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Bridge scour and waterway instability in the coastal region 
where waterways are subjected to tidal flow can be sub­
jected to mass density stratification, water saUnity, sedi­
mentation (littoral drift or riverine transport), and un­
steady reversible flows from astronomical tides and storm 
surges, as well as riverine flows. Nevertheless, bridge foun­
dation scour depths can be determined and waterway in­
stability can be countered by using existing scour equations 
and geomorphology techniques. A major difference for 
nontidal (riverine) streams is that the design discharge 
(50-, 100-, or 500-year return period flows) has a constant 
value, whereas with tidal waterways the design discharge 
for the same return periods may increase because it is de­
pendent on the design storm surge elevation, the volume 
of water in the tidal prism upstream of the bridge, and the 
area of the waterway under the bridge at mean tide. If 
there is erosion of the waterway from the constant daily 
flow from the astronomical tides that increase the area of 
the waterway, the discharges can increase. An existing 
clear-water scour equation can be used to predict the mag­
nitude of this scour, but not its time history. Recent expe­
rience indicates that this long-term degradation can be as 
large as 0.2 to 0.9 m/year. 

S cour (erosion) of the foundations of bridges over 
tidal waterways in the coastal region that are sub­
jected to the effects of astronomical tides and 

storm surges is a combination of long-term degradation, 
contraction scour, local scour, and waterway instability. 

These are the same scour mechanisms that affect non-
tidal (riverine) streams. Although many of the flow con­
ditions are different in tidal waterways, the equations 
used to determine riverine scour are applicable if the 
hydraulic forces are carefully evaluated. 

Bridge scour in the coastal region results f rom the 
unsteady diurnal and semidiurnal flows resulting f rom 
astronomical tides, large flows that can result f rom 
storm surges (hurricanes, northeasters, and tsunamis), 
and the combination of riverine and tidal flows. Also, 
the small size of the bed material (normally fine sand) 
as well as silts and clays with cohesion and littoral dr i f t 
(transport of beach sand along the coast resulting f rom 
wave action) affect the magnitude of bridge scour. Mass 
density stratification and water saUnity have a minor 
effect on bridge scour. The hydraulic variables (dis­
charge, velocity, and depths) and bridge scour in the 
coastal region can be determined with as much preci­
sion as riverine flows. These determinations are conser­
vative, and research is needed for both cases to improve 
scour determinations. Determining the magnitude of the 
combined flows can be accomplished by simply adding 
riverine flood flow to the maximum tidal flow, i f the 
drainage basin is small, or routing the design riverine 
flows to the crossing and adding them to the storm 
surge flows. 

Although tidal flows are unsteady, peak flows f rom 
storm surges have durations long enough that the time 
is sufficient for fine sand in most coastal zones to reach 
scour depths determined f rom existing scour equations. 

249 



2 5 0 FOURTH INTERNATIONAL BRIDGE ENGINEERING CONFERENCE 

Astronomical tides, wi th their daily or twice-daily in­
flows and outflows, can and do cause long-term deg­
radation if there is no source of sediment except at the 
crossing. This has resulted in long-term degradation of 
0.2 to 0.9 m (0.8 to 3.0 f t ) per year with no indication 
of stopping (1,2). The Indian River inlet in Delaware 
went f rom a depth of 3.7 m (12 f t ) in 1938 to 15.8 m 
(52 f t) in 1986 {1). 

Mass density stratification (saltwater wedges), which 
can result when the denser, more saline ocean water en­
ters an estuary or tidal inlet wi th significant freshwater 
inflow, can result in larger velocities near the bottom 
than the average velocity in the vertical. With careful 
evaluation the correct velocity can be determined for 
use in the scour equations. Wi th storm surges, mass 
density stratification wi l l not normally occur. The den­
sity difference between saltwater and freshwater, except 
as it causes saltwater wedges, is not significant enough 
to affect scour equations. Density and viscosity differ­
ences between freshwater and sediment-laden water can 
be much larger in riverine flows than their differences 
between saltwater and freshwater. Salinity can affect the 
transport of silts and clays by causing them to flocculate 
and possibly deposit, which may affect stream stability 
and which must be evaluated. Salinity may affect the 
erodibility of cohesive sediments, but this wi l l affect 
only the rate of scour, not the ultimate scour. Littoral 
d r i f t is a source of sediment to a tidal waterway (3), 
and its availability can decrease contraction and possi­
ble local scour and may result in a stable or aggrading 
waterway. The lack of sediment f rom littoral drif t can 
increase long-term degradation, contraction scour, and 
local scour. Evaluating the effect of littoral dr i f t is a 
sediment transport problem involving historical infor­
mation, future plans (dredging, jetties, etc.) for the wa­
terway or the coast, sources of sediment, and other 
factors. 

One major difference exists between riverine scour at 
highway structures and scour resulting f rom tidal 
forces. In determining scour depths of riverine condi­
tions, a design discharge is used (discharge associated 
with a 50-, 100-, and 500-year return period). For tidal 
conditions a design storm surge elevation is used, and 
f rom that the discharge is determined. That is, for the 
riverine case the discharge is fixed, whereas for the tidal 
case the discharge may not be. In the riverine case, as 
the area of the stream increases the velocity and shear 
stress on the bed decrease because of the fixed dis­
charge. In the tidal case, as the area of the waterway 
increases the discharge may also increase and the veloc­
ity and shear stress on the bed may not decrease appre­
ciably. Thus, long-term degradation and contraction 
scour can continue until sediment inflow equals sedi­
ment outflow or the discharge driving force (difference 
in elevation across a highway crossing an inlet, estuary, 

or channel between islands or islands and the mainland) 
reduces to a value that the discharge no longer increases 
(4,5). Hydraulic Engineering Circular 18 (HEC-18) (4) 
and Richardson et al. (5) present a method for deter­
mining the potential long-term degradation, but not its 
time history, when the sediment supply is cut off or de­
creased at an inlet. 

An overview of tidal hydraulics, a three-level method 
of scour analysis for tidal waterways, and scour equa­
tions for determining scour depths as given by FHWA 
is presented in the following section (4). Level 1 is a 
qualitative evaluation of the stability of a tidal water­
way, estimating the magnitude of the tides, storm 
surges, littoral drif t , and flow in the tidal waterway and 
attempting to determine whether the hydraulic analysis 
depends on tidal or river conditions, or both. Level 2 
represents the engineering analysis necessary to obtain 
the velocity, depths, and discharge for tidal waterways 
to be used in determining long-term aggradation or deg­
radation, contraction scour, and local scour by using 
existing scour equations. Level 3 analysis is for complex 
tidal situations that require physical or one- or two-
dimensional computer models. 

OVERVIEW OF TIDAL PROCESSES 

Glossary 

Bay. a body of water connected to the ocean wi th an 
inlet. 

Estuary: tidal reach at the mouth of a river. 
Flood or flood tide: flow of water f rom the ocean into 

the bay or estuary. 
Ebb or ebb tide: flow of water f rom the bay or estuary 

to the ocean. 
Littoral drift: transport of beach material along a shore­

line by wave action. 
Run-up: height to which water rises above still-water 

level when waves meet a beach or wall . 
Storm surge (hurricane surge, storm tide): tidelike phe­

nomenon resulting f rom wind and barometric pres­
sure changes. 

Tidal amplitude: generally, half of tidal range. 
Tidal cycle: one complete rise and fall of the tide. 
Tidal inlet: a channel connecting a bay or estuary to the 

ocean. 
Tidal passage: a tidal channel connected wi th the ocean 

at both ends. 
Tidal period: duration of one complete tidal cycle. 
Tidal prism: volume of water contained in a tidal bay, 

inlet, or estuary between low and high tide levels. 
Tidal range: vertical distance between specified low and 

high tide levels. 
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3 . Passages between islands, or between an island and the main land, 
where a route to the open sea exists in both direct ions. 

FIGURE 1 Types of tidal waterway crossings (6). 

Tidal waterways: a generic term that includes tidal in­
lets, estuaries, bridge crossings to islands or between 
islands, crossings between bays, tidally affected 
streams, and so forth. 

Tides, astronomical: rhythmic diurnal or semidiurnal 
variations in sea level that result f rom gravitational 
attraction of the moon and sun and other astronom­
ical bodies acting on the rotating earth. 

Tsunami: long-period ocean wave resulting f rom earth­
quake, other seismic disturbances, or submarine 
landslides. 

Waterway opening: width or area of bridge opening at 
a specific elevation, measured normal to principal di­
rection of flow. 

Wave period: time interval between arrivals of succes­
sive wave crests at a point. 

Definition of Tidal and Coastal Processes 

Typical bridge crossings of tidal waterways are dia­
grammed in Figure 1 (6). Tidal flows are defined as be­
ing between the ocean and a bay (or lagoon), f rom the 
ocean into an estuary, or through passages between is­
lands or islands and the mainland. IdeaHzed astronom­
ical tidal conditions and tidal terms are illustrated in 
Figure 2 ( 6 ) . 
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FIGURE 2 Principal tidal terms (6). 
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The forces that drive tidal fluctuations are primarily 
the result of the gravitational attraction of the sun and 
moon on the rotating earth (astronomical tides), wind 
and storm setup or seiching (storm surges), and geologic 
disturbances (tsunamis). As illustrated in Figure 2 the 
maximum discharge ( Q m a x ) at the flood or ebb tide oc­
curs often (but not always) at the crossing f rom high to 
low or low to high tide. The continuous rise and fal l of 
astronomical tides w i l l usually influence long-term 
trends of aggradation and degradation. Conversely, 
when storm surges or tsunamis occur, the short-term 
contraction and local scour can be significant. These 
storm surges and tsunamis are infrequent events wi th 
much longer tidal periods, elevations, and discharges 
than astronomical tides. Storm surges and tsunamis are 
a single-event phenomenon that, because of their mag­
nitudes, can cause significant scour at a bridge crossing. 

Although the hydraulics of flow for tidal waterways 
is complicated by the presence of two-directional flow, 
the basic concept of sediment continuity is vaUd. Con­
sequently, a clear understanding of the principle of sed­
iment continuity is essential for evaluating scour at 
bridges spanning waterways influenced by tidal fluctu­
ations. The sediment continuity concept states that the 
sediment inflow minus the sediment outflow equals the 
time rate of change of sediment volume in a given reach. 

In addition to sediments f rom upland areas, littoral 
dr i f t (Figure 3) is a source of sediment supply to the 
inlet, bay or estuary, or tidal passage. During the flood 
tide these sediments can be transported and deposited 
into the bay or estuary. During the ebb tide these sedi­
ments can be remobiUzed and transported out of the 
inlet or estuary and can be either deposited on shoals 
or moved farther down the coast as littoral dr i f t . 
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FIGURE 3 Sediment transport in tidal inlets (3). 

Sediment t ransported to the bay or estuary f r o m the 
up l and r iver system can also be deposited i n the bay or 
estuary du r ing the flood t ide and can be remobi l ized 
and transported t h r o u g h the inlet or estuary du r ing the 
ebb t ide. However , i f the bay or estuary is large, sedi­
ments derived f r o m the up land river system can deposit 
i n the bay or estuary i n areas where the velocities are 
l o w and may no t cont r ibu te to the supply o f sediment 
to the bridge crossing. The result is clear-water scour 
unless sediment t ranspor ted o n the flood tide (ocean 
shoals, l i t t o r a l d r i f t ) is available o n the ebb. Sediments 
t ranspor ted f r o m up land rivers in to an estuary may be 
stored there on the floor and t ransported ou t du r ing ebb 
t ide. This w o u l d produce live-bed scour condi t ions un­
less the sediment source i n the estuary was disrupted. 
Dredg ing , jetties, or other coastal engineering activities 

can l i m i t sediment supply to the reach and influence 
live-bed and clear-water scour condi t ions . 

A net loss o f sediment discharge i n t o the t i d a l w a ­
terway cou ld be the result o f cu t t ing o f f l i t t o r a l d r i f t by 
means o f a je t ty projec t ing in to the ocean (Figure 3) o r 
dredging. Because the avai labi l i ty o f sediment f o r trans­
p o r t i n t o the bay or estuary is reduced, h ighway 
crossing degradation cou ld result. As discussed earlier, 
as the cross-sectional area o f the crossing increases, the 
flow velocities dur ing the ebb and flood tides may n o t 
decrease, result ing in fu r t he r degradation o f the inlet . 

Level 1 Analysis 

Level 1 analysis is the qual i ta t ive determinat ion o f the 
(a) classification o f the t i da l crossing, (b) t i da l charac-
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teristics, (c) lateral , vert ical , and overal l stabilities o f the 
wa te rway and bridge foundat ions , and (d) characteris­
tics o f the r iverine and t ida l f l o w s . Design plans; b o r i n g 
logs; inspection and maintenance reports; f l u v i a l geo-
morpho logy ; his tor ical f l o o d , scour, and t ida l i n f o r m a ­
t i o n ; 100- and 500-year re turn per iod s to rm surge ele­
vations; r iverine f l ows ; and so f o r t h are collected and 
analyzed. Field reconnaissance, off ice review, and con­
tact w i t h relevant agencies such as the Federal Emer­
gency Management Agency ( F E M A ) , N a t i o n a l Oceanic 
and Atmospher ic A d m i n i s t r a t i o n ( N O A A ) , U.S. Geo­
logical Survey, U.S. Coast Guard , U.S. Corps o f Engi­
neers (USCOE), state agencies, and so f o r t h are used. 

The crossing is classified as an inlet , bay, estuary, o r 
passage between islands or islands and the ma in land 
(Figure 1). The crossing may be t ida l ly affected or t i d -
al ly cont ro l led . T ida l l y affected crossings do no t have 
f l o w reversal, bu t the tides act as a downs t ream con t ro l . 
T i d a l l y cont ro l led crossings have f l o w reversal. The l i m ­
i t i n g case f o r a t ida l ly affected crossing is w h e n the mag­
ni tude o f the tide is large enough to reduce the discharge 
t h rough the bridge to zero. 

The objectives o f a Level 1 analysis are to determine 
the magnitudes o f the t i da l effects o n the crossing, 
the overal l long- te rm vert ical and lateral stabilities o f 
the wa te rway and bridge crossing, and the potent ia l f o r 
the wa te rway and the crossing to change. 

Level 2 Analysis 

Level 2 analysis is the basic engineering assessment o f 
scour and stream stabi l i ty at an exist ing bridge f o r the 
design o f a new or replacement bridge or the design o f 
countermeasures f o r wa te rway ins tabi l i ty or bridge 
scour. The general procedure is to determine (a) design 
f lows (100- and 500-year s torm tides and riverine 
f loods) and (b) hydraul ic characteristics (discharge, ve­
locity, and depths) and scour components (depths o f 
degradat ion, cont rac t ion scour, pier scour, and abut­
ment scour) and (c) to evaluate the results. 

Design Flows and Hydraulic Variables 

The riverine 100- and 500-year re turn per iod s to rm dis­
charge is determined by standard hyd ro logy frequency 
analysis procedures. The magnitude o f the 100- and 
500-year re tu rn per iod discharge f o r a t i da l surge de­
pends o n the elevation o f the surge at the crossing, the 
volume o f water i n the t ida l p r i sm above the crossing, 
the area o f the bridge wa te rway at the water surface 
elevation between h igh and l o w tides (ebb) or l o w and 
h igh tides ( f lood) , and the t i da l per iod (time between 
successive h igh or l o w tides). 

The elevation o f the 100- and 500-year s torm surge, 
t ida l per iod , and surge hydrographs f o r s to rm surges 
can be obta ined f r o m F E M A , N O A A , and U S C O E . 
F r o m this i n f o r m a t i o n the vo lume of the t i da l p r i sm 
above the crossing, the area o f the wa te rway at the 
bridge and the elevation o f the crossing between h igh 
and l o w tides, the design s to rm surge discharges, and 
hydraul ic variables f o r use i n the scour equations can 
be determined f o r an unconstricted wa te rway by a 
method given by N e i l l (6) and f o r a constr icted water­
w a y by a me thod given by Chang et a l . (7) . 

Design Flows and Hydraulic Variables for 
Unconstricted Waterways 

FHWA's H E C - 1 8 (4) presents an example p rob l em by 
Nei l l ' s me thod (6). The steps are as f o l l o w s : 

Step 1. Determine and p lo t the net wa te rway area at 
the crossing as a f u n c t i o n o f elevation. N e t area is the 
gross wa te rway area between abutments minus the area 
o f the piers. 

Step 2. Determine and p l o t t ida l p r i sm volumes as a 
f u n c t i o n o f elevation. The t ida l p r i sm is the volume o f 
water between l o w - and high-t ide levels or between the 
high-t ide elevation and the b o t t o m o f the t i d a l 
waterway. 

Step 3. Determine the elevation-versus-time re la t ion 
f o r the 100- and 500-year s to rm tides. The re la t ion can 
be approx imated by a sine curve, w h i c h starts at the 
mean water level, or a cosine curve, w h i c h starts at the 
m a x i m u m tide level. The cosine equat ion is 

A cos e 4- Z (1) 

where 

y = ampl i tude or elevation o f the t ide above mean 
water level (m) at t ime t; 

A - m a x i m u m ampl i tude o f the tide or s to rm surge 
(m) , defined as ha l f the t i da l range or ha l f the 
height o f the s to rm surge; and 

6 = angle subdiv id ing the t i d a l cycle (degrees); one 
t ida l cycle is equal to 360 degrees. 

e = 360 

where 

t - t ime f r o m beginning o f t o t a l cycle (min) , 
T = to ta l t ime f o r one complete t ida l cycle (min) , 

and 
Z = vert ical offset to da tum (m) . 
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To determine the elevation-versus-time re la t ion f o r the 
100- and 500-year s t o r m tides, the t i d a l range and pe­
r i o d must be k n o w n . F E M A , USCOE, N O A A , and 
other federal or state agencies compile records that can 
be used t o estimate the 100- and 500-year s to rm surge 
elevation, mean sea level elevation, low- t ide elevation, 
and t ime per iod . 

Tides, and i n par t icular s torm tides, may have pe­
riods d i f fe ren t f r o m those o f as t ronomical semidiurnal 
and d iu rna l tides, w h i c h have periods o f approximate ly 
12.5 and 25 hr, respectively. This is because s torm tides 
are influenced by factors other than the gravi ta t ional 
forces o f the sun, m o o n , and other celestial bodies. Fac­
tors such as the w i n d , the pa th o f the hurricane or s to rm 
creating the s to rm t ide, freshwater i n f low, and shape o f 
the bay o r estuary influence the s to rm tide ampl i tude 
and per iod . 

Step 4. Determine the discharge, velocities, and 
depth. The m a x i m u m discharge, i n an ideal t ida l estuary, 
may be approximated by the f o l l o w i n g equation (6): 

where 

3.14 V O L 
(2) 

Q : m a x i m u m discharge i n the t i da l cycle (mV 
sec), 

V O L = volume o f water i n the t i da l p r i sm between 
high- and low- t ide levels (m^), and 

T = t i d a l pe r iod between successive h igh or l o w 
tides (sec). 

I n the idealized case Q n , a x occurs i n the estuary or bay 
at the mean water elevation and at a t ime m i d w a y be­
tween h igh and l o w tides, when the slope o f the t i da l 
energy gradient is steepest (Figure 2 ) . I n many cases i n 
the f i e ld Q ^ a , occurs 1 or 2 hr before or after the 
crossing, bu t any error caused by this is d iminu t ive . The 
corresponding m a x i m u m average velocity i n the water­
w a y is 

V^ 
A' (3) 

where V^^^ is the m a x i m u m average velocity i n the cross 
section at Q ^ a x (m/sec) and A' is the cross-sectional area 
o f the wa te rway at mean tide elevation, h a l f w a y be­
tween h igh and l o w tides (m^). 

The average velocity must be adjusted to determine 
the velocities at i n d i v i d u a l piers t o account f o r the non-
u n i f o r m i t y o f velocity i n the cross section. As f o r in l and 
rivers local velocities can range f r o m 0.9 to app rox i ­
mately 1.7 times the average velocity, depending o n 
whether the loca t ion i n the cross section is near the 
bank or near the f l o w thalweg. The calculated velocities 

should be compared w i t h any measured velocities f o r 
the bridge site or adjacent t ida l waterways to evaluate 
the reasonableness o f the results. 

The discharge at any t ime t i n the t ida l cycle (Q,) is 
given by 

sini 360 - (4) 

Step 5. Include any riverine f lows . This may range 
f r o m s imply neglecting the r iverine f l o w in to a bay 
(which is so large that the r iverine f l o w is ins ignif icant 
i n comparison w i t h the t i da l f lows) to r ou t i ng the r i v ­
erine f l o w th rough the crossing. 

Step 6. Evaluate the discharge, velocities, and depths 
tha t were determined i n Steps 4 and 5. 

Step 7. Determine scour depths f o r the bridge by us­
ing the values o f the discharge, velocity, and depths de­
termined f r o m the earlier analysis. 

Design Flows and Hydraulic Variables for 
Constricted Waterways 

To determine the hydraul ic variables at a constricted 
wa te rway (constricted either by the bridge or the chan­
nel) the t ida l f l o w may be treated as orif ice f l o w and 
the f o l l o w i n g equation taken f r o m van de Kreeke {8) 
and Bruun (9) can be used: 

v „ , a x = CAig A n y 

Q . a x = A' V 

(5) 

(6) 

where 

V 
' max 

g = 

A' 

m a x i m u m velocity i n the inlet (m/sec), 
m a x i m u m discharge i n the inlet (mVsec), 
coefficient o f discharge (C^ < 1.0), 
acceleration due to gravi ty (9 .81 m/sec^), 
difference in water surface elevation between 
the upstream and downst ream sides o f a 
crossing or channel f o r the 100- and 500-
year re turn pe r iod s to rm surge as w e l l as f o r 
the no rma l as t ronomical average tides; the 
latter is used to determine the average nor­
m a l discharge on a dai ly basis to determine 
potent ia l long- term degradation at the 
crossing o f a t i d a l wa te rway i f i t becomes 
unstable (4) ( m ) , and 
net cross-sectional area at the crossing, at 
the mean water surface elevation (m^). 

The coefficient o f discharge (C^) is 

C , = ( 1 / R ) " ' (7) 
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where 

R = K„ + Kj + ^ ̂ 4/3 (8) 

and 

R 

K„ 

n 

• coeff ic ient o f resistance, 
; veloci ty head loss coefficient on downst ream 
side o f the waterway, 

: veloci ty head loss coeff ic ient o n upstream side 
o f the waterway, 

: Mann ing ' s roughness coefficient , 
: length o f the wa te rway or bridge opening (m) , 

and 
= average depth o f f l o w at the bridge at mean 

water elevation (m) . 

I f A H is no t k n o w n , the f o l l o w i n g method developed 
by Chang et al . (7) , w h i c h combines the orif ice equat ion 
w i t h the con t inu i ty equat ion, can be used. The to ta l 
flow approaching the bridge crossing at any t ime {t) is 
the sum o f the riverine flow ( Q ) and t ida l flow. The t ida l 
flow is calculated by m u l t i p l y i n g the surface area o f the 
upstream t ida l basin (A,) by the d r o p i n elevation ( H J 
over the specified t ime (Q,ide = A , dHJdt). This t o t a l 
flow approaching the bridge is set equal to the flow 
calculated f r o m the or i f ice equat ion. 

(9) 

where is the bridge w a t e r w a y cross-sectional area 
(m^) and the other variables have been defined 
previously. 

Equa t ion 9 may be rearranged in to the f o r m o f Equa­
t i o n 10 f o r the t ime in terval At - t2 - t^, where sub­
scripts 2 and 1 represent the end and beginning o f the 
t ime in terval , respectively: 

Q i + Q 2 ^ As^ + As2 Hs 

the surface area of the t i da l basin is a f u n c t i o n o f the 
water-surface elevation, the elevation o f the t ida l basin 
at t ime t2 {H^) is the on ly u n k n o w n t e rm i n Equat ion 
10, w h i c h can be determined by t r i a l and error to bal­
ance the values on the r igh t and le f t sides. 

Chang et a l . (7) suggest the f o l l o w i n g steps f o r com­
pu t ing the flow: 

Step 1. Determine the per iod and ampl i tude o f the 
design tide(s) to establish the t ime rate o f change o f the 
water surface o n the downst ream side o f the bridge. 

Step 2. Determine the surface area o f the t i da l basin 
upstream of the bridge as a f u n c t i o n o f elevation by 
p lanimeter ing successive con tour intervals and p l o t t i n g 
the surface area versus the elevation. 

Step 3. Plot bridge wate rway area versus elevation. 
Step 4 . Determine the quant i ty o f riverine flow that 

is expected to occur du r ing passage o f the s to rm tide 
t h r o u g h the bridge. 

Step 5. Route the flows th rough the contracted w a ­
terway by using Equat ion 10 and determine the m a x i ­
m u m veloci ty o f flow. Chang et a l . (7) and Richardson 
et a l . (4) give an example p rob lem using a spreadsheet 
and have developed a computer p r o g r a m to aid i n using 
this method . 

Level 3 Analysis 

Level 3 analysis involves the use o f physical models or 
computer programs f o r complex situations i n w h i c h a 
Level 2 analysis appears to be inadequate. M a n y com­
puter programs are available. A study o f computer 
models (10) f o r analyzing the hydraul ic condi t ions o f 
t i da l streams at h ighway structures recommended the 
one-dimensional unsteady flow mode l ent i t led U N E T 
(11) and t w o two-d imens iona l models ent i t led 
F E S W M S - 2 D (12) and the TABS/FastTABS system w i t h 
R M A - 2 V (13) . 

At SCOUR CALCULATIONS 

A„ + Ar Hsr + Hs2 Hn + Ha 
2g 

(10) 

For a given in i t i a l cond i t ion , ti, a l l terms w i t h the 
subscript 1 are k n o w n . For t = t2 the downst ream t ida l 
elevation (Ha), r iverine discharge (Q2), and wa te rway 
cross-sectional area ( A . j ) are also k n o w n or can be cal­
culated f r o m the t ida l elevation. O n l y the water-surface 
elevation [Ha) and the surface area [A^) o f the 
upstream t i d a l basin remain to be determined. Because 

By using the i n f o r m a t i o n and hydraul ic variables de­
veloped in the Level 2 or 3 analysis, long- te rm degra­
da t ion , cont rac t ion scour, and local scour at piers and 
abutments •are determined. The methods and equations 
given i n H E C - 1 8 (4) are summarized i n the f o l l o w i n g 
sections. 

Long-Term Aggradation or Degradation 

F r o m a study o f site condi t ions , fluvial geomorphology, 
his tor ical data of changes i n wa te rway bed elevation. 
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and poten t ia l fu tu re changes i n the t i da l wa te rway or 
coastal condi t ions , determine i f the wa te rway is aggrad­
ing or degrading. I f the wa te rway f r o m that study is 
degrading an estimate o f the amoun t o f degradation 
tha t w i l l occur in the fu tu re is made and is added to the 
other scour components. H i s t o r i c a l data sources cou ld 
be maps, soundings, t ide gauge records, and bridge i n ­
spection reports f o r the site and i n the area. Determine 
i f there are plans t o construct jetties or breakwaters, 
dredge the channel, construct piers, and so f o r t h tha t 
cou ld affect wa te rway stabili ty. Also , determine changes 
i n the r iverine environment , such as dams, w h i c h w o u l d 
change flow condi t ions . 

Long- t e rm degradation can occur i f there is l i t t le or 
no sediment supply to an inlet o r estuary or i f i t is de­
creased (1,2). H E C - 1 8 (4) presents an example p rob l em 
that estimates potent ia l long- te rm degradation. 

Contraction Scour 

Cont rac t ion scour can occur at a t i da l inlet , estuary, or 
passage between islands or islands and the main land . I t 
may be l ive-bed or clear-water scour. I t w o u l d be con­
sidered l ive-bed scour i f there is a substantial quan t i ty 
o f bed mater ia l m o v i n g i n contact w i t h the bed. Con­
t rac t ion scour can occur i f the t i da l wa te rway constricts 
the flow or i f o n l y the bridge constricts the flow. Also , 
because the discharge i n a contracted t ida l wa te rway 
depends o n the area o f the wa te rway f o r a given t ida l 
or s to rm surge ampl i tude , the discharge w i l l need to be 
recalculated after the area has increased f r o m contrac­
t i o n scour. 

Live-Bed or Clear-Water Scour 

To determine i f the flow i n the t i da l wa te rway is trans­
p o r t i n g bed mater ia l , compare the cr i t ica l velocity f o r 
beginning o f m o t i o n (V^) w i t h the mean flow velocity 
(V) i n the t i da l waterway. I f the cr i t ica l velocity o f the 
bed mater ia l is larger than the mean velocity (V, > V), 
then clear-water cont rac t ion scour w i l l exist. I f the cr i t ­
ical velocity is less than the mean velocity (V , < V ) , then 
live-bed scour may exist. To calculate the cr i t ica l veloc­
i ty Equat ion 17 can be rearranged in to the f o l l o w i n g : 

(11) 

By using S, equal to 2.65 and « equal to 0 .041 D ' ' ^ 
Equa t ion 11 f o r cr i t ica l veloci ty ( V J f o r fine bed ma­
ter ia l ( D 5 0 < 2 m m , K, = 0.047) becomes 

f o r m e d i u m coarse-bed mater ia l (2 m m < D50 < 40 m m , 
Ks - 0.03) Equat ion 11 becomes 

V , = 5.43 /"D' (13) 

and f o r coarse-bed mater ia l (Djo > 40 m m , K, - 0.02) 
Equa t ion 11 becomes 

V, = 4.43 y"'D' 

where 

(14) 

V, - c r i t ica l velocity above w h i c h bed mater ia l o f 
size D and smaller w i l l be t ranspor ted (m/sec), 

Ks = shields parameter, 
Sj = specific gravi ty o f the bed mater ia l , 
y = depth o f flow (m) , 

D = par t i a l size f o r (m) , and 
« = Mann ing ' s n roughness coefficient . 

Live-Bed Scour 

To calculate live-bed con t rac t ion scour a mod i f i ed Laur-
sen's equat ion (14) is recommended i n H E C - 1 8 (4): 

y-i - 9i\ El] 

- 72 - Vi = (average scour depth) 

where 

(15) 

(16) 

y i = average depth i n the upstream ma in channel 
(m) , 

y2 = average depth i n the contracted section (m) , 
W j = b o t t o m w i d t h o f the upstream m a i n channel 

(m) , 
Wi = b o t t o m w i d t h o f the m a i n channel i n the con­

tracted section (m) , 
Q ] = flow i n the upstream channel t ranspor t ing sed­

iment (mVsec), 
Q2 - flow in the contracted channel or bridge open­

i n g (mVsec), 
- exponent determined f r o m below, 

y , = (Tolpy^ - (gJiSiY'^, shear velocity i n the up­
stream section (m/sec), 

o) = f a l l velocity o f bed mater ia l based o n the D50 
(m/sec), 

g = acceleration o f gravi ty (9 .81 m/sec^). 
Si = slope o f energy grade line o f m a i n channel (m/ 

m ) , 
To = shear stress on the bed (N/m^) , and 
p = density o f water (freshwater = 1,000 k g / m ' ) . 

V , = 6.79 y"'D' (12) Exponent ki is as fo l l ows : 
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T A B L E 1 Correction Factor K , fo r T A B L E 3 Correction Factor K , fo r A r m o r i n g by D90 
Pier Nose Shape Size (Froude number s 0.8) 

Shape of Pier Nose K, •50 (mm) D90/D50 a Ma ximum V, K, 

(a) Square nose 1.1 Sand < 2.0 1.0 

(b) Round nose 1.0 Gravel 2 - 32 -- -- 1.0 

(c) Circular cylinder 1.0 Gravel 32 - 64 4 - 3 V < 0.7 V , 0.95 

Id) Sharp nose 0.9 Cobbles 64 - 250 3 - 2 V < 0.8 V, 0 .90 

(e) Group of cylinders 1.0 2 5 0 - 5 0 0 2 - 1 V < 0.8 V , 0.85 

> 500 1 V < 0.9 V, 0.80 

from equations 11 through 14 using the particle size. 

Mode of Bed 
V^lw k, Material Transport 

<0.50 0.59 M o s t l y contact bed mater ia l 
discharge 

0.50 to 2.0 0.64 Some suspended bed mater ia l 
discharge 

>2.0 0.69 M o s t l y suspended bed mater ia l 
discharge 

I f the bed mater ia l is m o v i n g as suspended sediment 
discharge or i f there are large particles i n the bed ma­
ter ia l , the use o f the clear-water scour equat ion should 
be investigated. I f the bed mater ia l is m o v i n g most ly i n 
suspension, clear-water scour may occur, w h i c h cou ld 
increase cont rac t ion scour. Large particles i n the bed 
mater ia l may decrease the cont rac t ion scour by armor­
ing the bed. 

Clear-Water Scour 

To calculate clear-water scour, the f o l l o w i n g equations 
based on Laursen's me thod (15) f o r relief bridge scour 
were developed: 

Ks(S, - 1)D 
(17) 

I n terms o f discharge ( Q ) the depth (y) is 

y = (18) 

W i t h Mann ing ' s n given by Stricklers i n metric f o r m 
as n equal to 0.040 Dl!,\ w i t h S, equal to 2.65, and the 
indicated values f o r Shields coeff icient (K,) f o r the i n ­
dicated bed mater ia l size range, the equations are as 
f o l l o w s : 

For fine bed mater ia l ( D 5 0 < 2 m m , K, = 0.047): 

0 .0206 Q-
(19) 

For m e d i u m coarse-bed mater ia l (2 m m < D50 < 40 m m , 
K, = 0.03): 

0.0323 

For coarse-bed material ( D 5 0 > 40 m m , K, = 0.02): 

f0 .0485 

(20) 

(21) 

T A B L E 2 Increase in Equi l ibr ium Pier Scour Depths (K3) fo r 
Bed Condi t ion 

Bed Condition 
Dune Height 

(m) K3 

Clear-Water Scour 

Plane bed and Antidune flow 

Small Dunes 

Medium Dunes 

Large Dunes 

N/A 

N/A 

3 > H > 0.6 

9 > H > 3 

H > 9 

1.1 

1.1 

1.1 

1.1 to 1.2 

1.3 
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ys = y - yo = (average scour depth) 

where 

(22) 

y = average depth i n the contracted section (m) , 
« = M a n n i n g ' s roughness coefficient , 

Q = discharge th rough the bridge associated w i t h 
the w i d t h W (mVsec), 

K, - Shield's coefficient , 
S, - specific gravi ty (2.65 fo r quar tz) , 

D„ = effective mean diameter o f the smallest non-
transportable part icle in the bed mater ia l 
(1.25 D 5 0 ) in the contracted section (m) , 

D jo = median diameter o f bed mater ia l (m) , 
W = b o t t o m w i d t h o f the contracted section less 

pier w i d t h s (m) , 
- depth o f scour in the contracted section (m) , 

and 

y„ = o r ig ina l depth i n the contracted section before 
scour (m) . 

For s t ra t i f ied bed mater ia l the depth o f scour can be 
determined by using the appropriate clear-water scour 
equat ion sequentially w i t h successive D„, values o f the 
bed mater ia l layers. 

Local Scour at Piers 

H E C - 1 8 (4) on the basis o f a study by Jones (16) , rec­
ommends the f o l l o w i n g equat ion f o r comput ing local 
l ive-bed and clear-water scour at piers i n t i da l water­
ways: 

0.35 

- = 2.0 K,K^K,K, FrV 
a \a' 

where 

(23) 

y, - scour depth (m) , 
yi - flow depth direct ly upstream o f the pier (m), 

K ] = correct ion fac tor f o r pier nose shape (Table 1), 
Ki = correc t ion fac tor f o r angle o f attack o f flow, 

(cos 0 + L/a sin 9)° " , 
- correct ion fac tor f o r bed cond i t i on (Table 2) , 

K4 = correc t ion fac tor f o r bed mater ia l size (Table 
3) , 

a = pier w i d t h (m) , 
L = length o f pier (m) , 

f r , = Froude number = Vi/igyi)"^, 
V i = mean velocity o f flow direct ly upstream o f the 

pier (m/sec), and 
9 = angle between veloci ty vector and pier. 

Scour depths are l i m i t e d to yja equal to 2.4 when the 
Froude number is less than 0.8 and to yJa equal to 3.0 
w h e n the Froude number is greater than 0.8. 

H E C - 1 8 (4) gives methods and recommendations on 
determining pier scour f o r exposed foot ings , exposed 
pile groups, pile caps i n the flow, mul t ip le columns, 
pressure flow, and debris o n a pier. 

Abutment Scour 

A b u t m e n t scour equations are based almost entirely o n 
labora to ry data, and experience has indicated that they 
predict excessive scour depths. Th i s results because the 
equations use abutment and approach embankment 
length as a m a j o r variable. Richardson and Richardson 
(17) state, "The reason the equations i n the l i terature 
predict excessively conservative abutment scour depths 
f o r the field s i tuat ion is that , i n the labora tory flume, 
the discharge intercepted by the abutment is direct ly re­
lated to the abutment length; whereas, i n the field, this 
is rarely the case." Thus , "predict ive abutment scour 
equations, based soley o n the available labora tory stud­
ies are flawed" (18). Therefore , foundat ions can be de­
signed w i t h shallower depths than predicted by the 
equations when the foundat ions are protected w i t h r o c k 
r ip rap or a guide bank placed upstream o f the abutment 
(4) . Design o f r iprap and guide banks is given i n H E C -
18 (4) , and design o f guide banks is given i n H E C - 2 0 
(19). 

CONCLUSIONS 

Bridge scour at t idal ly affected waterways is very com­
plex because o f unsteady d iu rna l and semidiurnal flows 
result ing f r o m astronomical tides, large flows f r o m 
s to rm surges (hurricanes, northeasters, and tsunamis), 
mass density s t ra t i f icat ion, water salinity, sand-size bed 
mater ia l as w e l l as silts and clays w i t h cohesion, l i t t o r a l 
d r i f t , and the combina t ion o f r iverine and t ida l flows. 
However , by using the available methods to determine 
the hydraul ic variables o f discharge, velocity, and depth 
result ing f r o m the tides and s to rm surges, the to ta l 
scour at bridges can be calculated by using the available 
scour equations. A major difference between scour at a 
r iverine h ighway crossing and that at a t ida l bridge 
crossing is that the flow at a riverine crossing has a fixed 
discharge f o r a given re tu rn per iod , whereas a t i d a l 
bridge crossing may have an increase in the discharge 
f o r a given re turn per iod because i t is based o n the 
s to rm surge elevation and per iod , the volume o f water 
i n the t i d a l p r i sm, and the cross-sectional area o f the 
wa te rway opening. I f the area o f the wa te rway opening 
increases, the design discharge may increase f o r a given 
s to rm surge elevation and per iod. Thus , there is no (or 
on ly a small decrease in ) velocity or boundary shear 
stress i n the t ida l crossing w i t h an increase i n area due 
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t o scour. I n such a case an e q u i l i b r i u m cond i t i on be­
tween the erosional and resisting forces is no t reached. 
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