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(H-Rl= maximum scour 
depth 

Figure 1. Graphical illustration of the problem. 

Scour Around Pipelines* 

Scour around pipelines may be caused by currents and/or waves and may be 
either long-term or short-term. Long-term changes in shallow water involve a general 
erosion or accretion of sediment over decades or hundreds of years. Shallow-water 
relates to a condition where wavelength-to-water-depth ratio is greater than 2. The 
short-term changes are associated with a variable-wave climate and the direction 
of sediment motion depends on the direction of wave approach angle. 

If the currents near the pipeline are sufficiently strong to produce scour, the 
overburden will gradually erode as shown in Figure 1. 

Storm waves produce appreciable horizontal and vertical velocities in shallow 
water. If the ocean bed is composed of erodible materials, the dynamic equilibrium 
of granular sediments may be disturbed and scour and deposition of sediments will 
occur. The pipe itself may trigger (or initiate) scour or cause additional local scour. 
Because of large horizontal drag and inertial forces as the storm intensifies, the 
scour may eventually uncover and expose the pipeline. The exposed pipe may be 
broken or damaged in such a case, because, generally, pipelines are not designed 
to withstand spanning and vibration due to vortex shedding. The subsiding storm 
may fill the trench, pushing the pipe upward or downward. If the pipe becomes 
buried again, a visual observation by a diver after the storm will not show that the 
pipe had moved closer to the ocean bottom or that it had been exposed during the 
storm. 

Scour Depth 

Kjeldsen, et al. [26] proposed a formula for estimating the equilibrium scour 
depth based on experiments with pipes having diameters 6 to 50 cm resting on a 
bed of sediment with a mean grain size of 0.074 mm. 

The equilibrium scour depth in meters below the bottom of the pipeline, S, is 

(
uz)o.2 

S = 0.972 g D 0
·
80 (1) 

• From Chapter 3, "Scour Around Pipelines and Other Objects," Offshore Pipeline Design Elements (with 
permission from Marcel Dekker, Inc.) (20). 
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where U = flow velocity in m/sec 
g = acceleration due to gravity= 9.81 m/sec2 

D = pipe diameter in m 

In subsequent studies Kjeldsen found that the ratio of water depth to pipe diameter 
has no influence for values greater than 3 to 5. 

Bijker [7] assumed that the velocity just outside the viscous sublayer for the un­
disturbed flow is 

where qw = 1/ln (33 YJkb) 
Yi, = h0 + 2R, with a positive or negative value of h0 
kb = bottom roughness 
VR = mean velocity over the height of the pipe above the seafloor 
h0 = distance between the bottom of the pipe and seabed (Figure 2) 

(2) 

The velocity profile underneath the pipe is not logarithmic and the velocity V b just 
outside the viscous sublayer under the pipe may be expressed as 

(3) 

h
0 

ia poail i ve 

Figure 2. Flow pattern around pipes [7] . 
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where Sw = J.f'/(2K 2
) 

f' = wave friction factor (25] 
K = von Karman's constant 

and V 8 just outside the boundary layer under the pipe is 

(4) 

where hmax = distance from the seabed to the bottom of tlw scour hole (Figure 2). 
The velocity V b ju t outside the viscous sublayer under the pipe is given by 

(5) 

Because this velocity must be equal to qw V R, the velocities under the pipe must be 
decreased by V d• or 

(6) 

The scour measured under the pipe for uniform flow is shown in Figure 3. 
Carstens [10] measured localized scour around horizontal cylinders in oscillatory 

flow. The scour depth, S, function was related to the sediment number, N5, defined 
as 

N - U"'., 
s - .j(s - 1) gd 

where Umax = maximum velocity in oscillatory flow 
s = specific gravity of sediment 
d = grain diameter 

The dimensionless scour is 

where L = characteristic length 
U = characteristic velocity 
t = time 

(7) 

(8) 

Nsc = zero transport sediment transport number (determined experimentally). 

Bijker [7] indicated that the velocity distribution around the pipe may be expressed 
as 

(9) 

sq; 
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Figure 3. Pipeline scour caused by currents [7]. 

where u. = velocity around the pipe 
a = distance from the center of the pipe 
R = radius of the pipe 

U 0 = orbital velocity at the bottom 
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Figure 4. Velocity distribution around pipeline [7]. 

Based on the distances h0 and h01,. as shown in Figure 4. the velocity just outside 
the boundary layer under the pipe is 

(10) 

Because this velocity must be equal to U 0 , the velocities under the pipeEne are 
decreased by a value, UE, defined as 

UE = Vo [l + R 2/(ho + hm,x + R)2
] - Uo 

= U0 R2/(ho + Hmax + R)2 (11) 

Van Ast and de Boer [52] employed the assumed distribution of flow to derive 
the following expressions for the scour depth (h0 + hmaxl: 

S3 = S2(3R - B) + S(R 2 
- 2BR) - BR2 = 0 

S3 = 2S 2R = SR 2 
- R3 = 0 

S3 + S2(5R - B)/2 - BRS - (R3 + BR 2)/2 = 0 

where S = (h0 + hmaJ and B = (h0 + R) 

for h0 ~ 0 

for h0 = 0 

for h0 s 0 

(12a) 

(12b) 

(12c) 

(13) 
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It will be noted that this expression for scour depends only on the radius of the 
pipeline and not on the sediment or wave characteristics. 

Experimental results conducted at the Delft University of Technology, the Nether­
lands and at the Hydraulic Research Station Wallingford U.K. are shown in Figure 
5. 
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RESULTS H.R.S. 

ho+ hmax 

2R 

WALLINGFORD 

0 l--'--J._-,f:.µ,,l,F~'---'---'L--'---'-----'---'---'---'-----'---'----
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.,,d 
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Figure 5. Pipeline scour caused by waves [7]. 
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Maximum Scour Depth 

An analytical method for estimating the maximum scour depth under the off­
shore pipelines due to currents was developed by Chao and Hennessy [ 11]. This 
method provides an order-of-magnitude estimation of the possible scour hole depth. 

The subsurface current is assumed to flow perpendicular to the longHudinal axis 
of the pipeline. Based on two-dimen ional potential flow theory and the assump­
tions outlined by Chao and Hennessy, the di charge through the scour hole is: 

where u0 = undisturbed subsurface current at the top of the pipe 
R = radius of the pipe 
H = scour hole depth from the center of the pipe 

The average jet velocity is: 

(14) 

(15) 

If the velocity in the scour hole is greater than the free stream velocity, erosion may 
occur. The limit of scour is presumably reached when, because of the enlargement 
of the scour section, the velocity along the boundary has decreased to the point at 
which the boundary shear stress 'b becomes equal to the critical tractive stress 'c 
of the sediment composing the erodible beds. 

The critical tractive stress for a given sand grain size is plotted in Figure 6, and 
required values of 'c were obtained as shown in Table 1. 

The boundary shear stress in the eroded channel is computed based on assump­
tions stated by Chao and Hennessy [11]. The friction factor fr is estimated from 
the Reynolds number relationship repo.rted by Lovera and Kennedy [29], by using 
a Reynolds number defined as: 

R = u,vg(H - R) 
n V 

(16) 

where v = kinematic viscosity of seawater. The roughness parameter is defined as 
RJD50 x 10- 2

, where Rh is the hydraulic radius, which is approximated as (H - R). 
The friction factor fr is determined from Figure 7. 
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Figure 6. Critical tractive stress vs . grain s ize. 

Table 1 
Critical Tractive Stress for Various Grain Sizes 

D50 mm tc/ psf 

4.00 0.0890 
2.00 00513 
1.00 0.0316 
0.75 0.0266 
0.50 0.0215 
0.25 0.0172 
0.1 3 0.0166 
0.10 0.0164 
0.08 0.0162 
0.05 0.0161 
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Once the friction factor is known, the boundary stress is calculated by using the 
relationship described by Streeter [ I 2]: 

(I 7) 

where p is the density of seawater. These calculations were performed for bottprn 
velocities of 

u0 = 0.5, 1.0, 1.5, and 2.0 ft/sec 

and scour hole depths of 

H = 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 ft, for H ~ R 

The boundary shear stresses 'b were plotted as a function of scour hole depth H 
(Figures 8-25). The maximum scour depth (H - R) was then plotted as a function 
of bottom current velocity. 
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Figure 8. The boundary shear stress as a function of wave he ight; pipe O.D. = 48 in; 
D50 = 0.5 mm. 
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Figure 9. 'b as a function of wave height; pipe 0.0. = 36 in; D50 = 0.50 mm . 
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Boundary Shear Stresses .. Curves were plotted for the following cases: 

0 50 = 0.50 mm } 0.0. = 48, 36, 24, 12, 6, 3, in. 
(Figures 8- 13) 

= 0.25 mm } 0.0. = 48, 36, 24, [2. 6, 3 in. 
(Figures 14- 19) 

= 0..13 mm] 
= 0.10 mm identical curves 

= 0.08 mm 0 .0 . = 48, 36, 24, 12, 6, 3, in. 
= 0_05 mm (Figures 20-25) 

Curves for the other cases were not suitable for this analysis. 

Maximum Scour Depth. Curves were plotted for the following cases: 
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0 50 = 0.50 mm (Figure 26a) 

= 0.25 mm (Figure 26b) 

= 0.13 mm (Figure 26c) 

= 0.10 mm (Figure 26d) 

= 0.05 mm (Figure 26e) 

The curves for D50 = 0.08 mm are almost identical to those for D 50 = 0.05 mm. 
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Figure 26a. Maximum scour depth as a function of bottom current velocity - 0 50 = 
0.50 mm. 
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Figure 26b. Maximum scour depth as a function of bottom current velocity - 0 50 = 
0.25 mm. 

Pipelines Buried Near the Shoreline 

The objective of this section is to determine, through physical modeling, the effect 
of storm waves on buried pipelines approaching the shoreline. Scour depth and 
scour patterns were evaluated in a 120-ft-long two-dimensional wave tank that was 
2 ft wide and 3 ft deep. Three-dimensional effects were studied in a 32 x 86 ft wave 
basin that was 2.5 ft deep. The parameters varied including water depth, pipe burial 
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Figure 26c. Maximum scour depth as a function of bottom current velocity - D50 = 
0.13 mm. 

depth, beach slope, and wave characteristics such as height, period, and direction. 
A two-dimensional beach profile was used to investigate the required depth of burial 
for a pipeline through the surf zone. 

The monochromatic wave generator was of the oscillating pendulum type with 
adjustable speed and eccentricity, which allowed the desired wave height and period 
to be obtained. A slope wave-absorbing structure made of perforated metal sheets 
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Figure 26d. Maximum scour depth as a function of bottom current velocity - D50 = 
0.10 mm. 

was placed behind the wave generator to reduce wave reflection. A wire mesh filter 
was placed in front of the generator paddle to reduce turbulence effects. A 30-40 
mesh size Ottawa standard sand was employed to simulate the prototype beach. 

The early tests were designed to determine "equilibrium" profiles of beaches for 
a variety or initial beach slopes and wave characteristics. Tests were conducted with 
initial beach slopes of 1:10, 1:20, 1:30, and 1:60 [11], and the beach was allowed 
to come to equilibrium in each case. 

A sample dimensionless plot of beach equilibrium profiles for the initial slope of 
1 :20 is shown in Figure 27. The horizontal distance X (measured negatively sea-
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Figure 26e. Maximum scour depth as a function of bottom current velocity - D50 = 
0.05 mm. 

ward), was divided by the deep-water wavelength L0 to render it dimensionless. 
Similarly, the vertical distance Y (measured negatively downward) was divided by 
the deep-water wave height H0 to form a dimensionless number. The undulating 
patterns of berms and troughs observed in the laboratory resembled patterns ob­
served in the field [ 6b]. Sample results of scour patterns observed at the model 
pipeline are presented in Figures 28 and 29. 

The equilibrium profile characteristics Tm.., Bma<> hT, and he (Figure 30) were 
used to correlate the results. Plots of hT as a function of he were derived from field 



892 Marine Foundations and Sediment Processes 

Y/H0 

o, t----------+---------~- --------l-

LENGHt OF T(ST :l)11ns 

lNITIAl 6£.A{H ~LOP( , 1 20 

OEEP·W~TER WAVE l◄ [tGtif • H 11 
DEEP-WATER WAVE. LENGlH = Lo 

-o 2 ~so::-----------~2~5---------+-----------1.,, 
X/L 0 

0 

Figure 27. Dimensionless beach profiles; beach slope 1: 20. (From Smith et al., 1976. Re­
printed by permission.) 
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Figure 28. Sample result of scour; two-dimensional test. 
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Figure 29. Sample result of scour, two-dimensional test; top of pipe; one pipe below ocean 
depth. 

OFFSHORE 
ZONE 

WAVE 
DIRECTION 

Figure 30. Definition sketch for T max• Bmax• he, and h1 ; Bmax = maximum height of the off­
shore bar; T ma,= maximum depth at the nearshore trough; hr = vertical distance from 
water level to the nearshore trough; he= vertical distance from water level to the off­
shore bar. (From Herbich, 1970. Reprinted by permission.) 
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11 

10 TABLE OF hT/hc 

9 INVESTIGATOR LOCATION hT/hc 
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Figure 31. Relationship between depth of trough and depth of bar. (From Herbich, 1970. 
Reprinted by permission.) 

and laboratory data as shown in Figure 31. The values of hr/hc observed in the 
field ranged from 1.16 at the Scripps Pier in California to 1.60 at the Washington­
Oregon coast. 

Laboratory studies at Texas A & M indicate that the beach slope affects the ratio 
of hr to he, as indicated in Figure 32. For example, the hT/hc value with a 95% 
confidence interval is 1.80 ± 0.21 for a J: 10 slope, 1.49 ± 0.26 for a 1:20 slope, and 
1.35 ± 0.09 for a 1: 30 slope. 

Qualitative agreement between laboratory and natural beaches was demonstrated 
by trial-and-error fitting, as shown in Figures 33 and 34. The required distortion 
of scales results in an unnatural repose angle at the foreshore. In addition, the wave 
parameters responsible for the natural profile were not available. However, the 
trial-and-error method is useful in determining a general scale factor. For example, 
a comparison between laboratory obtained profiles and field profiles near Sabine 
Pass, Texas, indicates a horizontal scale of 1: 25 a..,d a vertical scale of 1: 8, or a 
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Figure 32. Ratio of h,-/ hc as a function of beach slope. (From Herbich, 1970. Reprinted by 
permission.) 
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Figure 33. Comparison of laboratory and field profiles, Sabine Pass horizontal scale 1: 25, 
vertical scale 1: 8. (From Herbich, 1970. Reprinted by permission.) 
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Figure 34. Comparison of laboratory and field profiles. Sargent Beach, Texas; horizontal 
scale 1 :30, vertical scale 1: 12. (SWL = still-water level.) (From Herbich, 1970. Reprinted 
by permission.) 

distortion of about 3 to 1 (Figure 33). The comparison for Sargent Beach, Texas, 
shows a horizontal scale of l : 30 and a vertical scale of 1: 12 (Figure 34). 

Based on the results of the two-dimensional and three-dimensional tests, it appears 
that the pipe does not appreciably affect the beach profile. However, in many cases, 
local scour occurs around the pipeline due to pipe-sediment interaction. 

A review of all test results indicates that sediment transfer over an equilibrium 
beach is altered when a pipeline is replaced on the beach. The three-dimensional 
tests have produced the following tentative conclusions: 

l. A pipe placed at an angle of 60° to the wave crest will have a basically stable 
scour pattern seaward of the surf zone; however, considerable scour will result 
in the surf zone. 

2. If the pipe is placed at a large angle (such as 60°) to the wave crest, burial of 
the pipe to a depth of one-half its diameter tends to produce significant scour 
until the pipe is uncovered. 

3. Although "equilibrium" scour conditions appear to be reached after 13 hrs, 
tests conducted for a longer period (up to 60 hrs) indicate oscillations in relative 
scour and deposition over the pipe. 
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Pipelines in Intermediate and Deep Water 

Off hore production pipelines in the United States have been generally in waters 
less than 400 ft deep [62]. However, with deeper offshore production drilling be­
coming more common, the footage of pipelines laid in deeper water is increasing 
at a dramatic rate. The first oil and gas discoveriei-. in the North Sea were in the 
Southern Gas basin (about 53°N). As oil and gas production spread north-ward, 
the sea and weather conditions worsened and the water depths increased. The recent 
area being considered is in the Norwegian trench area of the North Sea, with water 
depths ranging from 750 to 900 ft. These depths would be 50% to almost 100% 
greater than any encountered earlier in the North sea [36]. 

The problems associated with submerged pipelines in intermediate or deep water 
are distinctly different from those encountered in shallow-water pipeline projects. 
The wave-induced drag and lirt forces on a submerged pipe are considerable in 
shallow water. The water particle velocities are generally so high that fine sediments 
(clay and silt) have less chance to settle out of suspension and the shallow-water 
deposits are likely to be sandy. However, in deeper water, the wave-induced wave 
forces are less significant, and soft marine clays may occur at the mudline. The 
shallow-water and deeper-water routes have fundamental differences in soil prop­
erties such as stress histories, relative densities, rates of deposition, and in-situ pore 
pressures. These differences result in different design approaches and design 
considerations between shallow-water and deeper-water pipelines. 

The entire North Sea is heavily fished with massive trawling equipment. The 
to determine the distance from the seawall to the firsl adjacent scour point. It 
and towed at speeds up to 5 knots. For this reason, many North Sea pipelines must 
be buried for protection against damage by trawlers. Burial in 400 to 600 ft water 
depth has resulted in the development of a second generation of pipe burial barges 
such as Brown & Root's Bar 316 and Bar 331 and Oceanics' LB 27. These barges 
are capable of cutting trenches 10 ft deep and burying pipe in water depths up to 
550 or 600 ft. However, an entirely different burial method must be devised to bury 
many of the proposed pipelines across the 1,000- 1,200-ft depths of the Norwegian 
trench. 

Bottom characteristics and currents are important considerations in the North 
Sea. Scouring of sand by bottom currents can cause spanning as the pipeline is 
exposed. In September 1975, a mile-long section of the Brent System 36-in. trunk­
line in Yell Sound, Shetland lost its concrete jacket and floated to the surface [13]. 
The suspected cause was traced to high-velocity currents perpendicular to the pipe­
line, which scoured sediment, thus causing a span of 440 ft with a maximum distance 
from the seabed of2 ft. Vortex shedding occurred, moving the pipeline up and down 
relative to the seabed, and the resulting friction and impact caused the concrete 
coating to break off. Although the pipe itself was undamaged, approximately 60% 
of the concrete coating was lost, and the increase in buoyancy caused the pipeline 
to float to the surface. The pipe was carefully flooded, guided back to the seabed, 
and weighted down with concrete weights to hold the line in place. Specially designed 
concrete saddle weights were later installed for permanent anchoring. 
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Figure 35. Diagram of various fields of turbulence associated with surge-induced flow. 

Scour Around Piles* 

Dynamics of Scour 

A schematic view of the general hydrodynamic situation in the vicinity of a vertical 
obstruction reveals a pattern of secondary flows, or turbulence, that accounts for 
the scour of granular materials. The oncoming flow under a surge pulse is repre­
sented by the envelope of flow lines at the left (Figure 35). The scour pit surrounds 
the cylindrical pile, and the main scouring force is the primary vortex that develops 
in front of the cylinder. Since the velocity of the fluid increases with increasing 
height above the bed, a pressure gradient is established wherein a higher head is 
developed in the upper portion of the obstruction. The result of the fluid accumula­
tion along the so-called "stagnation line" on the upstream face of the cylinder is a 
strong vertical fluid jet that descends along the upstream face of the obstruct.ion. 
Erosion (associated with the primary vortex) creates a flat floor within the scour 
pit adjacent to the walls of the obstruction. 

Secondary turbulence associated with the separation vortex forms a weak 
countervortex near the rim of the leading edge of the scour pit. Fluid at the sides 
of the cylinder accelerates to pass around the obstruction; this flow helps maintain 
the transport of grains thrown into suspension by the primary vortex. Palmer (38] 
indicates that the velocity in this region is twice that of the ambient field-surge 
velocity over the seafloor. 

The pressure gradient at the rear of the obstruction is the reverse of that developed 
at the leading, or upstream, edge, and it increases with increasing height above the 
bed. This imbalance tends to lift sediment grains out of the scour pit in a turbulent 
wake plume. 

* From Chapter 5, ' Scour Around Piles," of Seaj/oor Scour (with permission from Marcel Dekker) [21]. 
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Scour "equilibrium" is achieved for given parameters when the volume of material 
removed by the vortex turbulence is equal to the volume introduced into the pit 
through bed and suspended loads. At this point, a constant volumetric flux is 
achieved, and further enlargement of the pit requires longer periods of turbulent 
surge. 

Scour Around Piles Caused by Currents 

Any obstacle placed in the region of flowing water will cause the flow to divert 
around the object. Depending on the shape of the obstacle, type of flow, and local 
Reynolds number, the flow velocity will increase as the flow deflects around the 
object and the pressure will consequently decrease. Depending on the surface 
roughness, local Reynolds number, and boundary layer thickness, the flow will 
separate from the boundary, .causing a wake to occur behind the pile. 

The potential flow theory indicates that in the case of the unidirectional flow 
around a cylinder, the velocity of the flow at the cylinder wall 90° from the initial 
direction of flow will be twice the initial velocity of flow. Because the direction of 
flow is changing periodically in oscillatory wave flow, the separation may not occur 
unless the distance the water particles moves is several pile diameters long. 

Scour depths around vertical structural members have been investigated very 
extensively in unidirectional flows in connection with studies of bridge piers. Several 
studies were presented by the National Cooperative Highway Research program 
[34], Anderson [2], Melville [32] and Breusers, et al. [9]. Anderson pointed out 
that the estimates of scour depths differ widely, particularly for the higher values 
of Froude Number and relative depth, and the various formula should not be ex­
trapolated for flow conditions outside the range for which they are applicable. 

Melville noted that in the ocean environment, the horseshoe vortex formed around 
the pile is the main mechanism for the scour process. Because scour caused by uni­
directional flow occurs in relatively deep water where the wave-generated velocities 
are not present, the effect of water depth on scour depth is not significant [32]. 

Watson [57] observed that the strong tidal currents in the North Sea generate 
a vortex system that produces a local scour hole around the piles supporting an 
offshore platform. The scour hole assumed a shape of an inverted cone as the tidal 
currents change directions. Carstens [10] indicated that the scour becomes less 
extensive both in relative area and relative depth with increasing pile diameter. 

Jain and Fischer [24] based on open-channel experiments (unidirectional flow) 
developed empirical scour formulas based on the following flow conditions: 

l. Clear water scour. Sediment is removed from the scour hole and not replaced. 
Maximum scour occurs when the flow is no longer capable of moving the 
sediment out of the scour hole. 

2. Incipient sediment motion. Flow velocity is approximately equal to the thresh­
old velocity. 

3. Sediment transporting scour. The sediment is continuously supplied to the 
scour hole from the general sediment transport. The maximum scour is reached 
when the sediment transport out of the scour hole equals the supply of sedi­
ment into the hole. 
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An experimentally-determined formula for scour depths [24] is as follows: 

~ = 1 86 (~)o.s (N - N )o.2s 
D · D r ,." 

p p 

where S = scour depth 
DP = pile diameter perpendicular to flow 

h = mean flow depth 
U = mean flow velocity 

Nr = U/, gh = Froude Number 

Nr,. = UJjgti 
Uc = criticaJ velocity for initiation of sediment movement 

g = acceleration due to gravity 

The maximum clear-water scour is given by 

For design purposes 

and 

~ = l.84(N )o.2s (~)0.3 
D Fe D 

p p 

for maximum clear water depth. 

(18) 

(19) 

(20) 

(21) 

Jain and Fischer [24] also recommend that the scour depth for O :-s; (Nr - Nr) :-s; 
0.2 be assumed to be equal to the larger of the two values obtained from the previ­
ous two equations for design purposes. 

Imberger [23] summarized results from several researchers for local scour around 
piles (Figure 36) and proposed the following equation: 

where K =coefficient= 2.18 
u* = shear velocity 

u*" = critical shear velocity 

(22) 
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Figure 36. Measurements of local scour around cylinders [23). 

1.5 

It has been suggested that the upper limit for the ratio of SP/DP can be estimated 
as 2.5. 

The vortex system formed by flow around an obstacle is related to the shape and 
size of the obstacle [ 43]. The eddy structure formed is the basic mechanism of scour, 
and the depth of scour is a function of the pile Reynolds number NRr: 

UD 
NRr=-­

v 

where U = velocity 
D = pile diameter 
v = kinematic viscosity 

(23) 
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No successful theoretical development or mathematical simulation model of the 
scour problem has been developed to date, and reliance must be made on empirical 
or experimental studies. 

Scour Around Piles Caused by Wave Action 

The significant variables influencing the depth of scour around piles are as follows: 

h = still-water depth 
L = wavelength 
H = wave height 
T = wave period 

d50 = median grain diameter 
Ps = density of sand 
p = density of water 
<P = angle of repose of sand particles 
g = gravitational acceleration 

D = pile diameter 
c. = span between piles 
U = free stream velocity 
Su = ultimate scour depth 

t = elapsed time 

The functional relationship between the above variables for scour is 

UD 
where NRP = -­

v 

N = U 
s .j(S. - l)gd 

s. = specific gravity of sand 
d = grain diameter 

(24) 

(25) 

(26) 

There were several experimental studies on scour due to oscillatory flow. Wells 
and Sorensen [59] and Das [14] have conducted experimental studies in the labo­
ratory and Palmer [37, 38] conducted field studies around natural and artificial 
objects on the sea floor due to waves. The results of these studies show that the 
scour due to waves develops at the side of the cylinder and some deposition is ob­
served against the upstream and downstream sides of the cylinder as shown in Fig­
ure 37. As the scour hole develops, these deposits are removed and the resultant 
scour hole is in the shape of an inverted cone with side slopes equal to the angle 
of repose of the sediment. 
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INITIAL STAGE 

EQUILIBRIUM STAGE 

Figure 37. Stages of wave-induced 
scour hole formation [35]. 

Niedoroda et al. [35] suggest a different wave scour mechanism because of a dif­
ference in boundary layer thickness. A relatively thick boundary layer (as thick as 
6 meters) i developed by a steady current; however, in oscillatory flow only a thin 
boundary layer is presented. Scour in oscillatory flow is caused by acceleration of 
the primary flow past the obstruction, and the small- and large-wake flow patterns. 

Chow and Herbich [12] investigated scour around six-, four-, and three-legged 
pile structures D 50 = 0.3 mm and for sands with D50 = 0.62 mm. The relationship 
obtained between dimensionless ultimate scour Su/Hand dimensionless wave height 
(or wave steepness) H/gT2 indicates that the relative ultimate scour depth increases 
as the wave steepness increases. However, a point is reached where further increases 
in wave steepness result in a rapid decrease in scour due to the phenomenon of 
ripple formation. Further studies should be conducted with larger piles. 

The tests also indicated that the relative scour depth tends to increase as the 
relative depth h/gT2 decreases or as D/C. increases. Correlations with the sediment 
number N. and the pile Reynolds number NRP indicate a rapid increase in SJH to 
a maximum value, followed by a rapid decrease with further increases in N. and NRP· 

When the parameter Su/H is plotted versus the number of waves, most of the 
tests show an initial rapid increase in the relative scour depth, but in most cases 
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the approximate ultimate conditions are reached after 1,200 waves. The majority 
of curves reach characteristic plateaus where the scour activity is dominant for a 
period of time, but decrease when ripples begin to form, until a state of equilibrium 
is reached. For all tests, the ultimate scour conditions were reached after 4,000 
waves. 

The general scour pattern was one of concentrated local scour around the pile, 
with ripple fonnatious progressing in the direction of the wave propagation. The 
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Figure 38. Experimental models. 
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formation of ripples is an important factor in the phenomenon of scour. When the 
absolute ultimate scour depth is estimated, the wave height of the ripple should be 
added to the local scour depth. 

Scour data are presented for a six-, four-, and three-legged pile structure (Fig­
ure 38) and for sands with d 50 = 0.3 mm (Figure 39) and = 0.62 mm [12]. 

Figure 40a shows the relationship between dimensionless ultimate scour Su/H 
and dimensionless wave height H/gT2 for sand no. I (d 50 = 0.3 mm), and Figure 
40b shows the relationship between the same variables for no. 2 (d50 = 0.62-mm). 
Although further studies must be conducted with larger size piles, it appears that 
as the wave steepness increases the relative ultimate scour depth increases until a 
point is reached where, for further increases in wave steepness a rapid decrease in 
scour occurs. The rapid decrease in scour depth is associated with the phenomenon 
of ripple formation. 
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Figure 41a. Relative ultimate significant scour depth as a function of relative depth (from 
Herbich , et al. 1984). 

Figure 41a indjcates that as the relative depth decreases for each sedjment size, 
the relative scour depth increases slowly at first until it reaches a relative depth of 
approximately 3.0 x 10 - 3

, where the relative scour depth increases rapidly with a 
decrease in sediment size. Figures 41b and 41c show the functional relationship be­
tween the relative ultimate significant scour depth and the sediment number N, and 
pile Reynolds number NRP, respectively. Both curves seem to have a rapid initial 
increase in S.JH, and the functional relationship is somewhat similar in both cases, 
as the relative scour depth increases rapidly at first to a maximum value. Any further 
increase in N, and NRr results in a rapid decrease in the ultimate scour depth. For 
a given density and viscosity of water, any further increase in the value of product 
of velocity and pile diameter, UD, will result in a decrease in scour depth. 
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Scour Around Piles Due to Waves and Currents 

Bed Shear Due to Currents and Waves. This section gives a brief derivation of 
the resultant bottom shear stress due to steady and o-.;cillatory motion. The shear 
stress is the result of the current and waves moving in the same direction. This pro­
cedure closely follows that of Bijker [6]. 

Using the mixing-length concept, the intensity of bed shear in a turbulent current 
may be written as 

l2 (8Uy) 2 

'blm = p ~-
Oy bouom 

where 'bim = bed shear stress 
p = fluid density 
1 = mixing length 

Uy = velocity at a height y above the bed 

For a rough bed, 

I= Ky 

(27) 

(28) 

for small values of y. The coefficient K has a value of0.4. For a normal, fully turbu­
lent flow, Equations 27 and 28 show that the variation of velocity outside the 
laminar sublayer to the bottom can be written as 

(29) 

where U* = shear velocity= J;jp. From open-channel flow theory, it is shown 
that 

A eu ujg 
U = = vghf = --

* C 

where g = gravitational acceleration 
h = water depth 
I = slope of energy level 

U = mean fluid velocity 
C = Chezy coefficient 

(30) 

The velocity distribution calculated by integrating Equation 29 is shown in Figure 
42a [6]. Assuming a straight-line velocity distribution from the origin up to y', 
one obtains the following velocity gradient: 

(31) 
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Figure 42. Velocity distributions of uniform and orbital motion [6J . 

where Uy. = velocity at a distance y' above the bed. By combining Equations 28, 
29, and 31, a relation of the following form results: 

(32) 

Because the velocity gradient used in Equation 32 is at a distance y' above the bed, 
the shear stress predicted by this equation is actually the stress at y' . It is the straight­
line approximation of the velocity distribution that allows one to equate the shear 
stress at y' to the bottom shear stress. 

A similar relation may be obtained by using the same procedure with orbital 
motion. The orbital motion velocity distribution is given in Figure 42b [6]. 
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As a special note, y' is simply the distance at which the velocity equals U* K. 
The straight-line approximation and the equation for the velocity di,-tribution yield 
a value of y' = k'e/33, in which k' is a value for the bed roughness. 

The primary task remaining is to find the orbital velocity at y'. Once this orbital 
velocity is known, the resultant of the orbital velocity and the steady velocity may 
be found. By entering this resultant velocity into an equation of the form of Equa­
tion 32, the bed shear may be calculated. 

From Equations 29 and 31 the velocity at y' due to the steady current is 

(33) 

As shown by Bijker, the wave induced velocity at y' i~ 

(34) 

where P = 0.45 

wH . ) 
ub = 2 sinh 2nh/L sm(wt 

A more detailed di. cussion of the value of P is given by Bijker [6]. 
Referri ng to Figure 43 the resultant velocity at y' is simply the sum of the steady 

current and the oscillatory current. In vector notation, this relationship js expressed 
as 

(35) 

Figure 43. Velocity resulting from combined effect of uniform and orbital motion [6] . 
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In scalar notation, the resultant velocity is 

(36) 

Therefore, the bed shear given by an equation of the same form as Equat.ion 32 is 

(37) 

To find the time-averaged bottom shear stress, the following integration is performed: 

_ 2 JT/4 2 (U ', g )
2 

rb,m = - pK CK + Pub dt T -T/4 
(38) 

The resulting time-averaged bed shear stress due to a steady current and waves 
propagating in the same direction is 

wH . . 
where u0 = 

2 
. h /L) = wave-induced bottom velocity 

sm (2nh 

2n d' f w = - = ra 1an wave requency 
TR 

TR = relative wave period 
H = wave height 
h = water depth 
L =wave length 

(39) 

The first term in Equation 39 is the stress contribution of the steady current, and 
the second term is the stress contribution of the wave motion. 

The foregoing derivation is analogous to the derivation presented by Bijker [6]. 
The only difference is that Bijker's derivation i · for waves propagating at some 
angle to the steady current rather than in the same direction as the current. Ln­
cluding the generality of waves propagating at any angle yields an integral some­
what more complex than that given in Equation 38. This complex integral is of the 
elliptical type and it is integrated numerically, whereas the integral given in Equa­
tion 38 has been integrated analytically. 

Equation 39 is the result of a linear assumption made when the wave-induced 
horizontal bottom velocity is evaluated. In order to use nonlinear theory, the bot­
tom velocities must be computed by means of the appropriate wave theory. From 
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Equation 37 

- u2pg 2UpKPub\, g K2p2 2 
'btm - c2 + C + p ub 

Therefore, 

_ _ U 2pg 2UpKPubjg K2 P2(_ ) 2 
'btm - c2 + C + p ub (40) 

The terms ub and ub 2 in Equation 40 can be obtained by using computer programs 
that calculate the bottom velocity at specific phase increments along the wave. 

Chezy Coefficient 

The Chezy coefficient plays an important role in evaluating the time-averaged 
bottom shear stress. Three methods may be considered. From Equation 30, the 
relationship between the Chezy coefficient and the current-induced bottom shear 
stress is as follows: 

(41) 

The first method considered was to solve for the mean current-induced shear 
stress by equating it to the rate of change of fluid momentum along the sand bed. 
This method requires measuring the water surface elevation and velocity distribu­
tion at the upstream and downstream portions of the sand bed. 

The second method considered was to calculate the horizontal velocity gradient 
at the bottom from the velocity distribution upstream of the pile. Assuming a New­
tonian fluid, the bottom shear stress may be calculated directly from the velocity 
gradient. 

The third method considered was to use data compiled by Lovera and Kennedy 
[29], equating the sand bed friction factor to the sand median diameter and Reynolds 
number. The Chezy coefficient is related to the bed friction factor as follows: 

(42) 

Figure 7 is the result of the accumulation of all data, and it shows the friction 
factor as a function of Reynolds number for many different sand sizes. 
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The lower limit for f is governed by the smooth boundary relation 

f = 0.316 
Nl/4 

R 

UR 
where NR =­

v 

R = hydraulic radius 

(43) 

Hence, the calculated friction factor (or Chezy coefficient) cannot be less than that 
predicted by the smooth boundary relation. 

Dimensional Analysis. There are many significant "ariables influencing the ulti­
mate scour depth at a cylindrical pile due to wave and current motion: 

(44) 

(45) 

(46) 

fl n,o=-u (47) 

Rearranging and combining the n terms yield 

U' 
----;:::::=====N 
Jgdso(Ps - p)/p s 

(48) 

r , 
-----=, 
gd5o(Ps - p) 

(49) 

II II 
_ U'D(p, - p) _ N 

7 3 - - R 
µ 

(50) 

(5 l) 
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Therefore, the functional relationship is as follows: 

Su = f(~ H U'L(p, - p) p, - p U'
2
(p, - p) N , N s) 

D L' L' µ , p ' t ' " T' R• 
(52) 

Note that for steady motion, the dimensionless shear stress term ,' reduces to the 
sediment number N,. 

Scale Effects. The improper scaling of the sediment size is usually accepted in 
sediment model studies. Proper sediment size scaling would lead to a cohesive model 
sediment, and a cohesive sediment possesses properties vastly different from a non­
cohesive sediment. 

According to Bijker [6], the boundary layer resulting from a combination of 
currents and waves is directly proportional to the boundary roughness and thus to 
the boundary friction factor. This implies that the boundary layer thickness for the 
model and the prototype will be approximately the same. Defining a Reynolds 
number based on the boundary layer thicknes. leads to the ratio 

where NRm• = model Reynolds number based on boundary layer thickness 
NRp• = prototype Reynolds number based on boundary layer thickness 

Um = model fluid velocity 
UP= prototype fluid velocity 

(53) 

This ratio implies that the model boundary layer may be laminar. whereas the pro­
totype boundary layer may be turbulent. 

Experimenta] Studies. Macbemehl and Abad [30] investigated the scour around 
a cylindrical pile due to the combined effect of waves and currents. The scour was 
measured as a volumetric unit and results reported in terms of dimensionless ratios. 
The relative scour volume is equal to 

where V, = volume of scour hole at time t 
DP= pile diameter 

h = still water depth 
d = mean diameter of sand particle 

The relative wave height to current ratio is equal to 

H 
ut 

(54) 

(55) 
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where H = wave height 
u = free stream velocity 
t = elapsed time 
g = acceleration due to gravity 

Figure 44 presents relative scour as a function of relative wave height to cur­
rent ratio and Figure 45 shows the effect of relative wave height (H/gt2

) on the 
relative scour. The experiments with low velocities are clustered together at the 
smaller values of relative scour volume, while those with high velocities are clustered 
together at the higher values of relative scour volume. Thus the currents are the 
primary reason for scour. 

General Scour Depth and Critical Conditions for the Initiation of Scour 

For general scour, the scour depth is a result of interactions between dynamic 
forces (current and wave) and sediment type (size and density). It also depends on 
the magnitude of sediment movement and whether the sediment is being supplied 
to the area. 

The necessary and essential conditions for general scour are: 

l. The initiation of sediment motion, that is, when the actual velocity exceeds 
the critical velocity for movement. 

2. Sufficient capacity of current and waves to transport the sediment to the down­
stream or upstream area. 

3. Insufficient sediment from the upstream or downstream area to replenish the 
sediment in the scoured area (i.e., the amount of sediment removed exceeds 
the amount of sediment deposited in the scoured area). 

General scour occurs in a larger area, while local scour is generally observed 
around obstructions to flow. 

The purpose of the analysis for general scour depth was to obtain an experimental 
relationship between scour depth and dynamic and sediment variables. In the analy­
sis, all variables were combined to form dimensionless parameters. 

The "general" relative scour depth S110/h can be expressed as follows: 

sho = F1(NF, ~. u,, N,) (56) 

yi 
where NF = Froude number, gh 

H L = wave steepness 

HL2 
U, = Ursell parameter, V 

N d. b V~ 
s = se 1ment num er= [(p, _ p)/p]g2h4 d

50 

[V + (1 /T - V/ L)HL/2h]2 
[(p, - p)/p Jg2b4dso 
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From the general scour tests the following relationship) were observed: 

Equation 56 may be rewritten 

(57) 

V2H 2 L[V + (l(f - V/ L)HL/2h] 2 

where a:= [( _ )/ ] 2 h4 d P, P P g so 

The correlation analysis for the relationship between relative general scour depths 
S0 Jh and parameter a: was performed on most of the results. The following cor­
relation was obtained: 

log10 Cho + 0.05) = -0.663 1 + 0.3649 log1 0 a: (58) 

or 

sho = o.2112 + (X0.3649 - o.o5 (59) 

(Correlation coefficient r = 0.949.) Figure 46 presents the correlation line ABC, line 
AB describes the no-scour case and line BC covers the scour case. 

Point B, where the two lines AB and BC cross, is important. Point B represents 
a critical condition for the initiation of scour, that is: 

when a: < 0.02, the sand bed will not scour 

when ex> 0.02, the sand bed will scour 
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Figure 46. The correlation curve between relative scour depth Su,/h and parmeter a (56]. 

Analysis of "Total" and Net "Local" Scour Depth 

When an obstruction is placed on the sand bed, the scouring process around the 
obstruction will begin as soon as the velocity of current and wave-induced current 
exceeds the critical velocity of sediments, even if no general scour occurs. 

The local scour depth around a cylinder, S0 , can be expressed as follows: 

where Vrw = combined velocity of current and wave 
h = still-water depth 
p = water density 

H = wave height with current 
L =wavelength with current 
T = wave period with current (i.e., "absolute" wave period) 

d50 = mean diameter of sand (50% finer) 
Ps = sand density 
v = kinematic viscosity of water 
t = time to produce scour 

(60) 

Because the scour depth is considered as ultimate or largest, the scour time t can 
be ignored. 
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The following dimensional parameters were selected for the analysis of experi­
mental data: 

1. The current Froude number, NF: a ratio of kinetic energy {l /2)pV2 to potential 
energy pgh: 

(61) 

In the scour process, the kjnetic energy is one of the major dynamic factors 
causing movement of sand. However, the potential energy is also of impor­
tance, particularly when considering the water depth (i.e .. the greater the depth 
the lesser the chance of sediment movement). 

2. Wave steepness. H/L: the greater the vertical amplitude of water particles, the 
greater the lifting action of sediment. 

3. U rsell parameter, U, = HL 2 /h 3: it indicates the magnitude of wave energy that 
is transmitted to the sand bed. 

4. Sediment number, N, = Vr//[(Ps - p)/p]gd 50 , where Yrw is the combined ve­
locity of current and wave. Thus, 

N = [V + (1/T - V /L)HL/2h ] 2 

' [(ps-P)/p]gdso 
(62) 

5. The pile Reynolds number, NRr = VD/v. The importance of N, and NRr was 
shown by Carstens [10], Chow and Herbich [ 12], and Shen et al. [ 43]. The 
analysis of data summarized in Table 2 indicates the following relationships: 

Equation 60 can be made dimensionless by dividing S" by h: 

(63) 
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Table 2 
Variables Influencing the Ultimate Scour 

Units 

Symbol Description English Metric Dimensions 

h Water depth ft m L 
H Water height ft m L 
L Water length ft m L 
V Kinematic viscosity lb-sec/ft 2 N---ec/ m M/LT 
g Gravita tional 

acceleration ft/sec 2 mjsec 2 Lff2 
p Fluid density slugs/ ft 3 kg/m 3 M / L3 

P, - p Sediment-fluid density 
dttference slugs/ ft.I kg/m 3 M / L3 

d50 Sand median diameter ft m L 
U' U + (u 0) ft /sec m/sec L/T 
D Pile diameter ft m L 
'f Time-averaged bed 

shea r stress lb/ ft 2 N/m2 M/L' 
Shedding frequency sec - 1 sec- 1 1/T 

Su Ultimate scour depth ft 111 L 

h /3 
_ N H U N N _ V 3 H 2 L[ V + (1/T- V/L)HL/2h] 2D 

w ere - F L , s RP - [( )/ ] 2 d h4 p, - p p g V 50 

Using the Buckingham lI theorem with 13 variables and 3 dimensions res ul ts in 
10 TT terms. Selecting L, U', and Ps - p as the repeating variables, the fo llowing 
terms evolve: 

TT 1 = h/L 
TI2 = H/ L 
TI 3 = U'L(p. - p)/µ 
TI4 = U' 2/gL 
n5 = (p. - p)/p 
TI6 = d50/L. 

The following correlation for the relationship between the relative local scour depths 
Su/h and parameter f3 was obtained (Figure 47). 

log!O ~u = - 1.4071 + 0.2667 loglO /3 (64) 

(Correlation coefficient r = 0.970.) It was mentioned earlier that Su includes two 
components, general scour and net local scour; therefore the above correlation is 
for the total scour. 
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Figure 47. The correlation curve between relative scour depth sJh and parameter f3 (56). 
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In order to obtain a relationship between net local scour depth Su
0 

and parameter 
/J, the total scour depth data were treated as follows: 

I. The parameter for all 39 test runs, a, was calculated using Equation 57. 
2. The general scour depth S

00 
was calculated using Equation 59 or Figure 46. 

Note that ix < 0.02 and S00 = 0. 
3. The net local scour depth S0 was obtained as follows: 

4. The correlation was obtained from 

The following relationship was obtained between S,Jh and /3 (Figure 48). 

log10 Sb,= -1.2935 + 0.1917 log10 /3 

(Correlation coefficient r = 0.905.) 

Summary 

(65) 

(66) 

(67) 

I. The parameter for all 39 test runs, a, which was calculated using Equation 57, 

(68) 

can be taken as a complex (composite) relationship that includes the dynamic 
factors of current and wave as well as sediment size (including the initiation 
condition of sediment motion). 

2. Subject to experimental limitation, the general scour of sand bed will not occur 
when a < 0.02. 

3. When a > 0.02, the sand bed will erode; the relative general scour depth is 
given by: 

log10 (8h0 + 0.05) = -0.6631 + 0.3649 log10 ix (69) 

4. For the scour around a pile under a combined action of current and waves, 
the parameter 

H 2LV 3D[V + (1/T - V/ L)HL/2h] 2 

[(p, - p)/p Jvg2h4d50 

(70) 
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can be taken as a complex (composite) relation . hip which includes the dynamic 
factors, sediment size, and pile size. 

5. When a < 0.02, only the local scour around a pile will occur. Based on the 
experimental data the relative local scour depth is given by 

log10 Sh, = -1.2935 + 0.1917 log10 {J (71) 

6. When a > 0.02, the scour around a pile will be the total ~cour, including gen­
eral and net local scour. Based on the experimental data the relative total 
scour depth is given by the following relation: 

log1 0 ~
1
" = -1.4071 + 0.2667 log1 0 fJ (72) 

and the relative net local scour depth is given by Equation 7 I. 

When scaling these data to prototype condition: . it is suggested that both Reynolds 
scaling and Froude scaling be considered. The choice of which scour depth predic­
tion to use is left as an engineering judgment. 

Scour About a Single, Cylindrical Pile Due to Combined Random Waves 
and a Current 

The scour phenomenon begins with the incipient motion of sediment particles. 
Incipient sediment motion is defined to be "an instantaneous condition reached 
when the resultant of all the active forces on the particle intersects the line connecting 
the bed particle contact points," [16]. There are three types of active forces acting 
on a sediment particle. Two of these forces, the drag and lift forces, are due to the 
fluid motion. These forces are in turn balanced by the sediment particle mass. 

A thorough understanding of these forces is required to comprehend fully the 
processes of incipient motion, bedload transport, and bed from development; all of 
which depend on the collective response of initially stationary bed particles to fluid 
forces. 

In oscillatory flow generated by waves, the scour hole initiates at the side of the 
cylinder, and sometimes sediment deposition is found to occur against the upstream 
and downstream sides of the cylinder. Once fully developed, the scour hole is a 
radially symmetric frustrum of an inverted cone having side slopes at the angle of 
repose of the sediment [37]. 

The mechanics of scour due to waves and currents are quite complicated and 
this type of scour occurs in almost all ocean environments. The scale and shape of 
the scour hole depends on the relative magnitude of the unidirectional velocity and 
the oscillatory flow velocities. 

Scour experiments were conducted by Eadie and Herbich [15] in a 120-ft long 
(36.6 m), 3-ft deep (0.91 m) and 2-ft (0.6 1 m) wide, two-dimensional, glass-walled 
wave flume. The test area was located approximately 40 ft (12.2 m) from the wave 
generator. The entire test area measured 40 ft (12.2 m) in length and was divided 
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into several sections. An 8-ft (2.4 m) long, 5-in. (0.13 m) deep test sediment bed was 
bordered on each end by an 8-ft long (2.4 m) 10-in. (2.7 m) high false bottom. At 
the leading edge of the test area, a 16-ft (4.9 m) long ramp was used to gradually 
bring the wave up to the new depth at the top of the false bottom. A 1.5 in. (0.04 m) 
diameter aluminum pile was positioned along the centerline of the sediment bed. 

Currents were produced using a centrifugal pumping system. The flow rate was 
monitored using a Fischer and Porter electromagnetic flow meter. The pump dis­
charge entered the wave flume just forward of the wave generator and was diffused 
using a louvered grate. A Thermo-Systems model 1050 hot film anemometer was 
used to measure the vertical velocity distribution of the combined waves and currents. 

The random wave generator used was a Seasim modular wave making system. 
This system consisted of a servo control system amplifier, a programmable spectrum 
random signal generator, an autocompensating wave height gauge, and a paddle 
type sea wave simulation rolling seal modular wave generator. All test runs used a 
1.5 in. (0.04 m) diameter pile placed in a bed of glass microbeads. The microbeads 
had a mean diameter (D50) of 0.1 mm and a pecific gravity of 2.45. Four different 
wave spectra were generated: Darbyshire, Pierson-Moskowitz, Jonswap (wave pe­
riod = 8 sees) and Jonswap (wave period = 10 sec). 

At the onset of each test, the sediment bed was leveled to a 5 in. (0.13 m) uniform 
thickness. After achieving the required water depth, the proper flow rate was estab­
lished. The desired water level was maintained by regulating a 10-in. discharge valve 
located at the rear of the tank. The sediment bed was once again leveled as the 
above variables remained constant. The previously programmed signal generator 
then started generating the desired wave spectrum. Maximum scour depth was 
recorded at various intervals throughout each run, the time increment increasing 
as the test progressed. Each test was completed when equilibrium in the measured 
maximum scour depth was attained. After draining the tank, the patterns were 
photographed and sediment elevations, taken in the form of a rectangular grid, 
were established with the point gauge to determine equilibrium scour depth. 

The functional relationship for scour may be expressed as: 

UD 
where NRP = -­

v 

NF = u/Ji,h 
NFr = u/Jgf.5 
NEs = u/J2Sdg 
N

5 
= U /J~gD-'--so-( (-Ps ___ p )-/ P-) 

(73) 

On various dimensionless plots, data from experiments conducted by Armbrust 
and Wang were used in combination with data obtained from the random wave­
current interaction experiments. Regression analysis was performed on the plots in 
order to construct the appropriate curves. Logarithmic regression analysis was used 
on the semi-logarithmic ?lots, and power regression analysis was used on the full 
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logarithmic plots. The "r2
" term adjacent to each curve represents the correlation 

coefficient for each curve. 
It was discovered that a relationship exists between scour depth and sediment 

number (N5), (Figures 49a and 49b) as well as between scour depth and the pile 
Reynolds number (NRp), (Figures 49c and 49d). However, scour depth is not depen­
dent on N5, or NRP alone, but is also dependent on pile diameter as well as sediment 
size. 

By plotting the relative scour depth (Sih) against the product of the pile Reynolds 
number and the sediment number (NRp)(N5), all data points collapsed onto a single 
curve regardless of variance in pile diameter or sediment size (Figure 49e). lt appears 
that because all data collapse onto a single curve, the type of wave train used for 
model studies, either monochromatic or random. is insignificant in the prediction 
of scour depth about a single cylindrical pile. However, the geometric shape of the 
scour hole differs with the type of wave train generated. By using a dimensionless 
plot (Figure 49e), it appears as though predictions of scour depth could be made 
for situations in which the pile diameter or mean sediment size varied without using 
scaling factors. Before any conclusions can be made, field data are required to eval­
uate the need, if any, for scale effects. 

Scour Patterns. The rate of scour hole development by wave-current interaction 
was faster than that due to a steady current alone. Scour development is very rapid 
initially, the scour rate then decreases until the equilibrium scour depth is reached. 
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Figure 49a. Relative scour depth, S/h, vs. sediment number for a constant sediment size 
and various pile diameters [15]. 
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Figure 49b. Relative scour depth , Sd/h, vs. sediment number times pile Reynolds number 
for a constant pile diameter and various sediment sizes [15). 
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Figure 49c. Relative scour depth , Sih, vs. pile Reynolds number for a constand pile 
diameter and various sediment sizes [15]. 
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Figure 49d. Relative scour depth, Stl/h, vs . pile Reynolds number for a constant sediment 
sizes and various pile diameters [15]. 
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Figure 49e. Relative scour depth, Stl/h, vs. sediment number times pile Reynolds number 
for various sediment sizes and pile diameters [15] . 
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Figure 50a. Initial stages of scour development (15]. 

Figure 50a shows a typical pattern of scour development in its initial stages, approx­
imately the first 2 to 5 minutes of test. Figures 50b and 50c are the typical scour 
patterns that occur due to wave-current interaction 30 minutes and 2 to 3 hours 
after test commencement, respectively. 

In all cases, the scour hole due to wave-current interaction was similar in shape 
to the scour hole formed by a steady current. This shape resemblei. an inverted 

Figure 50b. Scour pattern 30 minutes after test commencement (15]. 
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Figure 50c. Scour pattern 2-3 hours after test commencement [15]. 

cone. A typical example of a scour bole formed by a steady current is shown in 
Figure 50d. Figures 50e-d depict the scour pattern formed by the same current 
used in Run 4 (Figure 50c}, combined with four different random wave spectra. As 
stated previously, the equilibrium scour hole associated with the wave-current in­
teraction was deeper when compared to the equilibrium scour hole formed by a 

Figure 50d. Typical scour cavity due to a 
steady current h = 1.67 ft (0.36 m); 
u. = 0.485 fps (0.148 mps); D = 0.125 ft; 
Sd = 0.14 ft (0.043 m) [15], 
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Figure 50e. Scour pattern due to random waves and current-Run 13. h = 1.167 ft (0.36 m); 
u. = 0.485 fps (0.148 mps); U = 0.498 ft/sec (0.1518 mps); wave spectrum-Darbyshire; 
H1 3 = 0.1724 ft (0.053 m); D = 0.125 ft (0.038 m); S" = 0.143 ft (0.044 m) (15). 

steady current alone. The size and shape of the equilibrium scour hole associated 
with wave-current interaction was at times greater than, approximately equal to, 
or less than the size and shape of the scour hole due to a steady current alone. 
These results differ from the prediction made by Niedoroda and Dalton [35]. They 

Figure 501. Scour pattern due to random waves and current-Run 14. h = 1.167 ft (0.36 m); 
Uc= 0.485 ft/sec (0.148 mps); U = 0.491 It/sec (0.150 mps); wave spectrum-Pierson­
Moskowitz; H 1 3 = 0.1527 ft (0.047 m); D = 0.125 ft (0.038 m); Sd = 0.149 ft (0.045 m) (15). 



932 Marine Foundations and Sediment Processes 

Figure 50g. Scour pattern due to random waves and current-Run 15. h = 1.167 ft (0.36 m); 
Uc= 0.485 ft/sec (0.148 mps); U = 0.504 ft/sec (0.154 mps); wave spectrum-Jonswap 
(T = 8 sec); H113 = 0.1631 ft (0.050 m); D = 0.125 ft (0.038 m); S0 = 0.174 ft (0.053 m) (15). 

stated that the scour hole size and shape for combined waves and currents should 
not be as great as that developed by a steady current alone. 

The general scour pattern was one of localized scour around the pile. A vortex 
formed around the pile due to disturbed flow and suspended the sediment. The 
sediment was carried farther downstream under the combined effects of waves and 

Figure 50h. Scour pattern due to random waves and current-Run 16. h = 1.167 ft (0.36 m); 
U0 = 0.485 ft/sec (0.148 mps); U = 0.508 ft/sec (0.155 mps); wave spectrum-Jonswap 
(T = 10 sec); H113 = 0.1550 ft (0 047 m); D = 0.125 ft (0.038 m); Sd = 0.155 ft (0.047 m) (15) . 
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currents than it was with a steady current alone. Initially, the sediment suspen ion 
appeared to become greater as the scour hole developed, possibly due to a strength­
ening of the vortex system surrounding the pile. Because of the disturbance of flow 
caused by the pile, trailing ripples formed immediately behind the pile extending 
in the direction of wave propagation as the test progressed. 

In all cases, the maximum scour depth occurred downstream of the pile, approx­
imately 1/4 in. from the pile, and at an angle of approximately 40° to the 'left or 
right of an imaginary line drawn through the pile and parallel with the wave flume 
walls. 

The random waves and currents may be summarized as follows: 

1. Scour development was very rapid initially. The scour rate then decreased 
until an equilibrium scour depth was reached. 

2. Scour development due to current and wave action occurred faster than scour 
due to a steady current alone. 

3. The equilibrium scour depth caused by wave-current interaction is approx­
imately 10% greater than the scour depth caused by a steady current alone. 

4. The shape of the scour hole due to waves and currents and the shape of the 
hole due to current alone are similar. The shape resembles an inverted cone. 

5. A relationship exists between scour depth and sediment number (N5). How­
ever, scour depth is not dependent on Ns alone, but is also dependent on pile 
diameter and sediment size. 

6. A relationship also exists between scour depth and the pile Reynolds number 
(NRp), Again, scour depth is not dependent on (NRr) alone. but is also dependent 
on pile diameter, as well as sediment size. 

7. By plotting the relative scour depth (Sd/h) against the product of the pile 
Reynolds number and sediment number, (NRr)(N5), all data points collapse 
onto a single curve regardless of variance in pile diameter or sediment size. 

Although the amount of data is limited, due to the fact that aU data could be 
collapsed onto one curve when plotting Sd/h versus (NRr)(N.), (Figure 49e), it appears 
as though the type of wave train u ·ed for model studies, either mono-chromatic or 
random, is insignificant in predicting scour depth about a single, cylindrical pile. 
However, when attempting to predict the geometry of the scour hole, the irregularity 
of the wave train becomes very significant. Armbrust stated that the pattern of 
scour for wave-current interaction is no longer conical in shape, but the pattern is 
irregular due to the wave particle orbital motion. The data in this study clearly 
indicate a conical scour pattern for random wave-current interaction. Although 
these results are different from those of Armbrust, they agree with field data, as 
well as with the predictions of Niedoroda and Dalton. The fact that the geometric 
shape of the scour hole differs with the type of wave train used, may become impor­
tant in the prediction of scour depth around multiple pile cases. 

The conclusions resulting from this study were found for a flow in which the 
steady current was greater than the oscillatory flow produced by the waves. lf the 
magnitude of the two flows in relation to one another change, the flow patterns 
will also change and the geometry of the scour hole may very likely differ from 
results found in this study. 
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Scour Around Large Diameter Piles 

Rance [ 42] conducted laboratory experiments of scour around large diameter 
objects subject to waves and currents. The large diameter objects were defined when 
the diameter was greater than one tenth of the wavelength. Cylindrical, square, and 
hexagonal piles were employed to evaluate the effect of structural shape on scour. 
Rance reported that an angular column has the same effect as an equivalent circular 
cylinder of the same cross-sectional area. The general pattern of erosion and accre­
tion depends on the wave and current direction with respect to the structure. In 
Figure 51 the measured depth and the extent of scour are expressed as a percentage 
of the structure diameter for a square structure (Figure 51a) and for a hexagonal 
structure (Figure 51b). Estimated scour around large diameter objects is shown in 
Figure 52. The estimates appear to be independent of geotechnical and oceano­
graphic conditions [ 42]. 

Local Scour Around Pile Groups Due to Waves and Currents 

As shown in an earlier study by Chow and Herbich [12], the scour depth increases 
if the ratio of pile diameter to center-to-center span length between the piles in­
creases from about 0.12 to 0.25. Breusers [8], based on model experiments with a 
3-legged platform, showed an increase in scour over that for an isolated pile if the 
spacing is less than three diameters. 

Model experiments with three different arrays of pile groups due to currents alone 
and the combined action of waves and currents were conducted by Lee [27]. Tests 
conducted with currents alone indicated that the ultimate scour depth increases 
with larger velocities, with pile diameters and finer sediment sizes. The results were 
plotted in dimensionless form as functions of the sediment number, the pile Reynolds 
number, and the pile Froude number. Experiments with combined waves and cur­
rents indicate that the critical sediment number required to cause incipient scour 
was smaller than that for currents alone. A relationship between the relative scour 
depth SP/Dp and the product of sediment number and the pile Reynolds number 
(u 2DP}/,J(S - l)gd v is shown in Figure 53 for 1-, 3-, 4-, and 6-legged platforms 
(where SP-scour at the pile; DP-pile diameter; S-specific gravity of the sediment). 

The scour depth tends to increase with increasing current and pile diameters. 
The finer the sediment, the larger the scour depth. The scour due to superimposed 
waves and currents is larger than that due to current alone, and much larger than 
that due to waves alone. It may thus be concluded that most of the scour is caused 
by the current. 

Experiments were also conducted at Delft Hydraulic Laboratory [51] to evaluate 
scour around groups of two and three cylinders (Figure 54). The maximum scour 
was observed to be 1.2 to 1.5 times the diameter of the cylinder for the case of 
currents only. The currents and waves from the perpendicular direction produced 
maximum scour depth of the same magnitude, however, the area of scour was more 
extensive. For currents and waves at an angle of 120° to each other the maximum 
scour depth was 1.0 to 1.1 times the cylinder diameter. The scour depth was inde­
pendent of the velocities greater than threshold velocities for initiation of bedload 
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Figure 54. Scour pattern around a group of three piles [51]. 

transport, however, the equilibrium scour depth was achieved sooner at greater 
velocities. 

For multiple pilings, the scour patterns can be treated as independent if the hy­
drodynamic characteristics of the individual horseshoe vortices are not affected by 
the proximity of the adjacent pilings. As the spacing between pilings decreases, a 
point is reached when a cluster of pilings would act as a single piling with a much 
greater effective diameter (Figure 55). 

Model tests to evaluate scour around the pontoons of a semi-submersible drilling 
rig due to currents alone were conducted by Wilson and Abel [60]. The extent of 
scour was sufficient to produce undermining and settlement of the rig pontoons. 
The presence of waves was found to influence the scouring process and accelerate 
the rate of scour. 
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Figure 55. Effective diameter for pile clusters. 

Criteria for Local Scour Around Piles 

Single Piles. Scour around single piles is caused by waves and currents, most of 
the scour (perhaps up to 90%) is caused by the current. Because most of the informa­
tion on scour is based on model experimentation and there are only few documented 
field measurements, general criteria, or guidelines are empirical in nature. The de­
sign depth of scour is usually taken equal to twice the pile diameter and the lateral 
extent of the scour hole is dependent on the natural angle of repose of granular 
sediments as shown in Figure 56. Estimated dishpan scour should be added to the 
local scour in arriving at the total scour depth. 

Groups of Piles. Wave-induced scour around multiple piles observed by Palmer 
[37, 38] indicate that the individual scour holes around each pile eventually coalesce 
and form larger scour patterns. Lambe and Whitmen [26a J noted that the limit 
of scour hole interference for a sand with a submerged natural angle of repose of 
27° is a center-to-center piling spacing of approximately 9 diameters. 

Dishpan Scour 

In addition to the local scour around piles, a more extensive scour has been 
observed around platforms in the North Sea [53, 57] and in the Gulf of Mexico 
[39-41]. Dishpan scour may be defined as a general scour around the whole plat­
form probably caused by diffraction of waves and bottom current turbulence around 
the platform. It results in a deep smooth-bottom saucer much larger than the struc­
ture [39]. A general lowering of seabed occurs around the platform with scour 
pattern taking the shape of an elongated elliptical bowl perpendicular to the pre­
dominant current direction. Dimensions of dishpan scour were reported by Posey 
and Sybert [39], Watson [57], and Van Dijk [53] and are summarized in Table 3. 
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Figure 56. General criteria for scour around a single pile. 

Dimension 

Area: 
Water depth: 
Platform 

geometry: 

Sediment size: 

Scour depth below 
seabed level: 

Distance from 
platform leg: 

Scour pattern: 

Table 3 
Reported Dimensions of Dishpan Scour 

Posey and 
Sybert [39] Watson (57] 

Gulf of Mexico North Sea 
ll.6to13.7m 40m 
5 individual 2 platform 

plalforms, l2 complex with 14 
vertical legs of vertical legs of 
0.25 m diameter l.0 m diameter 
in a rectangle of 
12.1 by 27.3 m 

0.08 - 0.1 mm unknown 
or finer 

2.3 to 4.0 m 3.0m 

15 m 152 ID 

unknown Elliptical bowls elongated 
at right angles to the 
predominant current 
direction 

Van Dijk [53] 

North Sea 
30 to 35 m 
2 platform 

complex 

unknown 

5.5 Ill 

43 by 49 m 

unknown 
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The extent of the dish pan scour is given by Watson [57] for the North Sea platform 
(Figure 57a) and for the Gulf of Mexico by Posey [41] (Figure 57b). Angus and 
Moore [3] have also reported that both local scour and dishpan scour occurred 
simultaneously around offshore platforms in the North Sea. 

LOWER BRACIJ1u 

ORIGINAL SEA BED LEVEL ___ ....., ____ ,_✓ .... - ________ _ 

•3m ~ 

~ OBSERVED MAXIMUM 
•-- ••50m 

Figure 57a. Extent of dishpan scour at a North Sea platform (57]. 

PLAN 

0 10 20 30 

Scale ,n me,.,, 

Figure 57b. Extent of dishpan scour at a Gulf of Mexico platform (41]. 
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Figure 58a. Changes in beach profiles in front of seawalls. 
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Figure 58b. Terminology. 

Scour in Front of Seawalls* 

The Eighteenth International Congress on Navigation (Rome, 1953) divided sea­
walls into two types: those from which waves are reflected and those on which 
waves break. lt is generally agreed that any intermediate type producing a com­
bination of reflection and breaking sets up severe erosive action of the granular 
seabed in front of the wall (Figure 58a). 

• From Chapter 7, "Scour in Front Seawalls," Seaf/oor Scour (with permission from Marcel Dekker, Inc.) 
[21] 
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However, it has also been observed that erosion can and does occur at locations 
where waves do not break. For example, a protective wall may be fronted by a 
beach and submerged to a depth sufficient to prevent wave breaking. The design 
engineer of a seawall must know the depth lo which protective sheet-piling mu-.t 
be driven to prevent the overturning of the wall due lo erosion or scouring of the 
sand at the toe of its foundation. 

When a system of oscillatory, incident waves progresse, toward the seawall and 
hits the seawall, another ystem of waves is formed by the reflection of waves from 
the seawall. These two wave systems form a third wave system as the reflected wave 
i~ superimpo.·ed on the incident wave. The velocity components of the new wave 
system are given by the summation of the velocity component vectors of the incident 
and reflected waves (Figure 58b). 

Experimental Studies 

Wave Channel. A sketch of the experimental setup is shown in Figure 59. A simu­
lated seawall made of plexiglas was located some 52 ft from the wave generator and 
was constructed so that the angle 0 measured from the horizontal could be equal 
to 15°, 30°, 40°, 67.5°, OT 90° (vertical). 

A false bottom was constructed under and in front of the wave generator and 
set at the same depth as the sand bed [ 17]. 

The monochromatic wave generator was of the oscillating-pendulum type. The 
stroke. period. and pendulum settings were adjustable so that the desired wave 
characteristics could be obtained. A wave absorber wa. installed behind the wave 
generator, and wave filters were used in front of the generator. Parallel-wire capaci­
tance-type wave probes and an electronic wave recorder were used . 

Beach Material. The material used to simulate the prototype beach wa a white 
silica sand quarried at Melville, N. J. and is of the type commonly found on many 
beaches. While other researchers have experimented with the use of low-density 
crushed plastic as a simulated beach material, the sand selected had the advantage 

Figure 59. Sketch of test facility . 
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of more nearly representing natural beache:.. Before being placed in the wave chan­
nel, the sand was well washed to eliminate the finer particles, which tend to suspend 
in water and thus obscure visual observations {Figure 59). The median diameter 
of sand was 0.019 in. (0.4825 mm). 

The scour wavelength A was measured from crest to crest. The extent of scour B 
was also measured as shown in Figure 60. Neither of these varied significantly with 
time (or number of waves to pass over the scoured area), but both had a fixed re­
lationship to water wavelength. 

The depth of scour S was measured from the original sand bed level {indicated 
by the previously drawn reference line) to the point of max.imum scour, on the out­
side of the wave channel, because the depth of scour was fairly uniform along the 
width of the channel. The depth of scour was measured at every scour formation 
at certain intervals of time. By dividing the time interval by the wave period, the 
number of waves to pass over the scour formation, N, was then determined. 

Each test was run unti l the ultimate depth S was reached, that is, until the depth 
of scour did not increase with any further increase in the number of waves passing 
over and becoming a constant value. This usually took anywhere from a few hour · 
to a few days for each test. 

The variables significant to this problem are (1) the wave height H, (2) the wave­
length L, (3) the wave period T, (4) the depth of water d, (5) the seawall angle 0, 
and (6) the number of waves to act on the beach, N. 

Additional variables to be considered are the specific gravity and porosity of the 
sand and the diameter of the particles. Unfortunately, only one type of sand was 
employed, so the material properties were constant in this study. 

Denoting by X all the unknown scour parameters-such as the scour depth S, 
extent B, and location A-and making use of the relationships between T, L, and 

SWL 

I I ~ ~ RIPPLED SURFACE 
3Y," 1 
~ 

(a) 
CHANNEL BO)TOM 

SWL 

(b) Channel Bottom 

Figure 60. (a) Typical ripple formation ; (b) Typical scour formation . 
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d to eliminate the effects of T, an expression that contains significant parameters is 

f(X, H, L, d, 0, N) = 0 (74) 

When ultimate conditions are reached, so that S, B, and ;.. are no longer influenced 
by N, Equation 74 becomes 

F(X, H, L, d, 0) = 0 (75) 

0 already appears as a dimensionless variable. Since there arc now only four inde­
pendent dimensional variables left, with one independent dimension three dimen­
sionless ratios can be formed; thus Equation 75 can be transformed to 

(76) 

or 

(77) 

Wave Reflection. It is obvious that the magrritude of beach scour also depends 
on wave reflection from the seawall. 

The reflective capacities of impermeable beaches were desc1ibed theoretically by 
Miehe [33] and studied by Straub and Herbich [ 45]. Miehe considered the ideal 
case of a perfectly smooth barrier forming an angle a with the horizontal and ana ly­
tically developed a formula for the maximum wave steepness in deep water that 
will be totally reflected by such a barrier: 

00M = {2d sin d 
✓--;- n 

(78) 

where 80 M is the maximum wave steepness (in deep water), which will be totally 
reflected by a smooth barrier. From this he deduced that waves steeper than 80 M 

would be partially reflected and those flatter than 80 M would be totally reflected. 
The part theoretically reflected (R') has then the following value: 

(79) 

where R' :-:; l 
<'501 = incident wave steepness in deep water 

The magnitude of wave reflection as a function of beach slope computed from 
Miche's theory was partially verified by Straub and Herbich [ 45], and the actual 
values of wave reflection coefficient for various beach slopes were published. 
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Considering a sinusoidal wave, the wave reflections may be measured in the fol­
lowing manner. 

Let the incident wave be 

. (2rr 2n ) '1, = a sm T x - T l 

and the reflected wave 

. (2n 2n ) 
"IR = b sm T x + T t 

where 'I = surface elevation 
a, b = wave amplitudes 

x = distance along a horizontal axis 
t = time 

For the clapotis 

'1 = Y/1 + "IR 

At the nodes (x = 0, J./2, A., etc.), 

Y/ = (a - b) sin ~ t 

At the loops (x = i,/4, 3A./4, etc.) 

2n 
Y/ = (a + b) cos T t 

(80) 

(81) 

(82) 

(83) 

(84) 

Ao envelope of incident and reflected waves is developed with definite loops and 
nodes. The reflection coefficient is equal to 

where H 1 = height at the loop 
H0 = height at the node 

Mechanics of Sediment Movement 

If the mean diameter of a sediment particle (50% finer by weight) is d, and u* is 
the local fluid velocity parallel to the bottom, then the drag force just sufficient to 
initiate movement of a bed particle 

u 2 nd2 

Fo = Cop-*- --
2 4 (85) 
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Figure 61. Initial movement of a sand particle. 

where C 0 = coefficient of drag 
p = density of the fluid 

Consider a particle Pas shown in Figure 61 0 is the angle of repose. The moment 
that is just sufficient to initiate movement of the particle about M must equal the 
moment of its own weight about point M [ I 8]: 

where Ys = specific weight of sediment 
y = specific weight of fluid 

C0 = coefficient of drag, which is a function of Reynolds number NR 

Boundary Layer Along a Flat Sand Bed 

(86) 

The mechanics of sediment movement were discussed in the previous section and 
u* was defined as the local horizontal velocity parallel to the bottom. However, 
the sand particle is so small that the boundary layer effect must be considered. 
Fortunately, the boundary layer along a flat plate is the simplest case of the applica­
tion of Prandtl's boundary layer theory. 

Based upon the cnoidal wave theory and laboratory observations (Figure 60), it 
is reasonable to assume that the fluid flow pattern between the sand bed and water 
surface (within the scour wavelength) is uniform and steady, or that 8v/8y = constant. 
Following Prandtl's development the thickness of boundary layer may be expressed 
as 

(87) 



-
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or 

(u)1
,2 r,=y -

vx 

where r, = y/b is defined as a dimensionless term. 

or 

From the definition of stream function, we have 

u = 8'1' = 8'1' or, = Uf'(11) 
* ay ar, ay 

u* = f'(I'/) u 
The solution of this equation was obtained by Howarth (22]. 

(88) 

(89) 

(90) 

The mechanics of the scouring process may be explained in the following. When 
the experiment is started with a flat sand bed. the horizontal velocity component 
under the node is affected more than the horizontal velocity component under the 
loop, so that the primary scour occurs under the nodes of the envelope. A few hours 
later (usually I to 3 hr) the crests of the sand formation move under the nodes of 
the envelope. This relative position will normally last throughout the duration of 
the experiment. 

From Equation 86, for a particular grain size of sand, the most important vari­
able is u*. In other words, u*, the local velocity parallel to the bottom is the main 
factor determining the depth of scour. Because the wave is generated from rest, the 
equation of continuity is valid in this case. It is then logical to say that when scour 
depth increases, the local velocity must decrease until a certain point when the ulti­
mate scour depth is reached. This does not imply that scour and sediment transfer 
come to a halt; it is only a limit that is approached asymptotically. 

Figure 62 shows a side elevation of sand bed. Section a represents the initial con­
dition (before the scour) and section b represents the condition when the ultimate 
scour is reached. 

I SECTION a 
A:H 13+HR __ _._--==----.--/ __ --,-__ 

I SECTION b 

D 

• ! •• • ~ • • • • • •, • ,·•.··· . 

Figure 62. Geometry of sand scour (18]. 
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or 

The continuity equation may be written between ection a and section b, 

D - (1 /2)A 
Ub = U. D - (l/2)A + S 

(91) 

(92) 

This equation must be modified to take account of reflection, which is a function 
of the slope of the seawall. When the two wave systems approach from opposite 
directions and are superimposed, the velocity components may be added vecto­
rially. Introducing Equation 89, we have 

, , D - (l /2)A 
f (l'f)(l - C,)Ub = (J - C,)f (l'/)U. D _ (l /2)A + S (93) 

where C, is the reflection coefficient, defined as 

(94) 

Substituting Equation 93 into Equation 88 and simplifying, tbe following expres­
sion for "ultimate" scour depth is obtained: 

( 
1 ) { [3 cot 0 ]

1
1
2 

} S = D - 2 A (1 - C,)u* 4 C0 p d(y. _ y) - I (95) 

Dimensional Analysis 

The following dimensionless terms may be obtai11ed from the dimensional analysis: 

where the following functional equation may be written: 

(96) 
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or 

S (}, T I V2p 1 ) 
K = fl L' t' N' d( - j' N' (J, il'., c, 

R 'Ys Y F 
(97) 

For the sake of comparison Equation 95 may be rewritten in the following form: 

(98) 

It is obvious that Equations 97 and 98 are very similar. However, it must be pointed 
out that Equation 95 should be used only for the ultimate scour depth. 

General Observations 

For almost every case tested, ripples were observed to form in the sand bed soon 
after the start of each test. These ripples continued in existence and became super­
imposed upon the larger-scale effects of scouring. Very even and regular in appear­
ance, the ripples were sinusoidal in shape. For all tests the pitch length of the ripples, 
measured from crest to crest, was 3¾ in., and the overall height was approximately 
1 in. 

Bagnold [5] has presented some data for the natural pitch length of quartz sand 
in oscillating water waves, and this value of 3¾ in. compares favorably with his 
findings. 

Manohar [31] has presented an interesting experimental finding relating the 
ripple-height-to-length ratio with a parameter similar to the Einstein sediment func­
tion. However, no comparison is possible because the maximum ratio he obtained 
are much lower than the ones obtained in this study. 

Soon after the appearance of the ripples, it was observed that the sand bed began 
to erode appreciably at uniform intervals such that the sand bars and troughs were 
created throughout the length of the sand bed. 

Depth of Scour. The relationship between the S/H (where S is the average of the 
one-third greatest depths of scour recorded) and N (number of waves) is indicated 
in Figures 63 and 64. The results show that in every case the depth of scour initially 
increased very rapidly with increasing N, but became independent ofN as it attained 
its ultimate value. The constant S/H is termed the ultimate depth of scour, SufH. 
It was established that after ultimate depth of scour was attained a further increase 
in the number of waves did not affect the relative depth of scour, but that does not 
imply that scouring and particle movement came to a standstilJ. Actually, after 
ultimate conditions were established, a state of equilibrium existed so that particles 
removed by wave action were replaced through deposition of particles held in 
suspension. 

There is definite evidence that S/H was always greater for the 30° seawall than 
for the 15° seawall. Tests on seawalls of 90°, 67.5°, and 45° indicated that all relative 
depths of scour lie on one smooth curve. This seems logical because it has been 
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Figure 63. Re lative depth of scour S/H as a function of number of waves, Case 1. 
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Figure 64. Relative depth of scour S/H as a function of number of waves. 
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Figure 65. Ultimate relative depth of scour S/H as a function of relative wave height H/d. 
(from Herb ich, Murphy and Van Weele. 1965). 

observed that the difference in reflection coefficient between the 15° seawall and 
the 30° seawall is much larger than the difference in reflection between the 90°, 
67.5°, and 45° seawalls. 

Effect of Wave-Height-to-Water-Depth Ratio (H/d). Figure 65 presents the results 
of the study to evaluate the effect of H/d. 

Due to the steep slope of the curves at low H/d, it may be that the curves continue 
to rise as H/d decreases to a value lower than 0.35, to eventually approach a limit 
of incipient sand movement. lt appears that the limit occurs at H/d of 0.32. 

As H/d increases, the iiu(H decreases for both the l 5° and the 30° seawalls. 
Either the gradual increase in Sj H continues or the value of SJH becomes constant 
as the limit of wave breaking is reached. According to the solitary wave theory, the 
point of wave breaking occurs at H/d of 0.78. 

Effect of Wavelength-to-Water-Depth Ratio (L/d). Figure 66 shows the effect of 
L/d on Su/H for the 15° seawall and partly for the 30° seawall. 

Although there are not enough data available for a rigorous investigation of the 
relationship, some observations may be drawn. First, a low ultimate relative depth 
of scour occurs for both the 15° and the 30° seawalls somewhere between L/d = 7 
and L/d = 10. Second, the values of SjH increase more rapidly for L/d values 
greater than 9. 

Effect of Reflection Coefficient. As reflection coefficient CR increases, the ultimate 
depth of scour for the 30° seawall increases Linearly up to a value of CR of ap­
proximately 45% (Figure 67). Beyond that point the linearity ceases to exist and the 
curve flattens at a CR of 54% where a constant value of Su of 2.01 is reached. After 
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Figure 66. Ultimate relative depth of scour SjH as a function of relative wave length Lid. 
(from Herbich, Murphy and van Weele, 1965). 

54% is attained, it appears that any further increase in reflection coefficient does 
not have an effect on the ultimate depth of scour. 

An estimated plot was also prepared for the 15° seawall (Figure 68). For the 15° 
seawall values of S" were available but data for R were not taken, and the reflec­
tion coefficient was estimated from data presented by Straub and Herbich [ 45]. 
Figure 68 indicates that the 15° seawall followed a trend similar to that of the 30° 
seawall. 
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Figure 67. Ultimate relative depth of scour SjH as a function of relative wave height Hid. 
(from Herbich, Murphy and van Weele, 1965). 
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Figure 68. Relationship between S/K and Tit [18]. 
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Scour Formations. Al the end of every test the extent of scour B and the distance 
between adjacent scour formations ..l. were measured. Every case provided strong 
evidence that ,l is one-half of the wavelength L, whereas B is one-fourth of the 
wavelength (Figure 60). 

Besides obtaining this (l /2)L scour pattern, Bagnold [5] was also able to obtain 
scour patterns spaced at intervals of 2L using crushed plastic and extremely fine 
sand as the bed material. 

Although 2 completely defines the distance between scour locations, it is difficult 
to determine the distance from the seawall to the first adjacent scour point. It was 
observed that there was a very slow but perceptible advance of the entire scour 
formation in the direction of wave travel as the number of waves acting on the bed 
increases. The most that can be stated is that at any time there will always be scour­
ing within a distance of at least (l /4)L, or less from the face of the wall. 

Results 

l. All experiments performed indicate there may be a limit of scour depth 
that is approached asymptotically. The scour depth increases very rapidly 
during the first few hours and then the erosive process slows down and reaches 
a state of what other investigators called ultimate scour depth. Figure 68 is a 
plot of S/K as a function of T/ t, where S is the average scour depth taken 
within a range of 15 ft in front of the seawall. The term T/t is actually the 
number of waves generated. 

2. Fluctuations in values of measured wave height and wave reflection were ob­
served throughout the test; these are shown in Figure 69. It should be noted 
that the average wave height was used in all calculations. The comparison in 
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Figure 69. Fluctuation of H and C, as a function of Tit [18] . 

Table 4 was made between theoretically calculated values and experimental 
results. 

3. Scouring of natural flat sand beaches occttrs in a narrow range defined be­
tween boundary limits of wave breaking and incipient sand movement. The 

Table 4 
Calculated Values vs. Experimental Results 

Calculated value 
from Eq. (7.21) 

(in.) Average scour Maximum scour depth 
Experiment Y = ½o y = Sd depth S (in.) S., •• (in.) 

Al - 1.13 0.585 0.457 0.50 
A2 1.56 1.664 1.103 1.50 
A3 1.22 1.950 1.170 1.55 
AS 1.35 1.272 l.300 1.80 
A6 1.09 1.170 l.420 l.80 
A7 1.21 2.380 l.373 1.45 
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limit of wave breaking may be taken as H/d = 0.78 from the solitary wave 
theory. The limit of incipient sand motion was approximately defined as 
H/d = 0.43 for 45°, 67.5°, and 90° seawalls and H/d = 0.33 for the J 5° and 30° 
seawalls for the conditions studied. 

5. For wave conditions within these limits it was found that the depth of scour 
initially increases with increasing number of waves acting on the bed, but 
reaches a constant value when the ultimate depth of scour is attained. 

6. For all cases the predominant scouring pattern had a spacing between crest 
,l equal to one-half the wavelength L, and the depth of scour B was one-fourth 
of the wavelength. 

7. The ultimate depth of scour is a function of the reflection coefficient. The depth 
of scour increases with increase in reflection coefficient up to a high value of 
wave reflection. 

8. Because of all the seawalls studied the coefficient of reflection is lowest for the 
15° seawalls, the depth of scour was also the least. 

9. The relative ultimate depth of scour was approximately the same for the 45°, 
67.5°, and 90° seawalls, as there is little difference between coefficient of 
reflection for these seawalls. 

The calculated values were based on two assumptions: (a) y = 1/2 and o = 
J.72(uxfU) 112 and r, = y(U/(L/2)) 112 (column 2) and (b) y = 5d (column 3). 

The agreement between theoretically predicted values and experimentally ob­
tained values is considered good. 

Uncertainties Involved in Scour Predictions 

There are several uncertainties involved in predicting scour, as indicated 
throughout this book. The uncertainties can be enumerated on the basis of predic­
tion accuracy for several variables: 

1. Information regarding the soil characteristics is difficult to obtain economically. 
Many disturbed and undisturbed soil samples may be taken, but the soil con­
ditions may be different between the locations where the samples are obtained. 
Also, in a dynamically active area the ocean floor may be undergoing erosion 
or deposition, and samples taken during the winter season, for example, may 
not be representative of the ocean-floor characteristics of the summer. 

2. Information regarding the magnitude and frequency of waves for any given 
location may not be available or may be difficult to obtain. A wave moni­
toring program, which must be carried out for at least 12 months, is expen­
sive. Wave characteristics may also be obtained by hind-casting methods from 
the synoptic weather charts, but the accuracy for any given location may not 
be as good as desired. 

3. Information regarding the magnitude and frequency of currents for any given 
location may not be available or may be difficult to obtain. The general 
circulation patterns in the oceans are known, but the magnitude of currents 
near the ocean floor is not generally available. In addition, there are current 
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reversals during the year and unles~ a long-term ( l2 month ) current moni­
toring program is undertaken, the one-time current measurement may be 
mi ·leading. 

4. Wave-structure interaction for a given structure is complicated, and the equa­
tions developed to determine forces rely on the estimates of velocities and 
accelerations obtained as in (1). 

5. Scour patterns for a given structure and given waves and currents have generally 
been determined from small-scale models in the laboratory. The results of these 
tests can at best be qualitative rather than quantitative. Field tests are expensive 
and very few have been conducted. 
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