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USES  FOR A CALCULATED LIMIT DEPTH TO BEACH EROSION 

by 

Robert J. Hallermeier 

Oceanographer, U.S. Army Coastal Engineering Research Center, 
Fort Belvoir, Virginia 22060 

Abstract.  A sediment entrainment parameter is used to calculate 
maximum water depth for intense bed agitation by shoaling linear waves 
of given height and period.  Calculated limit depths agree with avail- 
able laboratory measurements of water depth at an erosive wave cut into 
slopes of quartz and other fine sediments.  Ignored variables have 
small effects on the agreement between calculations and laboratory 
measurements.  On natural seasonal beaches, available measurements of 
seaward limit to appreciable sand level changes agree with limit depths 
calculated for extremely high waves expected 12 hours per year.  The 
apparent accuracy and lack of scale effect in the calculated limit 
depth justify several applications in field and laboratory projects. 

THE CALCULATED LIMIT DEPTH 

In considering sediment transport by water waves on a beach, it is 

useful to divide the onshore-offshore profile into zones related to 

physical processes.  The simplest division distinguishes two zones: 

a nearshore or littoral zone; and an offshore zone.  In the offshore 

zone, wave shoaling is the dominant process and bed agitation remains 

relatively moderate.  The littoral zone is characterized by increased 

bed stresses and sediment transport, caused by waves near breaking and 

induced fluid circulations. 

The hypothetical boundary between these two zones is the seaward 

limit of intense bed agitation by shoaling wave action. Hallermeier 

(1977) proposed that the onset of intense bed agitation might be de- 

scribed as a critical value of a sediment entrainment parameter.  This 

parameter has the form of a Froude number: 

$ = Ub
2/Y'ged (1) 
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where Ub is maximum horizontal water velocity near the bed, g is the 

acceleration of gravity, d is water depth, e is a number less than 

unity, and y' is the ratio of the density difference between sediment 

and fluid to fluid density.  This Froude number is peak near-bottom 

wave energy per unit sediment grain volume, divided by the energy 

needed to raise an immersed grain a distance (ed/2).  Two order-of- 

magnitude choices, e = 0.03 and $ = 1, are taken, to describe the onset 

of intense wave agitation for fine sands (diameter, D, between 0.06 and 

0.5 mm). 

With these assumptions and linear theory for shoaling waves, 

equation 1 can be written as 

5 sinh2? tanh ? (1 +  ^ ^ ) = (329 H0
2
/Y'L0

2
)   (2) 

where H0 and L0 are wave height and wavelength in deep water, and 

%  = (2ird /L ) gives the limiting water depth, d , in a form normalized 
s  s S ~ 

by local wavelength, L .  For a certain y' , H0 and L0 = (gT /2it) , 

where T is wave period, the £ solving equation 2 can. be conveniently 

computed using either a graph or an iterative root-finding procedure 

on a programmable calculator.  The maximum water depth for intense bed 

agitation is d =(£ tanh 5)(L0/2IT). 

The primary evidence for the usefulness of the calculated d is 

provided by laboratory tests with constant waves on an initially plane 

slope of sediment.  The many published profiles developed in such tests 

provide a data base on sediment transport towards an equilibrium pro- 

file in. controlled wave conditions.  A common, profile feature with fine 

sediment is a submarine cut by erosive waves into the initial slope, 

with sediment deposition offshore.  The well-defined water depth at 

this wave cut, d , is the limit depth to the erosive action of the 

surface waves.  The wave cut sometimes lies on the landward side of a 

bar, but more commonly is on a gently sloping terrace. 

Figure 1 shows the good agreement of measured d with calculated 

d for 46 laboratory tests of profile development with an initially 

plane sediment slope.  The filled points in Figure 1 denote tests with 

sediments having y' appreciably different from quartz in water.  The 

Appendix gives references and test conditions for the 46 profiles, 
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Figure I. Meosured profile cut depth, dc, versus calculated limit 
depth,ds. Conditions for 46 laboratory tests from 13 
studies are presented in the Appendix. 
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selected as ideal cases of a wave cut.  In each case, there is only- 

sand deposition on the initial slope offshore of the cut depth. 

Table 1 presents results of linear regressions on the Figure 1 

points.  For each regression line (including those of the data set 

halves discussed in the following section) , the correlation co- 

efficient, r, is large enough to reject the possibility of no linear 

relationship between d and d with at least 99.99% confidence, pre- 

suming the data points are random samples from a bivariate normal 

population (Freund, 1962).  In each case, the intercept of the fit line 

is fairly near zero and the slope is near unity.  The agreement between 

measurement and calculation is most ideal for the 38 tests with quartz 

sands. With the sediments of other densities (glass, coal, bakelite, 

maselite, and oolitic aragonite), agreement is still good, providing 

additional confidence that the calculated d is the limit depth to the 

erosive action of various waves causing offshore deposition of various 

fine sediments. 

The footnote to Table 1 emphasizes the fact that d is approxi- 

mately a linear multiple of incident wave height, for any given y'- 

The measured d is well described by a linear dependence on H0, but the 

fit is considerably better with the exact calculated d , which includes 

a slight effect of wave period. 

It may be noted that a similar physical viewpoint is involved in 

the d calculated using the equation 1 consideration of sand entrain- 

ment energetics and in a limit depth arising in the empirical eroding- 

profile schematization of Swart (1974).  That work considers an "equi- 

librium D-profile" geometry, with offshore water depth, d1, at the 

lower limit stated to be related to the first occurrence of suspended- 

load transport.  For the 6 tests considered in Figure 1 and in Swart 

(1974), 0.69d1 < d < 0.78d.; this narrow range helps confirm a similar 

phenomenon is involved in d and d,. r si 

EFFECTS OF IGNORED VARIABLES 

The laboratory data base was divided into approximate halves to 

isolate effects of larger or smaller:  tank water depth; number of 

waves; initial slope; Stokes number, describing the nonlinearity of the 
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Table 1.     Results  of Linear Regressions: 

1497 

d    = a'+ gd  . 
c s 

Data Set 

All Data 

Quartz  Sands* 

Other y' 

(dtLs/dsLt)>1.7 

10K to 400K Waves 

>400K Waves 

Slope 2:1/12 

Gentler Slopes 

11<S<21 

21<S<119 

D<0.21 mm 

D>0.22 mm 

125<(H /D)<375 

415<CHg/D)<710 

7«j><24 

24«j><43 

95<(a /D)<300 

300<(a /D)<950 

Number 
of 

Points 

46 

38 

23 

23 

19 

19 

19 

19 

20 

18 

18 

20 

19 

19 

19 

19 

19 

19 

Correlation 
Coefficient, 

r  

0.946 

0.950 

0.954 

0.923 

0.958 

Quartz Sands* 

0.933 

0.969 

0.949 

0.972 

0.927 

0.966 

0.956 

0.923 

0.906 

0.855 

0.919 

0.858 

0.928 

0.945 

Intercept, 
a,   cm 

0.61 

-0.01 

1.56 

1.53 

-0.72 

2.01 

-1.67 

-0.80 

0.30 

1.23 

-0.84 

-2.77 

3.69 

0.09 

4.44 

-0.47 

2.90 

-1.10 

0.17 

Slope, 
B 

0.93 

0.98 

0.83 

0.88 

1.04 

0.91 

1.05 

1.07 

0.92 

0.91 

1.03 

1.15 

0.83 

0.94 

0.81 

1.00 

0.87 

1.06 

0.97 

* Also, d = 1.97 cm + 1.70 H<>, with- r = 0.875, for quartz sands 

waves; and sand diameter.  The separation criteria are given in Table 1 

along with the linear regression results; data subsets of nearly equal 

size facilitate comparison of results.  In Table 1, the relative tank 

depth is given in dimensionless form as (d /L )/(d /L ), where d is 

maximum water depth and L is linear wavelength in that depth for the 
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given T; this form seems more appropriate than (d /d ) for considering 
2   3 

wave geometry effects.  The Stokes number is S = (H L /2d ), where H 

is calculated wave height at d , according to linear theory for wave 

shoaling.  Ignoring sand size is thought to be a significant assumption 

in the calculation procedure, so the influence of sand diameter was 

examined using four parameters:  D directly; (H /D) , suggested by 

Bagnold (1940) as a similarity parameter for beach profile development; 

and two useful parameters from dimensional analysis of oscillatory-flow 
2 

interaction with a sediment bed (Lofquist, 1978), <|> = (U, Av'gD) = 

(ed /D) and (a /D) = (H /2D sinh £), where a is near-bottom horizontal 

fluid orbit amplitude. 

There are differences in the fit lines and the correlation co- 

efficients between each data subset of the eight pairs in Table 1.  The 
2 

quantity r measures the amount of variance in d attributable to the 

derived linear dependence on d .  This ranges between 73% and 95%, and 

differs somewhat between the two members of each, of the eight pairs. 

In seven of the eight cases, the larger r occurs for the fit line in 

better agreement with the present model, i.e., a nearer zero and B 

nearer unity.  (Results with gentler and steeper slopes show practi- 

cally the same agreement with the model.) 

For each of these eight cases, a nonparametric statistical test 

was applied to assess the parallelism of the two regression lines. 

This test (Hollander and Wolfe, 1973) compares two sets of slope esti- 

mators from pairs of points within each data base half, using the 

Wilcoxon, signed rank test, with no assumptions about the distribution, 

of deviations from linearity.  Inferences from repeats of this test may 

differ slightly because a random pairing of slope estimators is in- 

volved . 

The tank water depth was found to affect the slope at the 0.13 

level of significance. This result implies there is a 0.13 probabil- 

ity that the parallelism of the fit lines has been rejected, when in 

fact they are parallel. With relatively large water depth, 

(d L /d L ) > 1.7, the (d d ) data shows better agreement with the 
t s s t s c 

present model.  Because 6 of 8 tests with non-quartz sands were done 

with relatively small water depth., these 8 points were deleted from the 

further analyses. 
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The number of waves, was found to affect the slope at the 0.04 level 

of significance. More waves result in a better agreement between cal- 

culated and test results.  For 25 of the 38 quartz-sand tests, the pro- 

file development in time was available, and d  is found to oscillate 
c 

somewhat but generally to increase slightly with running time.  On the 

average, it is clear that d provides a useful estimate for the limit 

depth on an eroding profile approaching equilibrium. 

The statistical test gave no conclusive indications of effects of 

initial slope and of Stokes parameter on the regression line slopes. 

Initial slope appears to have insignificant consequences for the 

present consideration, considering the large and nearly equal r for 

these two data subsets.  However, the lack, of a discernible effect of 

the Stokes parameter on the fit between d  and d requires comment. 

Linear wave theory can be valid only if correction terms arising in 

second-order theory are negligible compared to the linear solution; an 

approximate form for this requirement is that the Stokes parameter be 

much less than about 50 (Madsen, 1976).  The stream function results 
2  3 

in Dean (1974) show that for (HL /2d ) greater than about 10, the cal- 

culated U, is appreciably greater than, that given by linear wave 

theory, although the difference is not monotonic with the Stokes param- 

eter, clearly depending on (d/L).  These results are for waves over an 

ideal immobile bed, and the present data base includes only S > 11. 

These facts might account for lack of a definite effect with larger 

Stokes parameter for the calculation procedure to underestimate U, and 

thus d  (equation 1), as the wave condition becomes increasingly non- 

linear. 

The examinations of sand size effects gave some interesting results. 

Splitting the data base directly according to reported D was found to 

affect the regression-line slope at the 0.18 level of significance; 

finer sands result in. slightly better agreement between the model and 

measurements.  When, the data base is split using either (H /D) , 
2 s 

(U, /y'gD) or (a /D), the parallelism of the two regression lines 

cannot be rejected even at the 0.4 level of significance. 

The separation of the data base according to (H /D) appears to be 

the least constructive, because the fit line for each data subset shows 
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relatively poor agreement with, the present model.  Bagnold (1940) 

suggested the change of bed material behavior from shingle to sand 

takes place for (H /D) on the order of 2,000, but the present con- 

sideration suggests the transition value is on the order of 

(H /D) = 200, if this is the proper descriptive parameter. A limited 

range of relatively fine sands are represented in. the present data base. 

Bagnold (1940), Rector (1955), Popov (1960), and van Hijum (1974) have 

reported laboratory tests with waves acting on coarse quartz sediments: 

3 £ D £ 7 mm.  A near-horizontal shelf o.r wave cut commonly occurred at 

water depth ranging from (0.7 H0) to (2 H0).  These tests with coarse 

sediments all have (H/D) on the order of 40, but no clear conclusion is 

possible on the limit depth to the wave's erosive action. However, it 

seems clear that the calculated d should be an upper bound to the 

actual limit depth with erosive waves acting on coarser, less mobile 

sediments. 

Although results are not too decisive when the data base is sep- 
2 

arated according to (U, /y'gD) or (a /D) , it is somewhat paradoxical 

that measurements appear in better agreement with the model for rel- 
2 

atively small (U, /y'gD) and for relatively large (a /D), because these 

two parameters are strongly and positively correlated in the present 

data base.  Others of the ignored variables might cause this. 
2 

(U, /y'gD) roughly measures the intensity of sand motion, and the 
2 

values of (U, /y'gD) and (a /D) in the present data base indicate that 

4=1 may correspond to the onset of intense bed agitation as revealed 

by the decline of bed forms with increasing bed agitation (cf. Figure 

32 in Lofquist, 1978). 

In summary, the variables ignored in calculating the limit depth 

appear to have small or negligible effects.  Emphasizing the non- 

negligible effects, d has been seen to agree better with the limit 

depth of equilibrium profile erosion for fine sands and unconstrained 

water depth.  Each data subset gives less ideal agreement between 

d and d than the entire data base for quartz sands.  The excellent 

agreement between d and d in the larger data base evidently results 
c     s 

from an averaging of effects of ignored variables. 
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YEARLY LIMIT DEPTH TO PROFILE ACTIVITY ON SEASONAL BEACHES 

Because d is calculated from a critical value of a Froude number, 
s 

this limit depth should pertain to eroding natural beach profiles of 

fine sand, with comparable (H0/L0) and $, as well as to profiles de- 

veloped in smaller-scale laboratory tests.  This is partially confirmed 

by several profiles obtained by Saville (1957) in large-scale lab- 

oratory tests, as discussed in Hallermeier (1977).  However, applica- 

tion of this calculated limit depth to natural beaches must consider 

complicating effects occurring in nature, including changing wave 

action. 

For natural sand beaches, one limit depth useful in coastal en- 

gineering is the yearly limit to the very active nearshore profile, 

beyond which repetitive surveys reveal little sand level change 

throughout the seasonal wave climate changes.  This profile close- 

out depth can be estimated using the cut depth calculated for a yearly 

extreme wave condition.  Such high waves erode the nearshore and 

deposit sand offshore; the estimated yearly extreme cut depth should be 

a minimum limit to water depth for appreciable sand level changes. An 

appropriate extreme wave condition is proposed to be that exceeded for 

12 hours per year (0.137%).  This duration should permit moderate 

adjustment towards profile equilibrium and moderate quantities of sand 

deposited beyond the limit depth.  Also, Maksimchuk (1976) stated the 

beach profile in varying wave action is dominated by a similar wave 

condition, that having a cumulative frequency of 0.2% (0.73 days per 

year) . 

To calculate limit depth for such extreme waves, an accurate 

approximation for equation 2 is convenient: 

dse = 2.28 H@ - 68.5 (He
2/gTe

2) (3) 

Here y' has been taken as 1.6 (quartz sand in salt water), H and T 

are nearshore significant height and period of the extreme wave con- 

dition, and g is acceleration of gravity in appropriate units. 

H is the dominant input in calculating d . Thompson and Harris 

(1972) reported measured nearshore wave heights for a complete yearly 

cycle occur according to a modified exponential distribution, and 
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height  of extreme waves  is best  estimated using  the mean  height,  H, 

and standard deviation of height,  a,  defined by a full year of at- 

least-daily nearshore wave measurements.    According to  the exponential 

distribution,  the 12-hour-per-year height is 

E    =1+5.6 5    . (4) e 

T should be taken to be the typical period of measured high waves. 

Any near-bed velocities above those caused by linear waves are 

ignored in calculating the limit depth in equation. 3.  Use of linear 

wave theory is warranted because of its simplicity and agreement with 

available field measurements of peak, near-bed velocity (Grace (1976). 

However, any flows superposed on surface waves must increase the peak, 

near-bed fluid kinetic energy, the numerator of equation. 1, and thus 

increase the calculated limit depth in. the denominator.  To counteract 

this, it is proposed that the calculated d  be used as a minimum 

estimate of profile close-out depth with respect to mean low(er) tide 

level. 

Table 2 presents estimated profile close-out depths along with 

recorded close-out depths from published field studies including repet- 

itive nearshore profile and wave measurements.  The estimated water 

depths are calculated using equations 3 and 4, and measured depths are 

for profile superposition throughout a yearly cycle to within. 1 foot, a 

typical resolution for nearshore surveys.  In each case, the estimated 

close-out depth is quite close to and usually less than the measured 

depths.  There is about the same agreement with measurement if limit 

depth is calculated using, rather than equation 3, the exact form of 

equation 2 ignoring shoaling wave height change (given in Hallermeier, 

1977).  Each field study in Table 2 was done on a different sea coast, 

with very different extreme wave conditions, increasing confidence in 

the usefulness of the calculated yearly limit depth. Agreement between 

calculated and measured depths is best for the most ideal data set, 

Torrey Pines Beach, where three profiles were surveyed monthly over a 

two-year interval. 

On the other hand, Table 2 summarizes a very small amount of field 

investigation, and the present treatment has ignored several possibly 

important factors in considering only two-dimensional wave action. 
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Swart (1974) considered the effects on the onshore-offshore equilibrium 

beach profile of wave-induced longshore and rip currents; in erosive 

waves, each effect theoretically deepens the profile due to increased 

bed shear.  Bijker (1967) reported the measured increase of bed shear 

in. a uniform current due to wave action, could be expressed as an. empir- 

ical function, of:  angle between wave and current; the ratio of their 

peak near-bed speeds; and the bed roughness.  These factors must be 

considered in predicting alongshore and onshore-offshore sediment 

transport within the nearshore beach zone. 

However, the beach profile near d   (- 2 H ) should be beyond the 

influence of intense wave-induced nearshore circulations. Wave break- 

ing usually occurs at water depth on. the order of wave height, i.e., 

in water appreciably shallower than d .  Beyond wave breaking, the 
se 

seaward extent of the induced currents seems a useful way to define the 

extent of the nearshore zone.  Available theory and experiment on the 

wave-generated alongshore current give maximum current speed on. planar 

fixed beds within the breakers, with monotonically decreasing current 

speed offshore of the maximum (Longuet-Higgins, 1970; James, 1974; 

Jonsson et al., 1974).  The onshore-offshore profile of the longshore 

current evidently depends on wave condition, and on the mechanisms of 

energy dissipation and lateral fluid mixing.  There remains consider- 

able uncertainty about the seaward extent of significant near-bed 

alongshore currents and rip currents, especially in. extreme events, but 

the water depth d  seems a reasonable estimate for the extreme extent 
se 

of the nearshore zone, intensely active due to wave action. 

At such water depth, tidal or wind-induced currents may signifi- 

cantly add to wave-induced velocities.  Interaction, of water waves and 

currents is a complex topic (Peregrine, 1976), and available results on 

bed agitation and suspended sediment provide no guidance on modifying 

equation 1 to account for the combined effect of wave action and a 

current. For this reason, the simple geometric correction has been 

proposed for the effect of tidal action:  d  is to be taken with 

respect to mean low(er) tide level for estimating minimum limit depth 

to the very active profile on natural seasonal beaches. 
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APPLICATIONS TO FIELD PROJECTS 

The yearly limit depth from equations 3 and 4 has several applica- 

tions in coastal engineering: 

a. Any nearshore hydrographic survey should extend further sea- 

ward than, the estimated limit depth, to ensure coverage of the very 

active zone of a sand beach. Minimum definition of conditions at a 

seasonal beach requires two such surveys, conducted when, the beach 

shows maximum summer-wave accretion, and winter-wave erosion. 

b. For subaqueous beach nourishment, suitable material should be 

placed landward of the estimated limit depth to the active seasonal 

profile during the summer-wave accretionary beach phase.  This guidance 

is consistent with field offshore nourishment attempts judged 

successful (Vera-Cruz, 1972; Mikkelsen, 1977; Schwartz and Musialowski, 

1977) and unsuccessful (Harris, 1954; Hall and Watts, 1957; Wiegel, 

1964). Nearshore wave measurements (Thompson, 1977) indicate average 

summer-wave height is about (0.8 H), and the estimated yearly limit 

depth is about half the maximum water depth for motion, initiation with 

fine sands, summer waves, and the motion, threshold criterion of Komar 

and Miller (1974). 

c. For effective offshore disposal, material should be placed far 

seaward of the limit depth to the very active beach profile, so that it 

does not enter the nearshore system. 

The estimated limit depth to the nearshore zone might also find 

applications in. the design of coastal structures in sandy regions.  It 

seems an offshore mound-type breakwater must be situated in. water 

deeper than, this limit for the nearby region, if it is to provide wave 

shelter while minimizing its effect as a littoral barrier. Also, it 

seems that dual jetties at a navigation channel extending to the limit 

depth may be expected to intercept almost all the littoral drift during 

a typical yearly cycle of waves.  However, regions near navigation, 

channels and structures are three-dimensional and have significant 

currents in addition to waves (Liu and Mei, 1975), factors not con- 

sidered in the present treatment. Also, coastal structure design must 

consider the economics of construction, and maintenance, as well as 

functional performance.  Further research is needed before the 
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estimated limit depth- can he applied with- confidence to structure 

design. 

APPLICATION TO LABORATORY TEST DESIGN 

Laboratory investigations of nearshore sediment transport can 

potentially provide valuable information for coastal engineering, since 

regulated experiments on. sand response to controlled hydraulic forces 

are permitted in the laboratory.  Interpretation of laboratory results 

requires consideration of scale effects in replicating prototype 

processes (Bijker, 1967; Kamphuis, 1975), and obtaining meaningful ex- 

perimental results requires that laboratory effects, e.g., constrained 

geometry, be minimized (Chesnutt, 1978). 

The previously discussed results (Table 1) on parameters influenc- 

ing the cut depth by erosive waves clarify one requirement for un- 

constrained geometry in laboratory experiments on nearshore processes: 

water depth must be adequate to accommodate an equilibrium nearshore 

profile. The wave cut in laboratory sand slopes is a distinct geo- 

metrical feature with erosive waves, and the elevation of this feature 

on a two-dimensional profile approaching equilibrium is generally 

better explained by d from equation 2 with relatively large tank water 

depths:  (d L /d L ) > 1.7.  Some profiles obtained by Monroe (1969) 

and by Masuda and Ito (1975) indicate untypical forms are associated 

with dimensionless water depths much less than this.  Using typical 

laboratory values of d = 2H (quartz sand) and (L /L ) = 1.5, it seems 

water depth should be at least five times generated wave height for 

vertically unconstrained tests with fine quartz sand in water.  For 

sediments of lower density, larger water depth is required (equation 1) 

for meaningful tests. 

The laboratory requirements for a horizontally unconstrained beach 

profile remain somewhat uncertain, but appear harder to accommodate in 

general. Two-dimensional profiles developed by erosive waves commonly 

have a gently sloping terrace centered at the cut point in the initial 

slope. The profile developments in time reported by Sunamura and 

Horikawa (1974) and by Chesnutt (1978) show an approximately logarith- 

mic increase in the length of this terrace with running time.  The 
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terrace slope is on. the order of 1° (comparable to offshore slopes on 

natural beaches), and an equilibrium eroding profile must be very long, 

because the terrace should extend to a depth where sediment movement 

ceases, to include the entire active beach profile. 

A practical alternative is to truncate the offshore profile, while 

including the entire nearshore zone in the laboratory situation.  Kemp 

(1960) has noted that dynamic similarity between laboratory test and 

prototype is more likely within the turbulent breaker zone than off- 

shore.  In designing the profile truncation, provision must be made for 

the offshore-zone function, as a source or sink of nearshore sands, in 

various wave conditions.  Also, the truncation cross-section should be 

shaped to minimize wave reflection, which has deleterious effects on. 

laboratory beach studies (Chesnutt, 1978). Available laboratory 

results on perched beach designs (Chatham et al., 1973) provide a data 

base for further research on. offshore profile truncation. 

SUMMARY 

The sediment entrainment parameter (equation 1) does not figure in 

any reported research results on wave propagation or interaction with 

sand beds.  However, with linear wave theory, and two coupled order- 

of-magnitude assumptions, this parameter can be used to calculate a 

limiting water depth to the erosive action of waves causing offshore 

deposition of fine sands (equation 2).  This calculated depth agrees 

well, over a wide range of conditions, with the elevation, of the wave 

cut commonly occurring on eroding laboratory sand slopes (Figure 1). 

Also, for extremely high waves expected 12 hours per year, the 

estimated limit depth (equations 3 and 4) agrees well with recorded 

close-out depth to significant profile activity at seasonal beaches on 

several sea coasts (Table 2).  The calculated limit depth has several 

types of application in field and laboratory projects, although further 

analysis and tests are clearly required. 

ACKNOWLEDGEMENTS 

For kindly providing beach, profiles, I thank J. Nicholson, National 
Research Institute for Oceanology, South Africa; T. Sunamura,University 
of Tokyo, Japan; C.H. Hulsbergen and J.J. Vinje, Delft Hydraulics Lab- 
oratory, Netherlands; and S. Masuda and M. Ito, Meijo University, Japan. 



1508 COASTAL ENGINEERING—1978 

Also, I thank C.B. Chesnutt and C. Mason, for review of this manuscript, 
and K.L. Jacobs and M.W. Leffler for assistance in data analysis. 
Results presented herein, unless otherwise noted, are based on research 
conducted at the Coastal Engineering Research Center under the Coastal 
Engineering Research Program of the U.S. Army Corps of Engineers.  The 
findings reported are not to be construed as an official Department of 
the Army position unless so designated by other authorized documents. 
Permission to publish this information is appreciated. 

REFERENCES 

Bagnold, R.A., "Beach Formation by Waves; Some Model Experiments in a 
Wave Tank", J. Institution. Civil Engineers, Vol. 15, 1940, pp. 27-52. 

Balsillie, J.H., "Analysis and Interpretation of Littoral Environment 
Observation. (LEO) and Profile Data Along the Western Panhandle Coast 
of Florida", Coastal Engineering Research Center, Ft. Belvoir, VA., 
Tech. Memo. 49, 1975. 

Bijker, E.W., "Som Considerations about Scales for Coastal Models with 
Movable Bed", Delft Hydraulics Lab., Netherlands, Pub. 50, 1967. 

Chatham, C.E., Jr., D.D. Davidson, and R.W. Whalin, "Study of Beach 
Widening by the Perched Beach Concept: Santa Monica Bay, California, 
Hydraulic Model Investigation", Waterways Experiment Station, 
Vicksburg, Miss., Tech. Rep. H-73-8, 1973. 

Chesnutt, C.B., "Laboratory Effects in Beach Studies. Volume VIII. 
Analysis of Results from 10 Movable-Bed Experiments", Coastal Engi- 
neering Research Center, Ft.Belvoir, VA.,Misc.Rep. 77-7 (VIII),1978. 

Collins, J.I., and C.B. Chesnutt, "Grain Shape and Size Distribution 
Effects in. Coastal Models", Coastal Engineering Research Center, Ft. 
Belvoir, VA., Tech. Paper 76-11, 1976. 

Dean, R.G., "Evaluation and Development of Water Wave Theories for 
Engineering Application, Coastal Engineering Research Center, Ft. 
Belvoir, VA., Spec. Rep. 1, 1974, 2 Vols. 

Delft Hydraulics Laboratory, "Gold Coast, Queensland, Australia. 
Coastal Erosion and Related Problems", 3 Vols., Rep. R257, Delft, 
Netherlands, 1970. 

Eagleson, P.S., B. Glenne, and J.A. Dracup, "Equilibrium Character- 
istics of Sand Beaches in the Offshore Zone", Beach Erosion Board, 
Washington, DC, Tech. Memo. 126, 1961. 

Freund, J.E.. , Mathematical Statistics, Prentice-Hall, Englewood Cliffs, 
NJ., 1962. 

Grace, R.A. , "Near-Bottom Water Motion Under Ocean Waves", Proc, 15th 
Coastal Eng. Conf., 1976, pp. 2371-2386. 

Hall, J.V., Jr., and G.M. Watts, "Beach Rehabilitation by Fill and 
Nourishment, Trans.., ASCE, Vol. 122, 1957, pp. 155-177. 

Hallermeier, R.J., "Calculating a Yearly Limit Depth to the Active 
Beach Profile", Coastal Engineering Research Center, Ft. Belvoir, VA, 
Tech. Paper 77-9, 1977. 

Harris, R.L., "Restudy of Test - Shore Nourishment by Offshore 
Deposition of Sand. Long Branch, New Jersey", Beach Erosion Board, 
Washington, DC., Tech. Memo.62, 1954. 

van. Hijum, E. , "Equilibrium Profiles of Coarse Material Under Wave 
Attack", Proc., 14th Coastal Eng. Conf., 1974, pp. 939-957. 

Hollander, M., and D.A. Wolfe, Nonparametric Statistical Methods, 
Wiley, New York, 1973. 



LIMIT DEPTH USES 1509 

Horikawa, K. , T. Sunamura, and H. Kitoh, "A Study of Beach Deformation 
by Wave Action", Proc, 20th- Japanese Conf. on Coastal Eng. , 1973, 

pp. 357-363 (in Japanese). 
James, I.D. , "A Non-linear Theory of Longshore Currents", Estuarine and 

Coastal Marine Science, Vol. 2, 1974, pp. 235-249. 
Jonsson, I.G., 0. Skovgaard, and T.S. Jacobsen, "Computation of Long- 

shore Currents", Proc, 14th Coastal Eng. Conf., 1974, pp. 699-714. 
Kamphuis, J.W. , "Coastal Mobile Bed Model - Does It Work?", Proc, Sym. 

on. Modeling Techniques, 1975, pp. 993-1009. 
Kemp, P.H., "The Relationship Between Wave Action and Beach Profile 

Characteristics", Proc. , 7th Coastal Eng. Conf., 1960, pp. 262-277. 
Komar, P.D., and M.C. Miller, "Sediment Threshold Under Oscillatory 

Waves", Proc, 14th Coastal Eng. Conf., 1974, pp. 756-775. 
Liu, P. L-F., and C.C. Mei, "Effects of a Breakwater on Nearshore 

Currents Due to Breaking Waves", Coastal Engineering Research Center, 
Ft. Belvoir, VA., Tech. Memo. 57, 1975. 

Lofquist, K.E.B., "Sand Ripple Growth in an Oscillatory-Flow Water 
Tunnel", Coastal Engineering Research Center, Ft. Belvoir, VA., Tech. 
Paper 78-5, 1978. 

Longuet-Higgins, M.S., "Longshore Currents Generated by Obliquely 
Incident Sea Waves, 2", J. Geophysical Research, Vol. 75, 1970, 
pp. 6790-6801. 

Madsen, O.S., "Wave Climate of the Continental Margin: Elements of its 
Mathematical Description", Marine Sediment Transport and Environmental 
Management, Wiley, New York, 1976, pp. 65-87. 

Maksimchuk, V.L., "Model Studies of the Beach Processes and Similarity 
Requirements", Proc, Diamond Jubilee Sym., Central Water and Power 
Research. Station, Poona, India, Vol. I, 1976, pp. A12-1 - A12-18. 

Masuda, S., and M. Ito, "Analysis of Beach Processes by Means of the 
Design, of Experiments", Coastal Eng. in Japan, Vol. 18, 1975, pp. 
75-93. 

Mikkelsen, S.C. , "The Effects of Groins on. Beach Erosion and Channel 
Stability at the Limfjord Barriers, Denmark", Proc., Coastal 
Sediments '77, 1977, pp. 17-32. 

Monroe, F.F., "Oolitic Aragonite and Quartz Sand:  Laboratory 
Comparison Under Wave Action", Coastal Engineering Research Center, 
Washington, DC, Misc. Paper 1-69, 1969. 

Nicholson, J., "A Laboratory Study of the Relationship between Waves 
and Beach Profiles", Proc., 3rd Australasian Conf. on Hydraulics and 
Fluid Mechanics, 1968, pp. 33-37. 

Nordstrom, C.E. , and D.L. Inman, "Sand-Level Changes on. Torrey Pines 
Beach, California", Coastal Engineering Research Center, Ft. Belvoir, 
VA., Misc. Paper 11-75,1975. 

Paul, M.J., J.W. Kamphuis, and A. Brebner, "Similarity of Equilibrium 
Beach Profiles", Proc , 13th Coastal Eng. Conf., 1972, pp. 1217-1236. 

Pawka, S.S., D.L. Inman, R.L. Lowe, and L. Holmes, "Wave Climate at 
Torrey Pines Beach, California", Coastal Engineering Research Center, 
Ft. Belvoir, VA., Tech. Paper 76-5, 1976. 

Peregrine, D.H. , "Interaction, of Water Waves and Currents", Advances in 
Applied Mechanics, Vol. 16, Academic Press, New York, 1976, pp. 9-117. 

Poche, D., "Selective Sorting of Sediment by Waves:  The Influence of 
Grain Shape", Ph.D. Thesis, University of Virginia, Charlottesville, 
1972, 99 pp. 



1510 COASTAL ENGINEERING—1978 

Popov, I.J., "Experimental Research, in Formation by Waves of Stable 
Profiles of Upstream Faces of Earth. Dams and Reservoir Shores", 
Proc., 7th Coastal Eng. Conf., 1960, pp. 282-293. 

Raman, H., and J.J. Earattupuzha, "Equilibrium Conditions in Beach Wave 
Interaction", Proc., 13th Coastal Eng. Conf., 1972, pp. 1237-1256. 

Rector, R.L., "Laboratory Study of Equilibrium Profiles of Beaches", 
Beach Erosion Board, Washington, DC., Tech. Memo. 41, 1954. 

Saville, T., Jr., "Scale Effects in Two Dimensional Beach Studies", 
Proc., 7th General Meeting, International Association of Hydraulic 
Research, 1957, pp. A3-1 - A3-10. 

Schwartz, R.K., and F.R. Musialowski, "Nearshore Disposal: Onshore 
Sediment Transport", Proc..Coastal Sediments '77, 1977, pp. 85-101. 

Shinohara, K., T.Tsubaki, M. Yoshitaka, and C. Agemori, "Sand Trans- 
port Along a Model Sandy Beach by Wave Action", Coastal Eng. in. 
Japan, Vol. I, 1958, pp. 111-130. 

Sunamura, T. , and K. Horikawa, "Two-Dimensional Beach Transformation. 
Due to Waves", Proc, 14th Coastal Eng. Conf., 1974, pp. 920-938. 

Swart, D.H., "Offshore Sediment Transport and Equilibrium Beach 
Profiles", Delft Hydraulics Lab., Netherlands, Pub. 131, 1974. 

Thompson, E.F., "Wave Climate at Selected Locations Along U.S. Coasts", 
Coastal Engineering Research Center, Ft. Belvoir, VA., Tech. Rep. 
77-1, 1977. 

Thompson, E.F., and D.L. Harris, "A Wave Climatology for U.S. Coastal 
Waters", Paper OTC 1693, 4th Offshore Technology Conf., 1972. 

Vera-Cruz, D., "Artificial Nourishment of Copacabana Beach", Proc., 
13th Coastal Eng. Conf., 1972, pp. 1451-1463. 

Watts, G.M., and R.F. Dearduff, "Laboratory Study of Effect of Tidal 
Action, on Wave-Formed Beach Profiles", Beach Erosion Board, 
Washington, DC, Tech. Memo. 52, 1954. 

Wiegel, R.L., Oceanographical Engineering, Prentice-Hall, Englewood 
Cliffs, NJ., 1964. 



LIMIT DEPTH USES 1511 

CO   OO  CO   OO  t   Ol  N 
f   V   f   *   W  fO  t 

O ro 
IP oo 

^- cn r*- cn r- CM 
m ^- T ^- ro CM 
CM ro CM ro CM ro 

ro ro cn h- cn r- en 
*•  *J- co to cn — *r —  — CM CM CM ro fO 

ro ro ro ro ro ro to ro to 10 CM  CM en sr CM  tO 

ro ro ro 
— co cn — 
ro — — ro 

cn m 
CM   — 

U">  IT) ir> m r- r— 

z ~ CM CO ^- m r- co 
If)   «"> 
CD  O m 0 m 0 O m 

« ro ro <T   O 0"> CT> ^- m a> cn — en 00 to 
CM CM CM CM rO CM CM 

ST O 
IO tO 

in ^- m CM 

f- to CM in 
— 6 m ro 

to 
•D 

m m in m o co m 
CM CM CM CM Cn CM CM 

O o 
tO CM 

CO co cn ro ID to 
CM CM ro o cn in 

en en co cn to to 

«3- cn 
CO CM 

o ^- r- — 
to 1*- o «r 

to to to to cn co <o 
co co co 00 ro m co 
CD  CO   CO   CO   f   —   CO 
o o o o o — o 

0006666 

_l 
<r *»- *r *r *j- r- *r 
ID to tD tO h- CM to *—. — — — 0 CM   — 

T) 00 O O 0 0 0 O  O *_ 1^ 
D m 
O 

a> 0 a> - *: ^: ^ XL m XL *: 
••— -4_ 00 CM _ m 0 to _ 
0 3 cn ro — ro ro PO *r 

i t— 5 cr ro ro r- to — ro ro 

"0 

•o <i 

CO 

0 
in 

o> 1- 51 ~ 
<T> cn cn Cn r- in cn 

S 
0 
.c 00 CO CO 00 ID CM  CO 

0 e CO CO CO 00 m Is-   CO 

T <-> — — — — CO ro — — 

0 

a. - m m in m in in m 

tO ^- *— ro ro <*• W W ^ h-  to 
r— r«- ^- in in — V in ro ^- 10 
CO N fs. fOrOfOrOCMCM CMCM 

9~(T> — "". ~ ~ ~ ~ ^" *~. ~ 
G  G — 060OOO ~T OO 

—. *-" a> 

^T    O <»• 5 rOrOrorororO Q" CO  ro 
o>   CM CM CO  -, mm 
—     rOCM CMCMCMCMCMCM Q CM   CM 

+S b 6 £ <6 & d d <6 & & 0 0 

ro in A- - 
00 — rO CT> 
CO 00 01 s 
0000 

0000 

co 00 00 CM ,— cn 
louxo n !*' cn 
— •  — N- o 
0600 — 0 

*: :*: L_ XL ^ *: ^ :*: *: C ^ XL it *: at XL 
1—1 

— ^r O ro ro ro ro _ _ ro cn — 1^- rO m 
0 cn J-> CM CM CM  CM m in 

CJ <M CM cn — CM — 
— O ^~ «j- •d- *f *J- ^9- m «" F m <x> — <*- 0 _) c 

a) 
0 

0 

u O 3 CM  O 
CO  O 

     m m m in in in 
ZL>  r-    £ 

o 
o 

o 
3 

O o 

CM* r*^ 

£2     'f ^  N- CM CJO ro 
~ 6 — 01 cn 
a 

01  
UJ  m cn 

CM CM 
<3- ^a- 

tn ^ *n id in ir> 
to to to to to to 

r-- r-- 
to to 

^r ro ro — 

to in N-* to 

m m m m 
to to to to 

O 
co 

(A 
c 
o ro ro 10  ro CM — CM 

CM   CM  CM   CM  CM  CM  CM 

c> c> c> <6 <6 <6 <6 
ro <er 
6 6 

CM  tD   CM  tO  CM  tO 

OOOOOO 

rO  rO 

6  6 
CM CM  CM   CM 

6 6 6 6 

^^ 

0000000 OOOOOO O   O <3- <r <r *^ 
CM  CM   CM  CM   —   — ro CM CM CM  CM   CM 

tD  O tD  O tO O  tO 
O—O  —  O — O 
III       I      I I      I 
x x >-  >- < o o 
OO  —   —   CM CM  CM 
h- r- f*  r— r- p- r- 

<t  CO 
^- ro 

< CO <  CD <   CO 
cn cn — — CM CM 
00  

1    1 1    1    1    1 

r- r^ p*. r^ r^ r^. 

— CM ro <r 



1512 COASTAL ENGINEERING—1978 

ro tn ^* <0 V <0 co           ^- in co          Om          ^ r*_ r—           mroroinroromro 
in in CM CM CM CM o>          CM N- ro          roir>          ro *r —           OOf*-OOr>-00 
c\j c\j <3- *3- <3" *r    CM  rocM^frocM'sl-rocM 

Of*- ojroco <o d> —. u> vo • 

lOOlOOlO U"> O")  CT> CO CO  CM 
--  CM   CM   CVJ  CM — rO  — —   — 

m co O ro co O 10 in r— co cx> o in too cMcMO^-r*-cMr*-to in N co CD O m to»o 

CD lO CM ro CO ONin tD U") CO CO CO CO     S-     CD lO CM     rOCO     ONlO     U) O O (fl O ID (D 
CM CM CM CM CM CM      — —    — — CM  

CD f>- f*- ^- s- ^ — ON-UJ om o in CM (DSIDIDNIOION 
— CD CO CM CO CM      CJ      IO COS      CM U">      — O —      — CM CM —— CM 

*3- CD cd ro CM r-^ CD CD — NrooosroeoSro 

03 
en CJ ro   ro _ CM m in r- (13 tO lf> o o en 00 00 oj 00 0D OJ 00 00 ro 
ID OJ — 00   00 ro 00 u> <s — — a> — r-- ro en r-- O en r- O en r- >»• 

IT) in — o — o ro r— — <r CM in —— r- — en 00 OJ 1^- 00 OJ h- oo OJ en —   — — <~- o — — — — ,_- O — o o — O o — O o — o 
O 6 6 d 6 d d CM 

0> 

d o o 
0J 

d d o 
£ 

d O O o o O o O O O o 

, . 
d 

CT) o< a> o «»• to 00 — «»- ro o ^~ o — — rO ro ro ro en l_ ro ro OJ — tO CO < «>• en u> o h- — f- *r — <»• o m to 
ro ro ro ro ro ro CM aj 00 00 00 •• *- *r in en OJ „ OJ OJ — — OJ — — OJ 05 — 
CM rvl — CM c o CM CM •u OJ o 

3 .— O O O O O O 00 d odd 
J= d d c d d d o O o o o o o o 

>4— 
o 

01 ID <u 3 o o A A A A A A A 
ID a> t— 

CD a. o Jr: 3 
en — 

3 J£ u. •a 

„ 2£ :* *1 ac n£. 2£ C 

o 
•o 
c 
o 

2£ *c 3£ Jr 2£ ^ o ^ 3£ *: O *: ^ X XL *: *. XL XL 
i_ 
o 2£ 

<u U> (D 10 (D o o o r- a <sr in — in "3- ro to to 00 <o to 00 <o to a> 00 
o 

c 
O o on en <s U> tn 

O 
in o o *r l_ 

o 
UJ 

<r m JZ 
lO 
o 

OJ T3 
C 

r- 
m 

t~- 
m 

00 
OJ 

r- 
in 

h- 00 
in OJ in 

r-- 
in 

Q O 

o J= '5 >- a c 
5 

0"> en r-- r- r- r- 

u 

'z o 

.c 
a. 
£ 
o 

on en 
c 
o o 

JO 
O en in 

a 
i- 
3 

£ 
o 

o 
tn — — r- l~- r- r- —•* O OJ OJ en c o O <T 00 ID o o o o o o o o *~ o 

        _ _! — _* d o _j __' 3 _J d —I — — OJ — — OJ — — o OJ 

£ l/> 
r— 3 

3 
o 

O 

3 
to — 

r^ I    _._   ro a in ro m »—» CO t~ 1- m O *— <3- 
m in — — — — CM — ro — CO o o 00 en ro «• u> <o "3- to to «»• to OJ 

u> to r— r- r- r- CO *T d in d — J= 
o 

ro ^- •"T ro r- r~ ro f- r- ro t~- in — — — 

co — co   co — — r*-r>-o m m . - t£> t£> cr> ininmtnininmif) 
m  CO tO   CO  in CO (O <OU>CO <£> ID (X> tX> CM «>tO<£>U3<r>U3U3t£> 

o  

r»- r>- *n 
<fl N y> S U) S CM iniOCM 
CMCMCMCMCMCM ^- rOrOin rOrO CMCMrO CMCMCMCMCMCMCMCM 

d <6 c6 S d <6       d        odd       do       odd        cSdcSc>c>c>Gci 

mininminin        o ooo CM ooo oooooooo 
— —   __ _ —   __   _ CO  — — —   —  —   CMCMCMrOrO 

m <I   CD «3  CO cx> o  a*  ai 
— CM   CM   CO  CO p*- in in to 

O X)   o 
CM  CM  CM 

CM^-«>C02~^^ 


