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Chapter 1

1 Introduction

Scour at the toe of revetments is a serious problem for coastal engineers
because it causes the armor layer to slip, damaging the structure. This can
render the area landward of the structure vulnerable to storm surge and wave
attack. The potential for scour is recognized by coastal engineers, and a com-
mon scour protection solution is to place stone at the toe of the revetment.
Several studies have been conducted on the subject of toe scour, but many of
the results conflict. Suitable protection schemes, specifying size and distance
of stone placement, have not been developed.

The purpose of this paper is to present a method for estimating toe scour
potential at a reveted slope as characterized by bottom velocity. Wave, water
level, and structure parameters are considered. Laboratory tests were conduct-
ed on a fixed (nonerodible) bottom, and wave and bottom velocity time series
were measured near the toe of a revetment. An assumption is made that scour
potential is proportional to the magnitude of the root-mean-square (rms) hori-
zontal velocity in the area of scour, First, a review of previous scour studies is
given. Next, the laboratory experiment is described. Lastly, results are pre-
sented to correlate representative bottom velocity with relative depth, wave
steepness, and reflection.
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2 Review of Previous
Studies

Numerous studies of scour at seawalls and revetments have been conducted.
The results of these studies have shown that maximum scour depth is a func-
tion of local sediment size; incident wave height H; wave period T; wave
steepness; location of the structure in the surf zone or depth at the structure toe
d; ratio of depth to wave height at the toe (relative depth) d/H;; wave reflec-
tion coefficient K,; beach slope m; and structure slope 6. In addition, Dorland
(1940) observed in laboratory wave tank tests that wave action alone did not
cause scour in front of a seawall, but waves may place sediment into suspen-
sion to be transported by currents. The following paragraphs summarize some
of the results obtained on toe scour. More extensive reviews of scour at sea-
walls can be found in Powell (1987) and Kraus (1988).

Earlier work indicated scour depth to be directly proportional to wave
height. Russel and Inglis (1953) observed that maximum scour depth of a
vertical wall was equal to the deepwater wave height H,. Sawaragi (1966)
also found scour depth to be proportional to H, in tests with sloping structures;
however, Sawaragi concluded maximum scour depth was 60 percent of the
deepwater wave height. Xie (1985) noted that depth of scour was directly
proportional to incident wave height and inversely proportional to the water
depth-to-wave-length ratio d /L at the toe of a vertical structure. Xie found
that in shallow water, dJ/L = 0.05, maximum scour depth was equal to the
incident wave height. Because wave-induced velocities are proportional to
wave height, scour depth should also be proportional to horizontal bottom
velocity. It should be noted that these early results stem from two-dimensional
tests using regular waves.

Several investigators found scour to be a function of the reflection coeffi-
cient; however, the results conflict. Herbich, Murphy, and Van Weele (1965)
generated nonbreaking waves on a flat sand bed fronting an inclined wall.
They found scour increased with K, but did not increase for high values of
reflection. Herbich and Ko (1968) continued the work of Herbich, Murphy,
and Van Weele, and they stated that scour was probably due to the difference
in reflection coefficients of nonbreaking and breaking waves. Song and
Schiller (1977) determined scour increased for low values of K, and con-
cluded if reflection was small, waves broke at the wall and the turbulence
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created by the breaking waves caused greater scour than if reflection was high
and waves did not break. Sawaragi (1966) conducted laboratory tests to deter-
mine the relationship between scour and reflection. In contrast to the results
of Song and Schiller, Sawaragi found accretion occurred at a seawall if K, was
less than 0.25 and erosion occurred for values above 0.25. Eckert (1983)
reviewed geotechnical and hydraulic criteria for design of toe aprons and also
concluded that scour will occur if K, is greater than 0.25.

Sato, Tanaka, and Irie (1968) found from laboratory and field tests with
vertical and sloping structures that scour depth varied with wave steepness.
They found minimum scour occurred for steep waves, but maximum scour
occurred under storm conditions in which deepwater wave steepness H, /L, was
in the range of 0.02 to 0.04.

The location of a structure relative to the surf zone was found to influence
* scour depth. In wave tank tests with a vertical wall, Sato, Tanaka, and Irie

(1968) found maximum scour occurred if the wall was placed at the shoreline
or slightly shoreward of the breakpoint. Chestnutt and Schiller (1971) varied
seawall location in laboratory tests fronting sloping beaches. They defined the
“critical region™ for scour as one half to two thirds the surf zone width from
the shoreline. If the secawall was located shoreward of this region, accretion
occurred. In wave tank tests with a vertical wall and a compound sand slope,
Hotta and Marui (1976) demonstrated scour depths were minimum at the break
point and maximum at 38 percent of the distance from the shoreline to the
break point. Song and Schiller found maximum scour occurred for a vertical
wall placed at the plunge point and minimum scour occurred if the wall was
located at the break point. Kraus (1988) concluded from a review of literature
pertaining to seawalls that maximum scour depth occurred if the wall was
located in the middle to outer third of the surf zone.

Powell (1987) reanalyzed results of Ichikawa (1967) and Hotta and Marui
(1976) and found maximum scour occurred in these tests if the unscoured
water depth at the toe of the wall was 50 to 60 percent greater than the deep-
water wave height.
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3 Laboratory Test Design

The present study was conducted to determine the wave, water-level, and
structure conditions that have the greatest potential to cause scour at the toe of
a sloping revetment. For the tests, the hypothesis of Dorland (1940) that sedi-
ment is put into suspension by waves and is transported by currents was
assumed. Therefore, the purpose of the experiments was to determine the
conditions which produce maximum horizontal bottom velocities at the toe of
a revetment.

The bottom topography fronting a revetment or seawall is influenced by
incident wave conditions, and incident waves in tum are influenced by bottom
topography. If incident waves were unchanging, the waves and movable bot-
tom would interact until a steady state condition was reached and an equilib-
rium profile formed. However, in nature, waves vary and a steady-state
condition is never reached. To control, and also quantify, the incident wave
conditions that cause maximum scour velocities, the bottom boundary in these
tests was fixed. The assumption was made that maximum scour for any sedi-
ment size would occur where the bottom velocities produced by incident wave
conditions were maximum,

Test conditions were chosen based on a review of literature covering labo-
ratory, field, and theoretical studies pertaining to the development of maximum
scour. These conditions include a range of wave heights (wave steepnesses
between 0.02 and 0.04 (Sato, Tanaka, and Irie 1968)), a range of wave and
water level conditions to produce a variety of surf zone widths and revetment
locations within the surf zone, and ratios of wave height to water depth at the
toe that vary significantly below and above the range of 1.5 to 1.6 (Powell
1987). Additionally, the slope and porosity of the revetment were varied, to
produce different reflection surfaces for similar wave conditions. A total of
120 tests were conducted, which included 30 irregular wave conditions, two
reveted slopes, and two porosities for each slope. Wave conditions consisted
of three peak wave periods, and five zero-moment wave heights tested with
two water depths. Test variables for the study are shown in Table 1.

Tests were conducted in a 0.91-m-wide, 45.7-m-long, and 0.91-m-deep
glass-walled wave tank (Figure 1). The bottom configuration included an
11-m flat bottom, a 3.4-m-long section at a 1:20 slope, and a 21.6-m-long
section at a 1:100 slope. The upper section of the 1:100 slope was divided
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Table 1
Design Test Parameters
ds Armor Reveiment | T H
Case | (cm) Type Siope (sec) (cm)
1 16.8 Stone 2.0 1.5, 20, 25 10.4, 11.6, 13.7, 14.9, 16.5
2 16.8 Stone 3.5 15,20, 25 10.4, 11.6, 13.7, 14.9, 16,5
3 16.8 Dolos 20 15,20, 25 10.4, 11.6, 13.7, 14.9, 16.5
4 16.8 Dolos 35 15,20, 25 10.4, 11.6, 13.7, 14.9, 16.5
5 259 Stone 20 15,20, 25 10.4, 11.6, 13.7, 14.9, 16.5
6 25.9 Stone 35 15,20, 25 10.4, 11.6, 13.7, 14.9, 16.5
7 25.9 Dolos 20 15,20, 25 10.4, 11.6, 13.7, 14.9, 16.5
8 259 Dolos 35 15,20 25 10.4, 11.6, 13.7, 14.9, 16.5
Absorption
Paortition
E 0.6 Mm-———ei N
3 0.3 71T
Test
Partition .
Wave Gage Wave Gage
Array Array
1 /
36 m 110 n 34 nm 216 m 6l nm
— — 1 on 3.5 slope
—----~ | on 2 slope

Figure 1. Wave tank used in study, distorted scale (1H = 3V)

into two compartments to reduce the effect of re-reflected waves. A revetment
was constructed of stone or dolos placed on an underlayer, which rested on an
impermeable board in a 0.30-m-wide partition of the tank. The revetment was
built sufficiently high to avoid overtopping of the structure at both water
levels. Wave absorber was placed in the 0.61-m-wide partition on the opposite
side of the divider from the revetment. Irregular waves were produced by an
electronically controlled hydraulic system, which drove a piston-type wave
board. Water surface elevation was measured with six capacitance-type
gauges, which were arranged to facilitate calculation of reflection coefficients
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near the wave board in the horizontal section of the tank and near the structure
using the method of Goda and Suzuki (1976) (see Figure 1).

Fifteen irregular wave conditions (five zero-moment wave heights and
three peak periods) were selected to encompass relative depths and wave steep-
nesses specified in the literature for having the potential for scour. Reflection
of incident wave conditions was altered in the tests by varying structure slope
(1V:3.5H and 1V:2H), and by varying armor layer (stone and dolos).
Although dolosse are not normally used as a revetment armor layer, they were
used in the present study to vary porosity and texture relative to stone. Posi-
tion of the structure relative to wave breaking was altered by varying wave
height, period, and still-water level. Combination of the test variables resulted
in 120 test conditions.

The study objective was to measure horizontal velocities in the toe region
where scour would affect stability of the revetment. Sand in the region of the
toe often is armored with a stone toe berm. Lee (1970, 1972) and, more
recently, Markle (1989) conducted research on toe protection. Both Lee and
Markle based the toe stone weight on the empirically derived equation of
Hudson (1961):

R 2. - m
- K, (S5,-1)° cot 6

in which W is the mean weight of the stable individual armor unit, v, is the
specific weight of the armor unit, H is the design wave height at the structure,
K, is the stability coefficient which varies in part with the type of armor unit,
S, is the specific gravity of the armor unit relative to the water it is placed in,
and 0 is the angle of the structure slope measured in degrees from the horizon-
tal plane. Lee recommended that toe stone W,,, should be 30 percent of W
and placed for a length of four to six stone widths, whereas Markle recom-
mends W, be 10 percent of the armor weight placed at a minimum of three
stone widths. Toe berm width B can be calculated from the Shore Protection
Manual (1984):

1
B =n, k (W“’e]? @
Y,

where ng is the number of stone widths and &, is a layer coefficient dependent
upon armor type and shape.

The revetment individual armor weight was determined by inserting test
conditions from the present study into Equation 1, using the maximum
expected wave height for H, the specific weights of stone and fresh water,
and 2 as the recommended value of K; for stone. Toe stone weights were
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determined using the methods of Lee (1970, 1972) and Markle (1989), and the
values were inserted into Equation 2 to determine berm width. The resultant
toe berm widths ranged from 4 to 7 cm. It was expected that scour occurring
in this region would be detrimental to structure stability; therefore, horizontal
velocity measurements were made at a distance of 5 cm from the revetment
toe. At a nominal scale of 1:30, this distance would correspond to about

1.5 m from the toe in the prototype.

Velocities were obtained using a laser Doppler velocimeter (LDV) posi-
tioned near the toe of the revetment. The LDV was operated in back-
scattering mode, which detects water particle movement through a fringe pat-
tern created by laser light and stores the data on a personal computer. Clean
water was used in the tests, but to detect particle velocities with the LDV, it
was necessary to place a seeding material, titanium dioxide, into the water to
scatter the laser light. It was assumed that the titanium dioxide particles
moved at the same velocity as water particles. Both wave and velocity data
were collected for sufficiently long records to provide stable velocity time
series statistics.
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4 Results

Wave Reflection

The literature showed scour to depend in part on the reflection coefficient.
A widely used predictive equation for K, is given by Seelig and Ahrens (1981)
as:

ST R ©)
52

in which o and P are empirically derived, dimensionless coefficients, and & is
the surf similarity parameter given as tane/(H,-/Lo)m. Seelig and Ahrens
recommend values of 0.62 and 7.8 for o and B, respectively, for riprap revet-
ments. Additionally, Allsop (1990) determined o = 0.64 and B = 8.85 for
structures armored with two layers of rock.

Bulk reflection coefficients obtained for the irregular waves in the present
study using the nearshore array are shown as a function of £ in Figure 2. The
data follow the trend given by Equation 3, but the coefficients given by Seelig
and Ahrens (solid line) and Allsop (dotted line) underpredict measurements for
the majority of the data. The coefficients given by Seelig and Ahrens were
developed based on regular wave data. In a study investigating wave reflec-
tion and velocity at structures, Hughes and Fowler (1995) stated that the equa-
tion of Seelig and Ahrens would produce a lower reflection coefficient for a
statistically averaged irregular wave height. Many component waves are sum-
med to make an irregular wave condition and are very small in amplitude rela-
tive to regular waves. The smaller waves represent higher  values, which
result in higher reflection coefficients than the K, computed using the recom-
mended a and P of Seelig and Ahrens for a statistically averaged irregular
wave height. The data shown in Figure 2 support this statement. Therefore,
the general form of the Seelig and Ahrens equation was used to predict reflec-
tion coefficients for irregular waves using adjusted values of o and f.
Although Allsop derived coefficients from irregular wave data collected in a
wave tank, he stated that simple regression tended to underestimate reflection
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Figure 2.  Reflection coefficient as a function of surf similarity parameter

at higher values of §. Allsop conducted a revised analysis using weighted,
higher values of & to better describe much of the data.

The upper envelope of reflection data is shown as a dashed line in Figure 2,
and was determined using Equation 3 with coefficients of o = 0.54 and
B = 1.77. Coefficients of o = 0.54 and B = 2.95 gave an average fit to the
data, shown as a thick line in Figure 2.

It was assumed that sediment is most likely moved due to peak velocities
rather than net velocities. To give an indication of the magnitude of potential
transport of sediment away from the toe of revetments, rms bottom velocity of
the peaks in the offshore direction +U,,, . was plotted versus reflection coeffi-
cient in Figure 3. The data scatter can be attributed to different wave periods
and heights, water levels, slopes, and porosity of armor units used. Herbich
and Ko (1968) stated reflection differed for breaking and nonbreaking waves.
A breaking criterion was established for the present data from laboratory
observations and irregular wave transformation results of Smith and
Kraus (1991). A wave was considered breaking or broken if H,/d, exceeded
0.62. Figure 4 shows increasing bottom velocity with increasing K, up to
some maximum velocity, but decreases slightly with increasing reflection. The
maximum velocity occurs at different reflection coefficients for each slope. In
general, maximum velocity occurs at K, = 0.38 for 1:3.5 slope revetments, and
in the range of K, = 0.44 to 0.48 for 1:2.0 slopes. At higher reflection coeffi-
cients, offshore bottom velocity decreases, which indicates that scour potential
decreases. This agrees in general with observations of Herbich, Murphy, and
Van Weele (1965), who state that scour ceased at high values of X,.
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Figure 4. Offshore-directed bottom velocity versus K, for breaking waves

Assuming scour occurs where bottom velocity exceeds some critical value,
scour potential at revetments is greatest for breaking wave conditions that
produce reflection coefficients less than 0.50. Reflection coefficients for ran-
dom waves can be estimated with Equation 3 using a = 0.54 and B = 1.77

(conservative predictions), or 2.95 (average values).
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Wave Steepness

Offshore-directed rms bottom velocity at the revetment toe is shown in
Figures 5a, 5b, and 5c as a function of deepwater wave steepness H /L, for
peak wave periods T = 1.5, 2.0, and 2.5 sec, respectively. The ﬁgures show
that the root-mean square bottom velocity in the offshore direction +U,,,,
increases for the individual cases of slope, armor layer, and depth. However,
because velocity is also proportional to wave length, maximum velocities occur
at low steepnesses and show a generally decreasing trend with H /L, Because
bottom velocity is directly proportional to wave height and wave length, the
data are scattered. The influence of depth is apparent if +U,,,,. is normalized
by wave celerity, C = L/T, where L is the wave length associated with peak
spectral period T (Figure 6). Maximum +U,, /C occurs at lower deepwater
wave steepnesses, and each set of constant period and depth data shows
increasing velocity with wave height. However, velocities are higher at the
shallower water depth for identical wave conditions. Although +U,,,, . and H,
are both nomalized by wave length, Figure 6 illustrates that deepwater wave
steepness alone is not a good parameter to quantify +U,,, . because velocity is
directly proportional to both wave height and wave length.

Maximum scour was observed by Sato, Tanaka, and Irie (1968) for storm
waves with steepnesses in the range of 0.02 and 0.04, and minimum scour was
observed for steep waves. Laboratory results show that offshore rms velocity
decreases with increasing wave steepness, but the highest velocities occurred
for minimum deepwater wave steepness. Based on results from the laboratory,
observed prototype scour was probably associated with the storm waves break-
ing near the toe of the structure. The results indicate that scour is not directly
related to deepwater wave steepness.

Relative Depth

Powell (1987) developed a “rule of thumb” that maximum scour occurs at
depths 50 to 60 percent greater than the incident wave height, or d/H; between
1.5 and 1.6. Figure 7 shows +U,,  as a function of relative depth at the toe.
Offshore-directed bottom velocity decreases as values of relative depth
increase, indicating that horizontal rms velocity is proportional to wave height,
which follows linear wave theory. Data are scattered at lower values of d/H,,
which is probably a nonlinear effect of wave breaking. The maximum velocity
occurred at a d/H; of approximately 1.7; however, there is much data scatter,
and high velocities range between d/H; values of 1.4 and 1.9. Figure 7 indi-
cates that relative depth alone is not a good indicator of maximum bottom
velocity.

If maximum velocities occur at the maximum wave height for a given wave
period and slope as Figure 7 suggests, it can be assumed that maximum rms
velocity occurs at incipient wave breaking, because the breaking wave height is
the maximum height at the structure toe. If the relative depth values Powell

11
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suggests are inverted, a wave height to water depth ratio, or breaker depth
index, v, = H/d,, is obtained in the range of 0.625 to 0.670. Smith and
Kraus (1991) found breaker indices on gentle, plane sloping beaches to be in
this range. However, the effect of a structure's fronting slope on the breaker
location and height was not addressed. Powell reanalyzed data from
Ichikawa (1967) and Hotta and Marui (1976) which were obtained in tests
conducted with regular waves, whereas the present tests were conducted with
irregular waves. The inverse of the relative depths for the irregular wave data
of the present study at which maximum +U,,,,; occurs ranges between 0.53 and
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0.71. Because irregular waves are used, and breaking is influenced by reflec-
tion off the structure and not solely on depth, breaker location occurs over a
broader range of relative depths with random waves. Therefore, predictions of
maximum bottom rms velocities, and potential scour, must account for struc-
ture slope and composition in addition to incident wave height, wave period,
and water depth.

If bottom rms velocity is normalized by wave celerity and plotted versus
relative depth (Figure 8), a slightly more obvious trend is apparent. Figure 8
shows that the greatest horizontal rms bottom velocity is approximately the
same for both slopes. Data scatter is considerable for constant values of d/H.,.
Figures 9a and 9b separate the Figure 8 data according to structure slope, 1:2
and 1:3.5, respectively. The following exponential expression, shown in Fig-
ures 9a and 9b as a solid line, was fit through regression analysis to the data

of each slope:
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Figure 8.  +U,,/C versus relative depth

The coefficient a was equal to 16.0 for the 1:2 slope revetment and 17.8 for
the 1:3.5 slope revetment. Linear interpolation of a between slopes is given by

1.2

= 13.6 6]
a 5 + )
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Equations 4 and 5 are based on only two slopes and are valid for
0.29 < tanb < 0.50.

It should be noted that measured values of L and T, were used to determine
Equation 4. Shallow-water wave theory calculations é, = (gds)l 2 may be used
if appropriate conditions apply (d/L < 0.04).

Typically, engineers must design coastal structures with limited wave cli-
mate information. To determine how well Equation 4 predicts bottom velocity
using only deepwater wave conditions, deepwater wave heights were first
transformed to the depth at the structure toe. Smith and Hughes (1993) found
that linear (Airy 1845) and Goda (1975) transformations predicted measured
values well in front of a reflective structure. Local wave height was calculated
using the random wave transformation of Goda. Figure 10 shows that wave
heights from the Goda transformation underpredicted and overpredicted meas-
ured incident wave heights at the nearshore array. The predicted heights were
used as input in Equation 4 to calculate +U,,, . Figure 11 shows that +U,,,  is
not predicted well if deepwater heights are transformed to shallow water.
Smith and Hughes stated the transformation models were developed for condi-
tions in which reflection is small, and did not predict location of breaking well
for high reflection conditions. To estimate +U,,,. from deepwater parameters,
wave height transformation models that account for beaches fronting reflective
structures are required.
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Figure 10. Predicted versus measured nearshore H; using Goda (1975)
transformation
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5 Summary

An experiment was conducted to determine the wave conditions that have
the greatest potential for causing scour at revetments. The assumption was
made that maximum scour occurred for a given sediment size where the
offshore-directed bottom velocity was maximum. A total of 120 different tests
were performed with varying wave height and period, water level, structure
slope, and armor layer type. Wave reflection for random waves at revetments
also was investigated.

Wave reflection followed the trend of the empirical equation given by
Seelig and Ahrens (1981); however, the equation underpredicted measured data
from the present study if the coefficients of o and B of Seelig and Ahrens or
Allsop (1990) were used. Coefficients determined for the irregular wave data
were a = 0.54 and B = 1.77 for conservative predictions, and o = 0.54 and
B = 2.95 for average predictions.

Horizontal bottom velocity increased for increasing reflection coefficients,
but at reflection coefficients greater than 0.37 for the 1:3.5 and 0.44 for the
1:2.0 slope, +U,,,; decreased. The results of the study support the observa-
tions of Herbich, Murphy, and Van Weele (1965) that scour ceases at high
values of X,.

Offshore horizontal bottom velocity was inversely proportional to relative
depth d/H;, which indicates bottom velocity and scour are greatest for break-
ing waves. An empirical equation was developed to determine +U,,, /C as a
function of d/H;. The equation had good correlation if local wave parameters
were used, but predicted bottom velocity less well if local conditions were
estimated from deepwater conditions. The effect of the breakpoint location for
beaches fronted by a structure could not be determined from the transformation
model used. Wave steepness was not a good indicator of +U,,, ., because
bottom velocity is directly proportional to wave height and wave period.

Chapter 5 Summary
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‘Notation

Appendix A Notation

Coefficient in offshore bottom velocity equation
Toe berm width

Wave celerity

Depth at wave breaking

Depth at toe of structure

Relative depth

Acceleration due to gravity

Wave height at breaking

Design wave height at structure

Incident wave height

Deepwater wave height

Wave height in horizontal section of wave tank
Deepwater wave steepness

Stability coefficient

Reflection coefficient

Armor layer coefficient

Local wavelength

Deepwater wavelength

A1l



Yo

v

Beach slope
Number of stone widths

Specific gravity of armor unit relative to water in which it
is placed

Wave period

Peak wave period

Average bottom velocity.

Root-mean square bottom velocity in offshore direction
Mean weight of stable individual armor unit
Mean weight of stable individual toe stone
Coefficient in wave reflection equation
Coefficient in wave reflection equation
Breaker depth index

Specific weight of armor unit

Slope of structure

Surf similarity parameter

Appendix A Notation
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