abutment.

Remarks
Q (m’/s) 849.51| Total discharge (Table 8.1)
Qtube (M°/S) 42.48| Discharge per equal conveyance tube, defined as total
discharge divided by 20.
#Tubes 3.5 Number of approach section conveyance tubes which

are obstructed by left abutment. Determined by super-
imposing abutment geometry onto the approach
section (Figure 8.4)

Q. (m°/s) 148.68| Flow in left overbank obstructed by left abutment and
approach embankment. Determined by multiplying #
Tubes and Giupe.-

A. (left abut.) (M?) 264.65| Area of approach section conveyance tubes number 1,
2, 3, and half of tube 4. Line 347 of WSPRO output.
L (m) 232.80| Length of abutment projected into flow, determined by

adding top widths of approachrsection conveyance
tubes number 1, 2, 3, and half oftube 4. Line 346 of
WSPRO output.

L' (m) 169.4] Length of active flow obstructed byrembankment.
Width or approach sec¢tion conveyancetube directly
upstream of abutmient’times the,number of conveyance
tubés'blocked bysembankment. (290.5-242.1)x 3.5 =
169.4 Note: Conveyance tubeswidths from line 346 of
WSPRO output.

Table 8.5. Hydraulic Variablesfrom WSPRO-for Estimation of Abutment Scour Using HIRE
Equation for Left Abutment:

Remarks
Viwbe (M/S) 1.29] Meanwelocity of conveyance tube #1, adjacent to left
(Bridge x-Section) abutment. Line 304 of WSPRO output.
y1 (M) 0:83|\Average depth of conveyance tube #1. Line 305 of
(Bridge x-Section) WSPRO output.

Table 8.6. Hydraulic’Variablésfrom WSPRO for Estimation of Abutment Scour Using HIRE
Equation for Right Abutment.

Remarks
Viwbe (M/S) 2.191 Mean velocity of conveyance tube 20, adjacent to right
abutment. Line 319 of WSPRO output.
Yy (M) 1.22] Average depth of conveyance tube 20. Line 320 of
WSPRO output.

In the overbank area adjacent to the left abutment, clear-water scour will occur. This is
because the overbank areas upstream of the bridge are vegetated, and because the
velocities in these areas will be low. Thus, returning overbank flow which will pass under the
bridge adjacent to the left abutment will not be transporting significant amounts of material to
replenish the scour on the left overbank adjacent to the left abutment.
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Because of this, two computations for contraction scour will be required. The first
computation, which will be illustrated in Step 3A will determine the magnitude of the
contraction scour in the main channel. The second computation, which is illustrated in Step
3B will utilize the clear-water equation for the left overbank area. Hydraulic data for these
two computations are presented in Tables 8.1 and 8.2 for the channel and left overbank
contraction scour computations, respectively.

Table 8.3 lists the hydraulic variables which will be used to estimate the local scour at the
piers (Step 5). These hydraulic variables were determined from a plot of the velocity
distribution derived from the WSPRO output (Figure 8.5). For this example the highest
velocities and flow depths in the bridge cross section will be used (at conveyance tube
number 12). Only one pier scour computation will be completed because the possibility of
thalweg shifting and lateral migration will require that all of the piers be set assuming that any
pier could be subjected to the maximum scour producing variables.

Local scour at the left abutment and right abutment will be illustrated in_steps 6A and B using
the HIRE equation. Scour variables derived from the WSPRO output forthese computations
are presented in Tables 8.4 and 8.5.

8.3 STEP 2: ANALYZE LONG-TERM BEDELEVATION'CHANGE

Evaluation of stage discharge relationships' and crossssectional data obtained from other
agencies do not indicate progressives aggradation or degradation.  Also, long-term
aggradation or degradation are  notyevidentNatyneighboring “bridges. Based on these
observations, the channel is relatively stablewerti€ally, at present. Furthermore, there are no
plans to change the local landse in the watershed. | The forest