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FOREWORD

Determination of beach material characteristics, and
their variance across and ajoiy the beach, is impusiant in
many coastal studies -- in indicating the source and
direction of movement of the littoral materials and, to
some cxtent, the probable reaciion of the beach to particular
wave and tide conditions. Until very recently there has
been no sourd basis for planning a beach sampling operation,
samples being taken in various ways and analyzed by various
methods with little if any realization o the statistical
implications involved. OStudies have recently besn underwsy
which attempt to discover the best statistical mcdel to be
used in beach sampling (e.g., number and size of samples,
depth of sampling, lateral znd longitudinal spacing of
samples), and the following is a repict on one of these
studies.

This report has been prepared by Dr, William C.
Krumbein in pursuance of Contract DA-49-055-eng-35 with the
Beach Erosion Board, which provides in par% {or research on
programs and procedures for szmpling iittoral materials.
Dr. Krumbein is Professor of Geology at Northwestern Univ~
ersity.

Views and conclusions stated in this report are not
necessarily those of the Beach Erosion Beard.

This report is published under authiority of Public Law
166, 79th Congress, approved July 31, 1945.
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STATISTICAL SIGNIFICANCE
or
BEACH SAMPLING METHODS

by
W, C. Krumbein, Northwestern University

TNTRONVICTTINON

Characteristics of beach depositrs are important in geological and
engineering investigations of shore ne processes. Aimost every study
of beaches includes collection of samples for determination of average
particle size, mineral composition, and other attributes.

Most beach samples are collected with one or more of the following
objectives in mind:

(a) To obtain an estimate of the average coarseness or
fineness of the beach material for descriptive or
comparative purposes.

(b) To obtain information on the characteristics of
material required for beach nourishment or for ths
development of artificial beaches.

(c) To determine the source rocks or source areas of
the natural sand or gravel on the beach.

(d) To determine whether there have been changes in the
sources of the beach material within historic times
due to man's modification of the beach area or its
hinterland.

Inasmpuch as the characteristics of beach material are in part
dependent, on physical processes onerating ir the beech arez, the
preceding specific objectives may be parts of a larger plan to relate the
observed prcperties of the material to prevailing waves and currents,
as well as to the distance that the material was moved from its original
source area.

Methcds of sampling beaches are largely empirical in that few
studies have been made to test the effectiveness of different sampling
plans. The purpose of this report is <o review beach sampling methods
in terms of some statistical principies, and to suggest tentative plans
for improving the representativeness in the samples. In order to be self-
contained the report includes some discussion of the statistical methods
used. The results indicate that no radical revisions of current sampling
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procedures are needed; but that recognition of explicit design elements
in the sampling plan can result in greater reliability of the data for
comparable expenditure of time and effort.

The writer is indebted to numerous individuals for suggestions and
data used in this study. Messrs. R. O, Eaton; J. M, Caldwell, J. V,
Hall, Jr., and T, Saville, Jr., of the Beach Erosion Board staff have
been especially cooperative in discussing the problem and in placing
beach informetion at the writer's disposal. Mr. Eaton has made many
specific suggestion», and has read the manuscript critically for ita
engineerirg implications.

REVIEW OF BEACH CHARACTERISTICS 7/

Sampling programs to determine sprecific prorerties of the material
being sampled are most effectively designed when the general characier-
istics of the material are known. In a statistical sense, each set of
observations represents a sample drawn from some larger population. If
the population is known to be relatively homogeneous, a set of random
samples may supply sufficient data for estimating population character-
istics. If the population shows natural subdivisions or gradients,; the
sampling plan may be adjusted to take such variations into account.

It is common knowledge that veach material characteristics change
along and across beaches due to variations in the "natural treatments"
imposed by waves and currents. Waves wash up to the berm, but seldom
cross it. Seaward of the berm the sand is shifted about by wave action,
but on the dry backshore, wind winnowing may selectively remove grains
to the dunal belt. As a result of these differing processes, the
beach as a whole displays a zonal arrangement, and is commonly divided
into a backshore, foreshore, and nearshore bottom zone. The width and
characteristics of the zones are functions in part of the amounts of
beach material available, as well as of the larger enviromment of partially
enclosed bay, opan shore, or barrier system of which the beach is a part.
Within this broader framework the =ampling plan is thus part of a larger
design that includes the physical setting of the beach.

The problem of designing a comprehensive sampling plen for such an
interrelated system is beyond the scope of this preliminary study. In-
stead, sttention will be confined © straight stretches of open beach as
being more representative of conditions commonly sampled, FEven here
the problem is not simplc., Cyrelical changes occur on the besch seascnally
and during storms. Low summer dDerms are topped by fall and winter storms,
and new borms adjusted to prevailing wave conditions 2re dsvelcped. Even
durang & single seascn the changes which occuxr Juring sterms in the neap
tide range are noticsably different from those occurring in spring tide
ranges. Likewise therz is a differeunce in effects procduced by storms
occwrring during rising or falling tides.




These cyclical changes ={fect beach widths, slcpes, and textures
of the beach matcrial. Some Leaches may be composed of sand in summer
and pebbles in winter; in others (as scme beaches along Lake Michigan)
the beach may be composed of pebbles during quiet periods and of sand
during sterms. Sone beaches are characterized by patches of gravel on a
sand foundation; the position and size of the gravel patches may vary
with storms and seasons. Any sampling plzn which takes all these
possibilities into account must be repetitive, and must extend from the
highest berm crest to a water depth sufficient to include aress of
significant amounts ¢f sand movement.

The backshore beyond the highest berm is very seldom affected by p
wave action, and then only during severe storms or breakthroughs. From
the sampling point o® view the backshore and its belt of landward dunes
may be considered a +°latively unchanging part of the beach as far as
hydraulic effecte 2re concerned.

Inasmuch as emphasis in the present report is on engineering uses
of beach data, the fcreshore and nearshore bottom will receive most
attention hecause they represent parts of the beach most continuously
subject to hydraulic forcer. Jome aspects of the backshore are treated,
however, to provide a basis for comparison with the more active portions
of the beach,

BEACH POPULATIONS

It was mentioned that some knowledge of the populations from which
samplez are drawn is helriul in designing sampliug plans. There are
other advantages also, such as in the selection of s tatistical models
for further analysis of tne data, and in setting up confidence intervals :
fer estirates of certain population parameters. }

A considerable body of knowledge avout some beach populations is
availaple from the w.. v geological and engineering studies that have
been made. In part this knowledge is used by implication rather than
erpricitly. Some o the material 1= reviewed here to indicate that at
least gix kinds of <istribution functions are commonly encountered in
besch data.

In any emall area on 2 large beach the average particle size, particle
shape, mineral composition, moisture content, beach firmness, and other
characteristics are relatively homogeneous, and closely spaced samples
commonly show approximately normal distributions of these properties,

The distribution of average particle size in closely spaced beach
sand samples tends to be normal, althoughthe distribution of grain sizes
in any sirgle rample is skewed. The individual samples may bte "normalized"
by a log transformation, as is commonly done graphically by plotting
the size data on logarithmic paper.



Some beach characteristics have a directional or angular sense,
such as foreshore slopes, orientations of grain axes, and other
attributes. These commonly show symmetrical distributions which can
be approximated by the normal curve., Ia theory, however, these angular
distributions are circular normal. ’

Some beach data show highly skewed frequency distributions which
cannot be normalized by a log transformation. These are Gamma distributions,
and they occur when the rarer chemical constituents of sedimentary
deposits are studled, for example. In some cases the distribution of
bedding thicknesses follows a Gamma distribution.

The preceding kinds of distributions apply to continuous data. 1In
contrast to these are discrete distributions, where the variables takes /
on only integral values. These distributions are encoun‘ered when .
mineral grains in sands are counted, such as in the analysis of heavy
minerals. The distributions are developed by taking subsamples of fixed
size (say 25 to S50 grains), and counting the number of specific occurrences
per subsample. If the mineral counted is fairly abundant, each sub-
sample will have one or more grains, whereas if the mineral is rare,
some of the subsamples may not contain any of the grains. These con-
ditions give rise to two kinds of distributions. The binominal distribu-
tion, relatively symmetrical, is found vhen the minerals are abundant,
and the Yoisson distribution occurs for very rare minerals. Paisson
distributions are commonly highly skewed,

Table 1 summarizes the six kinds of distributions, and includes
several examples of each type. The table serves as background material
for later mention of certain beach populations. Figure 1 shows an
example of each kind of distribution for illustrative purposes.

BEACH ZONES

It was mentioned that beaches may be roughly divided into the back-
shore, the foreshore, and the nearshore bottom, as indicated in Figure 2.
In a ctatistical sense these constitute three or more "sampling strata",
each of which has its own characteristic populations. The strata may
be considered as separate units, they may be further subdivided, or they
may be considered as parts of a "superpopulation" which comprises the
beach as a whole. In mary instences there are continuous gradations
betwesn the zones, so that the population as a whole may have gradients
from one zone to another.

in eaaily visualized example of populations is iilustrated by the
moisture content of beach sand. In the nearshore bottom all the pores
among the sand grains are filled with water and the moisture content
is of the ordar of 35 to U0 percent. On the foreshore the samples close
to the water line may have 20 to 25 percent moisture, and as samples
are collected higher on the foreshore this percentage rapidly drops to
betwsann 5 and 10 percent. On the creat of the berm there may be only
1 or 2 percent moisture, and the somewhat lower elevation of the tackshore
may develop slightly higher moisture values.
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TABLE 1
FREQUENCY DISTRIBUTION OF BEACH DATA%
NCRMATL , OR NORMAL APPROXTMATION
Average particle size
Particle roundness and sphericity in some samples

Moisture content of beach sand
Beach firmness

Porosity of beach sand
Orientation of particle axes when range is small
Beach slopes expressed in angles

Percentages of abundant minerals in sand

LOG NORMAL
Particle size distribution in single samples
Permeability of beach sands
Thickness of bedding (?)

CIRCULAR NCRMAL
Orientation of particle axes when range is large
Orientation of cross-bedding in beach deposits (?)
Distribution of angle of aprroach of waves

BI!ICMIAL
Abundant minerals in sand or cf rock types in gravel
(when data are expressed as number of particles occurring
in subsamples of fixed size.)
Number c¢f frosted grainz in some dune sands (in subsamples of
fixed size).

PCISSON
Rare minerals in sand (or of rock types in gravel), when data
are expressed as number of particles per subsample of fixed
size.

GAMMA DISTRIBUTIONS
Thickness of bedding (7)
Percentage of rarer minerals in sand
Particle roundness and sphericity in some samples

Exceptions to this classification occur. Note also that percentages
are usually binomial or Poisson basically, but as continuous variables
they apparently may be treated as normal avproximations or Gamma dis-
tributions.
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In treating the moisture data, one may consider that the entire
beach has one superpopulation of moisture content, with a sharp gradient
from the water line landward. On the other hand, one may consider the
nearshore bottom and the backshore as two distinct populations with a

transition zone tetween. In fact, one may set up several parallel popu-
lation hands across the beach; depending upon the limitations he wighes

to impose upon any single "population."

Although the changes may not be so obvious to the eye, similar
variations occur in particle size, mineral composition, beach firmness,
and other attributes from zone to zone. The degree of variability itself
varies with different properties, so that the beach as a whole may be
considered as a complex of populations of various attributes, each with )
its own characteristics and rates of ‘change. “

In part, the Sampling plan depends upon the population model adopted.
In many instances it is preferable to treat each zone separately, although
in some studies a broad over-all value for the beach as a whole may be
adequate.

CLASSIFICATION OF SAMPLING METHODS

Methods of beach sampling have in large part developed from ex-
perience, ard only in realtively recent years has special attention been
paid to the statistical problem of obtaining the best kind of examyles
for 8 given stucy. During the past two decades statisticians have
developed sampling theory to an advanced level in many fields (such as
agricultural sampling, opinion sampling, etc.). The bedy of s ampling
theory available applies equally well in principle to other fields, and
some of the definitions and concepts are ¢f direct value to beach sampling.

A distinction should b= made between purposive selection and random
sampling. In purposive selection the samples are restricted to deposits
or places considered by the worker to be especially typical of the con-
ditions being -ampled. A random sample is one in which some elements of
random selection has been introduced to avcid personal bias, and it is
in connection with the latter kind of samples that sampling theory is
developed. Cochran (1953) develops this point.

Tne requirement that an element of randommess be introduced into
sampling does not mean that the sample is to be taken blindfolded, as
it were, without regard for the characteristics being sampled. Rather,
the requirement is that some process of randomization be applied to the
procedure of collecting the sample. This randomization process may take
different forms, depending upon the kinds of samples being collected.
The distinction is brought out in the following definitions of sampling
procedures. The formal definitions are given by Cochran (1953); they are
paraphrased here to apply more directly to beach sampling, either along
a profile or over an area.

In sampling sedimentary deposits, the unit of sampling is a small
volume of the deposit rz*hér than an individual grain, although in some

e —— e e et



studies the grains themselves may be sampled. In the following treat-
ment it will be assumed that the beach sample is a cylinder of sand
about 3 inches in diameter and 2 inches deep. Four kinds of sampling
procedures are available, which will be illustrated first by samples
collected along a profile line across the beach.,

1. Simple random sampling is a method of selecting a sample of
given size such that every one of the possible samples of this size along
the line has an equal chance of being selected.

2. Stratified sampling involves dividing the sampling line into L
non-overlapping segments (strata) which ‘cgether constitute the entire
length of the line. A set cf L samples, representing one sample collected
at random from each segment, is a set of stratified random samples.

3. Systematic sampling is performed by taking a sample at random
from an arbitrarily defined segment of length k, and thereafter selecting
a sample from the same relative position in all remaining segments of
length k along the original sampling line.

L. Stratified systematic sampling is performed by first dividing
the 1ine into L strata as under (2). 4 sample is collected at random
in the first stratum, and thereafter a sample is taken from this same
relative position in each of the remaining strata.

Figure 3 comprises plan views of a bteach profile 1,000 feet long
extending from the inner edge of the backshore to the 30-fcot dz2pth in
the nearshore bottom. The four lines in the figure represert the same
profile sampled in four different manners. In profile A five samples
are collected at random. One way of selecting the samples is to consider
the profile as comprising 4,000 consecutive sampling positions, each 3
inches long, numbered from 0001 to L,000. A table of random numbers
(such as *hose in Dixon and Massey, p. 290) is entered at some conveniznt
point, and the first five L-digit numbers are listed, ignoring numbers /
larger than 4,000, and omitting duplicates. Say the numbers are 1126,

2724, 0249, 1196, and 3253. Then s sample is taken from the 2L49th,
1126th, 1196th, 272Lkth, and 3253rd 3-inch segments, representing distances
of 62.25, 281,50, 299.00, 681.00, and 813.25 feet from the landward end
of the profile. These constitute a set of simple randem samples, with
some qualifications developed later.

In profile B the beach is first stratified into backshore, uvpper and
lower foreshores, and say two nearshore bottom zones, These are natural
strate suggested. by past experience on the heach, and they ccnstitute the
L segments of the definition. Each stratum is now considered as a sampling
segment, and a separate random number is drawn for each stratum from a
range of values equal to the number of pessible 3-inch sample &pacings
along the line, The five resulting samples constitute a set cof stratified
random s amples inasmuch as each stratum was sampled in one random position.
For strata of different lengths it may in some cases be desirebie to take
a number of zamples from each stratum proporticnal to the length of the
stratum.

e e — - - R — —_ — e ————
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In profile C the sampling line is considered as having 4,000 possible
sumpling sites as in A, but it is now arbitrarily decided to consider
the profile as being composed of five sampling segments of equal length.
These are the k groups, each of which has 800 of the original L4,00C 3-inch
sampling elements., A single number between OC1l and 800 is selected at

This same element is now sampled in the remaining k segments, i.e., numbers
1099, 1899, 2699, and 3L99 on the original numbering scheme. The five
samples constitute a set of systematic sumples along the profile./

In profile D stratified systematic sampling is used. When the strata
are of equdl lengin it is only necessary to select a number at random v
within the range of sampling positions, and to repeat the s ampling at the
same point in each stratum. In the rresent case the strata are of unequal
length, and it was decided to select a number between 00 and 99 to represent
a proportional distance in the stratum. The random number table yielded
3, which was used as O.3L to locate a sample at that proportionate
distance f-um the initial point in each stratum.

In considering these four alternative methods for sampling along a
profile, the question may be raised whether any one of the methods is
superior to the others. If the beach population along the profile is
homogeneous, simple random sampling provides a satisfactory estimate of
the beach population parameters. If the beach population varies markedly
along the prefile, simple random samples may in Some instances give a
poor estimate, hecause the random numbers may all fall into a single natural
beach zone or stratum. Inasmuch as axperience umply demonstiratss the
occurrence of these natural zones cn iie beach, stratified sampiing seems
to be preferable. Whether samples taken at random in each stratum are
preferable to samplee systematized in each stratum probably cannot be
answered without some knowledge of the population gradients involved.
Cochran (1953) discusses some of the factors involved in populations
with gradients, with cyclical changes, etc.

When a beach area, as opposed to a profile line, is considered, the
several types of sampling become appiications of piane sampling, also
discussed by Cochran (1953, p. 183) and developed in greater detail by
Quenouille (1949)., Suppose an area 100 x 100 feet on the backshore is to
be studied for its characteriatics, and it is decided tc take 1€ samples
from the area, If each sample is to occupy a 3-inch circle, there are
some 160,000 possible sampling positions available,

The 100-foot edges of the large square are numbered from 001 to LOO
in sequence, suggested in Figure LA. Sixteen pairs of 3-digit numbers
in this range (omitting duplicate pairs) are drawn from a random number
table, and the samples are taken from the corresponding positions, using
the paired numbers as x- and y- ccordinates. This yields a set of 16
random samples from the beach area,

In Figure LB the 100-foot square is divided into 16 smaller squares

by driving stakes at 25-foot intervals over the larger square. Each of
the 25-foot squares is numbered from 00 to 99 along the edges. By

et 5l i S e
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drawing 16 pajirs of numbers in this range and colleeting samples at the
corresronding points, a set of stfatified random samples is obtained.
In this instance the subdivision of the 100-foot square into smaller
squares is a process of stratification in two dimensions.

In Figure IC a sample is randomized in the upper left 2%-foot

square by drawing a pair of randem numbers between 30 and 99. ‘This

same position is now sampled in the remaining 15 squares. The 16 samples
constitute a set of aligned systemastic samples, corresponding to stratified
systematic samples along a line., When samples are taken directly at the
stakes, which has been a common procedure, the samples have the same

kind of pattern, and th¢ rzilomlizing element is preserved by randomizing
the rosition on the backshore of one corner of the majlor 100-foot sguare,

Another form of systematization, yielding unaligned systematic
samples, is defined by Quenouille (1949) and also discussed by Cochran
(p. 183). This is shown in Figure LD. The position of a sample in the
upper e ft 25-foot square is randomized by selecting a pair of numbers
between 00 and 99, representing the vertical and horizontal coordinates.
This is followed by randomizing the horizontal coordinates in the
remaining squares of the wpper row, and randomlizing the vertical coordinates
of the remaining squares in the first column. The resulting patiiern of
sampling points is systematic in the sense that the distance, horizontal
or vertical between samples in successive strata is the same.

Quenoullle considered the relative efficiency of these several sampl-
ing plans, as well as several others. In general it may be said that
if the backshore area is homogeneous, any of the methods will give fair
estimates. If a gradient is present in the populsaticr, howver, it
seems probable that the unalipned sysitematic samplies #3111 detect it most
effectively. This may be seen by comparing Figures LC and 4, In IC
a gradient from left to right, for example, would be picked up at the
same four points in each row. In LD, on the other hand, the different
positions of the samples in each row would result in 16 intersections of
the gradient.

The preceding discussion gave equal weight to each 3-inch circle in the
sampled area, which would require rather accurate location with transit
and tape. For practical purposes one may decide to randomize to the
nearest square foot, teking the sample from the edge or center of the
designated square. For most beach studies it 1s probably adequate to
preépare a drawing or map of the sampling design in the office, randomize
the sample positions on the map, and collect them in the field to the
nearest conveniently measurable unit.

In some detailed beach studies, and in connection with some analysis
of variance designs, 1t is desirable to have more than one sample in
a grid cell. Multiple samples are obtained by repeated application of
the same randomizing element for succeeding samples. In similar fashion,
it may be desirable to collect more than ome sample from each beach zone
along a profile. This may aiso Ge accomplished by successive randomi-
zation of the sample poaitions. An alternative is to take a number of

P
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samples from each zone proportional to the zone width., This gives rise to
a "represen*tative sample" in that each zone (or stratum) is represented
according to its size.

Multilevel sampling has not been menticned explieitly, although in
some respects it ia—implied in the compromises with randomization made
in an earlier paragraphe. Thus, adcplicn of 1 square font as a unit
sampling area, with a 3-inch sample taken from the center, is a form of
multilevel sampling. This could be made explicit by selecting the
square foot at random, and then randomizing the position of the sample
within the sgquare foot. Whether these added refinements are desirable
in routine engineering Studies may be questioned, although it is ap-
propriate that the question be examined academically. /

In the more usual form of multilevel sampling, one might select
several 100-foot squares aloang the backshore and divide each into 25-foot
squaves, Two or more of the 25-foot squares may be picked at random
from each 100-foot square, and within each selected 25-fcot aquare two
or more samples may be taken at random. This would produce a set of
samples in a three-level hierarchy, and from the data, the variance
contributions of each level of sampling may be computed. Inasmuch as
ine method may be used to test the effects of sample spacing, an example
will be given in a later section.

Cluster Sampling is a process of collecting a group of closely
spaced samples at each major sampling point. Thus, if multiple samples
are to be collected from each beach zone along a profile, a stake could
be driven in the beach at the randomized sampling points (as- in Figure
3B), and two or more samples could be collected around each stake. One
way of doing this is to draw a circle about 2 feet in diameter around
the stake, and divide the circle into say 16 equal segments., By drawing
numbers from Ol to 16 (omitting duplicates) from a random number table,
the samples could be taken from the corresponding circle segments, say 1
foot from the stake. To avcid finite population corrections (Cochran,
1953) the number of s egments should be fairly largs compared to the
number of samples in a cluster,

Cluster sampling as described here involves randomization of the
main sampling peint and of individual samples in the cluster. The
sand semple itseif is a type of ciusier sample in which the randomizing
procsss is applied to the totel sample, but not to the individual sand
grains. This type of sample is sometimes referred to as a "complex
random sample".

The many hnpiications of the several sampling plans treated here are
not further discuzsed in this report, although Cochran (1953) develops
the corresponding statistical theory for each kind of sample. In part
the selection of the plan depends upon costs, and upon whether the main
chbiective is to obtain a population estimate or to study relationships
within the populations more anaiytically. Beech sampling includes both
aspecte, and Cochran's book is recommended as a basic text for further
analysis of the sample data.
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ANATLYSIS OF BEACH SAMFPLES

The preceding section showed that general principles of sampling may
be applied tc beaches and that the application of these principles pro-
vices a number of alternative ways for laying out samples along profiles
or osn a grid. The question of the best choice of method depends in part
on the objectives of the study, and this in turm depends upon the use
to be made of the samples. In this cection some of ithe kinds of analyses
performed on beach samples are discussed, to pave the way for more detailed
consideration of the selection of specific sampliing methods.

Samples from beaches are analyzed for various attributes. The most
common 1s particle size analysis, which may be conducted with sieves,
with a settling tube, or by measuring grains under the microscope. There
is considerable discussion of the relative merits of these methods in
the literature, inasmuch as each involves a different basic definition
of "size"., For practical purposes it is perhaps sufficient that all
size data used in any one study be obtained by the same process, so that
the mean sizes obtained represent the s ame operationally-defined variable.
Only when sets of data involving different methods are compared is it
necessary to show that one method is eéquivalent to another, Various
statistical tests.for showing such ecuivalence or i%ts lack are available,

In addition to variations in methods of analysis, there is also con-
siderahle variation in methods of expressing mean particle size. Perhaps
the most commonly used is the median diameter in millimeters, which re-
presents the size of the middlemost grain in the weight frequency dis-
tribution. Earlier practice had been to use the arithmetic mean diameter
in millimeters, graphically determined as the "equivalent grade™. Re-
cognition that many beach deposits approach log normalcy in their size
distribution led to the development of the logarithmic mean {phi mean)
and its antilog, the geometric mean diameter in millimeters. Use of the

log median (phi median) is also common with some workers.

In similar manner, the degree of spread of the grains about the mean
size, is expressed in various ways. Those most commonly used are the
grading factor,a variant of the mean deviation; the sorting coefficient
oased on quartile ratio; and a log standard deviation (phi standard
deviation) based on the log tiransformed data.

The ralative merite of the methods of expressing particle size
are not of major concern here, except to point out that in general the
more suitable measures are those in which the mean values tend to approach
a normal d istribution, and in which the measures of spread tend to
approach a Chi-square distribution, Statistical analysis of the sample
data is facilitated under these cornditions. Fortunately, the mean grain
size in all methods of analysis is based upon a large number (or weight)
of grains, sc that most of the aversge values used probably tend toward
symmetrical distributiorns. This point needs some verification; perhaps
more important, the sample distribution of the various sorting measures
needs critical study.
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In any event, particle size analysis is usually expressed as an
average diameter, a measure of spread, and in some instances a measure
of skewness., These are the data that are generally available for further
statistical analysis.

The fact that each beach sample provides an estimate of average
diameter, spread, and skewness, raises certain complexities in further
statistical analysis of a group of samples. It was mentioned that beach

sand samples are 2 kind of cluster sample bhecsuse each sampie contains
a large number of grains. Inasmuch as the randomizing process is applied
to the cluster and not to the individual grains, the latter are not
independent in a statistical sense. Moreover, the mean diameter and other
measures from each sample ai'e commonly based on weight percentage
frequency, whereas further analysis is based on number frequency. Finally,
the sample average is commonly expressed as a median diameter, whereas
subsequent analysis involves the arithmetic mean of the medians. The
assistance of mathematical statisticians will be required to sort cut the

variances contributed by each of these procedures.

In addition to particle size analysis, beach samples are commonly
studied for their mineral composition. Most beach sands are composed
predominantly ox quartz and other light-colored minerals, with a small
percentage of darker minerals. These darker minerals have a greater
specific gravity and are separated from the sand with heavy liquids.

The heavy minerals are important in identifying the source rocks and
source areas of the s and. Common practice is to count several hundred to
a thousand grains, noting the abundance of the several species present.
The r esults are commonly expressed in number percentage terms. As was
pointed out previously, the distribution of minerals in sediments tends
to be binomial for the more abundant ones and Poisson for the rarer ones.

In some specisgl studies the shape of the grains is also studied.
Shape may be expressed in terms of the sphericity (operationally defined
as the cube root of the ratio of particle volume to volume of a sphere
circumscribed about the particle), and as the roundness (operationally
defined as the ratio of average radii of corners andedges to radius of
circle inscribed in maximum projection plane of the particle). Various
short methods for estimating these properties are available.

Particle orientation (compass direction of longest particle axis
in space, for example) is not extensively studied for engineering
purpeses, although some methods are avaljablie for pebbles and large said
grains.

Other kinds of observations which may be made on beach deposits include
study of beach bedding, beach firmness, beach slope, and such special
features as beach cusps, etc.

From a statistical point of view the size of a sample should be ad-
justed to the beach characteristics being studied. In practice, however,
most beach samples are of such size that abundant grains are available
for any kind of analysis. In special studies it may be found that sample
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spacing is infiuenced by the data of main interest. Dacisions on this
point must in part await additional knowledge of the population gra-
dients of particle size, particle shape, mineral content, and the iike.

Perhaps the most common problems that arise in connection with the
several objectives listed in the introduction are concerned with estimates
of the over-all characteristics of the beach deposit; with evaluation of
changes in texture or composition along and across beaches; or with com-
parison uf deposits on the same beach during different seasons. Inasmich
a3 average pariticle 3izs i3 ons of the mein congiderations in such comparisons;
it 13 used here as the main illustration, although the general approach
is also applicable to questions of source areas for beaches.

[A TR
COMFARISON OF SETS OF DEACH DATA

In proper perspective beach sampling is a means toward an end. The
objective of the study is to learn something about a beach, but the kinds
of tests that can be made on the data, and the convenisnce of computation,
are influenced by the mmber and kinds of samples availabla.

As a foundation for the closing section of this report on recommendsd
sampling procedures, the beach problems mentioned at the cluse of the
preceding section are treated here, Several standard statistical methods
are introduced to indicate ways in which the problems may be approached.

A basic problem that arises in bsach studies is the evaluation of
seasonal changes on beaches. Suppose samples are collected on the same
beach throughout a year and it is desired to test whether there is a signifi-
cant difference in average particle size over the seasons. Handin (1951)
furnishes tables of data which may be used as illustrations. Several
samples were collected each month from a number of beaches. When several .
such groups of samples ares available, it is possible to apply analysis of i
variance to the data, and to test all twelve months simultaneously. L

Certain assumptions underlie applications of analysis of variance,
as discussed by Eisenhart (1947), and Dixon and Massay (1951). Some
preliminary tests applicable to the data ae mentioned later.

In its simplest form analysis of variance compares variances beiwesn
and within groups of data. If the ratio of the baivween-group variance
to the within-group variance exceeds a selected critical value, the
difference betiween the groups may be considered statisticzlly significant,
Dixon and Massey (1951) give an introduction to analysis of variance, and
describe the method of the following example on p. 121, !

Table 2 shows the data arranged in month columns. The number of ob-
servations per month ranges from three to five. The design used is a single
factor basic form, and the form of the analysis is shown at the bottom of
Table 2 .

Although the methcds of computation for this model are given in detail
in Dixon and Massey, they are included here for readers unfamiliar with the
technique. The computations are encuimhered by extra oparations becacse of

unequal numbars of items in each monthly group. The first step is to
17
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square all the items in the table, (324)2 + (423)2 & (3U1)2 ¢ .u... ¢
(335)2 + (310)2 « (L66)2 = 6,425, 258. This may be called S;. The
second step is to square each group total and divide it number

of items in the group, and then =2dd the quotients: (1810)¢/5 + (1910)2 /L«
vesss + (1142)2/3 = 6,338, LO9. Call this S,. The last step in squaring
i= to square the grang total and divide it by the total number of items
in the table: (169LL)</L6 = 6,211,286, Call this Sj.

TABLE 2
ARITHMETIC MEAN DIAMETER OF BEACH SAND COLLECTED FROM SAME

BEACH DURING BACH MONTH (Data from Handin, 1951,
Station 56, p. 103. Values expressed as microns)

Mar, Apr, Mer June July Aung, Sep.

Q
(34

. Naer Nar~ Tam 9.b
- L4 L J

- v 9 ow e

324 505 355 348 291 138 34 35 380 392 274 335
423 S25 370 388 345 303 319 288 383 L0 290 3
33 L6O 430 322 311 LS8 296 388  L76 382 347 L6&6
375 420 361 432 232 318 304 301

347 126

1810 1510 1516 1916 9L7T  1la1 1247 133C 1620 1184 Si1 1142

362 L8 379 383 36 353 312 333 Lo5 395 304 381

ANALYSIS OF VARIANCE

Sum of Degrees of
Source Squares Freedom Mean Square F
Between Months $T1.23 11 8829 3 L6nn
Within months 868L9 3 2554
Total 183372 LS

- a e Em e e e m e e e e @ = o e = = -

The sums of squares (SS) in Table 2 are obtained as follows: The
total SS is found by subtracting S5 from Sy: 6,425,258 - 6,211,286 -
383,972. The betwsen-group S Qound by subtracting S3 from S
6,338,409 - 6,241,286 = 97,123 Finally, the within-group SS is obtained
by difference, 183,972 - 97,123 = 86,849.

The degrees of freedom associated with the groups is one less than the
number of groups, 12-1 = 11. The total degrees of freedom are one less

than the total number of items, 46 - 1 = L5. The within-group sum of squares

is the difference between these: L5 - 11 = 3L.

The mean squares are found by dividing the sums of squares by the
corresponding degrees of freedom to obtain the values shown in Table 2,

i8
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The computational process thus separates the total varlability into two
sources of wvariability. The statistical test is to see whether the
between-group mean square is significantly larger than the within-group
mean square. In making this test one has to decide befcrehand on the
ievel of significance at which he is willing to judge the results. 1In
the present instamce the statistical hypothesis is set up that there is
no significant difference between the group means at the conventional
S% significance level., Selection of the 5% level implies that one is
taking the risk of falsely rejecting the hypothesis once in 20 times on
the average., Tne risk of making this [ alse decision may be reduced by
accepting a 1% significance level, but in that case there is a greater
risk of not rejecting the hypothesis ir the means really are different.

In the present experiment the 5% level is chosen, The ratio F of
twe onegroun tn the wi fh"n_crnnn mean eqnnrn ig r\nmnuterl and found to

6 The critical value of the F ratlo is jooked up in a tabie of tie
distribution (Dinon and Massey, p. 310) for 11 and 34 degrees cf
freedom. By interpolation it is found to be about 2.08. The observed
value is larger than this, and hence is statistically significant at the
52 1zvel. The hypothesis of no significant differences among the group
means is accordingly rejected.

t
b be
3.
F

One may also check the F value for the same degrees of freedom at
the 1% level. The table on p. 312 of Dixon and Massey yields the value
2.82. approximately. This is also smsller than 3.46, so that the ratio
is significant at the 1% level. This is shown in Table 2 by adding two
stars after the figure.

One may conclude from this experiment that there is a highly signif-
icant difference between the monthiy means of average particle aize on
this beach., This implies a strong seasonsl change, but it does not
identify the specific months in which the changes occurred. Methods of
contrasts are available for such tests, but a simpler method in the
present instance is to combine the original data into two main groups,
say from April to September and from October to March inclusive, and use
the t-test on the two groups (Dixon and Massey, 1951, p. 102). When
this test is run on these data, it is found that a significant gross
seagonal difference 1is also prescent.

The one factor analysis of wvariance form may be used in any study
involving k groups of n items each., These may represent samples collected
in different months on the same beach; different profiles sampled at the
same time along 2 given beach; samples from different beaches taken at
the same time; or groups of samples from different zones on a given
beach,

A somewhat more versatile analysis of variance design of consideraule
value in beach studies is the row-column (iwo factor) form. This permits
simul taneous comparison of two factors, such as changes along and across
beaches; different parts of the s ame beach sampied at different times;
dif ferent beaches sampled at different times; and other combinations.
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or tnis c;es:g. saxwles may oe orllected on Frids, znd the fo
illustration, taken from zn eariier paper by the writer {1953) :
a2 study c" population nfomcgeneity on a beach at Wilmetie, illincis. The
data e2re shown in Table 3. The upper three rosis cf samples were taken
froem the beckshore, =nd the lewer mow was taven frcn the foreshere,

o

TABLE 3

GRID OF VARIATICw TH 10G 548 PARTICIE STZE. DATA
CXPRESSED AS HI MEALS OF PARTICLE SIZE DISTRIBUTICN
ALCHG BEACH

S 3ecksnore 2,15 2.06 2.1¢ 1.58 1.53

£ Backshore 2.10 2.06 1.86 1.95 2.06

< Bockshere 1.96 1.90 2.07 1.87 200

% Forechore C.27 0.52 0.97 1.18 1.21

1

o

< ARAITISIS OF VARIAMCE

Sur of Degrees of
Saurce Squares Freedom Mean Square ¥
Between columns C.CTE6 i .C192 <1HNS
(2 ong beach) _
3etween rows %.0528 3 1.88L3 26, LB~
{ecross beach)
Residual 0.753h 12 0.0636
Tetal 5.3528 19

The protlen here was tc ccompare averace narticle size alcng and
cress the beach on 2 sampling grid thet straddles the herm line, The
st tistical "ajrotheqs to be tested is that there are no colwwmn effe ts
(along beach) and no row effects (across teach) 2t the S% significance
level, The design and computations are descrived by Dixcon and Massey
P. 127). The total varisbility is separated into three parts, the first
associated with the cclumm effect, the second with the row effect, and
the third with a "residuzl®™ wvariance which represents the =z r-or terms,
£ WMo T raiios are cotained bty dividing the column and Iow mean squares
spectively Uy the residusl mean square.

o
aad

TE

The analysiz shows thal Uhere 1s a2 hignly significant row effect,
but ne sfgnificant colum effect (as indicated by the letters MNS).
This mezne in essence that ithe backshors populaticn may be considered
separate from the foreshors population, whereas in both these populations
there is nc significant change in means zlong the length of the g"i
{about 20C feet).

When prominent 2one changes cccur, as in this exanmple, the use of

the gross average tc characterize beach particle size is generzliy less
effective than the use of two means, one for the backshore and cne for
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the foreshore., In the original paper the separation of the populations
was affected by a second analysis of variance.

On the basis of the seccnd test it was inferred that the three upper
rows constitute cne population and the lowest row another. Hence, in
estimating population means, the values in the upper three rows may be
separately averaged to obtain a phi mean of 1.99, corresponding tc a

geometric mean dismeter of 0.25 millimeter. The forechore phi mean;
on the other hand, is 0.83, corresponding to a geometric mean diameter of
0,56 millimeter. Thus, the foreshore particle population is more than
twice as coarse as the backshore. A gross average of all values in the
table is 1.70 for the phi mean, corresponding to 0.3l millimeter for the
geometric mean. This value is not closely representative of any sample

ea  WR.T

A suggestion from this example is that if estimates are to be made
cf average particle size on given parts of beaches, the sampling plan
should involve stratification. By including in each group only samples
from a homogeneous population, the mean values will be mecre characteristic
of the zone, and the variance among the means will generally be smaller.

The examples presented here represent several basic statistical meodels
for comparing groups of data. More advanced analysis of variance designs
are available for problems of wider scope. For example, use of a three-
factor analysis of variance design would permit simul taneous évaluation
of changes along a beach, across a beach, and s easonally. An example of
this type of design is given by Krumbein (1953). Dixon and Massey (1.951)
is highly recommended as an introductory text, both for aralysis of
variance and for definitions of terms used in this paper. Heo2l (19h7)
provides a somewhai more mathematicsl introduction to statistics.

The analyses of variance designs included here are used mainly for
testing hypotheses about populaticn means on a single beach. Yet any one
beach is only a csample from the much larger population of all beaches.

If interest shifts from consideration of fixed relations among means to
consideration of random deviations in the characteristics of any one
beach from the mean value of these characteristics in the much larger
popuiation of all beaches, a model appropriate for estimation of variance
components may be usede An xcellent treatment of these two kinds of
analysis of variance models is given by Eisenhart (1947).

SAMPLING PROCEDURES

In preceding sections no question was raised about sample size ex-
~ept to point out that uaual practice affords samples of adequate size for
most purposes. -Anaiysis of variance may be used to study this problem
more critically, and elsewhere the writer (1953, 1954) has shown that
the diameter of the sample is of less importance than the depth of penetra-
tion for both sand and gravel beaches. The experiments cited apply to a
sand beach at Wilmette and a gravel beach in Evanston, More recently the
experiment was repeated on the uackshore at Ocean Beach, Maryland, with
the same results. This experiment is shown in Table L. On the basis of
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these experiments it seems relatively safe to infer that a sand sample
from about 1.5 to 3 inches in diameter is satisfactory for particle size

analysis.
TABIE L

SAMFLE -SIZE STUDY Or BEACH SAND FROM BACKSHORE,
OCEAN BEACH, MARYLAND (DATA EXPRESSED AS PHI
MEAN OF PARTICLE SIZE DISTRIBUTION.)

Depth
of Diameter of Sample
Sample 1.57 3* on 12"
3n 2.05 2.06 2,05 W
6" 1.97 1.50 1657 1.98
9n 187 1.88 1.86 1.86
12" 1.69 1.69 1.67 1.66
ANAIYSIS OF VARIANCE
Sum of Degrees of
Source Squares Freedom Mean Square F
Between columns 0.00C6 3 0.00020 3.33 Ns
(sample area)
Between rows «3170 3 .10570 176.2 3¢
(sample deptih)
Residual __,0005 9
Total 9. 3181 15

Common practice is to emphasize sampling of the upper few inches of
the beach, but there seems to be little organized information on the re-
lative differences that would show up seasonally or along a beach as a
function of the depth of sample penetration.

That the problem of sample depth is important is recognized by most
workers, 1t is not unusual t have segmenis of the beach up to several
feet thick cut out or filled in near the berm during storm cycles. If
winereas in ancther zcne the samples penetrate a scoured layer normally
several feet beneath the surface, there may be a regi question whether the
samples are strictly comparable in terms of operating processes. There
is no simple way of avoiding such sampling complexities, although some
evidence on the occurrence of marked changes could be had by running
elevations on each profile at successive times of sampling to determine
wheithzr any serious scour had occurred.

There is some justification in the practice of sampling the upper
few inches despite these complexities. From an engineering point of view
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an important consideratiom is to determine the beach characteristics in
the zone of active hydra that

de e
Wic forces, and if scour and f“iJ’ occur,
very fact may add to the wvariability of the beach surface through time.
Storm-cycle or seasonal variadbllity may be important in greoin design.
for example, in that chznges in average particle zize con the foreshcre
through the seasons will be accompanied by changes in feoreshors slone.
Scme knowledge of such cranges i{s valustle in designing greins adjiusted
tc the expected range in foreshore slope, entirely zside from the specific
rrocesses whisrh may proeduce the changes.,

Space limitations prevent complete discussion of sampling devices,
a2 though the subject is important in its insivence on the quality end
quantity of sanple obtzined. OSamples on ithe exposed beach mar be collected
by digging a hole to a given depth, mixing the material extracted, and
taking a pint or guart sample by some suitsble subsampiing nethod. Per-
haps wore common is the practice of rotating & pint or half-pint ice
cream carten into the sand.. In scme instances the top half-inch of
surfece sand is first scraped off. ¥ormally s single sample is taken at
each saFpiing pointe

Undervater samplers appear to be of three mzin kinds., The sampler
collects a single sample either by ,.,aet‘ ation into the bottonm, by
scrapirg nr a surficial layer, or by "grabbing®” a sample in = mang:.nz

tion. The relative efficiency of mp‘em has been Iooked intn, and
more could be dope alcng this iine with designed experiments. For
present purposes it will be assumed that. a sampler is used which provides
samples of sbout the same size and depth of pemetration as are collected
on the above-waier part cof the beach.

Most underwaier samples are collected along traverses in terms »f
water depth, The samplee mey be collected =t imcreasing depih incremenis
of two feet, for exawmpie, tc a total depth of X or more feet. in
altermnative nethod, apperently mot much used by engineers, is to space
the underwater samples according to distance from the mean tlde line,
regardless of the local water depth.

If comparison of underwater samples are to be made on the basis o
equivalent water depth, somecontrol of this factor is desirsble. Om the
other hand, if it is true that the nearshore bottom displays zones
simil er to backshore, foreshcre, eic., it may be that sanpling »iihin these
zones will provide ecually useful data. The writer is not aware that
Tpopulatica sones®™ on the neershore bottom have been studied as such,
although data are avaijabie {rom asps that show the ncarchere Aietritm *:. on
of average particle sizes, degrees of sorting, etc. Imman {1$53) provi
a mamber of such maps, and recent analysis of his data by Miller (1952&}
shows that certain areas can be distinguished on the basis of mul ti-
variste anslysis of mean size, degree of sorting, and skewness.

The writer has chserved that on socme Lazke Michigan beaches there is

&8 marked ccarsening of material from neer the mean water lime to the
Flunge zope. Beyond this the botiom is sometimes homogenecus to moderate
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depths. Maps by Fisher (1354) show rough Eneariiy of underwatsr zoues,
sometimes at an angls %o the shrre line., No Pbreak™ as consgicuous as
thes berm for separating the underwater populations is present,

The problex of sample spacing arises frequeatly in beach sampling.
Hor far apart should samples oe spaced along a profile? How far apart
sheould the profiles themsslvez be spaced along the basacth? Multilevsl
sampling, meationed earliier, provides one way of attacking the problem.

Critical data on beach particle size are not available as an ill-
ustration, but some beach firmmess data cbtained at Ocean Beach, Maryland
for another purpose in 1953 may be used. A portion of the backshore is
arranged Into six 100-fooi squares as showm in Pigure &, Bach of thess is
divided intec nine 33-foot squares. Two of the 33-fool sguares weore selscted
at random in the 100-foot squares, and within the selscted 33-foot sguares
two randomized psnetrometer readings were made. The itwo valuss in sach
randomized 33-foot square are indicated in Figure 5. Readings were made
with 2 42l penetrometer at 6-inch dapth.

If the experiment had been designed for this multilevel study, the 100-
foot squarss would be spaced randomly over the hackshore. Ths nuamber of
smller squares within the 100-foot squares would Le lncreased to avoid
necessity for finite population corrections, The example will be trsated
as thoagh it had been properiy desigmed, in ordser tc chow the kind of dsta
that may be obtainsd from such a stody.

Preliminary analysis of the large sguares as six groups of fouritems
each in a single factor design similar to Table 2 indicated that the back-
shore in the six large sqrares is homogenecas in beach firmmess.

For pressnt purposes the wariances camponsats of thes three sampiing
lsvels are important. These were found by use of a componsnts of var-
iance model for mmltilevel sampling (Cochram, 1953, chapter 10; Anderson
and Bancroft, 1352, p. 325; Olsen and Pctter, 1354). The walues were
obtained as followa:

Source ¥ariance Component
Batween 100-fool squares 4.3

Hatween 33-foct squares within 100-foot squares 43.9
etwoen samples within 33-foct sgquares 226.0

The largest variability occcurs between individual sarples, whereas
the variancs contiributions of the 33-foot and 100-foobl squares are roughly
the same. This o.der need not Le generzi, so tual the fllowiag inter-
pretations are specific instances rather than gzoneralizations. Finite
population carrections are ignored, as stated earlier.

In evaluating the pensirometer data in terms of the relative effects
of sample spacing, it will in general be true that the samples within the
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33-foot sguares will be closer together than the sguares t.be.mselves

re in the largest units. In the present instance cne may say that

the variasbility between the closely spaced samples within a 1f:r-foo
square is greater than that between 33-foot sguarss or betueen 100-Ioi
squares, T:? one wishes to obtain the best estimate of averasge peneira-
bility in the backshore, the question may be raised whether it is better
to take move readings close together, or more readings spread over the
larger sampling units.

'll

It can be shown (Anderson and Bancroft, 1952, p. 326) that if the
number of 100-foot squares is a, the mmber of selected 33-foot sguares
within one 100-foot sguare is b, and if the number of samples wi
each 33-footl square is ¢, then the variance of the grand mean, V(X}, is

V() = (Lh.3/a)  (43.9/ab) + (226.0/8bc)

in th
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where e OHers e taven from th rec o
pcnents of variance table, In the present experiment, a = €, b = 2,

c = 2. Hemce,
F(E) = 7.38 + 3.66 + 9.L2 = 20.L6.

The variance of the mean is a measure of the variability to whach
the sample mean is subject. By using the figure 206, it is possikle
to see how alternative sampling pians would decresss this walue., IF
the number ¢f sanples is tc be doubled, this could be done by applrying
the same plan to twice as many lm-fcot squeres on the backshore, or
by taking twice as many readings in the nresent set of 33-fool squares.
In the first altermative, » ¢ 12; b =22 adc = 2. In the seccnd

alternative a2 = &, b = 2, and ¢ = 4.

By inserting these walues in the expression for ¥(X}, the first
alternative yislds:

¥(5) = (bk.3/12) + (L3.9/2l) + (226.0/L8) = 10,23

The s econd alternatiwe yields:

0/u8) = 15.75.

W) = (bb.3/6) + (h3.5/
(A7 = (GL.IO) + \BJe ) 2k

IS N -l T b

It is evident from tnese values wabl dowwliig W maser of largast
sanpling units will cut the variance of the mean in ha){, whereas by
dogbling the number of lowest-level sampling units the wariance is only
decreased about PS5 per cent,

If generalisations are permitted from this experiment, it would
eppear thst a2 better estimate of the mean arises from taking additicmal
samples over *he larger units than by incressing the mumber of closely
spaced samples in the smaller units. This conclusion was alsc reached

by Potter and Olson (195L) in their study of cross-bedding of Peansylvanian
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Al though this example from multilevel sazmpling does not comlistely
answer the questicn of semple spacing, it does indicate that stztistic
methods are avalilable for attacking these problems. Scme informal ex
periments oy the writer, based largely on studen® problems, sug ss‘;ed
that nc sienificant diffcrences in averszye particle sire a2rose from grisd
sampling on 1S5~foot =zl -fort spacings. These distances may oe of
the szme order of magnitude in a sampling sense, howewver, and it may be
that greater differences in relztiwe spacing would give more conclusive
results.

TEXTATIVE FRCPUSAIS FUR Ba/CH LAUPLING
The preceding sections of this report irdicate some cof the com-
plexities involwed in teach sampling. It dc ot‘ sppear possible =zt
orerent to oropese 2z single unified sampling plan which can take account
of 211 these complicating factors. It is possible, howewe™, to surfpest

certein procedures for beach sampling which increase the relisbilit~ of
he dats and cTeatly simplify their siatistical treatment. The following
recomendations, m.na«:iled where necessary, represent the writer's
present judgment on preblems of beach sampling:

ok

(1) Sauple Size and Depth. Samples should bte of the same size
(wl.m- or weight, as far as possible for any given study. This eliminates
the necessn;v of weit,htmg means and permits direct compariscn of sets
of datas, Sample size inwlves two sspects: cruss-secticnal area of the
sanple angd depth of penetration.

a. The studies of sample size given ec.rl ier indicate that f
sand samples a circular zrea between about l.5 and L inches in dlanet,er
is sztisfactory. A variety of cylindrical cardbcard cartons in this g
range is availatle. Ice cream cartons appear tc be particularly smitatie.

For gravel the sample ares probably needs enlargement if depth of pene-
tration is % remein the same for both sand and gravel. On gravel
beaches the samples may be taken to greater depths to compensale for area;
Judgment rather than fixed riles is indicated at this stage.

b. For most sand beaches a sample sbout 2 or 3 inches in depth
s=ems tn he satisfactory if swrficial features are to be emphasized. If
the _;p& half-inch surfece layer is firset scraped off, this should be
done for all samples. In special studies, where individual sedimentation
wmits are to be investigated, the methods discussed by Otto (1938) are "
apolicable. For studies inwelvwing a greater depth of penetravion some
standard methods cof extracting the total sample and of splitting it to
size should be sdopted. Ome way is %0 ¢ig cut a criinder of sand; =ay
abouat & inches in diameter and a foot deep, spread the sample on 2
tarpaulin, mix thoroughly, and querter successively until a fielé ssmple
of sbout 1 pint is obtained. This rer—sents a form of subsampling,
and for funcdamental studies the stati :2) effects of such subsampling
caould be evaluated,

N
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It mav be pointed cut that current sampling practices yield very
large samples in a statistical sense. One cubic centimeter of beach
sand has about 60,000 grains, so that the ususl hal f-pint carton con-
tains abeut 3 or L million sand grains, and weighs about 500 grams.
It is likely that very auch smaller samples could be used, especially
for microscopic methods of particle size analysis.

(2) Zandomisation. A randomizing element shouid be mzde an ex-
plicit part of all sampling pro-cedures. Tables of random numbers zare
generally most satisfactory for this purpese, although ccin tossing ney
te ussd to decide between alternatives. As was peinted cut the randomiz-
ing element eliminates personal bias and provides a bssis for applications
of sampling theory. For most studies it Is possible to prepare the
randomized locations in the office, sc thai the actual field sampling
proceeds according to plan. Randomization of underwater samples is pro-
bably mcst conveniently arranged on a systematic plan slong profiles,
to avoid complicated meneuvering of the ship.

(3) Sample Stratification. For most beach studies a plan of
stratified sampling 15 pro..asl_v preferable %o simple random sampling.

Ry :cn stratifiration mar e mrr;ﬂnm'iﬁ:har? T'-nr '.r"lixn_g over the heach znd

mtmé the presence of ber.ms of firm and %o"t. areas, of gravel p=..caes

other size irreg "-iu"cs, of magnetite or other plaecer siresks, and
S0 Cfl. ILESE o’*servculm S may te used Jor dividing thue beach ;umt,o
sampling zomes. An alternative is to adopt standerd procedures based on
3 backsehore zone, upper and lower foreshore zones, and up to several

nearghere bhottom zones. Bach zone is then sampled separatelyr.

Underwater zones are more difficult to distirnguisl- without some
preliminary sampling, so that the ususl procsdurez of s awpling by water
depth, or 2 mdification based an systematic samples cutxard from mean
tide level, seem adequate in the present state of kncwledge,

(L} Sample Specing and Yumber of Samples. Decisions on these two
aspects cf beach sampling are amcng the most important in the study.
Consideraticns of cost, plus the fact that date from beach samples con-
stitute only & small part of the total observations made cn besches
for engineering studies, require that as few as poss'ible ';anples be

~ o PRI R S L EYP oo | 2
takenn. XN .’:'f-:‘, certain minimm standards are diclated <Y 5\»‘&:'& statistical
oy T BE e E T oW oo e o AL
practice, ine individusl worker has (o make & decision regarding the

number of safeguards he wishes to include in his sampling plan. The
following considerations maw be taken intn 2ecovmts

a. Pszrticle size znd mineral dats {(as well as such measurements
as propertion of acid sclubles) are based on large sanples in a
statistical sense, and hence each sanple vzlue has a reasonably high
degree of relisbility, assuming a standard method of anelysis. In one
sense, therefore, 2 singie random sample from each teach 2one along =
profile, (or a set of systematic stratified samples } may sfford
estimate of the zome characteristics adeguate for many studies
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k. Althocugh each particle sive analysis provides zn estimate
of average perticle size, of spread (sorting;, and of zkewness, these
values do vary within <the zones, and 3 better estimate i1s obtained by
taking more than a single sample in each, It is the writer's opinica
that where time and cost permit, z minimun cf four samples {rom each
teach zone may be ccllected in corder to have a basis for estimating the
rariability cf means within the zcnes., Morecver, if comparisons are to
be mzde between different zores along a prefile, or between the same
zones cn different profiles, sets of four samples perwit convenient
apr.icastions of anzlysis of variance.

c. Some bezch chserwvzticns re
aversges. Such are penetrometer reading !
particle size znalysis. In generzl these single values wiil fluctuate
more widely than average walues, If penetrometer readings are to te

resent single values ratner

taken zlong & prefile, it may be advaniagecus to lake several readings
st random in the vicinity of each sand sample rather than a single read-
ing. This will provide 2 cluster szmmle. &nother advantapge of averages
is that they tend tc be normally distribuled even when the single ob-

servaticns form z skewed distribution. Beach characteristics listed in
Tshile 1 =3y in many casss e trezted by normel epproximptions if awerages

tased on & reasonable mumber cf cobservations are used instead of sngle
ctservations.

d. 4pplications of subsampling (rultilevel sampling; to beach
problems deserve smach more attention than mas been zoccorded them.
Estimates of gross beach characteristics for extensive areas or the beach
can bte evaluzted more thoroughly when the varispi? 77 lntroduced by each
level of sempling is inciuded in the swudy. It -y e found In some
instamces that rconsidersble work can be saved for a2 ivencegrees of re-
liability by using multilevel sampling methods instead of detailed
~ampling at the lowest lewel.

e. Tne spacing of samples along a profiie has been touched
upcn. If the zones are sampled separately, the number of samples from
each could be kept constant regardless of zome Lcth. A5 an altermative,
the totsl mumber of samples alcng the profile couwlc be allccated
according to the relative widths of the beach zones. Each of these
methods carriges certain statistical implicelaons in variamce compubteaticns,
and the choice of method ney depend upen whether an sverage of the eatire

along Wne Deach aone Uy ZonE.

& relsted mestion is the spacing of profiles along the beach. The
¥aown iesser varisbility aiomg than across beaches suggests that profiles
may be spaced further apart along the beach than individual samples zre
spaced along 2 prefile. Perhaps some generai rule, sach as a spscing
equivalent toc three times the average profile length may be zpplicable.
in order to have sufficient data for reliable estimztes of Geach properties,
some minimum mumdber of profiies, such as six, should be taken. For more
detailed study of local populations the principle of plane sampling dis-
cusseu eariler msy be applied.

£9
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f. The number of samples necessary to test hypotheses concerning
difierances among mean value:s depends upon the magnitude of the differences
that it is desired to detect. The variance of the sampling disiribution
of the mean, X, is 02 /N, where 0?is the population variance, and N is
the number of samples. The variance can be raduced either by increasing
the nurber of samples or by decreasing o2 . The latter may be accomplished
by increasing the precision of the methods of analysis. In practice some
combination of these possibilities may be used. Dixon and Massey (1951,

p. 121, 219-220) discuss methods that may be used.

(5) Analysis of Samples. The same methods of laboratory analysis
should be ussd throughout any one study. This assuras that the numhars
used in the statistical analysis have the sams operational definition.
That is, the process of acquiring the numbers is kept consiant, so that
no variability is introduced into the data beyond that inherent in any
singls method of laboratory analysis. If operator judgment is required
in the analysis, a single analyst should be used, or provisions made for
evaluating operator efrects. (See Griffiths and Rosenfeld, 1954, on
this point).

Statistical analysis is facilitated when measurements are normally
distributed. This may be checked by arranging a cumulative distribution
as in particle size analysis, and plotting the points on arithmetic pro-
bability paper. In analysis of variance the data may depart Zronm .
normalecy, although the variance of the groups should be independent of the
group means. This can be checked by a scatter diagram. If sufficient rep-
lication is available, the variance of the groups should also be checked
far homogeneity (Dixon and Massey, 1951, p. 147). In some instancea (ae
with counted data) transformations are appropriate (Bartlett, 1947, and
Kempthorne, 1953, p. 153)s Table 1 may ue checked for suggastione on
distributions.

As a ganeral rule it is better %o analyze each beach sample separately
and to combine the data algebraically, than to mix the samplus before
analysis. This separate treatment provides data for estimates of
variability between samples, which 1is lost if only the composite data are
avalilable,

j
5
i

() Repatitiy Samplss collsclod on a given date re-
present only one of a large mnumber of possible conditions which may occur
oti beaches., If an estimate is to be made of the average composition of
a beach during the antire year, samples will be rsguired during the
several seasons as well as during quist and stormy conditions. It is not
difficult {Lo Cbiain suth data on the exposed part of the beach, but the
collection of underwater samples may not be feasibls during severe storms. 2

. Repsetitive sampling may be designed in several ways to obtain a set
of samples representative of the range of seasonal and storm cycle con--
ditions on a beach, Even without epecific seasonal design, sets of four
samples from each zone collected at intervals through the year provide
data for comparisors by analysis of variance and cther techniques. It

is probably preferasble to randomize the specific sampling positions along
the profiles separately for each sampling date.
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Problems of weighting the deta may be involved in undesigned
repetitive sampling, unless some provision is made to prorate the
nunber of sampling intervals according to seasons and storms. For ex-
ample, if 15 sets of samples are taken on quiet days and only one
set on a stormy day, the mean value may not be characteristic of the
average beach conditions. Stratification may be applied to the problem
to overcome some of these difficulties. Two possibilities appear to

apply:

a. The year may be stratified into months or seasons, with
sanples collected systematically or at random in each time stratum.
Suppose the year is stratified into 12 months, with two sets of samples
to be collected from each zone each month. .The s ampling dates in each
month msy then be separately randomized, or the dates may be randomized
for the first month, and repeated as syatematic stratified sampling dates
in the remaining months. An alternative here is to stratify according
to four 3-month seasons, with six randomized or systematized sampling
dates in each seascn,

b. Instead of stratifying the year according to months or
seasons, the total year may be divided into’seversal strata representing
quiet intervals, mild storms, severe storms, etc., according to date
availabie on the relative proportions of time that each set ¢f conditions
may te expected to occur. Then by distributing the 2l sets of 'samples
over these strata in random or systematic manner, the sample data will
be representative of physical gonditions rather than simply of time,

Stratification of the year into time periods or into strata defined
by cccurrence of given processes involves problems of cyclical phenomena.
Complete randomization within the time strata may yield more representative
samp}es than systematization-within strata, if by chance the systematic
points fall at corresponding highs or lows in the cycle. Cochran (1953)
discusses scme of the factors involved, and it is likely that coilabora-
tion of matiismatical statisticians will be required to solve the problem
of reliable repetltive sampling.

CONCLUDINC REMARKS

The discussion of beach sampling in this report is given from =
subject-matter viewpoint rather than from a theoretical statistical

'vieupoint. The recommended sampling procedures are the writer's

‘nterpretatlon of sampling principles and methods, based largely on
Cochran's (1953) classification, and on a number of beach sampling experi-
ments at Notthwestern University, many conducted by graduate students,

The writer has no misconceptions about the tentative nature of the
sampling methods su~7e:v2d in this report. The p.cblem of beach sampling
requires the activ: collaboration of mat:.>ma*ical statisticians, but the
statistician cante of 1ittle help if poorly coilected data are submitted
to him and he is ask2d what can be dore with them. Sampling design is
necessary if rigo analysis of the results is to be had. It is the
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writer's hope that by including more explicit design elements in future
sampling programs, material will be made avz2ilable by engineers and
geologisis for [wrther analysis by statisticians. From the results of
such analysis, modified where needed by practical consideraticns, valid
sampliing programs applicable to specific beach protlems can be developed.
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