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PREFACE 

Recent developments in methodology for selection of borrow material 
and determination of volumetric requirements for beach restoration and 
periodic nourishment have been presented by Dean (1974) and James (1974); 
both techniques differ substantially from the methodology given in the 
Shore Protection Manual (U.S. Army, Corps of Engineers, Coastal Engineer
ing Research Center, 1973). This report was prepared at the request of 
the Office, Chief of Engineers (OCE) to compare and contrast the three 
available techniques and to recommend guidelines for their use in practi
cal applications. The work was carried out under the coastal construction 
research program of the U.S. Army, Coastal Engineering Research Center 
(CERC). 

The report was prepared by Dr. William R. James, former Chief of the 
Geological Engineerrng Brancl1, under the general supervision of George M. 
Watts, Chief, Engineering Development Division. 

A draft of this report was reviewed by Professors William C. Krumbein 
and Robert G. Dean; most of their comments were incorporated into this 
final report which has been improved, both in style and technical content, 
by their input. The author expresses his gratitude for these comprehensive 
reviews. 

Professor Dean is also thanked for his permission to reproduce his 
report for this study. Appreciation is also extended to Messrs. George 
M. Watts, Ralph L. Rector, and Dennis W. Berg for their useful comments. 

Comments on this publication are invited. 

Approved for publication in accordance with Public Law 166, 79th 
Congress, approved 31 July 1954, as supplemented by Public Law 172, 88th 
Congress, approved 7 November 1963. 

Colonel~ Corps Engineers 
Conmcrnder and Director 
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TECHNIQUES IN EVALUATING SUITABILITY 
OF BORROW MATERIAL FOR BEACH NOURISHMENT 

by 
William R. James 

I. INTRODUCTION 

Coastal engineers have long recognized that the textural properties 
of borrow material have important effects on the postplacement behavior 
of beach fill. Fine material tends to be unstable on the beach, moving 
rapidly offshore where it is distributed over broad areas, providing 
little or no functional use in beach erosion control or hurricane protec
tion. Consequently, sources of fine, well-sorted (poorly graded) borrow 
material are usually excluded from consideration as potential beach fill 
material. In contrast, beach fills of clean coarse sand usually perform 
quite well; however, economically usable borrow sites containing required 
volumes of this material are rarely available near specific project sites. 
A more common situation is where available borrow sites contain poorly 
sorted (well-graded) material which may include mixtures in varying pro
portions of gravel, suitable coarse sand, fine sand, silt, and clay. 
When material of this type is used as beach fill, natural sorting pro
cesses act upon it, redis-tributing the finer materia-l offshore and develop-
ing a coarser grained residual on the beach face and in the surf zone. 

An important question arises in these situations with respect to the 
volume of material taken from the borrow zone which will be effectively 
lost from the project during and following placement due to sorting pro
cesses. The design engineer is required to estimate the proportion of a 
proposed borrow material which will serve a useful function in a specific 
project requiring beach fill. This estimate is then used to compute the 
effeative aost of a unit of usable fill material from the proposed borrow 
site, based on estimated actual costs of obtaining and placing a unit of 
borrow material. The effective unit cost of usable fill from a given 
borrow zone is the product of the actual cost of obtaining and placing a 
unit volume of borrow material times the "overfill ratio," which is defined 
as the volume of actual borrow material required to produce a unit volume 
of usable fill. The overfill ratio is also used in estimating the usable 
volumetric reserve of a given borrow zone. In this application, the volume 
of the borrow zone sediment deposit is divided by the overfill ratio, thus 
providing a measure of available "useful volume." 

In many early beach fill designs, the tacitly accepted method for com
puting the overfill ratio was to simply exclude the proportion of borrow 
material having grain sizes finer than the lower limit of the sand category 
(60-micrometer diameter). This method proved inadequate in several projects 
where the borrow material, despite being mostly sand, was still substan
tially finer than the material native to the shore zone in the project 
area. These experiences led to the notion that the textural properties of 
sands indigenous to a particular littoral environment should be used as a 
guide in selection of borrow material for beach fill in that environment. 
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This, in turn, produced the requirement for careful analysis of the tex
tural properties of both native littoral zone materials and more detailed 
analysis of borrow zone materials. 

For native beach conditions, where the constituent materials exhibit 
strong textural gradients across the active profile from berm to limiting 
depth, a concept of "composite" native material properties was developed. 
The concept and procedures used to estimate composite properties are dis
cussed in Krumbein (1957). Similar requirements apply to analysis of 
potential borrow zones. Although important to the practical application 
of the methods discussed here, this concept of composite material proper
ties is peripheral to the main topic, and its development is not covered 
in this study. The methods described in Krumbein (1957) are based on 
comparison of the composite grain-size distribution of borrow materials 
with the composite grain-size distribution of native materials. 

The first detailed method for computing an overfill ratio was pro
posed by Krumbein and James (1965). Their method provided a means of 
determining the minimum amount of material to be sorted from each grain
size class of the borrow material grain-size distribution to produce a 
grain-size distribution identical to that of the native material. Commonly, 
both native and borrow materials are approximately lognormally distributed. 
For such cases, a simple analytical formula can be used for the calcula
tion of the overfill ratio, based on the phi means and phi sorting values 
for native and borrow materials. This method proved more satisfactory 
than the earlier approach, and with some modifications and expansion of 
the interpretive guidelines, was included in the Shore Protection Manual 
(U.S. Army, Corps of Engineers, Coastal Engineering Research Center, 1973). 

In the Shore Protection Manual (SPM), as in Dean (1974) and James 
(1974), certain limitations of the method are described, e.g., the method 
cannot be applied where the native material is more poorly sorted than the 
borrow material. The method also provides what are considered to be un
realistic values when borrow material is coarser than native material. 
Recognition of these limitations led to further research; independent 
efforts produced proposals for two alternative methods (Dean, 1974; James, 
1974). 

Both methods were described at the 14th International Coastal Engi
neering J:on£er_ence _held in £openhagen in ,Jun.e 1974; the two papers are 
appended to this report. In this report, the three published techniques 
are reviewed and compared in detail. Results of this comparison indicate 
that (a) the method proposed by James (1974) differs substantially in 
underlying assumptions and in application from the methods in the SPM 
(U.S. Army, Corps of Engineers, Coastal Engineering Research Center, 1973) 
and Dean (1974), and the James method should be used primarily for predic
tion of periodic nourishment requirements; and (b) the SPM method always 
predicts higher fill factors than Dean's method. A modification of the 
assumptions underlying the SPM method results in fill factors which appear 
to provide a reasonable compromise between the two methods. 
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II. L~SCRIPTION OF PUBLISHED TECHNIQUES 

1. Terminology, Notation, and Basic Relationships. 

a. Fill Factors. All three techniques provide methods for calculat
ing a single number for use in economic analysis of the consequences to 
selection of a potential borrow material. This number is given various 
names and symbolic representations. Krumbein and James (1965) use the 
notation R~crit; the SPM (U.S. Army, Corps of Engineers, Coastal Engi
neering Research Center, 1973) uses the term "critical ratio"; Dean's 
(1974) notation is K; James (1974) calls it "relative retreat rate" 
and uses the symbol Rb· Another method is proposed later in this report 
which represents a compromise between Dean's method and the SPM method. 
This inconsistency in notation results in confusion when comparing methods. 
Moreover, some of the existing notation is clumsy, e.g., R~crit in the 
SPM, and it would be beneficial to change it now before the literature on 
this topic becomes more profuse. In this report, all fill factors (and 
the renourishment factor) are represented by capital R with a single 
letter subscript which indicates the source, e.g., the SPM fill factor, 
called the "overfill ratio" and denoted by R~crit in the SPM, is denoted 
by ~ in this report. Notations adopted in this report compared with 
notations used in other reports, are shown in Table 1. 

Table 1. Notation and terminology used in this report. 

Symbols Terminology 

This report SPM Other reports This report SPM and other reports 

Fill factors Rs R~rit ---- SPM fill factor Overfill ratio 

RD ---- K Dean fill factor ----------

RJ ---- Rb Renourishment Relative retreat rate 
factor 

RA --·-- ---- Adjusted SPM ----------
· fillfiictor 

-
Parameters of IJ.b, P.n M¢a'M¢b ¢,1J.¢ Borrow and native Phi mean, 
sediment gsd's phi mean graphic phi mean 

ab, an a¢b'a¢n s<t> Phi sorting Phi standard deviation, 
phi sorting 

Comparison 0 ---- ---- Phi mean difference ----------
parameters 

a ---- ---- Phi sorting ratio ----------
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No distinction is made between representations for terms in Krumbein 
and James (1965) and those in the SPM because there are no distinctions 
between the calculation methods. Except for the technique proposed by 
James (1974), this study refers to "fill factors" which represent a numer
ical factor to be applied to project fill volume requirements to estimate 
the needed quantity of a specific borrow material. The James number has 
a slightly different meaning, e.g., values less than unity are possible 
and meaningful. For reasons to be clarified later, this quantity is 
referred to as the "renourishment factor." 

b. Grain-Size Distributions. All methods are based on comparisons 
of native and borrow material composite grain-size distributions defined 
on the phi scale. Phi (~) is defined as the negative logarithm to the 
base 2, of grain diameter in millimeters, 

~ = -log2 d(mm) , (1) 

so that fine~ grained sediments have la~e~ phi values. By convention, 
sand is defined as material with grain sizes between -1 and 4 phi (2 and 
0.063 millimeters). A g~ain-size distribution (gsd) is a representation 
of the proportion of a given material, by weight, in each grain-size class. 
Since size-class boundaries are arbitrary, the gsd is usually represented 
as a continuous curve on the phi scale, where the following definition 
applies: f(~) d~ is the p~opo~tion of material~ by weightJ which lies 
between size ~ and ~ + d~, where d~ is infinitesimal. The familiar grada
tion curve is obtained by integration of the gsd from either the coarse or 
fine limit of the gsd to each phi size. In this report the cumulative 
~ain-size distribution is represented by: 

~ 

F (~) = J f(~) d~ (2) 

-oo 

so that F(~) represents the weight proportion of material having sizes 
coarser than~. By definition of f(~), its integral over the entire 
size range is unity so that: 

00 

l ~F{$) -t; f f{cp) d$ . 
$ 

(3) 

Various gsd's are discussed in this report, and are distinguished in 
the notation by a lower case letter subscript. The composite native mate
rial gsd is fn($); the composite borrow material gsd is fb($). The 
same convention applies to cumulative grain-size distributions, and to all 
quantities defined in relation to these distributions. Where the f's 
appear without a subscript, they refer to the standardized gsd, i.e., one 
with zero mean and unit variance. 
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c. Phi Mean and Phi Sorting. Grain-size distributions are usually 
character1zed by two parameters: the phi mean, which is a measure of the 
location of the central tendency of the gsd; and the phi sorting (or phi 
standard deviation), which is a measure of the gradation or scale of the 
spread of grain sizes about the phi mean. Phi sorting by definition must 
have a positive value. A low value (< 0.5¢) indicates that the gsd 
contains only a narrow range of sizes; it is well sorted or poorly graded. 
Conversely, a high value of phi sorting (> 1¢) indicates the presence 
of a wide range of grain sizes. Material of this type is poorly sorted 
or well graded. A detailed description of these parameters and methods 
of estimating them from grain-size data are in the SP~I (Sec. 4.211). 

The notation for phi mean and p~i sorting is not uniform in the liter
ature. Phi mean is represented as ¢, M¢, J.l¢; phi sorting is represented 
as S¢, o¢ among others. The confusion arises from practical problems 
involved in measuriug the gsd, and estimating the parameters from these 
measurements. This topic is not treated in this report; discussion is 
restricted to relationships among theoretical gsd's. 

In SPM, ~¢ is used to denote the phi mean. However, SPM only defines 
the phi mean 1n terms of Inman's graphical definition, for which the nota
tion ~¢ is commonly used. The considerations of phi means of gsd's in 
this report apply to the "population mean," an abstract quantity which 
can be estimated in a variety of ways, including Inman's method. The 
notation, ]J, is usually used to represent the population mean, rather 
than a specific estimator such as Inman's. Therefore, in this report 
J.l is used to denote the phi mean. Similarly, o is used to denote the 
phi standard deviation (phi sorting). Phi subscripts are not used here 
because all means and sorting discussed are on the phi scale and the addi
tional subscript is burdensome. The subscripts "n" and "b" are used 
to refer to parameters of the native and borrow material composite gsd's. 
Where o appears without a subscript it refers to the ratio of borrow phi 
sorting to 'native phi sorting, described below. 

d. Comparison Parameters. It is convenient for mathematical and 
graphical purposes to define two parameters used to compare the gsd's of 
native and borrow materials. The first parameter, o, a scaled difference 
between borrow and native phi means, refers to the phi mean difference. 

(4) 

8 has positive values where borrow materials are, on the average, finer 
than native materials, and negative values where borrow materials have a 
phi mean coarser than that of the native materials. 8 has the magnitude of 
unity when the difference between borrow and native phi means is one phi 
standard deviation of the native material, i.e., when this difference 
equals the absolute value of native material phi sorting. 
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.The second comparison parameter, cr, is the ratio of phi sorting of 
borrow material over phi sorting of native material, hereafter referred 
to as the phi sorting ratio~ 

(5) 

(cr without a subscript -b or -n refers to the phi sorting ratio). 
Borrow materials more poorly sorted than native materials have values of 
cr greater than unity; where borrow materials are well sorted in comparison 
with native materials, cr is less than unity. 

Several graphs in this report are constructed with the phi mean dif
ference, o, as the horizontal coordinate, increasing rightward, and 
the phi sorting ratio, cr, as the vertical coordinate, increasing upward. 
fn all such cases cr is plotted on a logarithmic scale. The notation 
described previously is summarized in Table 1. 

e. Lognormal Grain-Size Distribution. Although the principles under
lying all the techniques described in this report can be applied to any 
native and borrow material gsd's, there is a valid reason for adopting a 
general mathematical model for them. Measurement, sampling, and grouping 
e~rors are always present in the determination of representative composite 
gsd's, and in certain circumstances these can lead to large uncertainties 
in the calculated fill factors. These sources of error tend to be less 
influential when the measurements are used to estimate parameters of a 
smooth mathematical model for the gsd. 

In theory, techniques can be applied using any mathematical form for 
native and borrow material gsd's. However, all the techniques adopt the 
lognormal distribution model where possible, because of its simplicity 
and because it leads to results depending uniquely on the phi means and 
phi sortings of the two distributions. 

Aside from the mathematical simplicity of the model permitting it to 
be fully specified by the two parameters, phi mean and phi sorting, there 
are other good reasons for adopting it. Experience with measurement and 
analysis of the properties of composite gsd's from a variety of geological 
environments has indicated a strong tendency toward lognormalcy, even 
though individual samples from the environments often deviate widely from 
this form (Krurnbein, 1957; Rogers and Schubert, 1963). In addition, 
several theoretical statistical studies of fracturing and sorting processes 
lead to the lognormal distribution as their penultimate product, starting 
from a variety of possible initial gsd's (Middleton, 1968). 

Discussion in this report is directed to results from the lo~ormal 
model for native and borrow material composite gsd's, since deta1led com
parisons of the methods are not possible for the general case. As a prac
tical matter this restriction is probably of consequence only in rare 
circumstances. 
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2. Fill Factors: SPM and Dean Methods. 

a. Assumptions. The SPM and Dean methods are based on the assump
tions that (a) some part of the borrow material gsd will be stable when 
placed as beach fill, and (b) the native material gsd can be used for 
guidance in determining the "stable part." With both methods, it is 
assumed that during and after placement of the fill, selective sorting 
processes will remove excess material in all size classes until only the 
stable part of the gsd remains. Furthermore, it is assumed that only the 
minimum amount of such selective removal required to produce the stable 
gsd will occur. 

The two methods differ only in the manner in which the native material 
gsd is used to determine the stable part. The SPM method requires the 
stable part of the borrow material gsd to have the same gsd as the native 
material. Dean's method requires only that the stable part have a phi 
mean coarser than or equal to the native material phi mean. Dean further 
assumes that selective removal will only occur in the fine fraction of 
the borrow material gsd so that the stable part will have a gsd propor
tional to the borrow material gsd for the coarser sizes, and will have no 
material finer than some size (~*) which is determined by equating the 
phi means of native material and the stable part of the borrow material. 

The differences in character of the gsd of the stable part implied by 
the two methods are shown in Figure 1; curves representing hypothetical 
hative and borrow material gsd's are indicated in the figure. The 

-
Native Material gsd 

StabJe Pad Llsirul 
SPM Model 

cf>--

cf> Critical 

fLn fLb 

Stable Port Using 
Dean~ Model(shoded) 

Dean's cf> • (See Appendix 8) 

~arrow Material gsd 

8 = 0.5 
(]'" = 1.5 

Figure 1. Example showing "stable part" of borrow material implied by 
Dean's method (shaded) and the SPM method (area under dashed 
curve), for a borrow material which is finer and more poorly 
sorted than the native material. 
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horizontal axis represents the phi scale with values increasing toward 
the right (finer material is indicated toward the right). The lower 
curve, centered on the right, represents a borrow material which is finer 
and more poorly sorted than a native material which is represented by the 
higher peaked curve centered to the left. The locations of native and 
borrow phi means are indicated by subscripted ~'s and the phi sorting 
values are indicated by the length of the arrows labeled with subscripted 
a's. The dashed curve extending throughout and beyond the shaded region 
represents the stable part of the borrow material gsd, as implied by the 
SPM method. The shaded :part of the borrow material gsd is that implied 
by Dean's method. In th1s hypothetical example, the SPM method implies 
that selective sorting will occur in both coarse and fine size fractions 
whereas Dean's method implies only removal of material in the finer size 
classes. The example also shows that Dean's method implies a larger 
stable part than the SPM method, resulting in a lower fill factor for 
Dean's method. 

b. Calculation Procedures and Grathical Retresentation. The fill 
factors for SPM and·Dean can be est1ma ed d1rec Iy from tfie composite 
gsd's of native and borrow materials. However, it is more convenient to 
represent the two gsd's with the lognormal model and determine the fill 
factor using just the phi means and phi sorting of the two distributions. 
The SPM fill factor can be calculated from the equation: 

0
b ! 1 ( ~b - ~n) 21 

Rs = on exp 2 (at - o~) (6) 

provided that ob > on (where ob < On the SPM fill factor cannot be calcu
lated in this manner). 

The Dean fill factor must be determined by numerical solution of the 
two equations, 

f(t) 
F (t) 

(7) 

(8) 

where T is a dummy variable eliminated in the solution of the two equa
tions, and f(t), F(t) represent the Gaussian function and its integral 
respectively: 

f(t) "~ •xpf-;21 (9) 

It is impractical to solve equations (7) and (8) without a computer; 
a graphical approach is usually more satisfactory. Figure 2 shows the 
value of Dean's fill factor (solid curve) as a function of the variable 
in the left-hand side of equation (7). This variable is equivalent to 
the ratio of the phi mean difference divided by the phi sorting ratio. 
The Dean fill factor does not depend in any way upon the phi sorting of 
the native material because the phi mean of the native material is the 
only attribute of the native material gsd used by Dean in development of 
his method. 
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Figure 2. Dean fill factor (solid curve) and minimum value of SPM 
fill factor (dashed curve). 

Isolines of the SPM and the Dean fill factors are plotted (Figs. 3 

-

-

1.8 

and 4) as functions of the phi mean difference (o) and phi sorting ratio 
(cr) defined in equations (4) and (5). Figure 3 is similar to Figure 5-3 in 
the SPM (U.S. Army, Corps of Engineers, Coastal Engineering Research Center, 
1973) with the curves replotted at a different scale to maintain uniformity. 
The figures are divided into four quadrants: quadrants 1 and 2 represent 
regions where the borrow material is more poorly sorted than the native 
material (cr > 1); quadrants 1 and 4 represent regions where the borrow 
material has a finer phi mean than the native material (o > 0). Inasmuch 
as numerical values of the SPM fill factor have no meaning where ab < an, 
no isolines are plotted in quadrants 3 and 4 in Figure 3. The SPM recom
mends adoption_ o£ a \lalue o£ unity (completely- stable) for borrow- materia-ls
plotting in quadrant 3 (borrow phi mean coarser than native phi mean), and 
~ (completely unstable) for borrow materials plotting in quadrant 4. The 
dashed curves in quadrant 2 indicate that the fill factors in this quadrant 
are to be interpreted as upper bounds rather than actual estimates because 
coarser fills are expected to perform better than finer fills, regardless 
of sorting. 

The isolines of the Dean fill factor (Fig. 4) indicate grossly similar 
features because borrow materials with phi means finer than native material 
~how less stability than coarser borrows. Isolines for fill factors exceed-
1~&.10 are not plotted as such numbers indicate virtually complete insta
b~l1ty. No isolines appear in quadrants 2 and 3 of this figure because 
Dean's method implies that fill factors are at unity (complete stability). 
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. These methods are detailed in Section 5.332 of the SPM (U.S. Army, 
Corps of Engineers, Coastal Engineering Research Center, 1973), and in 
Dean (1974), and are reproduced in Appendixes A and B, respectively. 
These two techniques are compared later in Section III. 

3. The Renourishment Factor. 

The technique of James (1974) provides a factor quantity with a dif
ferent meaning from the fill factor described above, although it can be 
used in much the same way. The technique provides a method for computing 
the relative rate of beach retreat associated with a particular borrow 
material gsd, in comparison with that which would be experienced by native 
material if the natural littoral supply of sediment was terminated. The 
concept of absolute stability of either native or borrow materials is not 
presumed, Inasmuch as it is possible that borrow materials might be found 
which will undergo erosion at a lower rate than native materials, this 
factor can be less than unity. However, this factor applies more appro
priately to maintenance costs associated with periodic nourishment, rather 
than the costs associated with initial placement of the volume required by 
project dimensions. Therefore, it is called a renourishment factor in this 
study. The meaning of this factor and its use in practical applications is 
discussed later; the original paper by James (1974) defining this factor is 
reproduced in Appendix C. 

a. Assumptions Underlying the Method by James. 

(1) A "stable beach" reflects a steady-state condition of a 
dynamic littoral mass-transfer system when a given shore segment receives 
sediment of each size at the same rate that it is lost. The total mass of 
sedimentary material within a beach segment acted upon by local shore pro
cesses depends on the level of those processes, but not on the gsd of the 
material within it. 

(2) The average amount of time a sedimentary particle spends 
within the active zone of a given beach segment depends upon the level of 
the shore processes and the size of the particle, but not upon the distri
bution of grain sizes of material within the active zone. 

(3) The native material gsd is the product of the steady-state 
process described in (1) above. If the steady-state condition is disrupted 

-by -the -termination of the natural supp1y of sediment to a beach segment, 
the shore processes will continue to move sediment out of the area, causing 
the beach to retreat. The initial effect will be rapid erosion as finer 
particles are winnowed out more rapidly than coarser ones. The rate of 
erosion will slow as the material in the active zone coarsens, until the 
beach attains a steady rate of retreat. This steady retreat condition will 
be attained when the rate at which material of each size is incorporated 
into the active zone from the backshore and underlying bed materials (to 
maintain the total mass required by the first assumption) exactly matches 
the rate at which shore processes move material of each size out of the 
beach segment. 

18 



(4) The amount of material lost from the beach segment in the 
initial adjustment to a condition of steady retreat is small in comparison 
to the amount lost during the steady retreat between renourishment episodes. 

The above assumptions are sufficient for the development of the general 
model presented by James (1974). However, to obtain the specific relation 
presented by James where native and borrow materials have lognormal gsd's, 
stricter assumptions are required in connection with assumption (2) above. 
These are: (a) on the average, coarser particles remain within the active 
zone of a beach segment longer than finer particles; and (b) the active 
zone material gsd is lognormal in the condition of steady beach retreat. 

b. Calculation Procedures and Graphical Representation. The renourish
ment factor can be calculated from the equation: 

~I (10) 

where the parameter ~ is a dimensionless quantity related to the selec
tivity of the sorting processes. James suggests a value on the order of 
unity for parameter ~. but also indicates that different values for this 
constant may be appropriate for different coastal environments. 

Figure 5 shows contours of RJ plotted on the same coordinates used 
in Figures 3 and 4. A ~ value of unity was used in construction of this 
figure. 

The meaning and use of the renourishment factor are discussed in 
Section V. The approach has fundamental differences from other fill factor 
approaches, and is discussed here only for completeness in the description 
of previous work. 

III. COMPARISON OF FILL FACTORS AND ADJUSTMENT OF THE SPM METHOD 

1. Comparison of SPM and Dean Methods. 

The fill factor was defined earlier as a dimensionless quantity which 
ideally represents the volume of a specific borrow material required to 
produce a unit volume a£ s_tahLa beach fill material.- The SPM and Dea.11 
methods for determining a fill factor were previously described. These 
two methods share several underlying assumptions, but differ in the manner 
in which the native material gsd is used for determining the stable fraction 
of the borrow material gsd. The SPM method uses the entire native material 
gsd for this purpose, requiring that material be removed from all size 
classes until the modified borrow material gsd is congruent with the native 
material gsd. Dean's method uses only the phi mean of the native material, 
requiring that sufficient material be removed from the fine tail of the 
borrow material gsd to bring its phi mean value into equivalence with that 
of the native material. 
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Figure 5. Isolines of the renourishment factor versus phi mean 
difference and phi sorting ratio. 

The inherent conceptual simplicity of both methods leads to certain 
shortcomings which can be important in certain applications. The SPM 
method cannot be applied quantitatively where borrow materials are better 
sorted than native materials because there are some size classes of the 
native material gsd for which inadequate amounts of material are available 
in the borrow material gsd. In places where the borrow material is coarser 
than native material this deficiency of borrow material occurs in the finer 
size classes of the native material gsd. Inasmuch as the finer material 
is the less stable fraction of the borrow material, the deficiency of fines 
in the borrow material is not regarded as significant. Hence, the guide
lines in SPM are that when borrow material is both coarser and better 
sorted than native material, it will be stable, i.e., the fill factor is 
unity. The converse is true when borrow materials are finer and better 
sorted than native materials. Here the borrow material deficiencies occur 
in the coarser, more stable fractions of the native material gsd; the 
borrow ~aterial is then judged totally unsuitable, i.e., the fill factor 
is infinite. 
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Another difficulty in direct interpretation of the SPM fill factor is 
where the borrow material is more poorly sorted than native material but 
has a phi mean nearly equal to 1 or coarser than that of the native material. 
In this case significant amounts of material must be removed from both the 
coarser and finer size fractions to bring the borrow material gsd into 
congruence with the native material gsd (Fig. 6). As in Figure 1 1 two 
hypothetical continuous gsd's are shown (Fig. 6) with the narrower higher 
one representing a well-sorted native material, and the flatter one repre
senting a more poorly sorted borrow material. Here, the native and borrow 
phi means are identical. The shaded area beneath the borrow material gsd 
represents the stable part of the borrow material gsd, assumed by the SPM 
method. The unshaded area beneath the borrow material gsd represents the 
fraction which must be removed to satisfy the assumptions. It is probably 
not realistic to expect the coarser fraction of the borrow material to 
respond to the sorting processes to the same extent as the finer fraction. 
In these situations the SPM method may provide a value for the fill factor 
which is unrealistically high. This difficulty becomes more pronounced 
when borrow materials are coarser than native materials. The SPM recom
mends that the fill factor be regarded as an upper bound rather than an 
actual estimate where borrow material is coarser and more poorly sorted 
than native material. 

.... 

cp-

Native Material gsd 

Borrow Material gsd 
8 = 0 
(]" = 2 

Figure 6. Stable part of borrow material gsd, as implied by the SPM 
method, for poorly sorted borrow with phi mean equal to 
that of native material. Dean's approach implies that 
all of the original borrow material is stable in this 
circumstance. 
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Dean's approach represents an attempt to correct the difficulties 
dis cussed above. However, there are reasons to suspect that it over
corrects, leading to difficulties of an opposite nature. His approach 
assumes that only material in the finer size classes of the borrow mate
rial will be removed by sorting action, and that a stable distribution 
will be obtained when this sorting action results in a grain-size distri
bution with the same phi mean as that of the native material. Where 
borrow materials are already coarser than native materials, removal of 
fines can only adjust the original borrow phi mean away from the native 
phi mean to coarser values. Hence, Dean's method predicts zero sorting 
losses in such instances. 

Where borrow material is coarser and better sorted than the native 
material, the assumption of no sorting losses is in agreement with the 
SPM method, i.e., RD = Rs = 1. The difficulty arises where borrow mate
rials are more poorly sorted than native materials~and have nearly equal 
or coarser phi means. In Figure 6, Dean's method predicts no sorting 
losses will occur from this borrow material whereas it seems reasonable 
to expect significant losses of fine material in this situation. The 
more poorly sorted the borrow material is in relation to the native mate
rial, the more significant this difficulty becomes. As with the SPH 
method, these problems are not strictly limited to situations where borrow 
materials are coarser than native materials, but are more apparent and 
more pronounced for that condition. The effects of these difficulties 
extend into situations where borrow materials have finer phi means than 
native materials, although the effects diminish as the difference in phi 
means becomes greater. 

An advantage of Dean's method over the SPM method is that quantita-
tive estimates of RD can be made where borrow materials are finer and 
better sorted th-an native mat-eria:ls. This uv-ercomes one of the problems 
with the SPM method where an arbitrary jump of Rs = 1 to Rs = oo occurs 
between borrow materials having phi means infinitesimally coarser than 
the native phi mean and borrow materials having phi means infinitesimally 
finer. Examination of RD in Figure 4 indicates that this difference is 
quite important where the borrow material has nearly the same sorting as 
the native material. For very well-sorted borrow, RD rises very rapidly 
for finer borrow phi means. The two methods are in essential agreement in 
this quadrant (4) where 8/cr exceeds 2, as the computed values of RD are 
everywhere greater than 10 in this region and thus may be regarded as infi
nite for all practical purposes. 

Another important comparative feature of the two methods, pointed out 
by Dean, is that the RD has a lower value than the Rs for any combina-
tion of the comparison parameters. A more general statement can be made: 
given any value for the unique parameter in Dean's method, 8/cr, the mini
mum of all possible SPM fill factors for this ratio is larger than the 
Dean fill factor (or equal to it in a special case where the borrow mate
rial is coarser and better sorted than native material). The magnitude 
of this difference is shown in Figure 2. The dashline on the graph 
is a trace of the minimum possible value for the SPM fill factor versus 
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values of 6/cr. The values diverge from perfect agreement where borrow 
and native materials have equal phi means to where the Dean fill factor 
is 32 percent lower than the minimum SPM fill factor when this minimum 
has a value of 10. Inasmuch as this curve represents the closest possible 
agreement between the two techniques for borrow materials which are finer 
and more poorly sorted than native materials, it is likely that specific 
applications of the two methods will result in larger differences. Prac
tical examples are given in Section IV, and the various techniques are 
compared on this basis. 

Comparison between the SP~1 fill factor, R
8

, and the Dean fill factor, 
RD, can be summarized as follows: 

a. The two methods are in agreement where borrow material is coarser 
and better sorted than native material. Here both methods suggest com
plete stability of borrow material by providing fill factors of unity. 

b. The two methods partly agree where borrow material is finer and 
better sorted than native material. The SPM method affords no quanti ta
tive guidance in such cases, recommending rejection of this material as 
unsuitable; however, Dean's method allows quantitative evaluation with 
low fill factors in some cases. In other cases, the numerical values 
obtained for Dean's fill factor are likely to be so high as to reject 
consideration of such material. Where the borrow material has a phi mean 
fairly close to that of native materials, and also has a similar sorting 
value, Dean's method provides a useful quantitative estimate whereas the 
SPM method does not. 

c. Where the borrow material is more poorly sorted than native mate
rials, Dean's method always provides lower fi 11 factors than the SPM 
method. 

d. In all quadrants there are reasonable arguments for interpreting 
the Dean fill factor as a lower bound and the SPM fill factor as an upper 
bound for an appropriate fill factor. 

Clearly, there is a need to find a middle ground between the two tech
niques. Ideally this could be done in a way to eliminate, or at least 
minimize the conceptual difficulties previously described. An adjustment 
of the SPM method is proposed below which attempts to meet this need. 

2. Adjusted Fill Factor Method. 

a. General Approach. As discussed previously, there is a major con
ceptual difficulty with the SPM method, because in making borrow and native 
material gsd's congruent, removal of material from the coarser and finer 
fractions of the borrow material is required. This problem is eliminated by 
only requiring adjustments of the borrow material gsd in 1ts t1ner s1ze 
classes. TI1e approach developed here is similar to Dean's in that modifi
cations are only required for the finer size classes, but differs in that 
the modification by selective sorting is assumed to result in a stable gsd 
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with the finer fraction having the shape of the native material gsd, and 
the coarser fraction having the shape of the borrow material gsd. In 
Dean's approach, all material finer than some cutoff grain size is con
sidered unstable. He uses the native phi mean to determine what the cut
off grain size should be. This leads to difficulties because it does not 
allow for sorting action to remove the significant fine fractions of very 
poorly sorted borrow materials which have phi means similar to or coarser 
than native materials. In the present approach the sorting modifications 
are assumed to apply to aU grain sizes finer than some "stable grain 
size," to produce a modified borrow material gsd which is proportional 
to the native material gsd in this grain size range. 

In the conceptual framework of the SPM method, the choice for this 
stable grain size follows quite naturally. Krumbein and James (1965) 
define a "critical phi value" which represents the grain size for which 
the ratio of native material gsd to borrow material gsd is a maximum. 
The SPM method is based on the assumption that no sorting losses occur 
at this grain size. An obvious adjustment, along the lines discussed 
above, follows from assuming that no sorting losses occur for material 
with sizes equal to or coarser than this grain size. 

Hypothetical borrow and native material gsd's are shown in Figure 7; 
the flatter curve on the left represents a coarser, more poorly sorted 
borrow material. The shaded area under the borrow material gsd repre
sents the stable part of the borrow material gsd, which diverges from the 
original borrow gsd for sizes finer than the stable grain size. A com
parison of Figure 7 with Figure 6 shows how this method is intermediate 
to the SPM and Dean's methods. In Dean's method, the entire borrow mate
rial gsd is considered stable; in the SPM method, the curve delineating 
the stable part shows divergence from the stable grain size for both finer 
and coarser grain sizes. The dashed curve in the shaded part of Figure 7 
represents the trace of the stable part using the SPM approach, although 
this is interpreted to be a lower bound (upper bound to fill factor). 

The adjusted fill factor approach seems quite reasonable for borrow 
materials -which -ar-e coar-s-er but more poorly sorted than native materials 
(quadrant 2). The maximum possible value for the adjusted fill factor 
(RA) in this quadrant is 2, and typical values rarely exceed 1.25 (the 
Dean fill factor is everywhere unity in this quadrant). However, with
out modifications the proposed method has limited usefulness in the other 
quadrants. In quadrant 1, where borrow materials are finer but more 
poorly sorted than native materials, problems arise where borrow and 
native phi sorting are nearly equal. Here, as with the SPM method, the 
critical phi value occurs at unrealistically coarse grain sizes and the 
fill factor rises to astronomical values. 

This can be avoided if a coarse limit is established for the stable 
grain size. Although no a priori value is available for this purpose, 
one which appears to result in reasonably intermediate values between the 
SPM and Dean fill factors is the position of the coarser inflection point 
of the native material gsd, i.e., ~n-an· A reason for adopting this 
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Figure 7. Implied stable part of a borrow material which is slightly 
coarser but more poorly sorted than the native material. 
The shaded part is that implied by the adjusted method; 
the dashed curve shows the extent of the additional losses 
implied by the SPM method. Dean's method implies that the 
entire borrow material gsd is stable. 

coarse limit to the stable grain size is shown in Figure 8. This figure 
shows borrow material gsd's which are finer and more poorly sorted than 
native material gsd's. In the figure (upper part), the borrow material 
is much more poorly sorted than the native material. Here the critical 
phi value is also the stable grain size and the stable part of the borrow 
material gsd is computed as previously described. In Figure 8 (lower 
part) the borrow material is only slightly more poorly sorted than the 
native material. Here the critical phi value is coarser than ~n - an 
and by the adopted adjustment, the stable grain size is assumed to be at 
~n - an· The shaded area again represents the stable part. The dashed 
curve extending through the stable part encloses the area which is con
sidered stable if the critical phi value is used as the stable grain 
size. This shows how the adoption of a coarse limit for the stable grain 
size has a pronounced effect on the size of the stable part where borrow 
and native phi sortings are about the same. 

Again, the choice of ~ - an for the coarse limit to stable grain 
size is not based on any fundamental principles, e.g., it may be more 
appropriate to use the native phi mean for this limit. The problem with 
this selection is that it results in fill factors lower than the Dean fill 
factor in some areas of quadrant 1. Inasmuch as the present approach in
volves adjustments which provide values intermediate between the SPM and 
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Figure 8. Effects of adopting ~n - an as a coarse limit to the stable 
grain size. A borrow which is finer and more poorly sorted 
than the native material is shown in upper sketch. Here ~ 
critical is finer than ~ - an so the stable grain size is 
R~aritiaaZ· Lower sketch shows a borrow which is finer but 
only slightly more poorly sorted than native. The shaded 
area represents the stable part predicted by the adjusted 
SPM method assuming the stable grain size is at ~n - on. 
The dashed curve traces the stable part which would be 
implied, if ~ critical was used as the stable grain size. 
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Dean methods, it is not appropriate to use only ~n· A heuristic argument 
may also be presented for choosing a grain size limit- for sorting losses 
coarser than the phi mean of the native material. Under extreme erosive 
(storm) conditions, all beaches undergo transformations which result in 
berm retreat, accompanied by steepening of slope and coarsening of mate
rials. Very well sorted borrow materials may lack the fraction of coarser 
"armoring" material required to withstand storm conditions, even where the 
borrow phi mean is slightly coarser than that of the native phi mean. This 
armoring concept plays an important role in the approach adopted by James 
(1974). 

The choice of the limit ~n - an• as opposed to some other point on 
the coarser side of the native material gsd, is somewhat arbitrary. In
sofar as the lognormal approximation is valid, this represents a point in 
the native material gsd which has mathematical significance (which may or 
may not reflect a physical significance), i.e., the point at which the 
rate of increase in mass proportion (with decreasing grain size) is a maxi
mum, dropping for all finer grain sizes. It is also a convenient limit 
for prevention of excessive influence of sampling, measurement, and model 
errors. These errors become more pronounced in the "tails" of the distri
butions where sampled materials have low proportions and the "continuous" 
lognormal model becomes less realistic. 

An additional problem arises where borrow materials are better sorted 
than native materials (quadrants 3 and 4). There are insufficient frac
tions of fine material present in the borrow material to allow sorting 
processes to produce a gsd with the same form as the finer fraction of the 
native material gsd. This problem is not serious from a conceptual view
point. Inasmuch as the very fine fractions are considered the least stable, 
borrow material with a deficiency of material in these size classes cannot 
be considered less stable. A rational approach in these instances is to 
require only that the form of the finer part of the native material gsd be 
reproduced insofar as is mathematically possible. Given the constraint 
adopted above, i.e., the stable grain size cannot be coarser than ~n- an• 
this implies that for well-sorted borrow material there will be some fine 
grain-size classes for which the borrow material will contain a fraction 
lower than required for a match of the native material gsd. The adjust
ment to the SPM approach recommended here is that no sorting losses are 
required for grain sizes in this category. 

This approach provides fill factors which exceed the Dean fill factors 
and are less than the corresponding SPM fill factors in nearly every appli
cation. Exceptions occur where the borrow material is better sorted, but 
only slightly coarser than the native material. The present approach pro
vides fill factors greater than unity whereas the other methods do not. 
These are rare circumstances, and until the stability of such material is 
demonstrated in the field, the conservatism provided by this approach 
seems justified. 

The mathematics of the adjusted fill factor method are developed below. 
As with Dean's method, this approach does not provide a simple mathematical 
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formula for practical applications. A graphical approach is probably 
adequate for most applications, and is also included. 

b. Mathematical Development. Following the notation established in 
Section 2, a "scaled" grain size can be defined as: 

6 = (11) 

Using this transformation the native and borrow material grain-size distri
butions, gn(6) and gb(6), can be written in the standard normal curve as: 

gn (6) = f(6) = (~) exp - H62} , (12) 

gb cal • ( ~) f ( a ~ o ) (13) 

In the adjusted approach, the stable part of the borrow material gsd is 
defined by the area under the curve, 

sb(6) = gb(6) , 6 ~ 61 

gb (6 1) 
= .....;;;..-,---,-

gn ( 6 1) 

(14) 

In quadrants 1 and 2, 62 is infinite and 

61 = Max {-1 - 0 } 
, a 2 1 · 

(15) 

In quadrants 3 and 4, 61 = -1 and 

62 = Max{-1, 1 + 
215 } 

1 - cr 2 
(16) 

The adjusted SPM fill factor is given by: 

(17) 

or 

iA = I - F(a2 : 0) + F(al : 0) + [F(a2) 
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F refers to the integral of the standard normal curve. 
or programable electronic calculator is available, this 
evaluated using a standard polynomial approximation for 
and Stegun, 1964). 

Where a compUI .. t:: ... 
expression may be 

F(8) (Abramowitz 

c. Discussion. In Figure 9, isolines of the adjusted fill factor are 
plotted against the comparison parameters in the same format used for the 
SP~1 and Dean fill factors in Figures 3 and 4; isolines for values exceed
ing 10 are not shown, and the region having higher fill factors is labeled 
"unstable." 
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Figure 9. Isolines of the adjusted fill factor (RA) versus phi mean 
difference and phi sorting ratio. 

4 

Three aspects of Figure 9 are worth noting. First, the appearance of 
the isolines in quadrant 2 differs radically from the dashed isolines in 
Figure 3 where significant differences exist between the SPM method and the 
adjusted method. Although the SPM fill factors are described as "upper 
bounds" in this quadrant, a comparison of the two figures shows that the 
SPM upper bound is almost everywhere very much higher than the adjusted 
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fill factor. This divergence is particularly notable for coarser borrow 
materials with phi sortings approaching that of the nacive material. 
Here the SPM upper bound rises to astronomical values whereas the adjusted 
fill factor approaches unity. In contrast, the adjusted fill factor 
agrees well with the Dean fill factor (everywhere unity in this quadrant) 
where borrow and native phi sortings are similar, but shows increasing 
divergence with increasing ratios of borrow phi sorting to native phi 
sorting. 

In quadrants 1 and 4 the adjusted fill factor is also everywhere less 
than the SPI-1 fill factor (Rs) and greater than the Dean fill factor 
(RD). The isolines for high fill factors (RA > 3) are similar to iso
lines for the corresponding Dean fill factors, although they are displaced 
to the left, indicating higher values. Curves for lower values of RA 
are similar to those of the SPM Rs in that they recurve toward the o = 0 
axis with increasing phi sorting ratios. In practice, the most important 
feature of the modified method is that it provides reasonable values near 
the origin (where o + 0 and cr + 1). The SPM method does not provide use
ful estimates for fill factors where the borrow material is similar to the 
native material but is slightly more poorly sorted. The adjusted fill 
factor method provides useful measures here, as does Dean's method, but 
the adjusted method will always provide larger fill factors than those 
obtained using Dean's method. 

The new method is conservative in quadrant 3 where both SPM and Dean 
fill factors are everywhere unity. The adjusted fill factor is greater 
than unity for borrow materials with nearly the same phi mean as the 
native material, but are b~tter sorted, and the divergence from unity 
increases as the phi sorting ratio decreases. 

IV. NUMERICAL COMPARISON OF FILL FACTORS BASED ON REAL EXAMPLES 

Three methods for computing fill factors have been compared on the 
basis of assumptions used to develop the mathematical approach, and on the 
basis of mathematical behavior of the fill factors in the four quadrants 
defined _by _the -eomparison parameters. Comparisnn nn these bases are 
essential for understanding the general character of the differences and 
the reasons for them. However, some combinations of borrow and native 
phi parameters are more likely to be encountered in nature than others, 
as real data comparisons made here seem to illustrate. 

1. Kinds and Sources of Borrow Materials. 

Borrow zones in backshore bays and lagoons, dune areas, and offshore 
nonshoal areas, are usually finer and better sorted than adjacent beach 
materials. Typical land borrow zones in areas of fluvial or glacial 
deposits, or overwash fans are usually more poorly sorted than native 
materials. Of these, overwash fans, alluvial fans, and glacial outwash 
deposits are usually coarser than beach materials, whereas flood plain 
deposits, glacial moraines, eskers, and drumlins may be either coarser or 
finer than nearby beach materials. Offshore or inlet-related shoals often 
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contain material similar to adjacent beach materials and examples can be 
found which plot in all four quadrants. Although the comparison para
meters may plot in any quadrant, the range of combinations encountered 
in actual field conditions is probably concentrated in a subarea within 
the confines of the plot scale used to develop the figures. 

A preliminary idea of the extent of this subarea is shown by the 23 
points plotted in Figure 10; each point represents a combination of com
parison parameters determined from available data in various published 
and unpublished sources. Six of the plotted points represent cases where 
the borrow source was actually used for beach fill. The other 17 plotted 
points represent borrow materials only considered for use as beach fill. 
In several of the cases, data used for determination of native and borrow 
material composite parameters are sketchy. 
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This discussion is not intended to reflect the quality of design of 
specific beach fill projects, nor to give indications of relative suita
bility for projects presently in the design phase. The location of 
several plotted points is uncertain due to inadequate information on 
textural characteristics of the borrow material, and in some instances, 
those of the native beach materials. An explanation or reference for 
each of the 23 points in Figure 10 is given below. 

2. Sources of Data. 

Points 1 through 6 are from Revere Beach, Massachusetts. rhe native 
material composite properties for this area were obtained from analysis 
of historical data (U.S. Army Engineer Division, New England, 1968). 
Point 1 represents land-source material available from a local commercial 
sand and gravel company. Points 2 through 5 are "quick look" estimates 
from samples of core borings in five potential offshore borrow areas 
identified in the Inner Continental Shelf Sediment and Structure (ICONS) 
studies conducted by CERC. Point 6 represents the offshore borrow zone 
used unsuccessfully in 1954. Point 7 is taken from Krumbein and James 
(1965), and represents a beach fill constructed in 1951 at Virginia Beach, 
Virginia. Points 8 and 9 represent data from Carolina Beach, North 
Carolina (U.S. Army Engineer District, Wilmington, 1970). Point 8 is the 
borrow material from an original construction in 1965 and point 9 is the 
material used in a 1967 emergency fill. Points 10 through 18 are from 
proposed beach fill projects at Yaupon and Long Beach, North Carolina 
(U.S. Army Engineer District, Wilmington, 1973). Points 19 and 20 are 
reconstructed from data by Berg and Duane (1968), relating to beach fill 
projects at Presque Isle Peninsula (Pennsylvania) on Lake Erie. Point 19 
represents a coarse material blended to meet specifications for a concrete 
aggregate; point 20 represents the unsuccessful fine fill constructed in 
1955-56 in the same area. Point 21 represents preliminary estimates of 
native and potential offshore borrow combinations for a design fill project 
in the Delmarva area. Points 22 and 23 are from Dean (1974), and represent 
a first approximation for an evaluation of the suitability of two potential 
borrow materials for beach fill near St. Lucie Inlet, Florida. 

~. Discussion. 

Figure 10 shows only two points which plot in quadrant 3 (borrow 
coarser and better sorted than native); these are fairly close to the 
borders of this quadrant. Inasmuch as available methods describe mate
rial plotting in quadrant 3 as suitable for beach fill, the small number 
of points probably reflects a true scarcity of the material in natural 
deposits. Only four points fall into quadrant 4. This low number prob
ably does not reflect an actual scarcity of this type of borrow material 
because it is known to be undesirable from past experiences, and is not 
usually reported as potential borrow material. All points show phi sort
ing ratios (cr) within the range of 2.5 to 0.4. Only point 1 shows a 
scaled phi mean difference (c) which deviates more than two units from 
the origin. 
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.Textural parameters and fill factors for the 23 points, and the three 
fill factors corresponding to each method are shown in Table 2. The native 
material phi means range from 1 to 3 (0.50 to 0.125 millimeters), and the 
native material phi sorting ranges between 0.6 and unity. Therefore, the 
beaches considered represent a fairly broad spectrum of natural beaches of 
the U.S. shorelines. Of the 23 borrow materials considered, 6 are better 
sorted than the native materials (cr < 1) and the SPI-1 fill factor cannot 
be computed. Of the remaining 17 points, only 6 plot in quadrant 1 where 
the SPM fill factor has direct meaning. The Rs for these six points 
ranges from 1 to 41 percent higher (average of 16 percent) than the corres
ponding RA value. The RA for the same points is between 3 and 42 per
cent higher than the corresponding Rv, and averages 21 percent higher. 
Rs averages 43 percent higher than the corresponding Rv. 

In quadrant 2 the Rs is interpreted as an upper bound. In recent 
applications of the SPM method it has been assumed that a value of 1.5 
represents a reasonable upper limit for fill factors determined in this 
quadrant. Of the 11 points in quadrant 2, 8 have computed Rs values in 
excess of 1.5. None of the corresponding RA values exceed 1.02 for these 
eight points, whereas all Rv values are unity in this quadrant; the re
maining three points have Rs values of 1.13, 1.36, and 1.50. The com
parable RA values are 1.01, 1.00, and 1.01, respectively. Insofar as 
these data are typical of borrow materials plotting in quadrant 2, then 
the adjusted fill factor method and Dean's method are very similar. 

Only two points appear in quadrant 3, where both the SPM and the Dean 
method recommend unity for the value of fill factor. Of these two points, 
the adjusted fill factor is unity for one, and nearly unity (1.02) for the 
other. Therefore, on the basis of this sample, the three methods are in 
agreement. 

The SPM method recommends rejection of borrow materials plotting in 
quadrant 4, where numerical comparison is possible only between the adjusted 
fill factor and Dean fill factor methods. One of the adjusted fill factors 
for the four points in this quadrant has a value of 88 which is essentially 
in agreement with the SPM method, i.e., the fill factor is infinite for all 
practical purposes. The corresponding Dean fi 11 factor for this point is 
2.76, which is high, but not necessarily prohibitively high as a cost 
factor. The adjusted fill factor and the Dean fill factor methods for the 
other three points are low enough to consider the respective borrow mate
rials for use in beach fill. However, the adjusted fill factors average 
62 percent, and as much as 120 percent higher than the corresponding Dean 
fi 11 factors. 

A summary of these examples indicates that major discrepancies between 
methods is mostly related to the quadrant where comparison parameters fall. 
Quadrant 4 is the main area of uncertainty. In this quadrant the adjusted 
fill factor method provides values near unity where borrow and native mate
rials are similar, but can diverge greatly from the corresponding Dean fill 
factors for finer and better sorted borrow materials. 
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Table 2. Data used for empirical comparison of fill factors. 

Point no. I f.1n an I iJb I ab I o a I Quadrant I Rs 

Revere Beach, Massachusetts 

1 2.92 0.70 0.77 1.10 -3.07 1.57 2 <39.0 1 

2 1.64 0.74 -1.83 1.06 2 < 106 

3 2.46 0.78 -0.066 1.11 2 < 2.72 

4 1.84 0.84 -1.54 1.20 2 <18.0 

5 1.88 0.89 -1.49 1.27 2 < 7.6 

6 3.23 0.30 0.44 0.43 4 
~ 

Virginia Beach, Virginia 

7 1.so I o.91 2.96 l1.16 I 1.6o l1.93 I 1 3.09 I 
Carolina Beach, North Carolina 

8 1.69 0.91 0.88 1.28 -0.89 1.41 2 < 2.11 

9 1.09 0.85 -0.66 0.93 3 1.00 

Yaupon Beach and Long Beach, North Carolina 

lO 1.80 0.914 1.85 0.94 0.06 1.03 1 

ll 1.96 0.98 0.18 1.07 1 

12 1.54 1.00 -0.28 1.09 2 

13 1.01 1.29 -0.86 1.41 2 

14 1.69 0.99 -0.12 1.00 2 

15 1.68 0.77 -0.13 0.84 3 

16 2.68 2.14 0.96 2.34 1 

17 2.12 1.09 0.35 1.20 I 

18 2.15 0.83 0.38 0.91 4 

Presque Isle Peninsula, PeiUIB)'lvania 

19 1.93 1.00 0.40 1.50 -1.53 1.50 2 
\ 

20 2.20 0.66 0.27 0.66 4 

-neimarva ~eninsuia 

21 1 1.o4 I o.6s I 1. 76 I us I 1.11 1 1.82 1 1 

22 1.6 0.8 1.9 

23 1.3 

l. <fill factor upper bound. 

2. ( ) usable upper bound. 

0.7 

I 0.9 

St. Lucie Inlet, Florida 

0.375 0.8751 4 

-0.375 1.125 2 
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1.06 

1.19 

< 1.36 

< 2.06 

< 1.13 

1.00 

2.60 

1.38 
00 

< 3.83 
00 

2.371 

I < l.;O 

(1.5)2 1.00 1.00 

(1.5) 1.00 1.00 

(1.5) 1.00 1.00 

(1.5) 1.00 1.00 

(1.5) 1.00 1.00 

88.00 2.76 

2.76 I 2.o8 

(1.5) 1.01 1.00 

1.00 1.00 

LOS 1.02 

1.18 1.09 

1.00 1.00 

(1.5) 1.02 1.00 

1.01 1.00 

1.02 1.00 

1.88 1.32 

1.35 1.19 

1.84 1.33 

(1.5) 1.00 1.00 

2.90 1.32 

2.09}1.61 

11.8811.38 
1.01 1.00 



In quadrant 1 the adjusted fill factor method provides values about 
halfway between the corresponding SPM and Dean fill factors. Moreover, 
the adjusted fill factor method is usually within 30 percent of either 
of the other methods. In quadrant 2, where the SPM method provides only 
upper bounds, the adjusted fill factor method is in essential agreement 
with Dean's method, not deviating more than a few percent from unity. In 
quadrant 3, all three methods are in essential agreement, providing values 
near or at unity. 

V. LIMITATIONS AND INTERPRETATIONS FOR USE OF FILL FACTORS 

Several practical questions inevitably arise in the planning and 
design phases of projects requiring artificial beach nourishment. Some 
of these questions are: Should the factors be applied to the total volume 
of material required to establish project dimensions? Should the same 
factor be used to account for losses during dredging and rehandling opera
tions? If the native beach is in a state of erosion, what data should be 
used to estimate the parameters of gsd of the stable material? 

The answers to these important questions translate directly into pro
ject costs, but simple and direct answers are not usually available. This 
section attempts to organize question~ such as these into several cate
gories, and to indicate where and how the fill factor may be used. The 
fill factor approach has limitations, and some problems may be more effec
tively dealt with by using a different approach, described later. Other 
questions reach beyond the present state of technology. In these circum
stances the "best available" answer is that provided by the judgment of an 
experienced engineer for each particular situation. 

1. Purpose and Practice of Beach Nourishment. 

Artificial beach nourishment refers to the resuZt of a wide variety of 
construction techniques and engineering designs. In general, this result 
is either a seaward extension of a beach (sometimes accompanied by an 
increase in elevation), or the maintenance of an existing beach state. 
The purposes for construction of beach fill are also varied: the restora
tion of a protective beach destroyed by storms; mitigation of damages to 
natural beaches caused by construction of coastal works (jetties, groins, 
and breakwaters); or the creation or improvement of recreational facilities 
for sunbathing, swimming, and surfing. Commonly, more than one purpose is 
associated with a given beach nourishment project. 

The engineering design for such a project will reflect the purposes. 
A combined hurricane protection and beach erosion control project may call 
for construction of backshore dunes and increased elevation of the natural 
berm for protection against wave overtopping during high waves superposed 
upon storm surge water levels. A navigation control project requiring con
struction of long jetties for stabilization of an inlet, or a breakwater 
for reduction of wave energy entering harbors, may need the establishment 
of feeder beaches with planned periodic renourishment to prevent starvation 
and concomitant erosion of the beach areas downdrift of the manmade barriers 

35 



to littoral drift. Beach erosion control projects in areas with signifi
cant longshore sand transport may require construction of extensive groin 
fields and a general widening of the beach by the placement of beach fill 
within the system to prevent flanking of the structures before natural 
fillets can form. Improvement of recreational benefits usually requires 
a general widening of the backshore area and a careful selection of borrow 
material to produce offshore slopes suitable for water entry and use by 
swimmers and surfers, and to provide backshore material suitable for sun
bathing. 

The method of aonstruation of beach fill depends partly upon the design 
and the purposes, but is very dependent on the type of borrow zone utilized 
and its proximity to the construction site. Feeder beach construction on 
the downdrift side of coastal navigation works generally requires periodic 
hydraulic dredging of material from a deposition basin or fillet area up
drift of the structures, and direct hydraulic pumping via pipelines to the 
feeder beach area, e.g., Channel Islands Harbor, California. This is 
referred to as sand bypassing because the borrow material is artificially 
trapped native material. Continuously operating sand bypassing plants 
represent another technique, e.g., Lake Worth and South Lake Worth Inlet, 
Florida. Direct hydraulic pumpout techniques can also be used for offshore 
borrow sources where the borrow zone is close to the construction site, 
e.g., Redondo Beach, California; or for borrow zones in inlets and back-bay 
areas, e.g., the 1955-56 beach fill at Presque Isle Peninsula, Pennsylvania. 

Land sources normally require hauling the material by truck to the con
struction site and stockpiling the material for subsequent leveling and 
berm building with bulldozers, e.g., the 1973 emergency beach fill at 
Presque Isle Peninsula, Pennsylvania. Offshore borrow zones, remote from 
the construction site, may require rehandling of the borrow material; the 
material dredged from the borrow zone is transported in barges to a re
handling station and d~~ped offshore near the construction site, redredged, 
and pumped ashore. 

Selection of borrow material, particularly the use of fill factors in 
this selection, depends upon the project purposes, the engineering design, 
and the method of construction. In sand bypassing, the borrow zone is the 
trap area updrift of the structure where fill factors have no application 
because regardl-ess -uf -tts -classification parameters the trapped native 
material is used for downdrift beach nourishment. However, coastal naviga
tion works could possibly cause diversion of some natural longshore drift 
to the offshore zone and beyond the limits of planned trap areas. Where 
this occurs there may be a requirement for supplementing the sand bypassing 
from the trap area with material from an unrelated borrow zone where fill 
factors may be used in the selection of supplemental borrow material. 

The usual questions on the use of fill factors can be classified by 
those related to: (a) unavoidable losses during handling; (b) losses during 
fill placement and initial adjustment of foreshore and offshore slopes; and 
(c) long-term losses due to the presence of a natural condition of shore
line retreat in a coastal area. 
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2. Losses During Handling. 

Where offshore borrow zones are considered as sources of fill material, 
the textural properties of the borrow material, used for evaluating its 
suitability as beach fill, are usually obtained by analysis of core and 
surface samples in the borrow zone. If the borrow material contains 
moderate or large fractions of fine sand and silt, significant losses of 
material can be expected to occur during dredging operations. These 
losses may be due to suspension of fines near the cutting head and to 
elutriation of the material being pumped. If there is offshore rehandling, 
losses may also be expected due to suspension and sorting of material during 
and following dumping into an offshore stockpile, and suspension during 
redredging. 

There is no clear-cut method for dealing with this problem. However, 
a conservative approach can be followed: e.g., if (a) the contractor is 
paid on the volume of the excavated hole in the borrow zone; (b) the borrow 
material contains a moderate to large fraction of fines; and (c) elutria
tion and subsequent rehandling losses are attendant to the handling method; 
then the fiZZ factor should be applied to the entire volumetric require
ments of the engineering design. The reasoning here is that significant 
hydraulic sorting losses will occur to the borrow material before place
ment on the beach. Although the hydraulic processes may differ from those 
extant within the littoral zone at the fill site, sorting processes will 
operate on the entire volume of dredged material. Application of the fill 
factor to the entire volume excavated is conservative because sorting pro
cesses in the littoral zone are almost always important over a wider range 
of grain sizes than those which undergo sorting losses during the handling 
processes. 

Where delivery techniques conserve the volume (or mass) removed from 
the borrow zone, e.g., hauling by truck from land sources where the con
tractor is paid on a weight basis, or direct hydraulic pumping from nearby 
borrow zones containing clean coarse sand, the use of the fill factor 
requires further consideration. 

Special problems occur where significant handling losses are inherent 
to the handling techniques but the contractor is paid on the volume 
delivered to the construction site. Computation of the fill factor require
ments should then be based on the textural properties of the material 
delivered to the construction site, rather than those of the in situ mate
rial in the borrow zone. Inasmuch as it is usually not possible to predict 
the modifications which will occur during handling, only approximate guide
lines can be suggested. 

One possible approach is to assume that depletion will only be signifi
cant in the finer size classes, and that the phi mean and phi sorting of 
the delivered material will be computed from the in situ borrow material 
gsd with silt and clay fractions removed. With this approach the estimated 
delivered borrow material gsd will always be coarser and better sorted 
than that of the in situ borrow material. Fill factors computed on this 
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b~sis will usually be lower than those computed from the in situ borrow 
material gsd because the adjustment in phi mean is to a coarser size. 
However, an element of conservation is also present because the adjust
ment in phi sorting to lower values has the effect of increasing the fill 
factor. 

A simple method for estimating the adjusted parameters of the delivered 
material gsd is to determine the 84th and 16th phi percentiles. If q is 
the proportion of in situ borrow material coarser than silt 

4 

q = f ftPd!fi 
-00 

then q times the 84th phi percentile of the in situ borrow material will 
'be the 84th phi percentile of the delivered material gsd. Similarly, q 
times the 16th phi percentile of the in situ borrow material will be the 
16th phi percentile of the delivered material. The phi mean and phi sort
ing of the delivered material can be estimated using the standard Inman 
parameters (U.S. Army, Corps of Engineers, Coastal Engineering Research 
Center, 1973). 

This method is only an approximation and is not intended to represent 
a model describing modifications to gsd of the borrow material during 
handling. The nature of the handling losses vary with the handling tech
·niques and the amount of handling involved. The suggested approach does 
not violate what little is understood about these processes. An alterna
tive approach would be to establish specifications in the contract for the 
textural properties of the delivered material. However, most contractors 
would understandably be reluctant to bid closely on this type of specifi
cation. 

3. Losses During Construction and Initial Profile Adjustment. 

During construction of an artificial beach, whether by bulldozing from 
a land-based stockpile or hydraulic pumping from a submerged source, waves 
and currents act upon the exposed material, distributing it alongshore and 
offshore from the point of ylacement. In high energy environments (or 
where construction is at a slow rate), these sorting and transport pro
cesses may keep pace with the construction so that most material placed 
is fully sorted by natural processes. Where this occurs the fill factor 
must be applied to the entire volumetric requirements of the engineering 
design. 

This also applies to feeder-beach construction where material is 
placed at a rate far exceeding the ability of natural processes to fully 
sort it; however, the intent of the construction is to provide a stockpile 
which will be distributed downdrift by littoral processes. The volume of 
material required for this initial stockpile is the amount which will serve 
a useful function on the downdrift beaches. Therefore, all the material 
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useful to the engineering design will be fully acted on by natural sorting 
processes, and the amount required in the initial stockpile is the fill 
factor times the design volume of the feeder beach. 

Application of the fill factor to the entire volumetric requirements 
of the engineering design may be overly conservative, e.g., where the 
design requires a general widening of the backshore over the project area, 
and the construction method introduces material faster than reworking by 
natural processes takes place. Here it is difficult to decide on the pro
portion of the design volume to which the fill factor should be applied. 
This depends on the rate of placement, the littoral zone forces active 
during placement, and the textural properties of the material being placed. 
It is probably not overly conservative to assume that all silt and clay
sized particles will be lost from the borrow material during the placement 
process. Hence, i~ situations where application of the fill factor to the 
entire placement volume is inappropriate, it seems reasonable to assume 
that for the proportion where the fill factor is not applied, it is appro
priate to apply a safety factor equivalent to the reciprocal of q, 1/q, 
where q is the proportion of placement material coarser than 4~(~ > 4). 

Of importance here is how to determine the proportion of the place
ment volume to which the fill factor should be applied, as opposed to the 
safety factor. No general solution is presently available. One approach 
is to use the previous history of berm locations in a locality to deter
mine the maximum difference between seasonal positions. This difference 
can then be divided by the design width of the constructed backshore to 
give a rough estimate of the proportion of the fill material which will 
experience full sorting action after placement. If historical records 
are unavailable, a safe approach is to apply the fill factor to the entire 
volumetric requirements. This approach, however, requires a word of cau
tion. The geometric design of a beach fill normally involves specifica
tion of a.backshore elevation, a backshore width, a foreshore slope from 
the design berm to a water depth (usually low water datum), and an assumed 
uniform offshore slope to some point where the design profile intersects 
the preexist~ng profile. These design parameters in conjunction with the 
length of beach in the project area are used to estimate the volumetric 
requirements to which fill factors are applied. A standard practice is 
to use the naturally existing foreshore slope as the design parameter for 
the fill Reometrv. and break this £lone at low water._extendinQ an_o££~ 
shore slope from. this point on the pr~jected profile. to a point on the 
existing profile at which no historical changes have been observed or are 
predicted in the project area. It is unlikely and not realistically 
expected that a borrow material which is texturally dissimilar from the 
native material will maintain profiles in accordance with the design 
geometry. 

All beach fills go through an initial adjustment period where an off
shore foundation is built by natural sorting processes. The configuration 
of the profile at an equilibrium state (if ever obtained), will depend to 
S<_)me extent upon the textural properties of the borrow material used, not
W1thstanding the oversimplified concepts used in development of the fill 
factor. 
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For example, borrow material significantly finer than native material 
is expected to result in a beach with a flatter offshore slope and a 
narrower backshore than that required by the design. In contrast, use 
of a coarse well-sorted borrow material may produce steep foreshore and 
nearshore slopes. This could cause a change in breaker characteristics 
from spilling breakers, which distribute their energy fairly evenly across 
a wide surf zone, to plunging breakers, where the energy is concentrated 
in a narrow band around the plunge point. This could present a hazard to 
swimmers and may cause scour at the toe of the fill, resulting in increased 
erosion. These discussions do not address this problem since factors not 
considered in the general approach are involved. Nonetheless, it is a 
problem to be considered in design analyses. 

4. Long-Term Losses. 

A basic premise of the fill factor approach is that shoreline stability 
can be obtained by introduction of a suitable material in the form of a 
beach. However, the natural beach is often unstable and undergoing ero
sion which may be due to rising water levels or changes in wave climate; 
or, in areas where longshore drift is important, to a general erosional 
state caused by a reduction in the natural supply of beach-building sedi
ment to the littoral zone. In these situations it is probably unreasonable 
to expect that any sand-size borrow material will provide an absolutely 
stable beach. A rational approach is to assume that no material will be 
completely stable and that periodic renourishment will be required for 
beach maintenance at design widths. 

In this approach, the fill factor concept is invalid as no borrow 
material will have a completely stable fraction. However, some types of 
borrow material will erode more slowly than.other types. The appropriate 
question here is how often will renourishment be required? In response, 
an approach resorting to the renourishment factor, as opposed to the fill 
factor, was developed (James, 1974; App. C); this approach is discussed 
in the following section. 

VI. RENOURISHMENT FACTOR 

In the approach by James (1974), each grain in the active zone of a 
beach area is considered to have a finite residence time which terminates 
as~e ~n~~ ~ransported out of ~he project area, offshore to a sink, 
or alongshore. The average residence time for grains depends upon their 
size, so that the system behavior is dependent on the textural properties 
of the constituent materials. In the absence of a natural supply of sedi
ment to the beach area, this model predicts the beach will retreat as 
grains are transported out of the area. 

With two assumptions regarding the separability of certain variables, 
James expressed the above concepts mathematically in a mass balance equa
tion. He then showed that it is possible to predict the ratio of the 
steady-state retreat rate associated with a given borrow material gsd, 
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to that which would result if native material were used as fill. The 
prediction requires observation of the native beach materials in both 
equilibrium and eroding conditions, and can be found from: 

co 

1 = J 
RJ 

fb ( <P) f~ ( <P) d<j> 

fn ( <P) 
(19) 

where f~(~) is the native material gsd observed when the natural beach 
is in an eroding condition, and fnC<P) is the native material gsd observed 
when the beach is in an equilibrium condition. 

There are several obstacles to the practical application of this 
general approach. Circumstances are rare where a natural beach can be 
observed in both equilibrium and eroding conditions under the same wave 
climate. If data were available, the conditions on which the method is 
based may not be met. The model is based on erosion induced by termina
tion of the natural supply of material to the beach area. Other causes 
for a change from an equilibrium condition to an erosive one are rising 
water levels or changes in wave climate which may alter the quantity and 
character of the sedimentary material supplied to the beach area, e.g., 
when waves erode backshore bluffs fonnerly protected by a berm, or there 
may be no change in the quantity or texture of the natural sediment input. 
Observations of the changed texture of native beach materials in erosive 
conditions may be misleading and give erroneous predictions of borrow 
material performance. 

Another potential obstacle may be met in the attempt to evaluate the 
integral in equation (19). Where the borrow material is very different in 
character from the native material the two native material gsd's may have 
little or no material in size classes which are very important in the 
borrow material gsd. Here the ratio, f~(<jl)/fnC<P), is subject to larger 
error or may be indeterminant, providing unreliable numerical estimates of 
the value of the integral. 

To overcome these potential problems, James introduced some additional 
simplifying assumptions which lead to an analytical expression for the 
renourishment factor (e~uation 101. This expression contain~ the_te~~ 
~on ~b crb and the delta parameter, ~. which reflects the degree of 
selectivity of the sorting processes; different delta values may be appro
priate in different coastal environments. James suggests that the range 
of delta values may lie between 1/2 and 3/2, but further studies are 
needed to confirm this. 

The uncertainty associated with the value of the delta parameter limits 
the usefulness of the method for accurate prediction of actual renourish
ment rate requirements. In many areas the natural sediment input to the 
system may be a significant retarding factor controlling the existing 
erosion rate, and James' model is not strictly applicable. Presumably, 
in the absence of natural input, both the observed erosion rates and the 
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predicted erosion rate associated with a given borrow material would be 
higher. However, the natural sediment input should continue to retard 
erosion, although the exact effects cannot be predicted from James' model. 
In light of these uncertainties, it is recommended that calculations of 
the renourishment factor use a value of unity for the delta parameter, 
and that the calculated values be regarded as only approximate. Addi
tional research data are needed to evaluate the adequacy of the model 
and to determine the range of variation in the delta parameter. 

These comments are not intended to discourage use of the method. As 
in the fill factor approach, an important application of the method is to 
provide guidance in selecting alternative sources of borrow material. The 
absolute numerical value of a fill factor is probably as inaccurate in 
predicting the ultimate project dimensions of a stable beach fill as the 
renourishment factor (with ~ = 1) will be in predicting actual renourish
ment requirements. The values of these factors can be computed for all 
potential borrow material sources, and comparisons of these values may be 
used in the final selection process. If periodic renourishment is required, 
the renourishment factor is probably more appropriate than the fill factor. 

Previous comments on effects of handling losses in using the fill 
factor apply equally to the renourishment factor. However, an advantage 
of the renourishment factor approach is that it is virtually independent 
of the construction method. The renourishment factor applies equally to 
periodic placement of large volumes separated by long periods of inactivity, 
and to continuous pumping at a low rate to adequately maintain the beach at 
a constant position. 

The renourishment factor, like the fill factor approach, is based on 
evaluation of the textural properties of the native material. Moreover, 
the native material gsd (referred to in the derivation) is one which would 
be in equilibrium with local shore processes if the natural supply is 
maintained. Hence, where the method is applied to beaches already in a 
state of erosion, the native material in the active zone may be coarser 
than that appropriate for use in the calculations. Presumably, if an 
existing natural beach is presently in a state of erosion, the beach at 
one time was in an equilibrium or accreting state. Therefore, the native 
material textural properties should be estimated from a composite distri
bution of samples taken from core borings in the backshore rather than 
from surface samples from the present active zone. 

VII. CONCLUDING REMARKS 

Quantitative methods for evaluating the suitability of borrow material 
as beach fill are those which give fill factors or renourishment factors. 
Fill factors apply when the beach in the project area is expected to be 
stable if comprised of sand of certain characteristics, or will be stabi
lized with engineering structures. Renourishment factors apply where the 
beach is undergoing erosion and the project requires periodic nourishment 
for beach stabilization. 
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'The two published methods for computing fill factors have shortcomings 
of opposite nature so that one can be considered an upper bound (SPM fill 
factor), and the other a lower bound (Dean fill factor). A proposed modi
fication of the SPM approach appears to resolve major discrepancies between 
the two methods. The use of fill factors has limitations and must be 
qualified by other considerations, e.g., the method of handling and con
struction, and the basis for payment of the contractor. In some situations 
the fill factor is inappropriate and the renourishment factor should be 
used; in other situations, neither approach is entirely adequate. 

It is recommended that selection of borrow material be based on all 
available historical information on the project area. Computations such 
as those described provide useful supplemental inputs for planning and 
designing, but they should not be regarded as accurate predictors. This 
point is emphasized in all works on this topic. Krumbein and James (1965) 
point out that their model "represents a considerable simplification of 
the complex shore processes acting on a beach." The Shore Protection 
Manual (U.S. Army, Corps of Engineers, Coastal Engineering Research Center, 
1973) mentions the lack of data supporting the method and recommends that 
the fill factor "should be used only as a general indication of possible 
fill behavior." Referring to the inverse of the fill factor, Dean (1974) 
warns, "while it is tempting to refer to this fraction as a retention per
centage, this is misleading and is not the case .... " James (1974) also 
warns against use of the techniques as accurate predictors, stating that 
"strict use [of the techniques] seems unjustified, when the inherent sim
plicity of the models is weighed against the staggering complexities of 
the physical processes operating in the nearshore and beach environments." 

These approaches do not represent confirmed solutions to the important 
problems in planning and design for artificial beach nourishment programs. 
They result from exploration of the rational implications of some fairly 
simple concepts, and are useful partly because the concepts are simple 
and can easily be rejected where inappropriate. Undoubtedly, new and 
refined techniques will evolve as research on this topic progresses and 
experience with beach nourishment grows. 

43 



LITERATURE CITED 

ABRAMOWITZ, M., and STEGUN, I .A., Handbook of Mathematica"l Functions with 
Formu"las, Graphs, and Mathematica"l Tab "les, Applied Mathematics Series 
55, National Bureau of Standards, Washington, D.C., 1964, 1,046 pp. 

BERG, D.W., and DUANE, D.B., "Effects of Particle Size and Distribution 
on Stability of Artificially Filled Beach, Presque Isle Peninsula, 
Pennsylvania," Proceedings of the 11th Conference on Great Lakes 
Research, International Association of Great Lakes Research, 1968, 
pp. 161-178. 

DEAN, R. G., "Compatibility of Borrow Material for Beach Fills," Proceed
ings of the 14th Internationa"l Conference on Coasta"l Engineering, 
American Society of Civil Engineers, Vol. II, 1974, pp. 1319-1330. 

KRUMBEIN, W.C., "A Method for Specification of Sand for Beach Fills," 
TM-102, U.S. Army, Corps of Engineers, Beach Erosion Board, Washington, 
D.C., 1957. 

KRUMBEIN, W.C., and JAMES, W.R., "A Lognormal Size Distribution Model for 
Estimating Stability of Beach Fill Material," TM-16, U.S. Army, Corps 
of Engineers, Coastal Engineering Research Center, Washington, D.C., 
1965. 

JAMES, W.R., "Borr~w Material Texture and Beach Fill Stability," Proceed
ings of the 14t Internationa"l Conference on Coasta"l Engineering, 
American Society of Civil Engineers, Vol. II, 1974, pp. 1334-1344. 

MIDDLETON, G.V., "The Generation of Lognormal Size Frequency Distribution 
in Sediments," Problems of Mathematical Geology, Laboratory of Mathe
matical Geology, USSR Academy of Sciences, Science Publishing House, 
Leningrad Branch, Leningrad, USSR, 1968, pp. 37-46. 

ROGERS, J.J.W., and SCHUBERT, C., "Size Distributions of Sedimentary 
Populations," Science, Vol. 141, 1963, pp. 801-802. 

U.S. A~~. CORPS OF ENGINEERS, COASTAL ENGINEERING RESEARCH CENTER, Shore 
Protection Manua"l, Vol. II, U.S. Government Printing Office, Washington 
D.C., 1973. 

U.S. A~ ENGINEER DISTRICT, WILMINGTON, "Investigation of Erosion, 
Carolina Beach, N.C.," Wilmington, N.C., 1970. 

U.S. ARMY ENGINEER DISTRICT, WILMINGTON, "General Design Memorandum-
Phase I, Hurricane-Wave Protection Beach Erosion Control, Brunswick 
County, N.C., Beach Projects: Yaupon Beach and Long Beach Segments," 
Wilmington, N.C., 1973. 

U.S. ARMY ENGINEER DIVISION, NEW ENGLAND, "Beach Erosion Control Report 
on Cooperative Study of Revere and Nantasket Beaches, Massachusetts," 
Waltham, Mass., 1968. 

44 



APPENDIX A. THE SP~1 METHOD 

Reproduced from 

Section 5.332 of the Shore Protection Manual 

U.S. Army~ Corps of Engineers 
Coastal Engineering Research Center~ 19?3 

Selection of Borrow Material. After the characteristics of the native 
sand and the longshore-transport processes in the area are determined, the 
next step is to select borrow material for beach fill and for periodic 
nourishment. When sand is mechanically deposited on the beach, waves 
immediately start a sorting and winnowing action on the surface layer of 
the fill, moving finer particles seaward, and leaving coarser material at 
or shoreward of the plunge point. This sorting continues until a layer of 
coarser particles compatible with the wave climate armors the beach and 
makes the slope temporarily stable for normal wave conditions. However, 
if this armor is disturbed by a storm, the underlying material is again 
subjected to the sorting process. 

Because of these processes, beach fill with organic material or large 
amounts of the finer sand fractions may be used since natural processes 
will clean the fill material. This has been confirmed with fills contain
ing foreign matter at Anaheim Bay, California, and Palm Beach, Florida. 
Material finer than that exposed on the natural beach face, if exposed on 
the surface during a storm, will move to a depth compatible with its size 
to form nearshore slopes flatter than normal slopes before placement. Fill 
coarser than the sand on the natural beach will remain on the foreshore, 
and may be expected to produce a steeper beach. The relationship between 
grain size and slope is discussed in Section 4.526. If borrow sand is very 
coarse, it will probably be stable under normal conditions, but it may make 
the beach less desirable for recreation. If the borrow material is much 
finer than the native beach material, a large amount will move offshore 
and be lost. 

The distribution of grain sizes naturally present on a stable beach 
represents a state o£ d_vnamLc_ equilibrium between the- supply and loss. of 
material of each size. Coarser particles generally have a lower supply 
rate and a lower loss rate; fine particles are usually more abundant, but 
are rapidly moved alongshore and offshore. Where fill is to be placed on 
a natural beach that has been stable or only slowly receding, the size 
characteristics of the native material can be used to evaluate the suit
ability of potential borrow material. A borrow material with the same 
grain size distribution as the native material, or one slightly coarser, 
will usually be suitable for fill. If such borrow material is available, 
the volume required for fill can be determined directly from the project 
dimensions, assuming that only insignificant amounts will be lost through 
sorting and selective transport. 
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Unfortunately it is often difficult to find economic sources of 
borrow material with the desired properties. When the potential borrow 
material is finer than the native material, large losses of the borrow 
material often take place immediately following its emplacement. Cur
rently there is no proven method for computing the amount of overfill 
required to satisfy project dimensions once the fill material has under
gone this initial sorting action and attained a stable configuration. 
Studies by Krumbein (1957) provide a quantitative basis for comparison 
on the material characteristics considered to have the greatest effect 
on this relationship. His subsequent work with James (Krumbein and James, 
1965) developed a technique that may be used to indicate probable behavior 
of the borrow material on the beach. 

The procedure requires enough core borings in the borrow zone and 
samples from the beach and nearshore zones to adequately describe the size 
distribution of borrow and beach material. Mechanical size analyses of 
the borings and samples are used to compute composite size distributions 
for the two types of material. These composite distributions are compared 
to determine the suitability of the borrow material. Almost any borrow 
source near the shore will include some material of suitable size. Since 
the source will control cost to a major degree, evaluation of the propor
tional volume of material of the desired characteristics in the borrow 
areas is important in economic design. Krumbein and James (1965) provide 
the design engineer with criteria for estimating an additional amount of 
borrow material required to meet project dimensions when the borrow mate
rial does not match the characteristics of native sand or those required 
for a stable beach. These techniques have not been fully tested in the 
field, and should be used only as a general indication of possible fill 
behavior. The techniques have been evaluated in one field situation with 
favorable results (Section 6.3 PROTECTIVE BEACHES), but further investi
gations are required before the quantitative reliability of these tech
niques can be assessed. 

The mathematical basis of the technique is straightforward. Given a 
borrow material with a size distribution different from the native or stable 
material size distribution, the method determines the proportion of material 
which must be removed from each size class of the borrow material to produce 
a modified borrow material size distribution with the same shape as that of 
the native material. If size distributions of native and borrow material 
are known, and if there is some borrow material in each size class that 
-compris-e-s Lhe native material, the computation could be made directly by 
finding the phi size class with the maximum ratio of native to borrow 
weight proportions. This ratio, called the critical ratio (R~ crit), 
represents the estimated cubic yards of fill material required to produce 
one cubic yard of material having the desired particle size distribution 
(i.e., similar to native or stable material). 

In practice this procedure is usually not reliable. Several factors 
lead to errors in the estimates of weight proportions of both size distri
butions. These errors can be due to sampling inadequacy, estimation of 
composite properties from individual samples, and laboratory error in 
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mechanical analysis. Computation of the critical ratio is usually subject 
to less error if the first two graphic moments of each size distribution 
are computed, and these values substituted into the following equation: 

where 

n 

= 

R<P crit 

ratio of proportions of native material to the 
borrow material at the critical phi value (when 
phi value is that ~ size with greatest ratio 
of the proportions of native sand to borrow 
material), 

= ($84 - $16)/2 Standard deviation is a measure 
of sorting. (See Section 4.2) 

= ($84 + ~16)/2 phi mean diameter of grain size 
distribution. (See Section 4.2) 

= subscript b refers to borrow material 

= subscript n refers to natural sand on beach 

$9 4 = 84th percentile in phi units 

$ 16 = 16th percentile in phi units 

e = (base of natural logarithms, 2.718) 

(5-1) 

(5-2) 

(5-3) 

This formula assumes that both composite native and borrow material 
distributions are nearly lognormal. This assumption can be expected to 
be satisfied for the composite grain size distribution of most natural 
beaches and for naturally deposited borrow material that is almost homo
geneous. Pronounced skewness or bimodality might be encountered with 
borrow sources that contain alternating horizons of coarse and fine mate
rial, such as clay-sand depositional sequences, or in borrow zones that 
cross cut flood plain deposits associated with ancient river channels. 

The formula for R~ crit is not applicable to all possible combinations 
of grain size moments for borrow and native material. The possible combi
nations can be subdivided into the four basic cases given in Table 5-l, and 
indicated as quadrants in Figure S-3. Table 5-l shows that, R$ crit is 
assumed to have direct application in only one of the four cases. 

In Case 1, the borrow material has an average grain size finer than 
that of the native material, but the borrow material is more poorly sorted. 
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Table 5-1. Applicability of Rrl> crit Calculations for Various Combinations of the Graphic Phi Moments of 

Borrow and Native Material Grain Size Distributions. 

Category 

Case Quadrant 
Relationship of Phi Means Relationship Qf Phi Standard Deviations Response to Sorting Action 

in Fig. S-3 

I ] Mr/>b > Mrl>, Best estimate of rel]Uired overfill ratio 

Borr·ow material is finer than orl>b > orl>n 
is given by Rrl> crit 

native material 
Borrow mat'erial is more poorly sorted 

II 2 Mr/>b < Mr/>n than native material Required overfill ratio is probably less 

Bartow material is coarser than than that computed for Rrl> crit 

native material 

III 3 Mrl>b < Mr/>n The distributions cannot be matched 

Borrow material is coarser than but the ftll material should all be 

native material orl>b < or/>n 
stable; may induce added scour of 
native material fronting toe of fill. 

Borrow material is better sorted than 

IV 4 Mr/>b > Mr/>n native material The distributions cannot be matched. 

Borrow material is finer than Fill loss cannot be predicted but will 

native material probably be large 
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The basic prerequ1s1te is satisfied that there is some borrow material 
present for each of the size classes which contain native material. There 
will be some coarser size classes beyond which this supply will be more 
than adequate. However, a large part of the borrow material is finer than 
that expected to remain in the active littoral zone. The best estimate of 
the overfill ratio is the critical ratio calculated by Equation 5-l. This 
should be a conservative estimate since average quantities in all size 
classes other than that for R~ "t would not all be expected to be com-

'~' C1'1-
pletely lost from the active area. 

In Case II (Table 5-l), the borrow material is also more poorly sorted 
than the native material, but the larger part of borrow material is coarse 
than the average grain size of the native material. Since the sorting 
processes that modify the grain size distribution of the fill material are 
most active on the finer size classes, much of the excess coarse material 
included in the initial fill will remain in the stabilized beach profile. 
In this case, the grain size distribution of the stabilized fill is not 
expected to completely match that of the original native sand. It is 
expected that part of borrow material lost from the fill will be less 
than that calculated from Rep crit' The computed value of the critical 
ratio can be assumed to represent an upper bound. 

In Case IV (Table 5-l), the borrow material is finer and better sorted 
than the native material. The equation for R4 crit does not apply in Case 
IV, because the equation denotes a minimum rather than a maximum in the 
ratio of native to borrow weight proportion at the critical phi value. 
This indicates that borrow material of this type is unsuitable as fill 
material. The native and borrow size distributions cannot be matched 
through selective sorting processes. The mathematics imply that none of 
the original fill material will remain as stable fill after the initial 
sorting. This implication is not totally realistic, and the instability 
of borrow material of this type in a fill depends on the degree of differ
ence between the average grain size of the stable and borrow materials. 
If borrow material of this type is selected, large initial losses should 
be expected, but no method in current use provides even a crude estimate 
of loss. 

In Case III, borrow material is coarser and better sorted than the 
native material. The equation for Rep crit does not apply for the same 
reason i~ _do_es no1: apply to borrow mat~rial in Case IV. Practical impli
cations in Case III are the opposite of those for IV. In III, there is 
a marked deficiency of material in the finer size classes which are more 
responsive to the sorting processes. Hence the borrow material is stable 
from the outset, and no significant losses are to be expected. The over
fill ratio may be assumed to be unity. If the material has a large coarse 
fraction, foreshore slopes may be steepened enough to alter wave runup 
and reflection and induce scour and loss of existing native material 
fronting the toe of the coarse fill. It may also result in a beach fill 
having profile slopes and textural properties not well suited for recrea
tion. 
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The engineering application of the techniques discussed above require 
that basic sediment size data be collected in both the potential borrow 
zones and in the project area. Estimation of the composite grain size 
characteristics of native material should follow the guidelines set forth 
by Krurnbein (1957). The estimation of composite distribution of properties 
of material in the borrow zone depends upon the heterogeneity of the tex
tural properties in the zone. If material in the borrow zone exhibits 
large vertical or horizontal gradients in textural properties, extensive 
coring may be required to obtain reliable estimates of the composite 
properties of the borrow material. Practical guidelines for reliable 
estimation of borrow material properties have not been established when 
the borrow zone is heterogeneous. Hence special attention must be given 
when suitable borrow material from homogeneous deposits cannot be found. 

The relationship between the critical ratio and the relative diver
gence between the phi moments of native and borrow materials is shown in 
Figure S-3. The horizontal axis is a dimensionless measure of the relative 
difference between borrow and native phi means. It is computed as the 
borrow phi mean minus the native phi mean divided by the native phi stand
ard deviation. The vertical axis (plotted on a logarithmic scale) is the 
ratio of borrow phi standard deviation to native phi standard deviation. 
Any value plotting to the right of the origin indicates a borrow material 
finer than the native material (M~b > M~n). Any point plotting above the 
horizontal axis indicates a borrow material more poorly sorted than the 
native material (a~b > a~n). Hence the four categories discussed above 
are separated into the four quadrants on this plot. 

The curves in Figure 5-3 indicate equal-value contours of the criti:::al 
ratio. Contours are dashed lines in quadrant 2, because here the critical 
ratio is assumed to be an upper bound to the true loss ratio. In quadrant 
1, the critical ratio is assumed to be a conservative estimate of the true 
loss ratio and the curves are solid lines. No curves are plotted in quad
rants 3 and 4, because the computed value of critical ratio has no meaning 
when the borrow material is well sorted in comparison to the native material. 

This plot shows the general behavior of the critical ratio as functions 
of the differences in textural characteristics between borrow and native 
~terials. The following relationships are noteworthy: 

(a) For any fixed ratio between the sorting of borrow and native mate
rial, the- critical ratio changes only slowly with small differet1ces- in phi 
means, then more rapidly as this difference becomes larger. 

(b) For larger ratios of the sorting parameter cr~, the stability of 
the computed critical ratio is greater, i.e., if the ratio of borrow to 
native sorting is large the computed critical ratio is nearly insensitive 
to the difference in phi means. 

(c) For any fixed finite difference in phi means, there will be some 
ratio of borrow to native sorting for which the critical ratio will be a 
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minimum. For sorting ratios less than this value, the critical ratio 
rises rapidly and approaches infinity as the sorting ratio approaches 
unity. For sorting ratios larger than this optimal value, the critical 
ratio increases slowly. 

These relations indicate that the computed value for critical ratio 
is generally more sensitive to the phi sorting ratio than to differences 
in phi means. If the borrow material is poorly sorted in comparison to 
the native material, errors in determination of the difference in phi means 
will not cause significant errors in the computation of the critical ratio. 
Conversely, if the borrow and native materials have nearly equal phi sort
ing values, small errors in determining the difference in phi means can 
cause enormous errors in computation of the critical ratio. As an example, 
where the ratio of borrow phi sorting to native phi sorting is 1.25, the 
normalized difference in phi means is 0.5 unit so that the true difference 
is 1.0 unit. The true critical ratio is about 3.0 which means twice as 
much borrow material is required than that estimated with the erroneous 
value. On the other hand, where the sorting ratio is 3, the same "erro
neous" and "true" values apply to the normalized difference in phi means. 
Here the two critical ratios are approximately 3.05 and 3.20, a difference 
of only 5 percent. This example indicates that selecting a poorly sorted 
borrow material ~ay be safer when the borrow material must be finer than 
the native material. 

Application of the above techniques is demonstrated below with two 
example problems. 

* * * * * * * * * * * * * * EXAMPLE PROBLEM * * * * * * * * * * * * * * * 

GIVEN: Composite native beach material phi parameters 

¢84 = 2.47 ¢ (0.180 mm), 

¢16 = 1.41 ¢ (0.376 mm). 

Composite borrow material parameters 

FIND: 

(a) R<P crit 

¢-s~ = 3.41 1/> {0~094 nun)~ 

¢16 = 1.67 ¢ (0.314 mm). 

(b) Applicable case for computing overfill ratio 

(c) Interpreted overfill ratio (cy fill/cy project requirements) 
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SOLUTION: 

(a) Using Equation 5-3 

¢84 + ¢16 
M¢ = 

2 

2.47 + 1.41 
1.94 (0.261 mm) , M,pn = = 

2 
and 

3.41 + 1.67 
2.54 (0.172 mm) . M,pb = = 

2 

Using Equation 5-2 

¢s4- ¢16 
a¢ = 

2 

2.47 -1.41 
0.53 • O,pn = = 

2 

and 
3.41- 1.67 

0.87 . arpb = = 
2 

Using Equation 5-l 

r¢n -M¢bfJ arpb -
R,p crit = - e 2(a¢n- a¢b) 

a,pn 

~ (1.94 -2.54)' ~ 
R,p crit = 

0·87 e- 2((0.53)2 -(0.87)2) , 
0.53 

R,p crit = (1.64) (1.46) = 2.40 , 

(b) M~b > M~n (2.54 > 1.94) and acpb > a~n (0.87 > 0.53). 

Hence from Table 5-l this is Case I. 

(c) R~ arit is the best estimate of the overfill ratio. 
This project requires 2.40 cubic yards of fill of this 
borrow material to satisfy each cubic yard demanded by 
the project dimensions. 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
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* * 1 * * * * * * * * * * * EXAMPLE PROBLEM * * * * * * * * * * * * * * 

GIVEN: Composite native beach material phi parameters 

¢84 = 3.10 

¢16 = 1.86 

Composite borrow material phi parameters 

FIND: 

(a) R4> crit 

¢84 = 3.25 

¢16 = 0.17 

(b) Applicable case for computing overfill ratio 

(c) Interpreted overfill ratio 

SOLUTION: 

(a) Using Equation S-3 

¢84 + ¢16 
M¢ = 

2 

3.10 + 1.86 
M¢n = = 2.48 (0.179 mm), 

2 
and 

3.25 + 0.17 
M¢b = = 1.71 (0.306 mm). 

2 

llsing _Equation 5-2 

¢84 - ¢16 
0¢ = 

2 

3.10 1.86 
o¢n = = 0.62 ' 

2 

and 

3.25 0.17 
0</Jb = = 1.54 . 

2 
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Using Equation 5-l 

~
(2.48-1.71)2 l 

l.S4 e- 2"[(0.62)2 - (1.54)2)j 
0.62 

Rq, crit = (2.48) (1.16) = 2.88 

(b) M~b < M~n and crb > an Using Table 5-l, this is Case III. 

(c) Overfill ratio is less than 2.88. It is expected that project 
demands will be met with less than 2.88 cubic yards of borrow 
for each cubic yard of fill needed. 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

As indicated previously, this procedure involves the procurement of 
core borings in the borrow area and samples from the beach and nearshore 
zones, and size analyses of all borings and samples. Readily available 
sources of borrow material have frequently been in bays and lagoons where 
the material is finer than the native beach material. In such cases, a 
required volume of borrow material several times the needed in-place 
volume on the beach would not be uncommon. Because of less availability 
of bay and lagoon material, and ecological considerations in its use, 
future planning is looking toward the use of offshore sources of fill 
material. Since the source of borrow material will control the cost of 
a beach fill to a major degree, evaluation of the required volume of mate
rial from available areas is an important factor in economic design. Eco
logical considerations in the borrow area are also important. 
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APPENDIX B. DEAN'S METHOD 

Reproduced from 

Dean~ 19?4 

COMPATIBILITY OF BORROW MATERIAL FOR BEACH FILLS 

INTRODUCTION 

The problem of arresting the wide-spread erosion along many of the 
valuable shorelines of the world represents a major challenge to the 
engineer and coastal planner. The re~ent evaluation of shoreline condi
tions entitled "National Shoreline Study" (U.S. Army, Corps of Engineers, 
1971) conducted by the U.S. Army Corps of Engineers in 1972 established a 
first "remedial cost" of 1. 8 billion dollars to restore the "critically 
eroded" beaches and an annual maintenance cost of 56 million dollars there
after. Due to the accelerating development along the shoreline, this cost 
will continue to increase in the future. 

The value of high-quality beaches for recreation and protection against 
extreme storm waves is well-established. For example, in Florida, tourism 
is the largest industry representing an income of 3 billion dollars a year. 
Surveys conducted by the Florida Department of Commerce have shown that 
over 70% of the tourists cite beaches as the single feature providing the 
greatest enjoyment during their stay. The protection provided by a natural 
beach-dune system functions by providing a "reservoir" of sand which, under 
high wave attack, is eroded and transported offshore where it is alter
nately stored in a "storm bar." Although the formation of this bar is at 
the expense of the beach-dune system, the build-up of this bar is self
limiting. As the bar crest increases in elevation, it causes the incoming 
waves to break, thereby limiting the wave energy attacking the beach dune, 
see Figure 1. If a protective beach and dune system are not present, and, 
if instead, a protective seawall is installed, there is no equivalent 
"reservoir" of sand and the storm waves will cause erosion immediately in 
front of the seawall. If there is insufficient material to build the bar, 
the waves will continue unattenuated to scour the foundation and may lead 
to -e-Ventual collapse. Following a storm, the ~nsuing normal wave conditions 

Figure 1. Normal and severely eroded beach profiles. 
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will cause the bar to be transported ashore with eventual rebuilding of 
the berm and, over several years, the combined action of long waves, high 
tides, onshore wind and vegetation will reconstruct and heal the dune 
system, thereby restoring the protective supply of beach material. 

In many past cases, the policy of coping with beach erosion has been 
on a rather piece-meal basis in which individual home owners or small 
groups of home owners attempt to arrest their localized beach erosion 
problem. Generally, an unusually severe hurricane or other storm can 
cause major recession of the shoreline and significant loss to upland 
structures. The lack of effectiveness of these piece-meal efforts is 
evidenced in Florida by many lots platted in areas that are now under
water and by a number of landward displacements of the coastal highway 
which follows the shoreline. An extreme example is provided by the north 
end of Jupiter Island, where the average recession is 40 feet per year 
since St. Lucie Inlet was cut in 1892 (U.S. Army Engineer District, 
Jacksonville, 1965). 

Recent planning indicates that more effective beach erosion control 
programs may be implemented within the present decade. Beach restoration 
and periodic nourishment maintenance is probably the most attractive 
method of beach erosion control. A number of such projects of limited 
extent have been carried out. To date in Florida, there have been seven 
such projects encompassing beach segments ranging from 0.6 miles to 3.2 
miles in length, Ideally such projects should be based on a coastal phys
iographic unit, such as between inlets or between headlands, Additionally 
it may be desirable (more economical) to include structural stabilizing 
components as an integral part of the project to reduce losses, especially 
at such places as inlets. Unfortunately beach restoration and maintenance 
projects, involving the placement of massive volumes of sand on the beach, 
are expensive, usually costing on the order of one-half to one million 
dollars per mile, The authorized Miami Beach project is probably the 
most expensive planned to date and is expected to cost between four and 
five million dollars per mile for a ten mile segment of shoreline. 

The high costs of beach restoration and the probable scale of future 
nourishment programs, as indicated in the aforementioned National Shore
line Study, demands a much better general understanding of littoral pro
cesses and, in particular, a greatly improved capability to reliably pre
dict the performance of beacfi fills. Ideally, ror a praced fil1 ofpar
ticular material characteristics and dimensions, one should be able to 
predict the evolution of the shoreline and the transport and disposition 
of the fill material. Reliable prediction of beach fill performance would 
aid the engineer and the public agency providing the funds and would also 
lead to a more rational judgment regarding the allocation of budgeted 
funds to additional fill vs. stabilization structures. Needless to say, 
predictions are also necessary to allow proper budgetary planning for 
future beach maintenance operations. 

The present shortcomings in our ability to carry out such predictions 
reflects not only an inadequate knowledge of littoral processes, but a 
dearth of information regarding the "wave climate" affecting the shoreline 
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and the performance of existing beach fill projects; in particular, data 
concerning wave direction are lacking. There have been surprises in the 
expected vs. realized performance of beach fills and the present capa
bility to predict loss rates is probably only within a factor of two or 
three. There are attempts (Price, Tomlinson, and Willis, 1972; LeBlond, 
1972) to cast available knowledge in the framework of numerical models to 
represent shoreline response under prescribed wave conditions; however, at 
present such efforts must be considered rudimentary and unverified. 

One of the key elements in predicting beach fill performance is in 
evaluating differences in transport rates between the placed (''borrow") 
material and the "native" beach material. Present beach nourishment 
projects generally plan to use offshore sources of material and while 
material is generally plentiful, it is usually of a lesser quality (i.e., 
finer) than the native beach sand. The problem then arises of rationally 
selecting between a nearshore finer material or an alternate more costly 
borrow area of more suitable size distribution. 

This paper is concerned with the "compatibility" of beach sands and 
presents a method for determining the amount of required borrow material 
to yield one unit that is consistent with the native material. While it 
is tempting to refer to this fraction as a retention percentage, this is 
misleading and is not the case; hence the term "compatibility" signifies 
consistency from consideration of correspondence with native sand char
acteristics. 

REVIEW OF PREVIOUS WORK 

Krumbein and James (1965) (K-J) have developed a procedure for evalu
ating the compatibility of borrow materials which have certain properties 
relative to the native material. In particular, their method is applicable 
if the native sand is better sorted than the borrow material. There are 
features of the K-J approach which limit its use and which are not consist
ent with our knowledge of beach processes. First, if the borrow material 
is better sorted than the native material, the method simply does not apply. 
This may be the case where dune sand is being considered as the borrow sand 
or where an offshore bar or relic submerged beach of well-sorted material 
is being considered. Secondly, the compatibility as defined in the K-J 
model requires the portion of the retained borrow material to have exactly 
the same size distribution as the original native material. This assump
tion impTies that both finer and coarser fractions of the borrow material 
will be "lost." It is this feature that is not consistent with knowledge 
of littoral processes and that results in an unrealistically pessimistic 
expectation of the suitability of borrow material which contains con
siderable quantities of material coarser than the native sand. In the 
following paragraphs, the method of K-J will be reviewed briefly. 

Krumbein and James found it convenient to describe sand size in "phi" 
(cj>) units, where 

Size in + units = -log {D) 
2 
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and D is the sand diameter in millimeters. Furthermore their method is 
applicable for sand size distributions, f(~), which are reasonably well 
approximated by a so-called "lognormal" relationship, i.e., 

(2) 

in which ~ and a represent the mean and standard deviation respectively 
of the sand size distribution, both measured in phi units. Figure 2 is 
reproduced from Krumbein-James and portrays the distributions of two sands 
and their lognormal approximations which are straight lines on the arith
metic probability paper. 
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Figure 2. Lognormal distribution approximations to 
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As stated previously, the K-J model requires that the retained portion 
of the borrow material have exactly the same distribution as the native 
material. This leads to definition of a "critical phi ratio," R<Parit 
which represents the required placed weight units of borrow material to 
result in one weight unit of "retained" material with exaatZy the same 
distribution as the native material. This ratio can be shown to be 

(3) 

where the <P subscripts emphasize that ~ and cr are in <P units. 
For the Virginia Beach, Virginia example presented in Figure 2, R<Parit 
is calculated to be 

R+ • 3.09 
crit 

Figure 3 is a graphical presentation of the supposed effect on the 
borrow material to render it compatible with the native in accordance 
with the K-J method. It is noted that losses of the borrow material have 
occurred both in the coarse and fine fractions with the greater losses 
(for this case) in the finer components. The only diameter at which 
losses do not occur is at <Pant where the original ratio of borrow to 
native distributions is 1:3.09. After the supposed losses occur, the 
ratio of retained borrow material to native material is 1:3.09 for all 
diameters. O.f :particular concern is the implied losses of the coarser 
fraction and th1s would be of greatest numerical significance in cases 
where the mean diameter of the borrow material (in millimeters) was 
greater than that of the native material. One of the objectives of the 
method to be described subsequently is to remove this unrealistic feature 
present in the K-J approach. 

METHOD 

The required method must establish a realistic equivalence between the 
native material and the retained fraction of the borrow material. In par
ticular, the method should allow for losing the fine fraction of the 
borrow that is not present in the native material; however, the coarser 
fraction in the borrow will be considered to be "compatible." In general, 
the compatibility will be based on equivalence of the mean diameter of the 
altered borrow and native sands. In the following a lognormal distribu
tion of the form of Equation (2) will be considered. The reader is cau
tioned that the ~ and cr variables are in <P units. 

The native and original borrow size distributions will be denoted as 
fn(<P) and fb(<P) respectively and the "altered" borrow distribution as 
fba(<P). The consideration that the finer fractions of the borrow material 
will not be "compatible," results in the altered size distribution being 
expressed as 

• • s •• 
(4) 

• • > ~. 
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where K and ~* are constants selected such that fba(~) represents a 
normalized distribution with the same mean diameter as the native sand. 
The problem posed is in establishing K and ~* for any given native 
and original borrow sand size characteristics and in interpreting the 
results in terms of the compatible fraction of the borrow sand. 

f(.,.) 

0.4 
fn(t/>) a fb(~),(Nalive and Altered 

a Borrow) 

--~~fb(</>),(OriQinal Borrow) 

.. ... ...... ... ... ... ..... ~ ---
</> 

o.J Sand Size Disf1'ibutions (Native "and Original and Altered 
Sorrow, 

Sond ,.,.. cr• 
Native 1.5 0.91 

2 ff\ fb(~) Borrow 2.96 1.76 
fn(f>) 

• In Phi Units 
K1 • 3.09 

II.) Ratio of Sond Size Distributions 

coorse Fine 

Figure 3. Example of Krumbein-James method applied to 
the Virginia Beach fill (crb > an). 

The normalized distribution requirement is expressed as 

and the requirement that the altered distribution mean diameter be at 
least as large as the native mean diameter is 
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(6) 

For a given situation of fixed borrow and native sand characteristics, 
Equations (5) and (6) are two relationships involving the two unknowns, 
K, and $* associated with the altered borrow distributions. These 
equations include three parameters (~, ~b~ crb) characterizing the native 
and borrow sands. It is useful to reduce the number of parameters to two 
by introducing dimensionless quantities defined by 

Equations (5) and (6) can be rewritten in terms of dimensionless quanti
ties and integrated to yield 

(7) 

(8) 

where the error function "erf (x)" is defined as 

.fr X 2 
erf (x) =.;~J e-t 12 dt 

0 

and t is a dummy variable of integration. It is noted that Equations 
(7) and (8) now involve only two dimensionless parameters, ~b and ~~ 

characterizing the size distribution characteristics of the native and 
original borrow sands. 

An iterative computer solution of Equations (7) and (8) was employed 
to determine K and ~~ for a fairly wide range of ~b and ~A . 
Although the parameter ~* is determined in the solution, it is the 
quantity K that is of primary interest. It will be shown next that K 
represents the number of units of borrow material that must be placed in 
order to retain one unit of compatible fill. 

Referring to Figure 4, the fraction of the original borrow material 
that is compatible with the native sand is defined as R, where 

t. 
CR..=f fb(¢)d• (9) -
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but from Equation (5) 

These two equations establish the following reciprocal relationship 
between R and K, i.e., 

(10) 

(11) 

Therefore, for a particular example in which the native and borrow sands 
result in a value K = 4, only 25% of the borrow material is compatible. 
Stated differently, for this example it would be necessary to place 4 
units of borrow material on the beach to yield one unit of material com
patible with the native sand. In general, the quantity K represents the 
numQer of units of borrow material placed on the beach that is required to 
yield one unit of material compatible with the native material. 

;t.., Fraction •Lost" 

Figure 4. Portions of original borrow material 
"retained" and "lost." 

Figure 5 presents isolines of K as a function of ~~ and ~b. The 
semi-logarithmic plot was chosen as it was found that each of the isolines 
of K on the semi-log plot is simply a vertically-displaced form of any 
of the other isolines. For ~~ > ~b (i.e., the borrow material is coarser 
than the native), 100% of the borrow material is compatible by the crite
rion utilized in this paper. In the case where the borrow mean diameter 
is less than the native, Figure 5 provides a useful means of determining 
the compatibility. 

EXAMPLES ILLUSTRATING APPLICATION OF THE ME'IHOU_ 

Example 1 

Consider the case of the beach fill at Virginia Beach, Virginia. The 
native and borrow material characteristics have been presented by Krumbein 
and James (1965) as presented in Figure 2; these characteristics are also 
given in Table I for reference. Using the Krumbein-James method, a re
quired volume of 3.09 units of borrow material is indicated to retain one 
unit on the beach. For the method presented in this paper, a value of 
2.05 is determined for K. It is recalled that the K-J method considers 
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that portions of both the coarser and finer fractions are somehow win~owed 
out from the original material placed whereas the present method cons1ders 
"losses" only from the finer fraction of the borrow material. These dif
ferent considerations are primarily responsible for the spread from 2.05 
to 3.09; differences of this magnitude could be important in evaluating 
the economic feasibility of a beach nourishment project. 

Example 2 

Table I. Size characteristics of the Virginia Beach, 
Virginia native and borrow sands. 

Sand ll* ll* 

Native 1.5 0.91 

Borrow 2.96 1. 76 

*In phi units 

As a second example, consider the narrow beach north of St. Lucie 
Inlet, Florida (shown as the inset in Figure 6) and suppose that it is 
desired to consider two sand sources for possible fill purposes along 
the beach north of the inlet. The size characteristics of a sand sample 
taken from the beach face and degree of approximation by a lognormal dis
tribution are presented in Figure 6. Figure 7 presents the lognormal dis
tributions from two possible source areas in the inlet area. The table 
inset in Figure 7 presents the size characteristics of the native and 
borrow sands and the K values for the two borrow sands. It is seen 
that 1. 4 units of Borrow "1" material would be required to result in one 
unit of compatible material; however, because the diameter of Borrow "2" 
material is greater (less in phi measure) than the native material, all 
this borrow material is compatible. If compatibility as defined in this 
paper were considered to be a measure of retention, these results would 
provide a good basis for evaluating the cost effectiveness of, for example, 
borrow sources which are more expensive on a unit volume basis but which 
possess better retention characteristics. 

SUMMARY 

A method has bee:.'1 pre&ented for evaluating the compatibility of-
borrow material with the native sand on the beach. Compatibility as 
used'here relates to that coarser fraction of the borrow material which 
has a mean diameter equal to or greater than the native material. The 
method also requires that the native and borrow sands be reasonably 
represented by a lognormal relationship and that the size characteristics 
of these sands be known. A single figure presents the number of units of 
borrow material required to yield one unit compatible with the native sand. 
Although the method does not address the important question of loss rate, 
it should be useful in providing a quantitative basis for evaluating 
various possible borrow areas for beach nourishment purposes. 
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APPENDIX C. JAMES' METHOD 

Reproduced from 

James, 19?4 

BEACH FILL STABILITY AND BORROW MATERIAL TEXTURE 

INTRODUCTION 

Artificial beach nourishment is a commonly utilized approach for treat
ment of a beach or shore erosion problem. It is the most direct method 
for maintaining and improving recreational benefits in shore protection 
projects. It is also widely used for emergency storm protection in areas 
where source materials are readily available. This latter use is due pri
m~rily to favorable construction costs as compared to alternatives and the 
simplicity and speed of construction. However, the precise degree of 
effectiveness of beach fill utilized to stabilize a shore erosion problem 
is not always predictable. Some projects have suffered severe losses of 
fill material during the construction phase itself, with an end result of 
little or no improvement over the pre-existing conditions. 

One of the major factors controlling the stability of a beach fill is 
th~ texture of the borrow material. Fine, well-sorted borrow material, 
such as that commonly found in bays, backshore dunes, or the bottom sur
face of the offshore zone, will generally respond rapidly to wave and 
current conditions, moving alongshore and offshore out of the project 
area. Material of this type is generally not suitable for use as beach 
fill. On the other hand, coarse, more poorly-sorted material, such as 
that found in alluvial channels, glacial outwash, and sometimes in off
shore shoals, tends to provide more stable beach fills, although the 
resulting beach is not always ideal for recreational purposes. Clearly, 
there is a need to develop means of predicting the relative stability of 
borrow material from potential sources. 

DISCUSSION OF PREVIOUS WORK 

An early attempt to develop such a method of prediction was made by 
Krumbein and James (1965). They proposed a simple mathematical model which 
bases predictions of grain size effects on a direct comparison between the 
grain size distribution of the native littoral zone materials and that of 
a potential borrow material Their basic assumption is that the native 
material is essentiaLly in _equilihriwn with l~ca.J. shore pr~~sses and 
hence can be used to predict the stable grain size distribution which will 
result from sorting modifications to the borrow material. They define a 
ratio quantity which represents the minimum volume of borrow material 
required to manufacture, through selective removal of borrow material 
from individual size classes, a unit volume of material having the same 
grain size distribution as the native material. Where both native and 
borrow materials are approximately lognormally distributed an analytical 
solution is presented, based on the phi means and phi sortings of the two 
distributions. 
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Qualitative and quantitative guidelines based on this model appear in 
the Shore Protection Manual, recently published by the U.S. Army Coastal 
Engineering Research Center. Figure 1, reproduced from the Shore Protec
tion Manual, shows contours of predicted overfill ratios plotted against 
dimensionless scales of differences between phi means and phi sortings of 
native and borrow materials. (The phi grain size measure is the negative 
logarithm, to base 2, of grain diameter in millimeters, so that larger phi 
means indicates finer sand. The phi sorting is the square root of the 
central second moment of the grain size distribution on the phi scale). 
The horizontal axis represents the relative difference in phi means between 
borrow and native materials scaled by the phi sorting of the native mate
rial grain size distribution. The vertical axis, plotted on a logarithmic 
scale, represents the ratio of borrow material phi sorting to native mate
rial phi sorting. In this figure the origin, plotted at the center, repre
sents the point at which phi means and phi sorting values for both native 
and borrow material grain size distributions are the same. The area to 
the right of the vertical axis represents the conditions in which borrow 
material has a finer, or higher, phi mean than the native material. Con
versely, the condition in which borrow material is coarser than native 
material is represented by the region to the left of the vertical axis. 
The region above the horizontal axis represents the conditions in which 
borrow material is more poorly sorted, or more well graded, than the 
native material, and the region below the vertical axis represents the 
conditions in which borrow material is better sorted, or more poorly 
graded, than the native material. It should be noted that no curves are 
plotted for this latter condition. This is because it is not mathemati
cally possible to produce a lognormal grain size distribution with poorer 
sorting than that of the original material by selective removal of mate
rial. In a more practical sense it means that in the condition of well
sorted borrow material and poorly-sorted native material there will be 
size classes of the native material grain size distribution for which no 
material is available in the borrow material grain size distribution. 

The inability of this model to predict overfill ratios in this condi
tion represents a major shortcoming of the method. For well-sorted borrow 
materials the,present guidelines are that if the borrow is coarser than 
native material, an overfill ratio of unity is assumed, and if borrow 
material is finer than native material it is deemed unstable or unsuitable. 
A similar difficulty arises in the condition where borrow material is more 
poorly sorted than native material. Note that the overfill ratio contours 
are symmetrical about the vertical axis. This means that the calculated 
overfill ratio is insensitive to the sign of the difference in phi means 
between borrow and native materials. This is to say, the calculated over
fill ratio for a coarse borrow material will be the same as that calculated 
for fine borrow material if the absolute scaled value of the difference in 
phi means between borrow and native materials is the same. This is prob
ably unrealistic. Experience has demonstrated that coarser fill tends to 
be more stable than finer fill. Note that the curves to the left of the 
vertical axis are dashed. Present guidelines state that calculated over
fill ratios which fall in this quadrant are to be interpreted as upper 
bounds rather than actual estimates. Unfortunately, in many practical 
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situations, the available borrow materials are either finer and better 
sorted than native material, or coarser and more poorly sorted, and in 
these cases the present quantitative guidelines cannot be applied, 

The Krumbein and James model is based on the assumption that all of 
the fill material will be reworked and sorted by wave action. If the 
resultant fill is stable, this assumption is only valid if the sorting 
modifications keep pace with the construction phase of the project. This 
assumption is probably valid in the special case of feeder beach construc
tion, where the fill is stockpiled updrift of the problem area and allowed 
to move downdrift by natural mechanisms. However, when the entire beach 
segment in a project is artificially nourished the construction usually 
occurs at a pace much greater than the natural sorting processes can fully 
keep up with. The result is construction of an artificial beach mass with 
textural properties much more similar to those of the borrow material than 
to those of the native beach material. In such circumstances only a lim
ited portion of the fill will have been exposed to sorting processes if 
stability is attained. In such circumstances the overfill ratio will over
estimate the excess fill required. 

In addition to the above mentioned deficiencies of the Krumbein and 
James model there may be many situations where the basic assumption under
lying their model may be quite inaccurate. When beach fill is used as a 
shore protection measure it is normally used to remedy an erosive condi
tion rather than to improve a stable one. The erosive conditions may 
occur due to change in water level or wave climate, or due to the termi
nation or sharp reduction of the natural supply of sediment to the eroding 
beach segment. The latter event may be due to natural causes or to the 
construction of littoral barriers such as jetties, breakwaters or groins. 
When a natural beach is in a state of erosion it may be unrealistic to 
assume that artificial nourishment will provide a permanent solution. A 
wiser approach might be to plan on periodic renourishment based on pre
dicted erosion rates. 

In this paper a mathematical model is proposed for predicting the 
ratio of renourishment requirements associated with a given borrow mate-
rial to those which would be associated with use of native material for a 
beach fill, given that the natural supply of material to the problem area 
has been terminated. This ratio, hereafter called the "relative retreat 
ratio" can be used as a guide for evaluating the relative suitability of 
alternate borrow sources in the s-ame- way as- the- overfi 11 rati-o-, as- des-cribed· 
in the Shore Protec'tion Manual, 

THE GENERAL I\10DEL 

One may consider a stretch of beach as a sediment cell, with sediment 
exchange occurring across the cell alongshore and offshore boundaries, 
The mass of sediment within such a cell can be considered to lie within 
one of two distinct zones, an active zone within which material is exposed 
to wave and current action, and an inactive zone consisting of the back
shore and underlying bed materials, The inactive zone serves as a sediment 
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reservoir which is tapped as required to maintain an appropriate mass of 
material in the active zone in circumstances where the sediment output 
rate exceeds the input rate. A simple model for the mass-transfer system 
is based upon the following two assumptions: (1) The mass of material 
acted upon by waves and currents within the cell is solely determined by 
the littoral forces. The mass of sediment comprising the active zone does 
not depend on the grain size distribution of the constituent material. 
(2) The average amount of time a sediment particle spends in the active 
zone within the cell depends upon the· size of the grain and the littoral 
forces acting upon it, but does not depend on the distribution of grain 
sizes. 

An equilibrium condition for the mass-transfer system exists when the 
mass input rate equals mass output rate for each grain size. In this con
dition the grain size distribution of the active-zone material remains 
constant, and no material is added to or removed from the backshore reser
voir. If this balance is upset, either by reduction in the supply of sedi
ment to the beach area, or by change in the wave climate or water level, 
the beach will retreat or accrete by removal or addition of material to 
the inactive reservoir. 

In this paper interest is restricted to the condition of erosion, 
especially in the condition of severe erosion which typically follows the 
emplacement of beach fill. The placement of fill material on a beach may 
be viewed as the construction of an artificial headland, which has the 
effect, at least initially, of terminating the natural supply of sediment 
to the beach segment, and concentrating erosive wave action on it. The 
face of the fill will suffer erosion, and the beach will experience a net 
retreat. The grain size distribution of the active-zone material will 
coarsen as the finer material is winnowed out at a higher rate than the 
coarser material. 

This initial berm retreat is due in part to a natural profile adjust
ment during which the offshore foundation of the fill is built by natural 
mechanisms. However if no natural supply of sand is available, the fill 
will continue to experience retreat after the initial profile adjustment, 

If littoral processes remain constant, the grain size distribution of 
the active material will approach a constant form, and the rate of retreat 
of the beach will become constant. This condition is attained when for 
each grain size, the system output rate, through winnowing action, exactly 
matches the rate of incorporation from the reservoir. In order to maintain 
constant mass in the active zone, the rate of incorporation of material 
from the reservoir exactly matches the rate of loss through winnowing. 
Then the rate at which grains of a particular size enter the active zone 
through incorporation from the reservoir is determined by the total system 
output rate and the grain size distribution of the material in the reservoir, 
which for the purposes of this application is the borrow material grain 
size distribution. The effects of selection of alternative borrow types 
can be estimated by comparison of the steady retreat rates associated with 
the respective borrow material grain size distributions. 
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The general model described above can be mathematically represented 
in the form of a finite-difference mass balance equation, 

Mf(~,t + ~t) = Mf(~,t) - w(~) ~tMf(~,t) + fb(~) ! w(~) ~tMf(~,t) d~, (1) 

which describes the modification of the grain size distribution of active 
zone material following emplacement of a fill. If M is the mass of mate
rial in the active zone of the cell and f(~,t) represents the grain size 
distribution of this material at any time t, then the product represents 
the mass of material of a given size in the active zone at time t. During 
the passage of a time increment of duration ~t, material of various sizes 
is removed at differing rates due to the winnowing processes. The function, 
w(~). here called the winnowing function, describes the differential rate 
of erosion associated with particles of various sizes. 

This winnowing function may be interpreted probablistically as follows: 
the.inverse of the winnowing function represents the expected time of resi
dence that a particle of size ~ remains in the active zone following 
incorporation from the reservoir, and prior to its passage out of the cell 
through erosion. The second term on the right-hand side of Equation (1) 
thus represents the mass of material of a given size in the active zone 
which is removed during the time increment ~t. 

The first assumption in the model requires that the mass of material 
in ~he active zone remain constant, under constant littoral forces. There
fore the amount of material which must be incorporated from the reservoir 
in the time increment ~t is given by the integral of this term over all 
grain sizes. Inasmuch as the grain size distribution of material in the 
reservoir is the borrow-material grain size distribution, (which is not 
the same as the active-zone material grain size distribution) the grain 
size distribution of the active-zone material will be modified. This grain 
size distribution will attain a constant form, and the retreat rate will 
attain a constant value, when the material in the active zone attains the 
grain size distribution which satisfies the condition given in Equation (2), 

w(~) f'(~) = ~ f(~) , (2) 

where f'(~) is the steady-state active-zone grain size distribution 
associated with the backshore material having grain size distribution f(~). 
and E is the steady retreat rate. This condition states that the product 
of-the winnowing function and the stable active-zone grain size distribu
tion, is proportional to the borrow or backshore material grain size distri
bution. 

In absence of direct knowledge of the winnowing function, w(~). and 
the active-zone cell mass, M, it is not possible to evaluate Equation (2) 
for the retreat rate, E, in a practical situation. Of course, it is not 
the intent here to use this model to predict an actual retreat rate, but 
rather to provide a basis for selection among various types of borrow mate
rial. In many situations where beach fill is considered, the beach area is 
experiencing erosion. In these cases one can use observations on the 
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performance of the native material as a basis for predicting the perform
ance of a proposed borrow material. 

Suppose that in some given situation beach erosion is initiated by 
sharp reduction in, or termination of the natural supply of sediment to 
the beach area. This could be caused by the construction of jetties or 
groins, or by natural causes. If one observes the rate at which the 
beach retreats and the textural properties of the native backshore mate
rial and the active-zone materials following initiation of erosion, then 
one has sufficient information to use the proposed model to predict the 
performance of a borrow material. 

This can be seen as follows. Using Equation (2), the winnowing func
tion may be expressed in terms of the retreat rate associated with the 
native material, En, the grain size distribution of the native material 
in the backshore, fn(~), and the resulting modified grain size distribu
tion of active-zone native material, f~(~), as shown in equation (3a), 

w(~) (3a) 

Similarly, Equation (2) may be used to express the steady-state active
zone material grain size distribution associated with a borrow material 
having grain size distribution fb as shown in Equation (3b), 

(3b) 

Substituting Equation (3a) into (3b), and integrating over grain size, 
yields the r~lation expressed in Equation (4), 

(4) 

From this equation it is seen that the ratio of Tet!'eat rates asso~iated 
with borrow and native materials can be determined solely from knowledge 
of the borrow material grain size distribution, the native material grain 
size distribution, and the modified grain size distribution of nati~e 
material in the active zone, observed in the eroding state. 

This ratio, here referred to as the relative retreat rate, Rb, can 
be used for prediction of the economic consequences associated with use of 
any particular borrow material. If for example, two sources of borrow mate
rial are available, but differ greatly in their textural properties, and if 
one of these sources of borrow material can be utilized with one half the 
construction costs of the other, this does not necessarily imply that the 
less expensive material is the most economic. The more costly material 
may be more stable. Calculation of the relative retreat rates of the two 
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materials may indicate that the less costly material will retreat at 
three or four times the rate of the more costly material, resulting in 
the requirement for more frequent renourishment and a higher total 
maintenance cost. 

A SPECIFIC MODEL 

In many cases it may not be possible to obtain appropriate data on the 
performance of the native material. This may occur where the beach fill is 
planned to accompany construction of jetties or other littoral barriers. 
In such instances the fill is often planned for the ·purpose of circumvent
ing initiation of an erosive condition downdrift of the engineering struc
ture, as well as for improvement of recreational facilities and shore pro
tection within the project area. Here the engineer cannot wait to observe 
the beach in the erosive condition which he intends to prevent. 

With certain simplifying assumptions, observation of the natural beach 
in an eroding condition may not be necessary. If the native and borrow 
material grain size distributions are approximately lognormal, and it is 
assumed that the modified active-zone material grain size distribution will 
also be lognormal, and that coarser particles have longer cell residence 
times than finer particles, then the winnowing function must be of expo
nential form on the phi scale. If the winnowing function is exponential, 
then the relative retreat rate associated with a lognormal borrow material 
having phi mean M~b· and phi sorting cr~b is given by Equation (5), 

t:J.2 ~cr~b -~ 
2 cr2 

~n 

(5) 

where M~n· cr <Pn are the phi mean and phi sorting of the native material, 
and !:J. 1s a dimensionless parameter which is a measure of the selectivity 
of the sorting processes as e~ressed by the winnowing function. The 
interested reader can find a derivation of this expression in the appendix. 

The parameter !:J.. As shown in the appendix, the dimensionless parameter, 
!:J., represents the scaled difference between phi means of native active-zone 
material observed both prior to and following the establishment of an erod
ing condition. Its value reflects the selectivity of the sorting processes. 
A low value means that the natural sorting processes are not highly selec
tive, and that consequently the predicted relative retreat rates associated 
with different borrow materials do not differ greatly from unity. Conver
sely, high values of the parameter indicate a high degree of selectivity in 
the sorting processes and yield predicted relative retreat rates which vary 
greatly over typical sources of potential borrow materials. Hence it is 
important to estimate the value of this parameter in order to apply the 
model. 

There are several ways in which field data may be used to evaluate this 
parameter. The most direct method is to observe the textural properties of 
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active zone materials in an equilibrium state, and in an eroding state 
following termination of natural sediment input. Equation (AS) (in the 
appendix) may then be used to directly estimate the value of ~. Unfor
tunately data of this type are not readily available. 

An indirect method for evaluating this parameter involves comparison 
of the grain size distribution of active-zone material in an equilibrium 
profile condition with that of material caught in a downdrift sand trap. 
Inasmuch as finer particles have higher transport rates than coarser 
particles, the mean size of material trapped by a total littoral barrier 
will be finer than material constituting the active portion of the profile 
updrift of the trap. The trapped material grain size distribution will be 
proportional to the product of the winnowing function times the active
zone material grain size distribution. Using this relation it can be 
shown that 

~ = (6) 

where ~~~t represents the phi mean of the trapped material. Data pre
sented 1n a study by the U.S. Army Engineer District, Los Angeles, (1970), 
were used to estimate the phi parameter of composite grain size distribu
tions of material caught in the sand trap behind the offshore breakwater 
at Channel Islands Harbor, California, and along the active portion of a 
profile updrift of this trap. The data are quite sketchy (only three 
samples from the trap and only 6 from the profile) and hence only give a 
crude indication of the ~ value. For these data the composite phi sort
ing is on the order of unity for both profile and trap material, and the 
composite phi means differ by something between 0.5 and 0.8~, giving a 
rough estimate of ~ between 0.5 and 0.8. 

Eulerian tracer theory provides another indirect method for estimating 
~. In an Eulerian sediment tracer experiment the tracer is injected con
tinuously into the surf zone for a period of time sufficiently long to 
allow thorough mixing of tagged grains with untagged grains at some appro
priate distance downdrift of the injection site. Sediment samples collected 
after mixing is attained are analyzed for tracer concentration as a function 

. of gr-.ain -size. The grain si-ze .tistributiun uf the s amp1ed tracer, normal
ized by dividing by tracer injection rates for each size, represents the 
grain size distribution of the material in transit (that which would be 
trapped by a total littoral barrier). Hence Equation (6) may be used to 
estimate ~, comparing the mean grain size of the normalized tracer grain 
size distribution with the composite mean of the samples from which tracer 
concentrations were measured, assuming these samples adequately cover the 
active zone of the transport system. 

This technique was applied to the results of such a tracer experiment 
conducted in April, 1972, at the U.S. Army Coastal Engineering Research 
Center Prototype Experimental Groin site at Point Mugu, California. Although 
sample coverage of the active-zone was not as complete as desired for the 

76 



purposes of this paper, the estimated value of ~ from these experimental 
results is 0.66, which is consistent with the range of values indicated by 
the Channe 1 Is land Harbor data. 

The two beach locations discussed above are quite similar both in 
textural properties of native materials and in wave climate. Hence the 
agreement in estimated ~ values is not overly surprising. Although 
data of the required type were not found for any other coastal area, an 
indication of a probable range of ~ values in a very different shore 
environment can be estimated from data collected in connection with beach 
fill behavior at Presque Isle Peninsula, on the southeastern shore of Lake 
Erie. The neck of the peninsula has been breached several times in this 
century and this has been a source of much concern because the peninsula 
protects a major Great Lakes port (Erie, Pennsylvania) from wave action. 
Seawalls, a groin field, and repeated beach fills have been constructed 
here as shore protection measures. ·Berg and Duane (1968) report results 
of a beach fill experiment where a coarse, poorly sorted fill (M~ = 0.4~; 
a = 1.5~) was placed in one groin cell adjacent to a fine fill (M~ = 2.2~; 
a~ = 0.66) and the relative behavior of the fills observed. In a later 
report by the u.s. Army Engineer District, Buffalo, (1973), it was reported 
that on the average over a five year period, sand losses from the fine fill 
area exceeded those from the coarse fill area by a factor of 3 1/2 to 4. 
Using these numbers and Equation (5) one can deduce that the appropriate 
~ value has the bounds 1.3an < ~ < 1.45an, where an is the phi sorting 
of the composite native material grain size distribution. Unfortunately 
the history of repeated beach fill in this area makes it impossible to 
give an exact value to crn. However, the composite phi sorting for natural 
beaches from a wide variety of coastal environments usually lies between 
0.4 and 1, limiting probable values of ~ to the range 0.5 to 1.5. 

Of course it is quite possible that different coastal environments 
will differ in the selectivity of their associated sorting processes. 
Variability of wave climate differs radically with relative exposure of 
shore segments'to predominant storm wave attack. Hence it may be necessary 
to conduct field experiments in a variety of circumstances to determine an 
appropriate ~ value for application to any given coastal segment. In 
any case it appears that an approp:r-iate value of delta- is- on the- order of 
unity. Hence a value of ~ = 1 is adopted for the purposes of further 
discussions in this paper. 

Compa~son of Relative Retreat Rates and Overfill Ratios. Figure 2 
is a plot of contours of relative retreat rates, (using~= 1), plotted 
using the same abscissa and ordinate as used in Figure 1. The contours 
of the overfill ratio, as given in the Shore Protection Manual, are over
lain in quadrant 1. 

Ignoring for the moment the overfill ratio curves, it can be seen that 
the relative retreat rate can be calculated for any combination of native 
and borrow material textural parameters; hence contours appear in all four 
quadrants (relative retreat rates less than 1/7 or greater than 7 are not 
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shown). It·can also be seen that the relative retreat rate increases for 
an increasing difference between the phi means of native and borrow mate
rials, and is sensitive to the sign of the difference; the finer the borrow 
material, the higher the predicted relative-retreat rate. It can also be 
seen in this figure that predicted retreat rates are sensitive to the ratio 
of phi sorting between borrow and native material. More poorly-sorted 
borrow material results in lower steady retreat rates. An intuitive expla
nation of this relation is that more poorly sorted borrow material contains 
a larger fraction of coarser material, which provides a more stable armor. 
The central curve, passing through the origin, shows values of the para
meters for which the relative retreat rate is unity. Borrow materials 
having phi means and sortings which plot on this line have a predicted 
steady-retreat rate which is the same as that of the native material. 
Borrow materials plotting to the right and below this curve have higher 
predicted retreat rates than the native material, and borrow materials 
plotting to the left and above this curve have lower predicted retreat 
rates, or are more stable than the native material. 

Comparison of relative retreat rate curves and the overfill ratio 
curves in quadrant 1 indicates that there is very little quantitative 
agreement between the two techniques. Relative retreat rates are every
·where lower in value than the corresponding overfill ratios. In fact, the 
only thing the two techniques appear to share, in quadrant 1, is a general 
tendency to predict lower stability for finer borrow material. Hence it 
can be said that the model proposed h.ere represents a radical departure, 
in a quantitative sense, from present guidelines for borrow material plot
ting in this quadrant. 

In contrast, the predictions based on the proposed model are remarkably 
congruent with the interpretive text which accompanies the graph of this 
type in the Shore Protection Manual. The Shore Protection Manual states 
that borrow material plotting in the lower right hand quadrant (quadrant 4) 
is generally to be considered unsui tab.le. The proposed model predicts the 
most unstable fill types are those which plot in this quadrant. An advan
tage of the proposed model is that it enables calculations to be performed 
in this quadrant, and hence, in contrast to present guidelines, enables an 
estimation of the degree of unsuitability. Similar!)',_ the Shore Protection 
Manual states that material plotting to the left of the vertical axis 
(quadrants 2 and 3) will be stable, or more stable than predicted by over
fill ratio calculations~ As· can be seen in ·Figure 2, borrow material plot
ting to the left of the vertical axis generally have predicted relative 
retreat rates less than unity: that is, they are more stable than native 
material. Moreover, the degree of stability can be calculated for borrow 
materials which are better sorted than native materials. 

CONCLUDING REMARKS 

In the previous section a direct numerical comparison was presented 
between relative retreat rates, as predicted by the proposed model, and 
the overfill ratio, as predicted by the Krumbein and James model. It is 
important to recall the justification for sucl1 a comparison because the 
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conceptual frameworks underlying the two methods differ radically. The 
overfill ratio is calculated on the assumption that some portion of the 
borrow material is absolutely stable and hence that a finite proportion 
of the original material will remain on the beach indefinitely. The 
relative retreat rate is calculated on the opposing assumption that no 
material is absolutely stable, but that finer material is less stable than 
coarse material, and hence a coarse beach fill will require renourishment 
less frequently than a fine one. Overfill ratios can never be less than 
unity because a beach will not retain more material than is added to it. 
Relative retreat rates can be less than unity because a coarse fill might 
erode more slowly than native material. 

The two methods can be compared only because they both ultimately 
attempt to predict the economic consequences associated with the utiliza
tion of potential borrow materials. In a monetary sense, the engineer can 
interpret the overfill ratio as a factor to be applied to the actual unit 
cost of obtaining a given borrow material in quantities sufficient to 
ultimately establish planned project dimensions. The relative retreat 
rate can be interpreted as a factor to be applied to the maintenance costs 
associated with periodic renourishment, when determination of these renour
ishment requirements is based on natural erosion rates associated with 
native material. 

Both models are quite simple from a conceptual standpoint, thus it 
seems unlikely that either of them fully describes any real shore situa
tion. However a subtle distinction can be made in the types of uses to 
which these methods are put. On one hand the engineer wishes to estimate 
the total cost associated with selection of a given borrow material. Appli
cation of the two methods will give some indication of the possible range 
of such values but strict use of either method seems unjustified, when the 
inherent simplicity of the models is weighed against the staggering com
plexities of the physical processes operating in the nearshore and beach 
environments. On the other hand, the engineer is usually limited to a 
few economically feasible sources of borrow material and he must choose 
one, regardless of the absolute accuracy of his predicted costs. The 
power of these methods to aid in such a decision seems greater than their 
-abs~lute predicti-ve powers. Indeed it is tlle ¥-ery simp!i~ity o£ the under
lying concepts that allow the engineer to exercise independent judgement, 
based on his experience, in applying the methods and in finding an appro
priate compromise between them when they provide very different results. 
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APPENDIX TO JAMES METHOD 

Derivation of Equation 5 
Assumptions: 

1. Native and borrow material grain size distributions are lognormal: 

2. The steady-state grain size distribution of active zone material 
observed in the eroding state is lognormal; 

f'($) = (1/~) exp{-($- M' ) 2/2o'} 
n n $n n 

(Ala) 

(Alb) 

(A2) 

3. The winnowing function monotonically increases with $. Substitut
ing equations Ala and A2 into equation 3a from the text, we have, 

(A3) 

Examination of equation A3 shows that assumption 3 above will only 
be satisfied if o~ = on. Hence equation A3 may be rewritten as 

w($) = (E /M) exp{(M! 2 - M~ )/2o2} exp{$(M~ - M! )/o2} • (A4) n ~n ~n n ~n ~n n 

Let a dimensionless parameter ~ be defined as 

Equating A4 and Ja~ and using AS to eliminate the appearance of 
M~n' we can write 

Multiplying by equation (Alb), completing the square in the 
exponent, integrating over grain size, and taking the inverse 
yields, (by equation 4 of the text), 

which completes the derivation. 
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