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rial for beach restoration and periodic nourishment , The work was carr ied
out under the coastal construction research program of the U.S. Army
Coastal Engineering Research Center (CERC).

The report was prepared by Dr. R.D. Hobson, under the general super-
vision of Dr. C.I1. Everts , Ch ief , Geotechnical Engineering Branch , Engi-
neering Development Division , CERC .

The author acknowledges the assistance of L. Vallianos and T. Jarrett ,
U.S. Army Engineer District , Wilmington , who provided the textural data
incorporated in Appendix B. Dr. W.R. James, R. Rector, and S.J. Williams
are also acknowledged for reviewing the draft of this report and providing
many useful comments which improved both the style and technical content
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CONVERSION FACTORS . U. S. CUSTOMARY To M E TR I C (S I )
UNITS OF MEASUREMENT

I •S. customary units of measurement  used in this report U~~I 1 be ro ,iver led to in et r i t  (~ I)
(111115 ~~ fo llows:

Multi ply b1 To obtain
inc h e s  :. i- millimeters

54 centimeters

square inches 6.4~ 2 square centimeters
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feet 30.48 centimeters
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-
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square yards 0.836 square (neters

ci i  bi t ~ards 0.7646 cubic m eters

niile~ 1 .6093 kilometers

sq u are miles 239.() lue ct ar es

k i u o t -  I .8532 kilometers per h our

ai res 0.4047 heuta re s

loll Ilds 1.3338 newton meters

- - l ;hl f ?lilrs 1.0197 X 1 0 — s  kilogra ms ~ier squar e cent imeter

O l i l I l l ’ s  28.35 grams

pou n ds 453.6 gra ms

0.4536 kilograms

ton . long 1.0160 met ru tons

ton. sho rt 0.9072 me t r i c  t ot i s

degrrr~ (alIgl i )  0.1745 r i l ( l i d I i s

S J al,rt i iJ , r i t  di grrt s 5/9 ~t Jsii, . tirgri .s t)T hrJ~ ins

~I , t i u u i  I I~uii. 0 .) t r I l I I . r , It I I r t  ri ailitig~ tronti F IhI r , IIII,it (F) ri~itl i t i ~.. II ~ I~~r,iuiits ( . )  t ) )  ( I  12).

~ItIaiit ~~~~ ( K )  r~~lIlIlIg.. II ~~- tst r lIlII I d : F~ (
~ ‘) ) ( I .12) 4 2~~ I

6

_ _



- ~~~~~~~~~~~~~~~~~ - - .. ~~~ - - .--
~~ -

REVIEW OF DESIGN ELEMENTS FOR BEACH-FILL EVALUATION

R.D. Flobson

I .  INTRODUCTION

Nourishment of eroding beaches and the building of beaches for storm
protection present important desi gn problems to the coastal engineer.
Over 50 percent of recent Federal shore protection projects call for beacli
f il l and , in most cases , the fill material must be suitable for satisfying
recreational demands as well as for defense against storms. The major
expense of these projects is often in beach construction.

Situations calling for beach fill are neither new nor unique and histor-
ically, the coastal eng ineer has used his experience and intuition to
select among the available fill materials. Intuition and experience cannot
be discounted and it is not that intention here but during t~ e past ~O years
several “formalized” approaches to the beach-fill problem have been pub-
lished (e.g., Dean , 1974; James , 1974, 1975). This study summarizes t1~~se
approaches , explains their basic concepts , and shows , by example , their
use and interpretation . These formalized beach -fill schemes are , by
necessity, simplistic approaches to highly interactive systems in nature ,
and it should be emphasized that the schemes are intended to serve the
engineer as additional tools rather than replacing existing tools.

A general systematic approach to a beach-fill problem mi ght be as
follows. An eroding beach recjuires nourishment , and to specify materials
appropriate to that system , it is assumed that information must ~e obtained
that characterizes the process-response relationshi ps within the system ;
i.e., the sediment textures and geometric features (responses~ of the beach
reflect the waves and currents (processes) operative within t ha t  environ-
ment. Presumably, the study of one set of elements (process or response)
sill reveal the characteristics of the other set. h owever , t he  O t a c h
environment is hi ghly complex and these process-respons e interactions ~rc
not well understood . Therefore , beach-fill schemes are genorally fo r n ~-
lated using a few response elements; n an e l y ,  characteristics of the  g~ - a l i~~-

size distributions of sediments found on the beach . These grain- siLe
parameters arc then used to compare beach sediments with ava i lah le borrow
materials to assess their beach-fill potential. The m a j o r  p o i n t  to  be
emphasized is that appropriate data must he obtained to characteri:c both
e x i s t i n g  beach sediments (~a~ ~~~~~~ dc’~~~~i te  grain-si:e distri bu tio n S ) anJ
potential borrow sediments (Lorr ~. -: ~~o : ~~L) to effectively use any’ u t
the existing desi gn methods.

This study reviews and summarizes the research in preparation and
published on the following subjects: (a) Analyzing and characterizing
sedi ments , (b) general aspects of sampling beaches and borrow sites , and
(c) the calculation and use of composite grain-size distri butions (gsd)
within existing beach -fill schemes. The eri g inal referenced work should
be consulted for broad back ground informat ion .

~

-- --- --- --

~

-- --

~

-,__ __ --—~~~~~~~~~~~~~
-
~~~~~~

-----
~~~~~~~~~~~~~~~~



Final ly , one of ten conf using aspect of read ing the referenc ed repor ts
is the wide variety of names and symbols used for a few concepts and terms.
James (1975) discusses this subject and tries to overcome the problem by
arranging symbols and terminology in a table showing both previous usage
and his usage in the repor t (Table 1 in James , 1975). This study fo l lows
James ’ guidelines whenever possible , and points out and documents those
situations not included in his tabulation . The following listing provides
a general perspective for read i ng the present study: (a) the phi notation
(4) is used to express sedim ’r.tary particle size; (b) the mean and sorting
parameters used to describe par ticle gsd are the phi mean and phi sorting,
regardless of the notation used ; (c) subscripts , b and n, refer to char-
acteristics of borrow site and native beach sediments, respectively; (d)
fill factors are identified by ~ capital R subscripted by a letter that
identifies the source of the parcicular factor ; and (e) Greek letters
identify characteristics of a “population ” which are approximated , using
“estimators” denoted by alphabetic symbols;  e . g . ,  the population mean , u ,
is estimated by the sample mean , M; the sample sorting s, estimates
the populaticfn sorting, e.

I I .  DESCRIPTION OF SED IMENT S
I. Classi fication.

Natural sediments are generally classified as sand , s i l t , e tc . ,  which
indicate the dominant component of the particular sediment , and also imp ly
an actual particle-size range as defined by one of several size classifica-
tion schemes. The size schemes most commonly used by coastal engineers are
the Unified Soils Classification and the Wentworth Classification (Table
1). These two classifications assign similar , but different size ranges
(in millimeters) to each sediment category. For example , the total range
of sand sizes is 0 .074 to 4 .76  mi l l imeters  for the Unified Soils schem e as
opposed to 0.062 to 2 millimeters for the Wentworth. Because of these
differences , communication problems can be encountered when it is not clear
wh ich c l a s s i f i c a t i o n  is being used. The most useful  si ze classification
for this study is a logarithmic transformation (phi) of the Wentworth
scale.

The Wentworth scale is e s sen t i a l l y  a geometric scale to the power of
2 with individua l size classes defined as “twice as large or half as large”
as some other class (Table 1). For example , sand ranges from 2 (21) to
0.062 millimeter (1/16 or 2~~), boulder sizes start at 256 millimeters(2 8), and clay is f iner  than 0.0039 millimeter (2 8). Natural beach sedi-
ments are generally composed of materials ranging downward from gravel
(2 m i l l i m e t e r s )  to the s il t  s izes .

A commo n way of comparing d i f f e r e n t  beach sands is to look at p lo t s
of the cumulative proportion (usually wei ght percent) of each sample
coarser than a series of s ize c lasses .  These p lo ts  tend to be f a i r l y
s t ra i ght and steep in the  less t han 1 - m i l l i m e t e r  s i z e  c lasses , an d the n
tend to “tail out” toward the coarser sizes (Fig. l ,a; Ta b le 2) .  A group
of plots for severa l beach sand samples mi ght look similar even though there
are important textura l differences among the samples. This apparent simi-
l a r i t y  exis ts  because these t e x t u r a l  d i f fe rences  occur in the f ine r  s i z e s

8
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Table 1. Sediment - s ize  c l a s s i f i c a t i on  schemes.

Un i f i e d  Soils  Classification Wentworth Classification

Size class Class limits Size class Class limits
(mm ) (mm ) (phi)

rBoulder
256 .0 -8

Cobble  Cobble
76.0

64.0 -6

‘ 
Coa r se gravel S

Pebble
19.0 I

Fine gravel I 4.0 -2
4.76 Granule

Coarse sand
2.0 

~
— 2.0 -1

Very coarse sand
Medium sand 1 .0 0

Coarse sand
0 .5 1

0.42 ~ Medium sand
0.25 2

Fi ne sand Fi ne san d
I 0 .125 3

0.074 Very fine sand
0 .062 4

S i l t  or c lay  S i l t
0.003 8

Clay
0.0002 12

Co ll o id

9 
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Si ze (mm ) Size (0 ) Size ‘
~~~)

Fi gure 1. Size-frequency plots comparing millimeter and ph~—sizc scales.

Table 2. Size-frequency data for F i ~’u re  1 .

~1i 11 imeter range l~eighit Phi range Cumulat ive
(pct) (pct Coarser)

1/32 to 1/16 0 5 to -1 100
1/16 to 1/8 6 -1 to 3 9-)
1/8 to 1/4 22 3 t~~ 2 72

• l/~ to 1/2 42 2 to I 30
h /2 to 1 2b 1 t o  0 -

~

1 to 2 3 0 to -l 1
2 to 4 1 —1 to  — 2  0

(0
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r i n t actual cons t ruc t ion  of t h i s  k ind  of d iagram tends  to p :sh these ~izes
togethe r ra ther  than accentuate  them . One solut ion is to t ransform the
geometric-size scale into an a r i t h m e t i c  sca~-e , usi n g loga r i t h ms to a base
equa l to the power (in this case 2) of the geometric scale. This is
ac coi~p l i shed  by the phi transformation introduced by Krumbein (1934, 1938)
where

= -log~ d (nun) . (1)

~ec Krumbein (1957) and U.S. Army , Corps of Engineers , Coastal Eng ineer~~ g
Research Center (1975) for tables for converting millimeters to phi . The
differences in the shape of the gsd , using the phi-size scale , are shown
in Figure l(a and h). Figure 1(b) shows the ranges of finer grain sizes F’

• expanded so that their distribution is easier to see for comparison pur-
j o ses .  Also , a plot of the weight percent for each size class tends to
Dc f a ir l y  symmetric about the most frequently occurring sizes when phi is
used (Fig. l ,c).

The negative sign in equation (1) has the effect of giving positive
-‘ phi values to finer sizes and negative phi’s to the coarse sizes. This

m’ kes sense since most natural sediments do fall within the finer (posi-
tive ph i )  s i z e  grades but it does take some time to get used to thinking
in phi terms where decreases in phi indicate increases in actua l grain
:ize. Another problem with the phi notation is that it is dimensionless
and therefore inappropriate to use in certain circumstances such as the
scaling of a m odeling experiment ; for that case , d (mm) = ant i logs
(p/ -1.4427). Despite these minor problems , the logarithmic phi transfor-
mation has the effect of changing many sedimen t-size distributions into

~ssentially norma l distributions ; hence , the millimeter-size distribution
is sometimes called ~ognormai. This lognorma l proper t y has severa1 si g-
n i f i c a n t uses .

In this study, a phi normal curve is expressed as:

y = e — 1~ - 
1) 2 1  

, (2)
o,
~
/
~~

’ 1. 2a~ J
where ~~~, the ordinate , is related to the wei ght percent in a size class
con ta i n i n g  phi , it and e are constants with respective approximate values
of 3. 1416 and 2 .7183 , and p and o are the  p hi mean and phi sorting (p h i  L
sL ,indard deviation) parameters of the distribution. Thi~. distribution ias ri
t h c  familiar symmetrical “bell” shape (Fi gs. l ,c and 2) with a maximum
frequency occurring at ~ = p and i n f l e c t i o n  po in t s  at  ~ ± 0.

The properties of the normal curve are well known because of extensive
use in statistics , and many of these properties can be adapted for d e s c r i b -
i n ~ sed i ments. Each combination of p and a values (eq. 2) d ef i n e s  our
in dividua l norma l curve from a large family of poss~ ble norma l curves .
l F i ~ c u r v e s  in th i s  f a m i l y  are similar in that all are symmetrical , and areas
u n ) e r  each arc the same for specific distances measured in a unit s from
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the mean (ii). Thus , a can he used to measure both the spread of phi
sizes under the distribution curve and the areas under the curve; e.g.
68 percent of the area under a norma l curve lies between ±1 a from the
mean , or between the 16th and 84th percentiles of the cumulative plot .
These relationshi ps can be adapted to describe sediment and one est ima~~of phi sorting (a) commonly encountered is:

s = ~8t + ‘~l6 (3)

If an actual distribution were completely symmetrical , the mean (p)
would be located at the 50th percentile phi size (~ 5o) or be equal to
the median size (Md). However , it is common practice to select an esti-
mate of the mean that is statistically more efficient than the median as
well as being less biased than the median for cases where the actua l gsd is
not completely symmetrical.

M = ~ 81+ + 
~16 (4)

For a symmetr ical  d i s t r ibu t ion , equation (4) wiil produce the same value
as the median but for an asymmetrical distribution the mean estimate , M ,
is more reliable. Thus , S and M are probab ly the best estimates of a

F - and p for describing unimodal sedimentary grain-size distributions (eqs.
L 3 and 4).

A common way to calculate these parameters , using a graphica l  tech-
ni que , is shown in Fi gure 3. Here , the sample size data are p lo t t ed  as a
cumulative distribution on log (p hi)  p robab i l i t y  paper in  such a way tha t
the phi and percent coordinates of a point on the curve indicate the per-
cent of the sample coarser than that particular phi size. The sizes
associated with the 84th and 16th percentiles may be interpreted directly
from the plot and used to calculate M and S.

A sample that is lognormally distributed will appear as a strai ght
lime on phi probability paper. However , most sample distributions are
somewhat asymmetric  and t he ir  plots  are not stra i ght (Fi g. 3) .  The degree
of asymmetry , or nonnormality of the observed sample distribution , can
them be determined by comparing this curve with a strai ght “approximation ”
curve which is cons t ruc ted  b y drawing  a s t r a i ght l i n e  th roug h t h e 84t h an d
16th percentile intercepts of the observed curve. The comparison can
either be made q u a l i t a t i v e l y  by not ing  the size of the “gap” between the
curves along the phi size equal to the mean , or quantitatively by comput-
ing an estimate of the skewness parameter .

S k =  (M - Md ) (5)

In both cases, the difference between the mean and median sizes is reflected
by the observed asym m e t r y . Fo r e x a m p l e , a negative skewness exists when
the observed d i s t r i b u t i o n  lengthens or tai l s  i ’~ I t  toward t h e  coarser ,

13
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negative phi sizes. In th is case , the mean (center of grav ity) is more
affected by the long, coarse tai l  than by the position of the median.
Positive skewness arises when the curve tails toward the finer , positive
phi sizes.

Skewness differences are frequently used to compare sediment-size dis-
t r ibutions ; these comparisons can be quite e f fec t ive , especial ly when
the parameter is used wi th in  some mul t ivar ia te  ana lys i s  scheme . However ,
the skewness parameter is not as s table s t a t i s t i c a l l y  as the mean and
sorting parameters and small  deviations from normal i ty  can result  in
fairly large skewness variations. Skewness values are not required for
the calculations considered in this study. However , a value of plotting
cumulative phi-size distribution curves on probability paper is that strong
deviations from normality are easily spotted , preventing unwarranted use
of methods to be discussed later.

2. Sieving versus Settling.
I

Grain-size frequency data are usually obtained using either sieving or
settling techniques. For sieving , a dried sample of known weight is
mechanically shaken through a nest of size-graded , wire-mesh sieves and
the data obtained are the weights of sample retained on each sieve. These
weights are then usually converted to wei ght percents for calculation pur-
poses. For sand , the dried sample weight should not exceed 50 grams for

a standard 8-inch-diameter  sieves and this  amount of sample should be obtained
by randomly splitting the original bulk sample. The sieves should be
graded in equal phi intervals with a preferred interval of one-half phi
(Table 3), and the shaking time should be at least 15 minutes. Wei ght per-
cent loss or gain during analysis should not exceed a few percent . Weights
need only be measured to the nearest tenth of a gram. Old sieves with
screens that are stretched or have holes and clogged sieves are the major
sources of ana ly t ica l  errors associated wi th  sieving.

With set t l ing,  a small  amoimt of sample is a l lowed to f a l l  throug h a
wate r col umn of kn own lengt h and is e i ther caug ht an d wei ghed on a micro-
balance at the bottom of the column , or the change in pressure at the base
of the column is measured as the sediment falls through the fluid. Changes
in weight or pressure , with respect to time , can be converted to 1.-ei ght
percent data using fall velocity equations for the size range of part icles
involved. Some common problems associated with this technique are : (a)

• Failure of the fall velocity equations to account for the effects of
varied particle shapes and densities , interference of falling particles
with each other , and water turbulence; (b) drag interference between the
cylinder walls and the settling particles ; (c) the divergent difficulties
of accurately timing the rapid fall of larger particles and the longt ime
periods required to settle fine particles ; and (d) various problems asso-
ciated w i t h  in t roduc ing  the sediment into the fluid.

Which s i z e - a n a l y s i s  t echn i que is  p r e f e r a b l e ?  The settling method
where particles interact with a fluid is probably more analogous to real
env ironmental conditions than sieving. Settling techniques are also

~~~~~~~~ • ____ .
~

_
~

_ • ••~•••~j



_ _ _  - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 3. Standard sieve nest.

Opening Size Mesh Wentworth Classification
(nm~ (phi) 

_____ —

2.00 -1.0 10 Gravel
1.4 1 -0.5 14
1.00 0.0 18 Very coarse sand
0.71 0.5 25
0.50 1.0 35 Coarse sand

c 0 .35 1.5 45
0 . ’5 2.0  60 fiedium sand
0.177 2.5 100
0.125 3.0 120 Fine sand
0.088 3. 5 170
0.062 4.0 230 Very fine sand
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usually faster than sieving. Sieving equipment is simple and generally
reliable whereas the settling tube and auxiliary electronic equipment are

- • complex and extremely delicate. For practical beach engineering problems ,
sieve data are probably the most r e l i ab le  and the most reproducible , espe-
cially among different laboratories. Therefore , if there is an option ,
sieving data are preferable over settling data. It is also important that
the data from the two techniques are rot rr. xed because conversion equations
are not too powerful .

III. SAMPLING

1. Basic Considerations.

The basic question concerning the design of a sediment sampling plan
for beach- f i l l  purposes is “what  are th e composite grain-size characteris-
tics of both the native beach and the potential borrow sites?” The sedi-
ment grain-size (textural) characteristics for the beach can he expected

• to vary (a) across the beach profile through the varied energy zones ,
(b) along the beach within any one energy zone, (c) at depth within the

• sediment “envelope” on the active profile , and (d) between seasons within
the three-dimensional geometry of the beach. The composite gsd for the
beach should be a single-size distribution that reflects these four com-
ponents of textural variability; the approach would be to collect a suffi-
cient number of samples to accurately describe the “target” native beach
grain-size composite distribution. A similar approach to sampling would
be taken for characterizing the target borrow site composite. ~1any borrow
site areas are “relict” in the sense that the processes which originally
developed the geological characterist ics of the sedimentary body are no
longer active. For example , several feet of modern fine sediment s mi ght
overlie an ancient shoal area containing relict coarse sediment. In this
case, the seasonal component of textura l variation need not be considered
in the sampling scheme .

2. Beach Sampling .

Fixed rules for beach sampling will probably never exist because each
beach presents uni que cha rac te r i s t i c s .  Genera l s a m p l i n g  g u i d e l i n e s  can
be es tabl ished , however , when s u f f i c i e n t  data  are available describin g the
four components of textural variability. A lthoug h presentl y there are not
enough core samples to describe the depth component , these samples are
being collected. Some good data exist that describe the other three com-
ponents of textura l variation and the patterns from sonic of these Jata
w i l l  he discussed to set up suggested temporary sampling guidelines.

Fi gure 4 summarizes  several  t e x t u r a l  r e l a t i o n s h i p s  common to most
beach data. Individual samples and various composite samples are compared
on th is  plot wi th  a grand composite of (~~3 beach samples. Li ght samples
were collected from each of four ranges at P t .  Mug u , C a l i f o r n i a , in
November and May 1970; sample positions along the rangr : we r e de t e r mi n ed
by elevation. November is considered here to reflect the culmination of
“summer” conditions and May the “winter ”. The fi gure is constr ucted so

_ _  _ _ _  _ _ __ _  _  U
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Fi gure -4 . Comparison of overall composite (C) with seasonal profile
com posites (M and N), sampled composites (o), and depth
samples , Pt. Mugu , California ; subscripts a and ~ identifysamples and overall composite.
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samples (subscript s) can be compared with the overall composite (subscript
C) in terms of phi sorting on the ordinate and the scaled difference between
phi means on the abscissa. These axes are the same as those used to pi~ t
overfill ratio curve-s in the Shore Protection Manua l (SPM) (U.S. Army ,
Corps of Engineers , Coastal Engineering Research Center , 1975 , Fi g. 5-3)
and are used on several other figures in this study. A point falling in
the lower right quadrant means that the sample is finer and better sorted
than the grand composite; a point in the upper left quadrant shows the
sample is coarser grained and more poorl~’ sorted .

~ Several trends are apparent in Figure 4. First , samples taken t ro i.
high on the foreshore (+12 feet) and extending offshore to -31) feet (-9.1
meters) mean sea level (MSL) become , as expected , progressively finer
grained ; the samples are best sorted on the high foreshore and in the mod-

• erately deep offshore regions. These relationshi ps hold true for samp e~
from both May and November. Secondly, the May (end of winter) samples are
generally coarser on the upper foreshore and near offshore parts of the
beach than the November samples , but the samples from both months are sin-
ilar farther offshore . These relationships are further reflected h~’ t he
plots of the four range composites where the May plots (M) are coarser ~‘~d
more poorly sorted than the November points (N), and thirdl y , the scatt
ing of the M’s and N’s show the variability between the ranges .  These
trends support well-known process-response relationshi ps where coarser and
more poorly sorted sediments generally indicate higher energy cond~ t ions
such as those occurring in the wave-dominated nearshorc , or a f t e r  ~t Sto im
winter season. Although these relationships are generall y I n o e n , i t  is
important that sampling be desi gned to includ e these expected vari at ions
in texture . For example , time dots on Figure 4 represent composite esti-
mates of C which cluster around C because they include samples s el e :
from both May and November . The problem remaining is to determine the
magnitude of textural variation contributed by these three components
(across profile , along beach , and seasonal) to decide upon the ~ti ~ ’im n n~-
her of samples needed to estimate each component . l’able 4 is us efu l  in
solving this problem.

Table 1 shows the phi mean values of the (4 samples fr3ni  Pt. Mugu
for Fi gure 4, along with average mean value s per profile and per elev a t ion
for both May and November , plus grand means , and s t andard  errors of the
mean for al l profiles and elevat ions , table 4 also shows t h a t  t h e  r ea t
variation in grain size occurs at different elevat ons along the p ro fiie s
and that little variation occurs between profiles . There is a pronounced
s i z e  difference between summer (Nove m ber )  and w i n t e r  ( M a y ) .  The ranges
are so s i m i  lar tom ’ each  month sampled that probably only one u two r an gL s
would h a v e  h e t n  suff icient to characterize this beach which is fa irl y con-
s i S te n t  . i  lo~i~. its length in terms of width , slope , and offshore cnpo .~r a p Lv .
A p l a n  f i r  i i  i t  iona  1 sanip l i rig mi ght c~ 11 for two ranges to be samf led a t
C i t  e I i’~ i t o h s  fo m each sea son , or cut-rent investi gations o he do 1 t Ii
compon .. I t  O f  N - ’ t  i r i l  variat ion ma~ i n d i c a t e  that .o r o  samplt-t o ’ ’ t . i i nc ’d
di~n i i i g  o m i t  ~-~a sv n  ai ry w i l l  ho sufficient to describe- the compnsi~ i char—
a L t  c i  • i f a ll ~eil I t - l i t  s .  IL t vt- i y a ft~ectcd by beach prOCessC~. .
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Table 4. Phi means , variances , and standard
errors ‘ romn four i’r~files at Pt.
Mugu, California , 1970,

Elevation [ Profile Flevation
avg.

( f t)_ J I 2 J ~~~~ 3~~~J 
4 ( f t)

‘ lay 1970

12 1 .21 1.49 1.61 1.55 1.46
6 1 .79 1.44 1.24 1.45 1.48
0 1 .31 0.89 1.29 1 .27 1 .19

-6 2.01 2.00 1.35 1 .28
-12 2.38 2.76 2.51 2.45 2.52
-18 2.79 2.88 2,37 2.36 2.60
-24 2.26 2.35 2.58 2.78 2 .49

• -30 [1. 32 2.55 2.65 2.80 2.33

Pro f i l e

• avg . 1. 88 2.04 1 . 95 1.99
= 0.33

s2 = 0.005 S... = 0.034
S~ = 0.20

Grand phI mean = 1.96

November 1970

12 1. 89 1.63 2.02 2.00 1.88
6 1.61 1.95 1.97 2.02 1.88
0 2.19 2.10 2.29 2.28 2.21
-6 2.57 2.74 2.76 1.98 2.51

-12 2.91 2.48 2.59 2.45 2.60
-18 2.74 2.95 2.78 2.75 2.80
-24 3.07 2.72 2.95 2.49 2.80
-30 2 .16  .77 3. 0 2 .99  2.73

Profile
avg. 2.39 2.41 2 .54 2.37

s2 = 0.15
S2 = 0.006 S~ = 0.038

S = 0.14
Grand phi mean = 2.42
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Table 5 i~ constructed like Table 4 hut for sc-dime- nt samples collected
in May and Uecember 1968 at Nev.port Beach , California. The squares cf the
standard error of the mean ra t ios  indicate that the variation in mean grain
sizes is about three to six times greater along profile - than between pro-
files , and there is a smaller difference between seasonal means than for
the Pt. Mugu example (Table 4). Data obtained either in October or \ ove in( er
at Ncwpox-t Beach would have J)rOhably been more representative of the
“sum mer” condition , and would show greater differences with Ma\- than do
the December data. The variation between pro riles is much greater at Newport
Beach than at Pt. Mugu .

Tables 4 and S indicate that more samples are needed to determine the
across-profile component of variability than needed for the along-beach
component bitt how many more? tising squared standard error ratios , the
answer to this need appears to be from 3 to 35 times as many samp les. The
lower values could be applied to beaches of fairly regular topography w i t h
perhaps eight samples col lected along each of four profiles twice a y-ear
(64 sa~ r les); a ~‘rea er number of profiles would be required for beaches
of more irregular topography. Until the expected magnitudes of all four
components of u-iability h a v e  been analyzed , a conservative approach wou ld
be to use time coarser (usually winter ) composite for beach-fill calculat ions .

3. Borrow Site Sam p l i n g .

• Sed i i. en t~ s u i t a b l e  for  beach nour i shmen t  have been traditionally obtained
from land and estuarine sources. Offshore sources have increased in impor-
tance as land-derived materials become scarcer and because lagoonal mate-
rials are often too fine gi-ained or unavailable due to environmental
con s t r a i n t s .  Regard less  of type , the suitability of a potential borrow
deposit mus t be d e t e r m i n e d  by sampling according to a plan that reflects
both geometric and genetic aspects of the deposit. These constraint s often
result in sampling schemes as varied us the borrow sites. Random or regular
core sampling on a grid mi ght he appropriate for characteri:ing a sand
deposit of unknown geometry whereas a grid -sampling plan would be inade-
quate fnr evaluating a sinuous offshore deposit. The points to be made are
that the composite characteristics of the borrow material must be us repre-
sentative as the beach composite to predict a fill ‘ s performance and , that
ca re mu st be t a k e n to desi gn an adequate sampling plan. Also , any addi-
tional information such as sci smic i-eflect ion surveys or topogr ap h i c
expression of the sea floor should he used in e~-ul u ating a potent ia l borrow
deposit.

Fi gure 5 sh ow .. k i tids of sites requi rin g di ffct- c-nt samp i ing procedures.
A potential offshore region of interest (Fig. 5,a) is defined by genera l ,
shore-parallel boundaries. The position of time seaward boundar y is deter-
mined by the maxir :um water depth (1)2 in  w h i c h  a modern dred ge can
operate , or the farthest distance offshore that pipeline pumping is foasi-
ble or sand-haul ing economic. Unviron mn ental considerations or physical
co n s t r a i n t s  su ch as wave climate or the m a x i m u m  dep th to which beach
processes operate mi ght determine the location of the neai-shore boundary

This reg ion of m t  crest between U 1 and 1); could  he sampled according
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Table 5. Phi means , variances , and standard errors from sev en
profiles at Newport Beach , Gnu forn  i a , 196N.

Il evat ion Profile Ele vat ~~ 1
_ _  L~J .~ -

~-) ay 1968

12 1.93 1.47 1.33 1.36 1 - -16 1 .25 1 .63 1~ -1~
)

6 2.12 1.75 1 2 5  L33 1. 37 L49 ~‘O5 1 6 2
O 1.81 1. - Il 0.81 1.02 0.83 1.35 1.88 L50

-h 2 . 5 2  2.51 .Ot) 089 1.6.4 1 . he  .36 1.99
- 12  2.75 2.90 1.98 2.58 2.~~7 3 1 9  2 . 4 3  2.71
-18 3.lu 3.10 3.11 :- .oo 3. 03 3.13 .3.08

• -2.1 5.2] 3.95 3.50 1.72 2.96 0.97 3.09 2,77
-30 1 .24 4.09 1.65 2.65 5.10 2 . 6eJ 2.15 3.07

• Profile
a v g .  2 . 7 1  2 . i~4 1.96 1 .81 2 .15 ~~~~~ . . . l 6

= 0.~~2

S- = 0.12 3 : — (i ] 3  ~~~~~ = 0.56

Grand p h i  m t a n  2 . 2 5  1
l)ccember 1968

12 1 .45  1 . 2 ( 1  1. 2 )  1 .26  l .3~ 1. 20 2 . 0 0  1 .40
6 1.57 1 .31 1.66 1 .28 1. 36 1. 79 1 .85 1 .4
1) 1 . 2 1 . 2 2  1 .55  1.33 1. 04 0. 17 1 . 1 4  1 . 2 3

- Ii 2.64 2.26 1.81 1 .~ 8 2.~ -l 2.18 2. 59 2 . 1 0
-1  5. On 2.82 0 . S i  0.32 3.04 2.54 .SS 2 .13
-18 3.67 3 .11 1.70 1.61 1.84 3.fl1 3.01 2.4
-2 .1 3.60 3, 19 2 . 1 9  3 ,1 5  0 , 8 4  2 .  ~S 3. 147 2 .nl
-30 3.00 4.16J 1 .16 2 .27 3.35 2.13 5 .12 3.17

Profile
avg .  2.35 2 . 15 1. 86 1 . 62  1. 39 2.32 .-15

5- = 0. 46
S2 = 0 .I l

___________________________ _____ = 0 . 2 1
Grand p h i  mean = 2.08 

_ _ _ _ _ _  
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d River charnel e. Sand form ation

i gure 5. Four types of po ten t i a l  offshore borrow s i t e s  i n  ~n o f f s h o r e
interest  area. (So l id (dark) areas in cross sec t ion  show
po ten t i a l  f i l l  deposi ts . )
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to a grid pattern or according to the geometry of known deposits. Examples
of various sand bodies with offshore borrow’ potential are also shown in
Fi gure 5(b  to e ) .  Each sand body requires a different sampling scheme as
shown by the x ’ s on the  insert maps. These kinds of deposits in nature
mi ght also he covered by an overburden of modern fine-grained sediments
and thus require seismic reflection or side-scan Sonar data to delineate
the bodies in three dimensions.

Characterizing finger shoal sediments (Fig. S,b) would require a len-
• ticular sampling patter-i that defines the boundaries of the body and surveys

the  t e x t u r a l  v ar i a t i o n s  of the shoal sediments. From an interreef shoal

~~ (Fi g. S,c) only those parts where a dred ge could operate without damage to
the cu t t e r  head from the reef rock should be core-samp led . The distribution
of offshore ancestral river channel deposits would be controlled by the
ancie n t drainage network (Fig. 5,d), whereas dipping sandy strata (Fig.
5 ,e) would o n ly  be sampled to the depth reachable by a dred ge or where
undesirable overburden is not excessively thick.

Cores rather than surface samples are usually collected to evaluate
the composite texture of a borrow source and to estimate the potential
volume of suitable sand in the body . Vibra tory- type  coring devices are
u s u a l l y  used and a l t h o u g h cores up to 40 feet (12.2 meters) in length can
be reco vered w i t h  t h i s  k ind  of equipment , the cores generally obtained
range from 10 to 20 feet (3. 0 to 6.1 meters) in length; thus , all dredgable
parts of a sandy body mi ght not be sampled . Seismic profiles showing
sand-bod y thickness can be used to obtain data for calculating the volume
of sedi :.ents in a body’ where dredge depth cap ab i l i t y  exce eds t he co r ed
limit , but the samples that are recovered must be used to estimate the
textur al composite for the entire body.

Once the  cores have been obta ined , the proble m becomes t h e  method of
samplin g them . Here , as in most aspects of a beach -fill problem , engi-
neering jud gment and experience become important . In  a typical situation ,
2 to 6 feet (0.6 to 1.8 meters ) of fine silt and clay mi ght overlie a sandy
deposit that contains thin lenses of fine-grained sediment . Physical prop-
erties of the sand indicat e suitability for beach fill , and it is dredged
and placed by- pumping onto the high foreshore of the project beach. The
eng ineer knows that the silt and clay wil l not be stable in the beach
em i ronment , that much of the fine sediment will be re-suspended and lost
durin g d r ed g i n g , and that most of the remaining fines could he washed
seaward beyond the active limit and lost during rlaceinent. For this case ,
only- those parts of the cores suitable as beach fill should he sampled
and analyzed . Care should he taken that the core samples are proportionally
r e p r e s e n t a t i v e  of the suitable materials encountered in the cores. Several
sampling scheme s mi ght he chosen for this example. A composite sample
could he “mixed ” from: (a) samples collected at equal intervals along the
co r e , (b ) a channe l or cont i nuous sample , or (c) samples from each uni que
lay e r w i t h i n  the core and t hen  “wei ghted” as to the t h i ckness  each re lre-
~ermt s. Perhaps , time first scheme where subsamples are collected at regu l ar
intervals would be p r e f e r a b l e  to a con t inuous  sample because these individ-
ual samples could be easil y’ stored and re-examined if necessary .
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An engineer mi ght be required for physical or economic reasons to
select a borrow source that contains more fine sediment than is expec ted
to he lost during dredging amid placement , and a dike and f i l l  app roach
mi ght be necessary to rebuild the beach . In this case , some of the fines
would still be lost during dredging hut mooch of this material would end
up as beach fill. In this case , the subsamples taken from the cores should
include “reasonable” proportions of the fine-grained layers to reflect
construction procedures used. .\ reasonable proportion would have to lie
determined from the eng ineer ’s experience wi th time equipment and techniques
to be used rather than from a cookbook on beach fill.

1 . composite Samples.

- 
. A wide v a r i e ty of size gradations across the active beach surface can

be expected. Fine-grained , well-sorted sediments are typical of deepwater
offshore areas , whereas coarse poorly sorted , and m e d i u m - g r a i n e d  w e l l -
sorted sediments are g e n e r a l l y-  found near  the plunge zone and backshore ,
respectively. A suite of samples from a densely sampled beach profile can
be expected to show a nearly continuous sediment-si:e gradation from coars-
est to f i n e s t , and the frequency p lot of all samples ccmi bined would plot
close to a stra i ght line on log probability - paper. These exp ect ations
have not been proven ri gorouslv , but pract ical experience has sh own them
to he essentially true .

i’he beach-fill models discussed in this study i n d i c a t e t ha t be ach pi ’nc-
esses  w i l l  activel y ’ sort and transport the various si  :e components  of a
f i l l  i n to  c o m p a t i b l e  e n v i r o n m e n t s .  Thus , f i l l  materi a ls i n i t i a l l y  p laced
on the foreshore are expected to be q u i c k l y  r e - d i s t r i b u t e d  ac ross  t h e
emtire active heuch p r o f i l e  i n t o  a p a t t e r n  as s i m i l a r  as  p o s s i b l e  te that
of the nat ive sediments. Sediments finer than time mint ice sedim ents wil l
probably he transported f rom t h e  sys tem ; coarser  sed i m e n t s  w i l l  i’ e iui  i n
and somewhat  mod i f y t ime sys tem . P r e d i c t i n g  the  response of a pa rt i ci lar
fill involves comparing the textural properties of the nut ive heic h and
fill sediments and requires accurate estimates of t h e overall or conpos 1 ’.
textura l properties of these sediments.

The eas l e t  and probabl y best method of det er nm i n i  ng t lie coup e.. i t e prop—
ert i es of ii m - c-p rc semi ta t i ye suite of beach or boy-row site s:iu’p ies s to total
the percentage of sediment in  e a c im s i : e  i n t e r v a l  fo r  i l l  of t ime samples ,
then divide these totals by the number of samples. i b i s  g i v e s  an ;i~~ erage— •

size di sti- i hut ion which can he p 1 ot ted on I og probability paper to det e m ’  i c
phi  meal )  and ph i  so r t i n g .  ‘i b i s  appi-oach is appropm’ i ate i f the suites of
samples are collected according to an adequately desi gned sampling p~~~ ram .

H gui-c 1’ qua l i t  i t  i v e l y  shows t h e  format i o n  of a c o m p o s i t e  di ct i-i hut iou
from four beach sand samples (‘1 )11 cct ed at e (iia 1 - lei at ion i nt erva is a I ong
a prof  i l e .  I lie actua l ca lcu la t ions for time compos it are in Table 0. ‘l’h e
con rscst , mo ; t ;~oo rI> sorted st.’d i nieti t S a rc  101111( 1 1 1 0 1 1  the p 1 l u n g e  zone I -l a b l e
6, sample 2) and th ey - become finer and better u t  ed l i t  shore and onshore
respectively. The composite gsd is repre sent ed i)y the dashed curve (C iii
Fi g. 6) whic lm is more poox- l y sorted than an~’ of the hid iv idiia 1 sample
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distributions. This  jc  an inipor-tant property- of composites otte ; mis-
understood. These distributions must encompass th ent i re i’a ’ g L  of sizes
encountei-ed , and theix- sorting ;c ee - simp l y- t i L  a’’ei’;i )~ s u i t i n g  of t I  L

samples. The graphical composite mean is a ioi ~t equa l t o  t In -  a~’emagod am-
ple mean (1.41 versus 1.40 for the composite), ut t h e  g r a p n i e ’ i l  ‘:omp os~ te
sorting is much greater than the averaged sample sorting (0.4u averaged
versus 1.50 for the composite). Fi gure 4 ilSu refRcts t h is rel’~~i o n s h i p
where the sorting of each individua l sample is less tilan for the overall
and sampled composites.

In general , a composite of 20 or more beach samples will tend to plot
as a relatively strai ght line oil log probability paper. The degree of

~ log normality can be quick Ie checked by comparing the fit of the p l o t t e d
curve w ith a strai ght line di-awn throug h the I~~t h  and 54t h  percentile
intel-sections. Often , a composite curve w i l l  tend to ~..t rai g hten out when
more samples per profile or moi-e profile s are added , and whe im a s a i l e r
phi interval is used dur ing analysis . I t i s  best  to  •ee a
i e r ~~

’ ; for most purposes , ~~ 
.
‘•. ‘ ,.l o’ - — 2 ’ ~~~~~ :r

•:z~~ (Table 3).

An alternati ve ethod for obtainin g a -“r ~~~; i ’ o, “:: . -
~~~~ i s  p r e s en t e d

by Krum h ei n (lt)5T . lie assum es t h a t  the samples are nearly equall y s ,rtc d
and vary in phi can grain size with coarse and fine extremes labeled ft
aid M , respectivel y . Iii this approach , the composi t e phi me an , xl .,
and var~ ancc , u~~, are computed as follows:

+ ft
- = — - —--—

~
--——— , ( 0

= + 
12

where  o~ is t he average squared sample  sor t i ng . Foi- the data in labic
is 0.25 , M .  is 1. 43 , and a .  is 1 .1:- ;. This approach mi gh t b f o l l o we2

in cases where the ori ginal size percentage l i t a  are unavai lai’)lc or where a
,ei c hi h i s been lost b y erosion and the “nat ive beach” dat; consist of mean
siz es and sort ings that seem most probable , considering the processes pre-
sent. However a o ’T cn~

te distrLoa~ He nL~~; HoJ ‘ ~~~
‘ 

~ ‘~~~~~~~~ ‘ ;  ; °‘ : ‘- ::

: / - . The averag ing approach is less affected by- ex treme
values and w ith its use , no assumption is made regardin e the equal sorting
of time samples.

Fhe same techniques are u~ed for c alcu lit in g  the composite-size dis-
tn but ion for both borrow site and mat I ye beach sed uient S .  The samplin g
plan should be to i b red to the charact en st I cs of each borrow area hut t h e
concept of the composite remains the  same . The q u a l i t y  of any head’- I 11
caiculat oils is ;i~ be’..t , o n l y  a s good as the native bea ch and borrow S i t e
composites .

i n a i l >’ , in concept , t h e  a v e r a g i n g  of m d i  ‘- i dun 1 s a m p l e  si :e f requenc ies
is equivalent to mi xi iig parts of time act iia 1 samp les and then doing a sing le—
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si’;e aim lysis 0+ ’ the mixture. Care must be taken in the laboratory to
• ob t ai n random splits of appropriate size from the samples. These splits

must be mixed completely to eliminate bias in obtaining the final sample
o’~ the mixture to be analyzed. Sample splits of equal weight are p~-r erall v
mi xed if the samples are collected to represent equal parts of the beach
or borrow site. Splits of unequal size would be appropriate when a sam-
pling plan requires a weighting factor. The major benefit of iu~~;i i ; samples
is the reduction, of laboratory time and expense for analysis. For example ,
two independent mixings of time 8 samples o~er each of five profiles xou~d
require tile sieving of 10 samples instead of 40 and would allow evalaat H’n

~~ of laboratory errors associated with the mixing process. Ihere are irmor-
tant drawbacks to this approach as well. Perhaps , for engineering reasons
it mig ht seen reasonable to omit all samples collected at the -30-foot

~,-t’ .1 meters) depth or to ignore samples obtained in a particular j-ort f
a borrow ayr ;i . In these cases and mono others , the initial sample siliu res
mi ght be inappropriate for later requir~~iert s . Foresight and planni~;g can
avoid such prohicui s or , at worst , splits from the original sanmpl”s can he
remixed and analyzed to suit future needs. Ihe potential savings in sedi-
newt analysis that may result from mixing samples warrant the consideration

- ‘ of this procedure in most situations .
~

Appendix A provides an additional discussion of mixing sand ‘- auples for
composite analysis amid an example of the different procedures for cd taining
:be compos i t e .  The results of the experiment in tile appendix show that
sim ~ lor composite characteristics are obtained using either mixing or non-
m ixing methods .

I V .  B E A C H — F l  LL MO 1)E LS

I - Basic ‘1 vpes -

iwo ha ~ic t\pc s of ma thema t ica l  mou c Is have been proposed to hand Ic
beach -fill problems . ‘lime first model enal ’les calculation of a “:H~i :v 

- ‘

which is aim estimate of the volume of a specific fill matei-ial ceded to’
ci-eate a unit volum e of native beach m ateri al. In most cases , fill factors
exceed one , indicating that the particular borrow materia l is less than

• ideal and tha t winn owing processes will selective ly remove unsu itab le parts
from the fill  until it becomes compatible with existing b ach sedimcnt~~.
The second model enables calculation 01’ a ~‘e~; i , r~se” e’ ’ ,f ~~~~~ 

which is
used to estimate how ot’ten placement of a particular fill w ill he required
to maintain specific beach dimensions. In all , three “fill factor ” and
one “renouri shmcnt factor ” approaches ha v e bee t p u b l i s h e d  (Ki-umbe in and
James , l~~15; l)ean , l974~ James, 11)74 , 11)75). dames (1973) provides a more
detailed and formalized discussion of the four methods.

These met h ods are based on simplistic models of the extremel y- complex ,
• inter act ice litt oral zone system. Each uses composite mean and sort ing

values of t u e native and lo rrow material s as basic i Imp l it  . Th us , ~tt beSt
thei r predict ions can only he as good as the ba sic compos i te data used.
Fill factors 011(1 renourjshrnent factors can he usefu l and revealin5 calcu-
lot i oiis , and  p o w e r f u l  t o o l s  when co ;i s i  dere d w i t  Iin tim e ent i re  eng i n e e r i n g
f ramework  of a p ro b l en t .
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• • 2. Fill Factors.

Krumbein and James (1965) proposed the fill factor approach discussed
in Cimapter S of the SPM (U . S .  Army , Corps of Eng ineers , Coas t a l  E ng ineer-
ing Research Center , 1975); the other two methods were proposed H; Dean
(1974) and James (1975). The mathematical models underlying time thic e
methods are similar , and although the ratios are not the same , each apnroach
uses many of the same assumptions :

4 (a) Natice sedimentary materials found on a beach arc cc;;-
sidered to be the most stable for the environment .

(b) The entire volume of fill materials placed on a beach
is sorted by local processes to achieve a gsd similar to the

* 

native ma ” e r ia l .

(c) Sorting processes change time fill materials into n at i -.’e-
• l ike sediments by winnowing out a ,,‘;i n~ ’~w’ amount of the ori g inal

fill.

(d) For calculation purposes , the native and borrow grain-
size composites are assumed to be normally distributed.

• These common assumptions may be questioned at times; e.g., does the
n a t i v e  composite from an eroding beach r e f l e c t  the s tab le  cond i t ion  for
that environment? This composite usually ’ indicates what materials are

• being selected by the processes distinctive to that environment. Ho w eve r ,
if erosion dominates in a system because not enough sediment s are being
supplied by littoral processes , then perhaps a renourishment appi-oach wco~ d
be more appropriate than using a fill factor approach. Another challenge
to the assumptions could be that the composite distribution for many borrow
sites , e.g., a finger shoal , cam be expected to he normal. Often this
assumption is justified , considering that time composite distributions for
many well-sampled deposits do tend to he normal. If a site is sampled ,

• its composite characteristics can be used with these methods , and si gnifi-
cant departures from normality (e.g., some bimodal glacial deposits) should
be considered in the evaluation of time a c t u a l  calculated values . •\nother
challenge mi ght be , wh y assum e that all of the fill placed will be ~oi ’ted7This  cha l l enge  may he j u s t i f i ed for some situations , hut using the conserv-
ative approach is probably  best i f  no contrary’ information exists. In
conclusion , althoug h the assumpt ions  seem to be leg itimate and realistic
working postulates for many situations , they should he questioned and
evaluated for each problem considered .

The three fill factor methods are also simil ni in that the shape of
• the borrow gsd is mathematically’ altered to a shape compatible with time

native gsd , and the degree of difference between the ori g inal and altered
borrow distributions is used to calculate tim e volume of fill required.
The methods are dissimilar in tim e criteria used for the alterations. Fill
factors can l)e direct l y calculated using all three methods , but in  general ,

• - graphical solutions are adequa te and ea s i e r .
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a. ‘[he SPM Method (R5). With this approach , the ratios of weight
percents of the native to borrow composites are compared across the range
of observed grain sizes to determine the phi grain size at which the ratio
is a maximum (criticaL phi size). The SPM fill factor (R5) is the value
of the ratio at this size and represents the minimum amount of borrow
material w h i c h , when selectively winnowed from all size fractions , will
produce a unit volume of material with a size distribution identical to
the composite native sediments. In process-response terms , this approach
assunies that botim fine- and coarse-grained sediment s will be lost in situ-
ations wimer e tile borrow material is more poorly sorted than tile native

~~ m a t e r i a l .

Fi gur e 7 shows isol ines of R~ plotted against the reference axes
used for Fi gure 4 in this study. One problem with this method is that it

- 
only  appl ies  d i r ec t ly  to t ex tu ra l  condit ions defined in quadrant 1 where
time borrow composite is finer grained and more poorly sorted timan the
native composite. Again , an important shortcoming of the method may be
the assumption that  natural  sort ing conditions would actually remove coarse ,

A seeming ly “stable ” sediments front the active beach system to achieve a
compatible size distribution for the fill.

b. The i)ean Method (RD). Dean (1974) proposed a second fill factor
method aimed at overcoming the problem in the SP~f of assuming that a part
of the coarse , stable sediments are lost by selective sorting. Dean found
this concept incompatible with what is commonly observed in nature . His

• approach assumes that all fill material coarser than the native phi mean
reflects stabilit y within the beacim envi ronment. Mathem atically, a minima l
amount of the finest sizes is systematicall y removed from the borrow gsd
until time mean size equals the native mean size. From a process standpoint ,
this approach is equivalent to assuming that winnowing processes progres-
sively wash out the fi nest sed imen ts fr om a f i l l  u n t i l  i ts average si z e is
equa l to t h a t  obse rv ed f or the beach before restoration . The variables
required to obtain a graphical estimate of RD (F i g. 8~ are the phi mean
si:es of the native and borrow composites and the phi sorting value of the
borrow material. The fill factor values obtained for any particular set
of the composite parameters are lower for RD than for Rs. I)ean ’s
factor is probabl y a more reasonable approach than that ~f the SPM in
terms of reflectin g conditions observed in nature . However , time approach
dci h ac e  drawbacks . First , by i gnoring the natura l sor t ing  of n a t i v e
sediments , a modified borrow distribution can be created that is quite
dissimilar to timat for the sediments assumed to he in environmenta l equi-
libri ti m. A second shortcoming is that time approach is somewhat unreason-
oh !” in situ a tions where the borrow ma terials are coarser but more 

~ooriy• sorted ti i zim m nat ice sedi me imts. (here , the math emat i cal model predicts
st abilit for ;il I f i l l  placed al t h ough the finer grain sizes w ill surely
he removed ho win no wing.

(c) Adjusted SPM Method (RA ) . Shortcomings of the Dean and t~rM meth-
ods prompted ~~~~~~~~~~~~~~~~~~~~~~~ a tim i rd fill factor method . The

30

• 

_ _ _ _ _ _ _  

,, •
• —‘—— — — — — — - - ‘ -~~ — ‘—.---.——- -—



S.C , , , 
— 

..~ ..~ — — r— r’ I -c’~”-- ~~~~~~~~~~ I I I I 
-

S.— ______

-. \ ( 1 ’ 
~~~~~ _ __ __ _

2.~ ..- ~~ ,, i , • _ ._ — —..
~,\ s, ~ 

/ 
• _ — ‘ -2~~ 

-S ..
..-_ 

.

..- -.. / ,- 
________ ________ ________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~ —QU~~~~fl~ NGb 

_______ _______ ~~~~~~~ 
)
~,r~t.~a’ -

_ _ _ _  _ _ _ _  • =
0,8• 0.7 

-. Quadrant 3 
________ ________ ________ ________ 

Quadrant 4 -

• 
, 

_ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _

0.5
STABLE UNSTABLE -

0.4

0.3 
—— _______ _______ ______ _______

02 l i i i  l i t  I I I I !  l i i i  I t l  I k i l l  l i i i  t i l l

—4 -3 -2 —I 0 I 2 3 4

o.n

F igure 7. Iso lines of SI’~-I fill factor (K -) versus ph ; c a ; ;  ,i m ffcrence
and phi Sorting i-at io (t’roni .James , P d )  -
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1- i gure S. Isolines of time Dean fill factor (R;)) (modified from Dean ,
1974).
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problems were basically the selection of the critical or stable grain size
for a borrow distribution , and the quantitative methods by which that dis-
t r ibut ion was to be modified to resemble native sediments . The adjusted
SPM approach assume s the c ri t i ca l  grain size to be equal to tha t  chosen by
the SPM approach (i~ critical), except in situations where the borrow is
coarser than the native. The n , tile stable size is allowed to increase
toward a maximum of p - e. Although this maximum is somewhat arbitrary
and may not directly relate to processes , i t  allow’s fo r time “re ten t ion ”
of coarser sediments that can play the important role of “armoring ” a beach
during periods of rapid erosion. As with Dean ’s approach , this method also
assumes that losses to the fill will be from the sizes finer than the
critical size , but unlike Dean , the losses are from all sizes finer. The
result is a modified fill distribution which is as close as possible to

• the proport i ons of the na t ive  d i s t r ibu t ion  in the finer size classes , but
re ta ins  the borrow material characteristics in time coarser s i z e  c l a s s e s .

• Actual calculations of RA involve fairly complicated mathematics but
accurate graphical estimates can be obtained using the curves in Fi gure 9.

‘I  Again , the basic information required is the phi mean and phi sorting
. values for both native and borrow composites.

‘ d. Comparison of Fill Factor Methods. The easiest comparisons can
be made using the four quadrants  defined in Fi gu r e 7, where time vertical
axis is the log of t he ra t io  of the  borrow t o na t i v e  sor t i n g  v a l u e s  and
the horizontal axis shows the difference between borrow and native means
as scaled b y the na t ive  so r t ing .  In the first quadrant , where the borrow
is finer and more poorly sorted than the native , time adjusted SPM value
(Rfl) is between -a low Dean factor (RD) and a hi gher SPM value (R~-). [he
borrow is coarser but more poorl y sorted in quadrant . and here the ~i’~-1
factor is an upper bound , while the adjusted SPM and Dean factors are close
to one , except where the borrow is much more poorly sorted and then tir e
adjusted SPM factor is increased while the Dean value remains one. In
quadrant 3, the borrow is coarser and better sorted than the native and
all three methods predict values of one except where the b orrow i s  much
better sorted than the native material (Fig. 7). ‘I’his situation is unlikel y
to be enc oun tered hut still RA values are conservativel y hi gh as compared
with values of unity for K’- and K 1 . Borrow sediments are f i n e r  and more
poorly sorted 1mm quadrant 4 and generally unsuita ble as fill . Here , aim
SI ’M value cannot be calculated , and the RA and R~ factors are u s u a l l y
h i gh.

~~~. Kenourishment Factor (It,,’).

l’he renouri shment fac tor (R ,-) (.lames , 1974) is a dvn ami e approach to
a n s w e r i n g  how beach processes can be expected to mod i fy specific fill sed i-
m e n t s , I t  a t t e m p t s  to p r e d i c t  how often renoiirishme im t will he needed and
to evaluate time long-term performance of different fill mat e rials w itim
regard to suitabilit y , maintenance , and expense. In genera l , the conc eptual
approach is that t h e act  ly e  beach system can be view ed as a compartment
wh 1 cli receives sed i ntents throug h longs imore transport and fron ; gradua I crc -
si  Ott of the  I n a c t i v e  ‘‘ r e s e r v o i  m- ’’ of s e d i m e n t s  that form the hackshm om’e . The
compartment loses sediments by longshore and of fshom-e transport beyond its
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boundaries. In this scheme , a fill is viewed essentially as an increase
to the backsho re reservoir .  Sediment pa r t i c l e  residence time in the corn-
partment is longer for coarse-grained sediment s than for fine; thus , a
comparison between composite-size distributions of native and borrow sedi-
ments can be used to predict  th e l i f e t i m e  of a fill. The scheme thus
becomes a “bookkeep ing ” prob lem of monitoring material going in and out
of the system by using mass-balance equations that are similar to the more
familiar sediment-bud get calculations.

Va r ious simp l i f i c a t i o n s  are made to the basic mass-balance equation
which result in this r2iative retreat—rate equation :

Log (R~) = ~ 
(Pb - 

- ~~ 
1) 

(8)
II a~ 2

where

. Rj  = the r e l a t i ve  retreat rate (renourishment factor) which
is a ratio of the borrow to native retreat rates

p an d a = the  phi mean and phi sor t i n g

b and n = subscripts referring to borrow and native composites ,
respectively

A = a dimensionless parameter related to selective sort-
ing (winnowing) in the environment.

The value of the delta parameter , A , is e s t ima ted  to be between O.S and
1.5 , but to date appropriat e fill data have not been collected to obtain
more accurate values. Renourishment factors can the r efo r e v a r y de pen d i n g
upon the A value used. Using a A of uni ty , Fi gure 10 shows Rj con-
tours plotted against the “standard reference axes” that compare the tex-
tural parameters for the native and borrow composites. A renourishment
factor of one-third means that the borrow material is three times as stable
as the native , or that renourishment with this borrow materi al would be
required one- th i rd  as of ten  as renour ishment  w i t h  n a t i v e l i k e  s e d i m e n t s .
(however , an Rj of 3 ind ica t e s  the  borrow is on e - t h i r d  as s t ab l e , and i f
used as beach fill , would require renourishment three times as often as
the nativelike sediments. Probobly , the most obvious shortcoming of this
model is time lack of real value s for the “winnowing parameter , A ,” hut
the kinds of predictions obtained are nevertheless consistent with general
beach -fill guidelines. It is concluded that this model , as is , can be
used profi tabl y to solve actua l beach -fill problems , and timat this kind of
approach must  be considered in cases where periodic renouri shment is
anticipated.

I . Compar i son  L x a m p i e .

I’ i gure 11 shows size-frequency hi stograms fom- nat  lye and borrow com-
posites and phi mean and sorting values fm-on; Vi rg inia Beach , \irg inia. lime
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difference and phi sorting ratio (modified from James ,
1975).

36



1

40-1

30 BORROW MATERIAL

— ~4’296
S~:i 76

‘ 20

CL... than 0031mm )

2ThTh ,
4 0 25 0 062mm 0.016mm

I..

40

— 
NATIVE SAND

30

M,: 1 .50

5,’ 091
20 —

I0

0 3 -2 - 1 0 1  2 3  4 5 6
4 I 025 O OS2 mnt

Gqa~n siza

195 1

F i gure 11. G r a i n - s i z e ’  h i s t o g r a m s  for borrow and native sand composite
distributions , Virg inia Beach , Virg inia (modified from
Krurnbein and James , 1965).



~~~~~~~~~

- - ‘- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

borrow is finer and more poorly sorted , and the fill factors and renour-
ishment factor for these data are shown in Fi gure 12. All four beach-fill
models are plotted against  the standard reference axes for  comparison pur-
poses; therefore , the pat tern of the Dean ra t ios  (R D) is d i f f e r e n t  than

-
‘ in Figure 8. (Fi gure 8 is better for accuracy.)  The points plot in time

f i r s t  quadrant , and as expected for the overfill ratios , the adjusted SP~1
va lue  (RA = 2 .80)  lies between a hi gh SPM (R~ = 3.09) and a lower Dean
val ue (R D = 2.12). The renourishment factor is 1.71 and is consistent with
the overfill values , showing the borrow to be less desirable for nourish-
ment than native sediments.

The question to be asked now is which technique is best? Althou gh any
of the fill factors mi ght be best suited to some particular problem , the
adjusted SPM method is a compromise approach that clearly attempts to over-
come inadequacies of time SPM and Dean methods and thus it is generally

• recommended . If ~he ~‘~~‘s ~~ on is how much overa ~-e r~~~ k-c 2~cqa irc-~~, use 2C

adjusted SP!-i r c *~hc~ (R A )  whereas the renour is7-tr;e~:t ,~i~-1or (R T)  skcu id  be
‘
~~ 

- app lied to at tc~~ to iroc - er how o f t en  renourishme~ t nvi:j Lc rcq~~r~J.
Appendix B contains an example of using both methods for evaluating a prob-

~
‘ lem where beach fill is required .

Most en g ineers h av e been famiUar with only the fill factor-type ap-
proach to solving beach-fill problems . However , the renourishment approach
is probably better suited to those common situations where beach erosion
is a c o n t i n u i n g  process t ha t  must be considered in any plans for long-term
shore protection . Undoubtedly , the use and popularity of t h e renourishment
approach w ill increase as data accumulate from field experiments and from
monitoring the performance of nourished projects.

V. CONCLUSION

This study considers the current “state-of-the-art ” with regard to two
top ics. Time first is to show the importance of composite gsd for charac-
terizing native beach ; and borrow site sediments , and the uses of composites
for beach -fill evaluat ion. The second topic is to set up genera l sampling
and computational guidelines to  en su r e t h a t  comp o si t e s  accurate ly repre-
sent the characteristics of the sedimentary bodies sampled . Other topics ,
such as describing beach -fill models and sediment propert ies, h ave also
been included to provide a framework for considering the  m a j o r  s u b j e c t s .
Several important top ics have not been considered imere because they can be
found elsewhere ; e . g . ,  James ’ (1975)  d i s c u s s i o n  of t h e  uses and i n t e rp re -
tations of time renouris imment and fill factors. Topics involving unsolved
problems or for wimich adequate data arc unav oilab le w e re a l s o  o m i t t ed . A
great  numbe r o t’ these  s ubj e c t s  dese rv e  a t t e n t i o n , and the fact th :it they
are so numerouc atte sts to the dynamic and chang ing natur e of ‘~he broad
sub) ect of beach fi l l  . lop ics that are in part icular need of °um’them ’
t hokig hl t and inve~-t i ga t ion are the p r a c t  ica I , (‘conomi c and respons i hi I ity
a s p v  c t  - of b e ach ;  f i  i i .  These t I j i c s  wet- c chosen ar b itrari l for organ i :a—
t i ona i I l l  : - l s r - ~ -

~~~~ each cont a ins a number of ci ~
- i

~~~,-i;t s (oft en common vie-
men t s) t l ; i ~ are ment ioned , ~~fl pa r t  , in time conc hiding paragr;lp Il— -
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C. Adju sted SPM F ill Factor (R A=2 .80)  D. Renourishment Factor (R~=l .25)

Fi gure 12 . Comparison of fill factor techniques and renourishment method
for examp le data from Virginia Beach , Virg inia.
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Although simplistic in nature, the beach-fill models must be used in
the practical environment of real and unique engineering problems. Some
of these problems are: Should a fill factor apply to all of the fill
placed? Which sedimentary data should be selected to compute a specific
composite? Would the placement of fill on different parts of a beach
require different fill factor calculations to assure project specifications?
How should a borrow si te composite d is t r ibut ion be modif ied  to reflect the
effects of different kinds of equipment and techniques? Each of these
questions is project specific , but the comp i la t ion  of information regarding

L actual decisions made and the performance of completed projects will even-
tua l ly  provide the kinds of data needed to establish guidelines for future
projects.

Economic considerations for a project must , in part , re f l e ct pr a c t i c a l
aspects such as the equipment available for use , or practices of local con-

° 
~

- t ractors .  Project  expen ses shoul d also be based on the engineer ’s decisions
to use solutions that seem most suited to a problem . For example , a volum e
of fill sediments could be determined by the size of the “hole” dred ged ,

~~ the number of ba rg es ha u led , or perhaps the amount of sediment actually
ending up on an ac t i v e beach as determined by prefill and postfil l surveys.
Payment should be made for that volume estimate which best reflects the
orig inal calculations or models used to set up the project. In a situation
where periodic renourishment is appropriate , renourishment factors calcu-
lated for several potential fill materials should be used to select time
cheapest material for the life of the project. Perhaps , a standard for
fill should be used to assure , through rigorous sampling during placement ,
that the materials paid for were of the expected quality. The point made
he r e is timat many aspects of the topics discussed can be used to hmel p
define and control expenses.

Ma ny of these comments suggest that  time models and methods discussed
can serve time engineer as tools to help solve beacim-fill proble m s as well
as p rov i d e  the criteria to evaluate the progress  and success of a p ro jec t .
This second appraisal capacity can give the engineer additiona l contro l
over a project. For example , he can he more active in specifying how and
wbmat samp le data should be collected , time best placement met imod to be used
for a specific fill , and how paymemmt for a fill simould be determined . All

1 of these aspects place more responsibility for a proj ect on t ime  eng i m m e e m - .

~ This is probabl y reasonable , hut if he is mom-c responsible , he should
i n c l ude in h i s  desi gns the collection of enoug lm i i m f o r m a t i o i m  to ade qmat e ly
monitor time performance of each proj ec t .  Thus , time final recommendat ion
is that long— ~ern ~‘s :  ~~ ‘fo~i ~~ou~ ooc a.i-~ ~-o~ c ’J ~ - ‘1 1 , l l
,~~~to , and that data obtained from sucim monitoring will improve  e x i s t i n g
beac im-fill schemes ammd also provide the basis for p r e d i c t i n g  the success
of future works.

V I .  SIJM~-t-\itY AN ) RLC OMMLN [)AT IONS

I. Two heac hm -fi 11 models are recommended.

a. The adjusted ~l~ l method (R.) coal les calculation of’ a f i l l
fact or to determi ne how much overage nay  he required wheim the t c\1 ;mi’cs of
borrow - and  h i t  ivç beach sed i mem mts arc  d i s s i m i  la m - .
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b. The renourishinent factor (F(j) compares the stability of borrow

F 

sediments relative to native beach sediments by estimating how often renour-
ishment may be required .

2. Both beach-f i l l  models use the mean and sorting values of the com-
posite grain-size distributions of native and borrow sediments as basic
input .

3. A composite distribution describes the overall , or averaged grain—

F 
size characteristics of sediments sampled from a particular beach or borrow
site deposit.

a. For a beach , surface samples should be collected from the
active profile surface in accordance with a sampling plan designed to ade-
quately assess the along-beach , across-beach , and seasonal components of
textural variability.

b. Sediment samples obtained from cores rather than surface sam-
ples are usually used to evaluate the composite texture of a borrow source
and to estimate the potential volum e of suitable sand in the body.

c. The best composite distributions are obtained by either averag-
ing the percentage of sediment in each size class interval for all samples
collected , or by analyzing the gsd of a sample obtained by mixing equal
amounts of the individual samples. Both methods should provide identical
results.

d. Careful attention should be paid to the design of sediment sam-
pling plans since the quality of any beach-fill calculations is, at best ,
only as good as the native beach and borrow composites.

4. Sediment analysis considerations.

a. For beach-fi l l  purposes , particle size is expressed in phi
uni ts  and the phi mean and phi sorting are used to describe sedimentary
gsd.

b. It is best to use a constant phi interval for describing
particle-size distributions and for most purposes, an interval of one-half
phi is adequate.

c. Sediment-size analyses can be obtained using either sieving or
settling techniques; however , siev ing data are probably more reliable.

d. It is important not to mix sieving and settling data because
each method reflects different properties of the sedimentary particle and
conversion equations are not too powerful .

e. If the mixing method is used to obtain a single composite sam-
ple , care must be taken in the laboratory to obtain random splits of appro-
priate size from individua l samples and then to mix these splits completely
to e l i m i n a t e  bias  in selecting the f ina l  samp]e of the mixture  to be
a n a l y z e d .
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APPENDIX A

MIX ING SAMPLES FOR COMPOSITE ANALY SIS

It was suggested in Section III that essentially the same composite
f requency-s ize  d is t r ibut ion could be obtained ei ther  by averag ing the
frequencies per s ize  class for each sample from a set or by analyzing a
s ingle  mixture  of all samples. The two approaches are identical from a
mathematical  standpoint , but can s imi lar  l aboratory results be expected
using the two approaches? The following experiment was conducted to look
into this  pract ica l  problem.

Eig ht test samples were prepared by blending predetermined weig hts of
1/.4-ph i - s ized  sands. Each test sample was normally distributed with mean
and sort ing values like those typically observed across a profile , on an
east coast beach , and at elevation spacings of 4 feet (1.2 meters ) from
+4 feet MSL (test sample 1) to -24 feet (-7.3 meters) MSL (test sample 8).

k ‘ Six random splits were then obtained from each test sample using Jones
Sample Spl i t te r .  Each test split contained approximately the same amount
of sand as determined by visual comparison of their relative volumes.
This semiaccurate procedure was selected as being fairly consistent with
what could be expected with normal sample preparation procedures. Three
ana lys i s  procedures were then fo l lowed.

First , two sets  of samp les co n ta i n i n g one split of each test sample
we r e anal yz ed at CERC using settling techniques. The size data from each
set were ave raged and their calculated composite d i s t r i b u t i o n s  are t ime two
samp les labeled “No mixing ” in Table A-i . Secondl y, splits from test sam-
pies 1 to 4 (onsimore and nearshore) and samples 5 to 8 (o f f shore )  w e r e
physically m ixed to cr eate two samp l es r epr esen t a t i ve of the test set.
This procedure was followed ~wice and the samples were anal yzed ; these cal-
culated composites are simown as t h e “Mixture  2” in Table A-l. The third
procedure was to pimysically mix all ei ght splits and timen analyze only one
sample from time mixture. Again , time procedure was repeated twice (Mixture
1 , Table A -l ). Finally, the column labeled “lest composite ” shows the
c o m p o s i t e - s i z e  distribution for the test samples as computed from time wei ght
proportions used to initially make up the samples .

Comparison of time calculated composites with the test composite slmows
fairly hi gh variation in actual percentages of sediment observed in time
various size fractions. Timese variations probably arc caused more by the
technique used to obtain time “equal” splits tlman by analysis error. N ti l l ,
t he r e i s l i t t l e v a r i a t i on o f time phi mean and ph i  s o r t i n g  values from the
test composite parameters and tlmese results do not seem to favor a partic-
ular anal ysis procedure .

Recommendations result ing front tim i 5 s m a l l  experiment are : (a) M ixed

— s a m p l e s  can be used to obtain accurate co:.ipos i t e  d a t a  ; (h )  care  s h o u l d  he
t aken  to obtain random sp l i t s  of appropr  I a t  c size from s a n m p l e s  and t o  thor-
ougimly imomnogeni ze time m ixtur es (c) it is probabl y best to comnh i ime samples
I n to  r e l a t e d  m i x t u r e s  such as ons imore , ne ar shore  , and o f f s h o r e  samp les , or
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I
Table A-i . Comparison of computed composite estimates of a test composite

frequency-size distribution of known characteristics.

Phi size Test Calculated composite distributions
composite - - -No mixing Mixture 2 Mixture 1

_ _  

(8 analyses each ) (2 analyses each ) (1 analysis each )

1.0 12.6 18.5 21.2 19.2 23.3 20.9 15.9

1.5 19.1 17.6 17.5 15.1 15.6 17 .9 13.6

2.0 17.3 11.0 12.8 15.7 13.5 9.2 17.6

2.5 13.8 15 .2 14.0 12.2 12.3 15.7 14.9

3.0 11.7 12.9 12.4 13.2 12.4 12.1 12.6

3.5 10.2 12.7 11.1 12 .0 10.3 14.0 14.1

4.0 6.6 5.0 4.4 6.8 6.6 7.1 6.5

Curve data
Phi 16 0.84 0.75 0.78 0.80 0.78 0.85 0.90

Phi 84 3.02 3.02 2.95 3.10 3.02 3.12 3.10

Mean 1.93 1.89 1.87 1.95 1.90 1.99 2.00

Sorting 1.09 1.14 1.09 1.15 1.12 1.14 1.10
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to arrange them by elevation groups, in order to have the data in a form
useful to project considerations ; (d) when mixed samples are used , analysis
of duplicates from the mixtures can provide a way to evaluate variability
in the results due to analysis procedure; and (e) the original unmixed
samples should be retained should additiona l size analysis be required
because of errors or because the original mixtures chosen do not provide
the appropriate information needed to solve problems later in the investi-

- gation.
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APPENDIX B

CO~4PARISON OF EXISTING BEACH AND POTENTIAL BORROW MATERIALS
AT OAK ISLAND , NORTH CAROLINA

This example of using beach-fill models for hurricane-wave protection
and beach erosion control was reported in a General Design Memorandum (GDM )
for Yaupon Beach and Long Beach, Brunswick County, North Carol ina (U. S.
Army Eng ineer District , iVilmington , 1973). These beaches extend east for
approximately 9 m i l e s  (14.5 k i lometers )  along Oak Is land from Lockwood ’s
Folly In le t  (Fig .  B-i , heavy line extending to profile 180). Long-term
erosion rates range from 5.7 feet (1.7 meters) per year at Yaupon Beach
at the western end of the project area to 3.6 feet (1.1 meters) at Long
Beach.

V 1. Project Description.

The GUM considered 19 plans of action for the area . Op t i m i z a t i o n
procedures were used to consider factors of simoreline and hurricane Imistory ,
wind and wave climate , shore processes , environmental impact , and recreation
and economi c aspects of the area . In addi t ion , 170 sand samp les were col-
lected from along 10 beach profiles (Fig. B-i) and 750 samples were  obtained
from 79 cores to describe n a t i v e  beach sediments and to eva lua t e  p o t e n t i a l
borrow m a t e r i a l s  for beach renourishment . Plan BTG in the GDM was selected
as the most cost e f f e c t i v e  to provide the needed p r o t e c t i o n  from im u r r i c a n e s
and beach erosion as w ell as being acceptable to State and local interests .

Briefl y, this plan consisted of an initial placement of 11 ,931 ,400
c u b i c  y a r d s  (9 ,l~~~,748 cub ic  meters) of f i l l  p l u s  a d d i t i o n a l  f i l l s  of
1 ,055 ,400 cub ic  yards  (806 , 959 cubic  mete rs )  p l a c e d  every  t i m i r d  year  at
two feeder beach localities. Time initial fill would be used to  cons t ruc t
a 2 5 — f o o t - w i d e  (7 .6 m e t e r s )  dune at +15 feet  (4 . 0  me t e r s )  MSI , a 50-foot -
wide (15 .2  meters)  s torm berm at +12 feet (3. 7 m e t e r s )  MSL , and a s loped
beach to close out w i t h  t h e  e x i s t i n g  bot tom at ap p r o x i am t e ly  -27  feet
(-8 .2 meters) MSL . In addition to time beacim fill , plan BIG called for
construction of a timber bulkhead at Yaupon Beach , a 900-foot (27-1 meters)
rock rcvetmcnt at Long Beach , and groin fields at the east and west marg ins
of tim e project . The initial cost for plan BTG was estimated to be $11. (~
million plus $1.2 million in annua l maintenance costs .

Nine potential borrow areas were considered aim d of time se , sediments
prom Lockwood’ s Ic ily I n le t  and front time Yellow Banks area of t I m e  main-
land I - i g. B — i  , area .-\ ) were de t e rmined  most  sui t a b l e .  The cri ten a used
to select sui tab Ic  bo rr ow material were the iv s m l  iaritv to oat lye beach
sediments as determined by t u e  Si~M f i l l  f a c t o r  method , t u e  e n v i r o n m e n t a l

L 

impact of removi mig time materials , the cost per yard of n i a t e r i  al , and t he
eXpense cO mob ii i :;mt ion and demobi 1 izat ion. Mat em- i a Is foummd in Middl e
t~r OUIm d sh oal  at time mouth of the Cape Fear River (bi f . B — i  , area B) were
of time hcst I~~Ua I ity for renouri simment purposes  hu t  c x p e m m s i v e  in  t eras of
mo b il :at ioti—dc mobi ii :at ion expense estimates. N e v e m - t i m e l e s s  . for  this
e x a m p l e  ‘- It ddI e Ground shoa l armd Yel l ow- banks sedir:ent s am-c evaluated as
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Figure B-l. Oak Island Beach restoration proj ect area (heavy line).
Yaupon Beach l ies  between p rof i l e  ranges 2-10 and 180 and
Long Beach extends to Lockwood ’s Folly Inlet. I n s e r t s
show locations for the cores in the  Y e l l o w  Banks  (A) and
Middle Ground simoal (B) borrow sites.
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potential beach fill. The Lockwood ’s Foll y inlet sediments are not in-
cluded here because of time small volume available.
2. Composite Distributions.

The procedure for obtaining the composite gsd for sediments from the
nati v e beach and f or the t wo potent i a l  bor row s i tes  co n s i s t ed  of : (a)
obtaining averaged frequency distributions for the set of samp les from each
profile or core (Table B-l); (b) calculating the three composite distribu-
t ions by averag ing the dis t r ibu t ions  from Table B- l ( a , b , and c , respec-
tively) ; (c) plotting these composite averages as cumulative frequencies
on phi p robab i l i ty  paper (Fi g. B- 2 ) ;  and (d) using equations (3) and (4)
from the text for ca lcu la t in g the phi mean and phi sor t ing values  and us ing
percent i le  data obtained d i rec t ly  from time plo t s .

a. Native Beach. Seventeen surface sam p les were collected from across
each of 10 profiles spaced at approximately 6,000-foot (1 , 829 mete rs) in ter -
vals along the study beach (Fig. B-i). Profiles 120 and 180 were located
west of the project area in order to include sediments being introduced
in to the ar ea f rom up dr i f t  sou r ces . Samp les wer e co l lec ted  at specific
elevations across the prof i l e s  s tart ing from the berm out to an offshore
depth of -32 feet (-9.8 meters) MSL. For this example , the -24-foot
( -7 .3 meters)  depth is used to def ine  the marg in of the active pr o f i l e ;
thus , 130 sample-size distributions were averaged to obtain the native
beach composite distribution (Table B-l ,a).

b. Middle Ground Shoal. This area contains the coarsest materials of
all potential borrow sites investi gated. Six cores from within the area
plus four cores obtained nearby (Fig. B-l) were used to collect 98 samples
to determine time composite-size distribution (Table B-l ,b).

c. Y e l l o w  Ba nks.  This  area (Fi g. B-i , ar ea A) has hi gh topogr aphic
relief (+30 to 50 feet MSL) and consists of ancient beach deposits and
spoil material dredged front time Atlantic intracoastal Waterway ( A IW W ) .
The composite dist nibutio rm (Fig. B-2) was calculated by averag ing the sized
data from 108 samples (Tables B-l ,c) t aken  from 11 cores.

3. Beach -Fill Calculations and Discussion.

lable B-2 summarizes the compar iso n of n a t i v e beach sedi m en ts  w i t h
time composite g r a i n - s i z e  characteristics of the two potential borrow sites ,
u s i n g  t ime ad jus t ed  S1’M fill factor (RA ) and time renounishment (R~) modelsas determined graphically from Fi gures 9 and 10. A third factor~ G , is
a l so  g i v en where ,

G = ‘o Sand x R~ . ( B - i )

Tbi  -
~ factor is used in the ori g i nal  (ThM to adjust for the p r o p o r t i o n  of

clay contained in the sediments at eacim borrow site. These fine sediments
were j tm d ged dynami call y uimstab le in time beach env i ronment and would be lost
d u r i n g  d r c d s i m m g  and p laceme n t or soon after placement.
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Table B-i. Composi te grain-size distributions for the native beach (a),
Middle Ground shoal (b), and Yellow Banks Cc).

Profile-Core No. of Phi-size class
(No.) samples 

3.5 3.0 2.5 2.0 I 1.0 I 0.5 I 0.0

Profile a. Na tive beach 
______ — —

120 13 3.6 1 1.5 21 .8 19.6 24.5 14.6 3.6 0.8
180 13 5.8 1 2 0  19.8 20.3 24.1 14.5 3.0 0.4
240 13 7.1 14 .1 20 .7  19.8 23.7 13.2 0.9 0.5

300 13 4.1 12.8 18.0 15.4 19.8 14.9 12.4 2.6

359 13 5.7 17.2 2 2 . 0  17.4 17.8 10.8 7 .2  1.6 0.3
• 419 13 4.8 13.4 23.6 21.5 21.4 13.9 1.2 0.2

481 13 7.1 23.2 27.9 20.5 15.3 5.8 0.2
540 13 6.7 21.3 31.1 18.7 16.7 5.0 0.5
599 13 4.3 11.4 21.5 18.6 23.4 18.2 2.4 0.2

• 664 13 4.1 16.1 26.6 32.2 20.7 7.1 0.2

Average 5.3 15 .3 23.3 19.6 20.8 11.8 3.2 0.7

Core b. Middle Ground shoal

46 9 1.3 8.2 16.0 16.0 28.4 25.9 4.2
47 8 0.5 1.9 4 . 4  11.3 27.8  47.1 16.4 0.6
48 11 0.7 8.1 18 .3 20.6 19.1 16.7 9.5 6.3 0.7
49 10 2. 7 1 3 . 7  2 6 . 4  2 1 . 9  1 5 . 8  8 . 5  8 . 2  2 . 8
50 11 3 .4  16.6 18.6 1 6 . 3  16 .8  18 .4  1 2 . 9  2 . 6  0 . 2
51 11 1 . 5  5 . 4  1 1 . 9  1 2 . 3  17 . 2  2 2 . 6  2 4 . 2  4 . 9
52 6 7 . 0  2 2 . 0  2 5 . 8  1 6 . 3  1 5 . 8  6 . 1  3 . 9  3 . 1
53 11 1 . 9  9 . 9  1 9 . 2  2 0 . 3  2 4 . 5  1 4 . 9  5 . 2  2 . 6  1 . 5
54 11 2 . 7  5 . 7  1 5 . 5  1 7 . 2  1 8 . 4  2 2 . 3  14 . 5  3 . 4  0 . 3
55 10 2 . 7  1 0 . 2  1 8 . 3  1 8 . 9  1 9 . 5  1 2 . 6  1 2 . 8  4 . 2  0 .3

Average 2.2 9.6 17.5 17 .2 20.3 19.6 10.2 3.1 0.3

Core c . Yellow Banks area

7 0.7 6.5 22. 5 24. 7 23.7 18.4 3.5
2 12 3.9 10.2 30.1 33.8 20 . 1  1 . 7  0 . 2
3 8 4 . 1  10 .8  2 8 . 1  2 9 . 4  2 2 . 1  4.8 0.7
4 10 9 . 7  1 0 . 2  2 6 . 4  2 6 . 2  2 2 . 2  4 . 0  1 . 0  0 . 3
5 9 3 . 3  8 . 4  2 7 . 6  2 8 . 1  2 2 . 0  8 . 5  2 . 1
6 11 3 . 4  8.5 26.9 25.8 2 2 4  7. 7 2 . 3  1 . 7  1 . 3
7 12 3 . 4  1 1 . 9 2 9 . 9  2 5 . 9  2 6 . 3  2 . 6

15 5 7 . 9  3 0 . 1  30 .6  1 3 . 8  9 . 4  5 . 4  2 .8
16 7 10.6  2 7 . 3  2 7 . 3  16 . 5  1 3 . 3  3 . 0  0 .5  1 . 6
17 5 1 0 . 7  2 9 . 3  3 1 . 3  1 6 . 1  8 . 8  3 4  0 .4
18 7 1 0 . 2  2 5 . 0  2 8 . 0  1 2 . 4  7 . 8  4 . 6  5 . 7  6 . 3
20 6 9 . 6  2 0 . 8  2 7 . 3  17 .4 8 . 8  7 .4 6 . 2  1 . 7  0 . 8
2 1 5 4 . 9  1 3 . 2  2 9 . 6  1 5 . 3  1 7 . 3  1 0 . 2  3 . 7  3 . 7  2 . 1
22 4 11 .0  2 5 . 1  3 1 . 5  1 5 . 6  1 3 . 3  2 . 2  1 . 3

Average 6.7 17.0 28.4 21.3 17.0 6.0 2.2 1 .1 0.3
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Fi gure B -2.  Cumulative size-frequency plots for time native beach , Middle
Ground shoal , and Yellow Banks composite-size distributions.
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Table  B - 2 .  C o m p o s i t e  g r a i n - s i z e  d i s t r i b u t i o n  p a r a m e t e r s
and beach-fill compar 1son s.

Native beach Middle Ground Yellow Banks

Phi mean 1 - 90 1 . 56 1 .94

Phi  so r t i ng  0 .80  0.98

S;/ S 3, 1 . 2 2  0 . 9 0

M ; M / S ~. —0.4 0 .05

P ct  sand 100 89 95

1 .00  1. ~~)

C 1 . 1 2  1.26

• 0.61 1.

Even with adjustments , the Middle Ground sediments clearly have time
greatest potential as fill but as discussed earlier , other cost consider-
ations prevented their  se lec t io m m . However , the renoun i shm en t  c a l c u l a t i o n s
(Ri) predict that a fill consisting of M i d d l e  Ground sed iments  would  last
near l y twice  as long as Yel low Ba nks sediments .  Thus , a l t h o u g h a s i m i l a r
volume of mater ial would initially he needed from either source to obtain
project dimensions , time yearly renour i s imm ent  r e q u i r e m e n t s  u s i n g  t ime  s im oal
sediments would he si gnificant ly less (fable B-3). These relationshi ps
simow how time use of Middle Ground shoal sediments mi ght become more ccc-
rmomical wimen renourishment considerations are included in p r o j e c t  p l a n n i n g .

Table B-3. Comparison of initial fill and
renour i shnen t  requi rements
using different borrow- sources ,
Oak I s l a n d  Projec t , Nor th
Carolina.

Source I n i t i a l  f i l l  Nourishment
per year —

(y d 3 ) (yd 3)

Middle Ground 10 ,618 ,946 200,558

Yellow Banks 11 ,931 ,400 351 ,800

For t h i s  par t i c u l ar pr oj ect , time estimated mobilization-demobilization
expenses and cost per cubic yard of fill estimates used in time ori ginal
GDM favor time Yellow Banks area even when renourisimment is considered .
Howe ver , as the use of o f f shore  borrow s i t e s  becomes more commonp lace  and
the  tec im n i q ues o f t he i r exp l o i t a t i on bet ter un de r stood , the costs  of off-
simore sediments should become more economical lv f a v orah ie when com pared
with conventional sources.
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