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This study considered the effect of particle roundness on the movement of sand grains in the swash zone. A wave
tank was used to investigate the transport of a sample of quartz grains of fairly umform size up an mchned ramp. A
similar procedure, using fluorescently dyed grains, was used in the field in southern Lake St. Clmr,.Ontario. It was
found that rounder grains were preferentially transported towards the upper part of the swash zone in the laboratory
and field, Round grains may congregate on the berm and upper foreshore because of their higher settlmg velocities
or their greater ease of entrainment compared with more angular grains.
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INTRODUCTION

Cross-shore and longshore changes in beach sediment char
acteristics may be attributed to several possible mechanisms,
including mechanical and chemical breakdown, more rapid
transport of grains of one size than another, longshore vari
ations in wave energy, the addition or loss of sediment, and
mixing of two or more distinct sediment populations, Sedi
ments are sorted through the modification of grain popula
tions by selection, breaking, and mixing, as the result of a
number of variables working together, or independently, to
separate grains according to their shape, size, and density.

Manv workers have studied the effect of grain size on sand
entrai~ment thresholds, transportation rates, and sorting
mechanisms, and the resulting changes in grain size parallel
and perpendicular to the shore (MCLAR~~N, 1981; CARTER,
1988!. There have also been a number of studies on the role
of grain density in sediment sorting, and particularly on the
concentration of the heavy mineral component on quartz- and
feldspar-dominated beaches (SLINCERLAND, 1977; TRASK
and HAND, 1985; LI and KOMAR, 1992; FmHY and KOMAR,
1993). Although it is generally acknowledged that grain
shape and roundness are also important hydraulic character
istics, their effect on beach dynamics and sedimentation has
not been investigated, and there have only been a few studies
of their relationship to longshore and cross-shore sorting pat
terns. MACCARTHY (1933) found that the proportion of an
gular grains increases in the direction of longshore sediment
transport between Delaware and Chesapeake Bays. This
could be the result of the lower settling velocities of angular
grains, which allow them to remain in suspension longer, so
that they are carried further and at higher rates than more
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rounded grains. The sphericity, and especially the roundness
of sand grains also decrease in the direction of longshore
transport on a spit in Lake Erie (PETTIJOHN and LUNDAHL,
1943). On the other hand, grain rounding increases with long
shore transport on Long Island (WILLIAMS and MORGAN,
1988), SH~~PARD and YOUNG (1961) suggested that waves se
lectively transport rounder grains up beaches, and berm sand
is therefore rounder than on foreshores, although less than
in dunes. There has been more interest in the effect of par
ticle shape on grain movement by wind than by waves, but
the precise nature of the relationship has not been deter
mined and the experimental results are often contradictory
(WILLIAMS, 1964; STAPOR et al., 1983; JENSEN and S0R~~N

SEN, 1986; WILLETTS and RICE, 1986; RICE, 19911.
Irregular, asymmetrical sand grains spin, oscillate, or tum

ble as they fall through water, and their settling velocity is
therefore less than for perfect spheres, The settling velocity
of irregular coral sand, for example, can be considerably low
er than for less angular quartz, although coral density may
also be a little lower (VAN RIJN, 1989). Small differences in
the shape of angular grains may have far greater hydraulic
significance than small differences in the shape of nearly
spherical grains (BRIGGS et al., 1962), The effect of particle
shape on the settling velocity and drag coefficient of ellip
soidal and disc-shaped quartz grains was investigated by Ko
MAR and REIMERS (1978). This study was extended by Ko
MAR (1980) to consider the settling velocity of cylindrical
grains, which are characteristic, for example, of several types
of heavy mineral. BAHA and KOMAR (1981a,b) found a num
ber of relationships between the settling velocity of natural
grains and spheres with diameters equal to the intermediate
diameter of the natural grains, and they derived equations
for the settling velocity of irregularly shaped grains. HAL
LERM~~I~~R (/981) also investigated the settling velocity of
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natural qu a rt z gr ains . bu t although they were assu med to be
somewha t angular, their preci se shape was not considered.

Th ere has been little work on th e effect of pa rticl e shape
on sa ndy beac hes, but mu ch more is known of its role on
coarse clast ic beaches. Th e shape sorti ng of clasts reflects
the ir varying sus pension and pivotability potentials . Pro
nounced sha pe sorting produces distinct, shore-parallel zones
or frames, whi ch a re dominated by particular cla st shapes.
Although it may be difficult to separate th e interrelated ef
fects of clast size , dis c- and blad e-shaped clasts a re generally
concentrated towards th e back of beaches, with rods and es
peciall y sphe res lower down (BLUCK, 1967 ; POSTMA and NE
MEC, 1990). Th e degree of shape sorting may va ry with wa ve
energy (ORFORD, 1975). WILLlAMS and CALDWELL (1988)
concluded tha t when swash zone processes a re at th e critical
tra nsport th reshold du ring peri ods of berm bu ildup, the more
easily sus pende d obla te material is thrown forward du r ing
th e bri ef energy peak of the uprush . Spherical and prolate
ma terial is th en winnowed down th e beach by the longer,
weaker backrush. Mass rather th an sha pe becomes th e dom
inant factor in determining net cross-shore t ra nsport whe n
ene rgy level s are high , and ent rain ment forces a re much
greater th an th e thresh old values. Grain size may also a ffect
th e degree of sha pe sorti ng . MASSARI and PAREA (1988), for
exa mple, found tha t the degree of sh ap e sort ing increases
with grain size , and is weakest in less re sponsive, finer
grained cla sts .

Man y indices have been develop ed to describe th e overa ll
form or some speci fic aspect of the sh ape of coas tal sediments
(WINKELMOLEN, 1971; KING, 1972; KOMAR, 1980; WHALLEY,
198 1; WILLETTS and RICE, 1983; MAZZULLO et al ., 1986; IL
LENBERGER, 199 1). Alth ough the spher icity and oth er asp ects
of the shape of coarse clasts ca n be determined fairl y easily,
dir ect measu rement has genera lly proven to be too time con
suming for sand and othe r sma ll gr ains. The shape of large
numbers of sand gra ins is therefore usually estimated visu
a lly, by compari ng the m with a set of standard gr ain im ages
wit h kn own characterist ics.

METHODOLOGY

Th is pa per describ es a field and labora tory study tha t at
tempte d to determine how variations in th e roun dness of
sand gra ins , which is a measure of the smoothness of th eir
surface, influence their movemen t in the swash zone . Medi
um-gr ain sand sa mp les were collected from Tremblay Bea ch ,
on southern Lake St. Cla ir , Canada (Figure l ), To reduce the
effect of variable gr ain size on sed iment transport, th e sam
ples were sieved and all experi me nt s wer e conducted on one
of th e three la rges t size fractions . To eliminate or redu ce the
effects of va riable pa rtic le densi ty on gr ain t ra ns port, all
measu rements were conducted on qu artz gr a ins.

A wave ta nk , 0.6 m wide, 0.9 m deep, and 15.9 m long , was
use d in th e lab oratory experim ents. Monochromatic waves
were generated by a plunger, an d experime nts were conduct
ed with a water dep th of 21.5 em. An adjustable a rtificia l
r amp was built to simulate foreshore slopes of 4, 6, a nd 8°.
The surface of the ramp was covered by a piece of cork to
prov ide enough friction to all ow the gr a ins to stay on it . All
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Figure 1. The study area.

laboratory ex perime nts were conducted on th e 355--425 u rn
an d 425-500 urn grain size fractions. In the first se ries of
experime nts , wa ve heights of 5 and 8 em (with per iods of 1.8
and 1.6 s, respecti vely) were gene rated and propagated up
the three slopes . In th e second ser ies of experi ments, which
wer e design ed to exa mine th e effects of small difference s in
wave size, 8 a nd 8.5 cm h igh waves (with 1.6 s per iods ) were
propagated up th e slopes. The use of two sets of waves an d
three slope gradients th erefore provid ed six possible maxi
mum uprus h distanc es for eac h experime ntal series. Th ree
sa mpling points, 40 em apart, wer e aligned down th e centre
of th e ra mp. Sediment was placed at the sti ll wa ter line at
the bot tom of th e ramp, and four uprush a nd backrush cycles
wer e a llowed to disp erse it over th e slope . Th e result ing gr a in
distribution was sampled using an 8 by 12 em, water resis
ta nt pad with adhesive paper lining the underside. To re move
th e surface grains , the pad was centered over eac h sa mp ling
poin t and pr essed onto th e ramp (Figu re 2a). .

Two experimental sites, approxi mately 5 m apart, were se
lected in the swash zone of Tremblay Beac h . Ea ch site con
sis ted of th ree surv eyed profile lines, spaced 2 m apart, one
sample re lease poin t located below the still water lin e in the
cen tre of each site, and fifteen sa mple points (Figu re 2b). Two
samples of sieve d sediment (500--425 u rn an d 355-300 urn )

were t reated with fluores cen t Anthracene dye. For the first
three days , portions of the coarser sa mple were placed at the
re lease points at the two sit es and allowed to disper se over
four uprush- backrush cycles. Field assistants then used th e
adhesive pad tec hniq ue to sim ulta neously collect sand at
each sample point . Th e procedure was rep eated for th e next
three days usin g th e fine r gr ain sample. Wa ve heights ran ged
from 0.37 to 0.17 m and peri ods from 2.66 to 1.85 s du ring
the study pe riod. The slope of the bea chface varied from 8.:3
to 6.3° at site I, and 8.7 to 7.8° at site II , and the depth of
th e wa te r table, measured dai ly at each site in sha llow well s
at th e top and foot of the foresh ore, was from 0.46 to 0.21 m
over thi s period .

The gr a ins were wa sh ed and re moved from the pad s, and
microscopic slid es were ma de of each of the samples. A fluo
r esce nt lam p was used to identify and remov e dyed gr ains
from th e pads used in th e field. Twenty gra ins , if present ,
were analysed from ea ch la boratory slide , using a microscopic
gri d and ra ndom number selection, whereas all the recovered
dyed gr ains were included from the field. About 1,000 grains
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Figure 2. Arti'ficial ra mp and sam ple sites in the laboratory (a), an d
samples in the field (b) ,

were an alysed in the laboratory experiments and 700 from
the field. The length of the longest ax is of each sampled grain
in the laboratory and field experime nts was measured under
a microscope. This was done to determine th e possible effect
of slight variat ions in grain diameter within th e sieved sam
ples. Th e roundness of each gr ain was classified using Pow
ERS' (1953 ) system, which is bas ed on six roundness clas ses
ranging from very a ngu lar to well rounded. Because of the
small number of very angu lar and very round particles en
countered in th is study, however, th e two most angula r and
the two most round ed classes were combined into a four -fold
clas sification for th e analysis of variance studies. Th e effect
of gra in roundness on settling velocities may be much less
th an the non-spherical sh ap e of th e grains (BABA and Ko
MAR , 1981b). An attempt was therefore made to investigate
spatial variat ions in gr ain sphericity using POWERS' classi
ficati on, which only makes th e distinction between spherical
and non-spheri cal grains . It soon became app arent, however ,
tha t there was no signi ficant difference in grain spherici ty,
as determ ined by thi s method, within the swa sh zone. To
as sess th e effect of sphericity and other as pects of grain shape
on swash transport , it may be necessary to measure th e

0 0 0 0 0 St ill Water Lin e 0 0 0 0 0

u

0 0 0 0 0 0 0 0 0 0

• •
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In the first wave tan k experiment, sediment movem ent up
4, 6, and 8 degree slopes was record ed for 5 and 8 ern high

RESULTS

length of grain axes, apply Fourier series (MAzZUL L O et al .,
1986), or use grain "rollab ility' (WINKELMOLEN , 1971) or
similar indices that are fairly easy to determine and less sen
siti ve to operator er ror than visu al comparison charts .

The distanc e of travel or displ acement from the release
point (d) to the sample location in th e laboratory and field
was determined for each grain. The se displacement distances
wer e averaged for each combination of roundness class (all
six were used here), particle size class, beach slope, and mean
breaker height used in the wave tank experiments. There
was an avera ge of seven grains per sa mpled group in th e
laboratory experiments, and a minimum of four grains con
stituted a group. These mean displacement distances served
as th e criterion or dependent varia ble in the study. A similar
procedure was used in the field st udy to obta in mean dis
placement distances, using a minimum eleven particles to
cons titute a group. Th e uprush distan ce (x) from th e still wa
ter line to th e swash limit was also calculated usin g:

x = 2Hbcot [)

where H, is breaker height and [) is th e beach slope (C.E.R.C.
1984). Alth ough very few particles will travel this distan ce,
it was hypo th esized th at as the uprush distan ce increases,
th e mean sediment displ acement distan ces also increase for
each sediment roundness class.

Three two way ana lyses of variance wer e run on the field
and laborato ry data to test th e hypothesis th at mean particle
displacement distance per sa mple group was a linear function
of roundness class (four were used her e) a nd uprush distance
class. The two way a nalysis of variance models were used to
test th e followin g null hypotheses:

(a) Th ere would be no signi ficant difference between the
mean displ acement distances between groups defined by a
combina tion of uprush class and roundness class (Ho: fl.ll =
fl.1 2 . . . fl.ru' where r = roundness class and u = uprush clas s);

(b) There would be no signi ficant di ffer ence betw een th e
mean displacement distances (averaged over the uprush
classes) for the roundness classes (Ho: fl.l· = fl.2 = . . . fl.,.) ;

(c) Th ere would be no significa nt difference between th e
mean displacement distan ces (averaged over th e roundness
classes) for th e uprush classes (Ho: fl..[ = fl.·2 = . . . fl.u);

(d) Mean displacement distan ces would not be sign ificantly
influenced by interaction effects between th e uprush and
roundness factors (Ho: kfl.ru - kfl.r. - kfl.u + k fl. = 0, where
fl.. is the overall mean displacem ent distance).

Significant inte ract ion would sugges t that the slopes of the
relationsh ip between mean sediment displ acemen t distance
and wave uprush for each roundness clas s were not parallel ,
and the relationships would th erefore be complex. Bartlet t's
tests, which were run before ea ch ana lysis of variance,
showed that there wer e no sign ificant heteroscedasticity of
varian ce effects in th e laboratory or field da ta. Afte r th e anal
ysis of variance, multiple regression analysis was used to test
th e hyp oth esis that sediment displ acement distance is a lin
ea r functi on of mean roundness and maximum uprush dis
tan ce.

SITE I

• Release Po ints

o Sampling Po ints

1--- - - S m > I' 2m-j4-2m-----j

SITE II

b
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Ta ble 1. Analysis of variance between sediment displ acement, roundn ess
and maximum wave uprush.

Table 2. Sediment displ acement regressed against roundness and uprusli
level.

a ) waves 5 and 8 ern high-dependent variable d, n = 51, mult iple R = 0.692,
squared multipl e R = 0.479, adjuste d squared multiple R = 0.457, standard
errol' of estim ate = 0.211.

a) waves 5 a nd 8 em high-dependent varia ble d, n = 51, multiple R = 0.76,
squared multiple R = 0.577. Bartlett's Chi Square = 11.09 with df = 11, not
significant at the 0.05 level.

Sum-of- Mean - Variable Coefft, Std. Error Std. ce-rn. T PI2 TAIL)

d = mea n distan ce moved , r = roundness cla ss , u = wave uprush class,
r*u = ro un dness - upr us h inte rac tion te r m

c)Trembl ay Beach - dependent variable d, n = 42, multiple R = 0.771, squared
multiple R = 0.594. Bartl ett's Chi Squa re = 13.51 with de = 11, not significant
at the 0.05 level.

0.858
0000
0.00 1

0 338
0000
0.000

- 0.180
4.022
3.615

- 0.967
4.846
4.42 8

0.000
0.467
0.4 20

0.000
0.50 5
0.462

0.135
0.188
0.04 2

0.112
0.173
0.039

-0.024
0.757
0.15 3

- 0.108
0.834
0.174

Std . St d .
Vari abl e Coeffl. Error ce-rn. T P(2 tail )

Cons ta nt - 0.292 0.364 0.000 - 0 .804 0.426
0.850 0.152 0.66 1 5599 0.000

u 0.116 0.034 0.445 3.372 0.002
0.009 0.005 0.253 1.854 0 07'1

Analysis of variance

Sum-of- Mean-
Source squares df square f ·ratio P

Regress ion 0.913 3 0.304 13.436 0.000
Residual 0.86 1 38 0023

Analysis or variance

Su m-of- Mean-
Source squares df squa re F-rat io P

Regression 1.458 2 0.729 14.588 0.000
Residual 2.24 9 45 0.050

u = Wave uprush from still wa te r line, r = geometric mea n roundness,
I = me an particle long axis len gt h

Consta nt

It was found that particle long axis length , however, did not
contribute s ign ificantly to either equ ati on. Th e relationship
betw een sediment displac ement and sediment roundness and
wave uprush was therefore between moderately stro ng and
strong in the two laboratory exper iments, and th e two factors
made roughly equal contributions to th e explana tion of sed
iment displacement variations (Table 2- note th e roughly
equal standardized regression coefficients) .

The Tr emblay Beach field exper iments and statist ical ana l
yses were similar to tho se conduc ted in the wave ta nk, al
th ough at a larger scale, and with less cont rol over beach
slope and wave parameters. Sedimen t displacement distanc
es and sedime nt roundness were measu red on six occasions
in June and July 1988, and the maximu m wave uprush from
the still water lin e was calcula ted from the data . Two way
an alysi s of variance produced simila r results to those ob-

c) Tremblay Beach -dependent variable d , n = 42, mu ltip le R = 0.717,
squared multiple R = 0.515 , adjus ted squared multiple R = 0.47 6, stan
dard error of es timate = 0 .150

u

Consta nt

Analysis or variance

Sum-or- Mean-
Source squares df square F-ratio P

Regression 1.95 4 2 0.977 22.0 30 0.000
Residual 2.129 45 0.044

b) waves 8 and 8.5 em high-dependent vari able d, n = 48, multiple R = 0.627,
squa red multiple R = 0.393, adjusted square d multiple R = 0.366, standard
error of estimate = 0.224

Variable ce-m. Std . Error Std . ceern. T PI2 TA1Li

u

p

0.002
0.001
0.939

5.92 5
7.964
0.288

F-rat io

0.301
0.40 5
0.015
0.051

Mean
sq uaredf

3
2
6

36

0.904
0.81 0
0.088
1.831

Source

Sum-or- Mean-
Source squa res df square F-ratio P

0.764 3 0.255 10.597 0.000
u 0.123 2 0.062 2.569 0.093
r*u 0.10 1 6 0.Q17 0.700 0.651
Err or 0.721 30 0.0 24

Sour ce squares de square F-ratio P

1.036 3 0.345 7.809 0.000
u 0.900 2 0.450 10.171 0.0 00
r*u 0.183 6 0.030 0.689 0.66 0
Er ror 1.725 39 0.044

waves . Two way an alysis of vari anc e show ed that particle
roundness and wave uprush accounted for a significant pro
portion of th e variation in mean sediment displacement dis
tances (Table l a) , The lack of significant interaction effect s
suggests that th e slopes of the relationships between dis
placement distance and uprush levels for ea ch roundness
class were roughly parallel to each other. Overall, a linear
combination of roundness and uprush accounted for 57.7 per
cent of the observ ed varia tion in sediment displacement dis
tance. Th e experimental procedure was repeated in the wave
tank for a second data set, using waves of 8.0 and 8.5 em in
height (Table l b). Two way an alysis of varian ce demonstrat
ed that a linear combin ation of sediment roundness and wave
uprush levels accounted for 50.6 percent of th e va riat ion in
sediment displ acement levels. Th e interaction term was
again non-signifi cant.

The relationship between sediment displacement and
roundness and uprush levels was expressed in the form of
regression models (Table 2). When mean sediment displace
ment was regressed against the geometric mean roundness
and maximum uprush levels , a linear combination of th e two
factors accounted for 45.7 per cen t of th e displacement dis
ta nce variation for 5 and 8 em wave s, and 36.6 percent of th e
distance variation for 8 and 8.5 em waves. Alth ough th e use
of samples cons ist ing of a single sieve size elim inated th e
effects of large varia tions in grain size, the movement and
distribution of grains within th e swash zone could st ill hav e
largely reflected small differences in size with in each sample.

u
r*u
Error

b) waves 8 and 8.5 em high-dependent variable d, n = 48, multipl e R = 0.711,
squared multiple R = 0.506. Bartl ett's Chi Squa re = 22.09 with df = 11, not
significant at the 0.05 level.

Sum-or
squar es
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Table 3. Regression equations obtained from the field and waue tank
studies. j 40 -

Wave tank s tudy using 5 and 8 cm waves
Wave tan k st udy usin g 8 and 8.5 cm wa ves
Field st udy

d = 0.83r+ 0.17u
d = 0.76 r + 0.15 u
d = 0.85 r + 0.12 u

• 2G -

1 00

0 "0

,20 -

1-700.'0 0. 60 0.80 1.00
0REDICTED UI,PLAC E" ENf DISTANCE ( m)

0 .20
0 .00 -=j,-rrrn-rrrn-rrrn-rr:-n-rr""""'TTrn-rrrn-rrrnr-rrTn'TTrn-rrTn-rrn

0.00

Figu re 4. Wave tank experim en t with wave heights of 8 and 8.5 ern:
observed mea n particle displ acement versus estimated mean particle dis
place ment based on th e following combina tion of geome tr ic mean round
ness (r) and mean up rus h dist an ce (u): d = -0.024 + 0.757r + 0.153u .

tained in the wave tan k. Although grain roundness made a
significant contribution to the explanation of spatial varia
tion s in sedi men t displacement, uprus h did not contribute
significan tly to the explan ation, proba bly because of th e lack
of marked varia tions in slope, and to a somewha t lesser de
gree wave condi t ions, over th e measurement per iod (Table 1).
The interaction term wa s als o non-significan t. The multiple
regression model showed th at a linear combina tion of geo
metr ic mea n roundness and maximum uprush accoun ted for
47.6 percent of the spatial var iation in sediment displace
ment distance (Tabl e 2). Th e wave uprush variabl e made a
sign ificant contribution to the proportion of explained vari
ance in t his model.

Statistical an alysis of th e field and wave-tank data pro
du ced surpris ingly consi stent results. In all three regre ssion
models, a linear combina t ion of geometric mean roundness
an d maximum upr ush distance accounted for 35.7 to 47.6 per
cent of the spatial vari ation in mean displ acement distance
(all significant a t th e 0.05 level) . Th ere was also a great deal
of s imilarity in the regression equa tions , which suggest th at
sediment displacement is sensi tive to particle roundness (Ta
ble 3; Figures 3, 4, and 5). The use of sieved samples and
quartz grains, however, did not allow th e re lat ive importance

1.40
, .40 -

1 20

l i i i l ll l'llil li i i iifli l i lll ill

.70 0 .80 090 1 00 Ll O 1 20 \ 30
PREDIC ED OISPLACE" ENT OISTANC[ (m)

0 60
C 20 -+rrrnTTTrJTTTTTfTTTTlTfTTTrr;-rrrrnnrrrrTTnrTTTTTj1TTTTTnTfTTTTITTTrJTTTTTrnTI

0 50

0 40

1 20

0 60

~

z
"'z
u
5 080
a.
Vl
i'i
z
L5
"

Figure 5. Tremblay beach observed mean part icle displacement distan ce
ver sus pre dicte d mean particle displacement distance based on th e re
gre ssion model: -0.292 + 0.850r + 0.116u + 0.0091. r = Geometric Mean
Roundness, u = mean uprush dista nce, I = Mean Part icle Long Diam eter,
d = Mean Displ acement Dist an ce.

I 1 00

l i i ' i 'j" ' I " , i l !I " ' l i "' , " ' I' l l l il lll" "' l j ' il] , 1 1 1 1 1
020 0 .40 0 60 080 1,00 1 20

PR:'[HC1[U DISPLACEMENT DISTAJ>iCE (m)

1.00

Figure 3. Wave ta nk experiment with wave he ights of 5 and 8 cm: ob
served mean particle displacement vers us estima ted mea n particle dis
placeme nt based on the following combin a t ion of geomet ric mean round
ness ( r) and mean up rus h dis ta nce (u): d = - 0.108 + 0.838r + 0.174u.
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of grain roundness, compared with grain size and density, to
be determined in the present study. Nevertheless, it was pos
sible to compare the effect of a limited range of grain sizes
on displacement patterns by running a t-test between the
sediment displacement means for the 355-425 urn and 425
500 urn particle size groups used in the two laboratory ex
periments. The lack of significant differences between the
mean displacement distances of the two size classes suggest
ed that grain roundness is more important than grain di
ameter in determining displacement distance in the swash
zone. over the limited range of grain sizes considered in this
study.

DISCUSSION

One can only speculate at this stage on the possible reasons
for the transport of more rounded sand grains towards the
back of the swash zone. An increase in the proportion of an
gular grains with the distance of longshore transport
(MACCARTHY, 1933; PETTI.JOHN and LUNDAHL, 1943) sup
ports the conclusion that they generally travel further than
rounded grains because of lower settling velocities. Rounded
grains may therefore be deposited at the back of beaches by
the uprush, while more angular grains remain in suspension
and are carried back down the foreshore by the backrush. In
the swash zone, however, sediment is moved in dense sus
pended concentrations and in sheet flow (highly concentrated
layers of grains shearing over each other, with an intrusive
depth of several millimetres i (HORIKAWA et al.. 1982; DlHA
.JNIA and WATANARE, 1992; ASANO, 1992). The effect of val' i
able settling velocities under these conditions is unclear, and
in any case, the general occurrence of finer, and therefore
more mobile, grains towards the upper portion of foreshores
suggests that the more mobile angular grains should also
congregate towards the higher parts of the slope. The alter
nate explanation, that rounder grains are more easily en
trained in water than angular grains, remains to be deter
mined. Lower entrainment thresholds could explain why
dune sands tend to be more rounded and spherical than
beach sands -although it may also be due to selective trans
port by wind (MACCARTHY, 1935; BEAL and SHEPAHD, 1956;
SHEPARD and YOlJN(;, 1961; BIGARELLA, 1972; MAZZULLO et
al.. 1986),

CONCLUDING REMARKS

Although it has been recognized that grain size and min
eralogy generally change in somewhat predictable ways on
beaches, the role of shape and roundness needs to be deter
mined. The degree of roundness or shape sorting in the swash
zone, and its importance relative to grain size and mineral
ogy, probably vary according to such factors as the beach
state, the depth of the water table, the rate of sediment ac
cumulation, grain size, density, and packing, and the shear
velocity, turbulence, and depth of the uprush and backrush
(STEIDTMANN, 1982). It has already been noted, for example,
that shape sorting on coarse clastic beaches is less pro
nounced where there are high energy levels (ORFORD, 1975;
WILLIAMS and CALDWELL, 1988), and it is possible that a
similar relationship occurs on sandy beaches.

The results of this study provide support for SHEI'i\IW and
YOUNG'S (1961) suggestion that particle roundness can have
a significant effect on cross-shore sediment transport and
sorting in the swash zone. The importance of f,rrain roundness
may have significant implications for the formulation of sed
iment transport equations and beach equilibrium models.
which have generally only considered the variable size of
quartz grains (HOHlI{AWA, 1988; VAN RI.JN, 1989: }-hIWISTY.
1990; HORN, 1992; FREDS0E, 199:3). Nevertheless. more work
is necessary to determine whether, or under what conditions.
grain roundness sorting is a significant factor on beaches. and
to assess its role in sediment entrainment and transport in
the littoral zone.
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