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I n t r o d u c t io n

Geologists and hydraulic engineers study sediments from d if
ferent points of view. The geologist is concerned m ainly with
ancient sediments, from which the transpo rting agent has long
since vanished. Hence he emphasizes particle properties in an
effort to find clues to the natu re and movement of the transporting
agent. The hydraulic engineer deals specifically with fluids, and
emphasizes the influence of fluid motion on the particles. The
engineer has advanced beyond the geologist in his understanding
of the dynamics of transportation, whereas the geologist is more
advanced in his definitions and interpretations of particle a ttri
butes. As the two fields pool their knowledge, it becomes increas
ingly clear th a t the understanding of sedim entary phenomena
depends upon a study of both the fluid and the particle.
The present paper considers particle properties which are fund a
m ental from a sedim entary point of view, in a sense broad enough
to interest both geologists and hydraulic engineers. The hydraulic
engineer is interested in the laws of transportation and deposition
as they affect the design, construction, and operation of hydraulic
structures. The geologist is concerned with these laws as they affect
the deposition of modern sediments and influence his reconstruction
of the history of ancient deposits.
P r o p e r t ie s o f I n d iv id u a l P a r t ic l e s

As a framework for discussion, a representative num ber of p a rt
icle properties may be considered, and narrowed down to those
fundam ental from the present viewpoint. The following list is not
exhaustive but it illustrates that numerous properties are associated
with individual p artic le s:

Geometrical properties
Size
Shape
Surface texture (roughness)
O rien tatio n 1
CrystallograpJiic properties
Symm etry (system and class)
Axial ratio and interfacial angles
Lattice structure
Optical iproperties
Indices of refraction
Optical orientation
Color and pleochroism
Chemical properties
Chemical (mineralogieal) composition
Chemical reactivity
Solubility
Mechanical properties
D ensity
Specific weight
H ardness
Elasticity
Tensile and crushing strength
Compressibility
Sectility and malleability
Thermal properties
Melting and boiling points
Coefficient of therm al conductivity
Specific heat
Coefficient of therm al expansion
Electrical properties
Electrical conductivity
Dielectric constant
Piezo- and pyro-electrical properties
Magnetic properties
Diamagnetic constant
Magnetic susceptibility
i This property of a particle refers to the directions of its principal axes
with respect to coordinate axes fixed in space. The orientation of particles in
an aggregate represents the structure or ‘ ‘ fabric ’ ’ of the aggregate.

A num ber of these attribu tes may be eliminated as of secondary
importance from a sedim entary point of view. In transportation
and deposition the geometrical, chemical, and mechanical properties
are of greatest importance, whereas the others have little direct ap
plication. The sedim entary behavior of a particle is controlled by
its settling velocity, which in tu rn is a function of particle size,
shape, and density for any given fluid. However, the mechanics of
particle movement is only one aspect of the sedim entary story.
Despite the differences in their approach to particle transportation,
both geologists and engineers recognize the operation of two im
p o rtant processes in n atu ra l streams. These are the selective ef
fects of transportation itself, and the accompanying wear or abra
sion of the particles as they move along. Selective transportation
(“ sorting action” ) is the preferential movement or deposition of
certain sizes, shapes, or particle densities in response to velocity and
turbulence conditions. Particle wear, on the other hand, involves
particle changes en route due to rubbing, impact, or crushing.
Differences of opinion exist regarding the relative im portance of
selective transportation and abrasion in n atu ra l streams. Some
geologists and engineers consider abrasion to be more im portant;
others emphasize the role of selective transportation. Recent
papers which bear on this problem include those by Shulits [1] 1 and
Mason [2],
Inasmuch as particle wear involves changes in particle charac
teristics, attributes most sensitive to such changes must be con
sidered. These include hardness (resistance to wear) and surface
texture. I t has been found th at the shape concept itself contains
at least two attributes, one im portant in hydrodynamic behavior,
and the other im portant d uring abrasion. These two shape factors
are sphericity and roundness, respectively [3], Their implications
will be brought out in a later section of this paper ; fo r the present
it is sufficient th a t the distinction be made. Particles differ in
their orientation w ithin sediments, depending upon the dynamical
conditions of deposition, so th at this attrib ute is also needed for
complete sedim entary investigation.
I f the mineralogical composition of a particle is stated, it is
equivalent to the inclusion of a num ber of individual properties.
i References appear a t the end o f the article.

Thus if a particle is known to be quartz, reference tables give its
density, hardness, chemical composition, color, and other attributes.
In the following list of fundam ental sedim entary properties, then,
mineralogical composition is used to indicate any of several a ttri
butes which may be of im portance in specific problems, as hardness,
density, etc.
1. Size
2. Shape (sphericity)
3. Roundness
4. Mineral composition (density, etc.)
5. Surface texture
6. Orientation
In discussing these particle attributes, emphasis is placed on
those which are perhaps least fam iliar to engineers in their study
of transportation and deposition. References for the measurement
of the several properties are given where needed.
G e o m e t r ic a l a n d D y n a m ic a l S i g n i f i c a n c e o f
P a r t ic l e P r o p e r t ie s

1. Size. Particle size may be defined as its volume, weight, set
tling velocity, sieve mesh, or by intercepts through the particle [4].
W ith the exception of volume, the definitions are influenced by
the shape or density of the particle except in restricted instances.
These considerations led W adell [3] to define size in term s of the
nominal diameter, which is the diam eter of a sphere having the
same volume as the particle.
The effect of particle size on transportation and deposition has
been the subject of extensive study by both geologists and engi
neers. The literature is perhaps sufficiently well known to engi
neers to render unnecessary the citation of a bibliography here.
2, 3. Shape (Sphericity) and Roundness. Much confusion cen
ters about the concept of particle shape. Generally speaking, shape
refers to the overall geometrical form of a particle, regardless of
size or composition. Two particles have the same geometrical shape
if the ratios of th eir intercepts and the angles between the in ter
cepts are the same fo r both particles. Particles of very different
geometrical shape (but of the same volume and density) may be
have the same in fluids, so th a t shape may also be defined in terms
of dynamic behavior.
W adell [3] was the first to derive more than a single variable

from the general shape concept. H e proposed the term “ sphe
ric ity ” for the sedimentological shape of a particle, referrin g to
the essentially similar sedim entary behavior of particles having the
same sphericity, regardless of their geometrical form. The con
cept is based on the principle th a t a sphere has the smallest sur
face area per u n it volume of any particle shape; sphericity is
defined as the ratio of the surface area of a sphere of the same
volume as the particle to the actual surface area of the particle.
In contrast to the sphericity of a particle is its roundness [3],
which is defined as the ratio of the average radius of the corners
and edges of a particle to the radius of a circle inscribed in the
maximum projected area of the particle. Roundness is thus geo
m etrically independent of sphericity. Field and laboratory studies
show th a t roundness is essentially negligible in the hydrodynamic
behavior of particles, but it is of first-order im portance in abra
sion. The wearing away of sharp edges changes roundness m ark
edly, but affects sphericity hardly at all.
Both sphericity and roundness are non-dimensional. Methods of
measurement, including various rapid methods for approxim ate
values, are given by Wadell [5], Krum bein and P ettijoh n [4],
K rum bein [6], and Riley [7],
Sphericity may be related to other shape concepts by a nondimensional approach based on particle intercepts. These in ter
cepts are three m utually perpendicular axes through the particle:
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the longest, or a-axis; the intermediate, or b-axis; and the shortest,
or c-axis. Zingg [8] has shown th at if the ratio of the interm ediate
to the longest intercept (b /a ) is plotted against the ratio of the
shortest to the interm ediate intercept (c /b ), particles are classified
according to their shapes. Fig. 1, left, shows the shape classifica
tion developed by Zingg. The w riter recently showed [6] th at it
is possible to draw lines of equal sphericity on Z ingg’s chart (see
Fig. 1, right), and thus u n ify the two points of view. Moreover,
from two principles introduced by W adell [9, 10], it has been
shown by the w riter [11] th at an overall form coefficient may be
developed from settling velocity, which perm its direct correlation
between shape concepts and hydrodynamic behavior.
Wadell broadened the definition of the coefficient of resistance
by substituting the nominal diameters of particles of any shape for
the true diam eter of a sphere, on which the original definition was
based. This modification extends the usefulness of the concept
without changing established values for true spheres. By apply
ing his definition to conventional graphs of the coefficient of re
sistance as a function of the Reynolds number, W adell derived two
generalizations of basic importance in shape studies. These gen
eralizations are: (1 ) all particles of given density settling in a
given fluid, regardless of particle shape, plot along a straight line
of slope + 1 on the conventional chart, providing they have the
same settling velocity; and (2) all particles of a given density
settling in a given fluid, regardless of settling velocity or shape,
plot along a straight line of slope — 2 if they have the same nominal
diameter. These two principles are illustrated in Fig. 2. P oint A
represents a given non-spherical particle of nominal diam eter d and
settling velocity v. The heavy line on the graph is the conventional
curve for spheres [12]. The dashed line of slope + 1 drawn
through A is a line of constant settling velocity v, and the line of
slope — 2 is a line of constant nominal diam eter d. The two lines
intersect the curve for spheres at B and C, respectively. Point B
is the tru e sphere corresponding to particle A in term s of its set
tling velocity, and point C is the true sphere corresponding to A in
term s of its nominal diameter. Points A, B, and C have individual
values of the Reynolds num ber R /, R B, and Rc. Thus three ratios
of values less than 1 are possible. Of these, R ^ /R c = v a / vc repre
sents the ratio of the actual settling velocity of the particle to the

settling velocity of a tru e sphere obtained by W adell’s second
principle. This non-dimensional ratio is called by the w riter the
“ form coefficient” [11], since it may be used as an overall shape
factor.
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The form coefficient is a dynamic shape factor which may itself
be a function of the Reynolds number. A t very low Reynolds
numbers non-sphericial particles tend to settle in fixed position,
so th at there may be maximum, average, and minimum settling
velocities. As the Reynolds num ber increases, the settling particle
tends to shift its orientation, and the average resistance of its
cross-sections seems to control the process. Hence the ratio vA /Vc
may v ary depending upon the regime involved. The w riter tested
this effect on given particles in fluids of markedly different vis
cosities, and found th a t the ratio appears to remain constant for
the average settling velocity. F u rth e r work will be done on this
problem.
I f the ratio is itself a function of the Reynolds number, p a r
ticles of given shape may not have the same dynamic behavior under
varying conditions. Thus an interesting paradox arises, in which

particles of different geometrical form may have the same dynamic
behavior, whereas particles of the same geometrical form may have
different behavior un d er different conditions. This would have
a strong bearing, for example, on differences in particle be
havior in wind and water.
4. Mineral Composition. M ineral composition is im portant in
the study of sediments. N atural sand is largely composed of
quartz, but small amounts of other m inerals of greater density (as
garnet, magnetite, hornblende, etc.) are usually present. These
“ heavy m inerals” furnish im portant inform ation regarding the
kind of parent rock from which the sediment was derived, as well
as the distance the m aterial was transported.
In addition to their importance in the geology of sediments,
heavy minerals have a direct application to engineering, although
apparently only limited use of the technique has been made.
In problems associated with reservoir silting, for example, heavy
minerals may perm it an evaluation of the relative contributions of
silt from various parts of the drainage basin. This is accomplished
by taking cognizance of the kinds of bedrock in the area and their
mineralogical composition. F rom the known composition of the
parent rocks the m ixture in the reservoir may be evaluated. Dr.
Rittenhouse of the U. S. Soil Conservation Service has already
undertaken basic studies of this type.
Rubey [13] investigated the dynamics of heavy-mineral occur
rence in sandstone. He showed th at the frequency distribution of
the heavy minerals has a smaller mean size than the associated
quartz, owing to the added effect of increased density on the
settling velocity. R ubey’s work provided a dynamic basis for
setting up techniques of heavy-mineral study by showing that
geological interpretation was influenced by the choice of size classes
used in heavy-mineral work.
5. Surface Texture. The surface texture (surface roughness) of
sedim entary particles is im portant in evaluating the abrasional his
tory of the particles. Surface textures range from highly-polished
and smooth surfaces to dull and rough surfaces, the la tte r caused
by frosting, pitting, striations, etc. Fig. 3 illustrates the in te r
relations among surface textures, adapted from W illiams [14].
Surfaces may be either smooth or rough and either polished or dull,

but combinations are possible; th at is, a surface may be smooth and
dull or smooth and polished.
Relatively little is known about the dynamical significance of
surface textures, because of the unsatisfactory status of measuring
techniques and because of the
lack of experim ental studies on
SMOOTH— or — ROUGH*
the development of surfaces. It
is known th at some textures
form in several ways. Polish
D ULL— or----- POLISHED may be produced by gentle a t
trition, by solution, or by the
^ P IT T E D , STRIATED, FROSTED, ETC.
deposition of a vitreous film
F i g . 3 .;— D i a g r a m I l l u s t r a t i n g
on the particle. F rosting may
R e l a t io n s A m o n g S u r f a c e
be caused by rigorous wind
T extures.
scour, by solution, or by in
cipient secondary growth. L ittle more than qualitative in terp reta
tions can be made until the limiting conditions of these processes
are understood.
The surface texture of individual particles is not the same as
“ surface roughness” of pipes or channel beds. Surface textures
are the very small surface irregularities on individual particles,
whereas surface roughness on the bed of a stream is on a larger
scale, and is a function of particle size, roundness, and perhaps
orientation.
6.
Orientation. Particle orientation, both during transportation
and after deposition, is one of the newer fields in the study of sedi
ments. I t has long been known th at stream pebbles are imbricated,
and recent studies show th at most n atu ra l deposits display some
degree of preferred orientation of their particles. D ata are avail
able on glacial deposits, beach deposits, esker deposits, and stream
deposits (see references in [15]). Present methods of analysis are
most satisfactory for particles larger than 1 centimeter, but they are
also available for smaller particles.
Particle orientation involves both the instantaneous (changing)
orientation of particles during movement, and the fixed orientation
after deposition. P referred orientation du ring movement may not
be the same as th at after deposition. Thus a cylindrical particle
may roll with its long axis norm al to stream flow, but on coming to

rest it may swing into parallel position. Such phenomena compli
cate the interpretation of ancient sediments.
Particle orientation is related to particle shape. Comparatively
little is known about the dynamics of orientation, although Jeffery
[16] developed a theory for particle orientation d uring lam inar
flow. Few experimental data are available for either lam inar or
turbu lent flow, however. A review of the subject was made by the
w riter [17] in 1939. Unpublished data from more recent experi
ments suggest th a t the orientation of non-spherical particles d u r
ing movement is a function of the Reynolds num ber of the flow.
A disk, for example, may slide interm ittently along the bottom at
low flume velocities. A t higher velocities it moves by a series of
‘ ‘flips ’’ with the axis of rotation norm al to the flo w ; at still higher
velocities the disk rises on edge and rolls with the current. Finally,
it may be swept free from the bottom into suspension. Thus a com
plete dynamical study of non-spherical particles may require the
investigation of several regimes of behavior.
S u m m a r y o p P a r t ic l e P r o p e r t ie s

Much remains to be learned about the dynamics of particle be
havior, but it is possible qualitatively to evaluate selective tran s
portation and abrasion as they affect the fundam ental properties of
particles in tran sit along natu ral streams. The following tabulation
summarizes these effects. The im portance of each process is indi
cated by sym bols: x is small and xxx is a large effect, whereas a
dash indicates a negligible effect.

P roperty
Size
Shape (sphericity)
Roundness
Density
Surface texture
Orientation

Effect of
Abrasion 1 (inSelective
eluding solution)
Transport
x
xxx
xx
xxx
xxx
—
—
xx
xxx
—
—
xxx

In general, abrasion affects roundness and surface texture most
m arkedly; on the other hand, these attributes are essentially negligi
1 The tabulation refers specifically to abrasion, a relatively mild type of
wear caused by particles rubbing together during transit. More vigorous types
of breakage are known, but their relative effects have not been studied.

ble factors in transport. W hat the table suggests in the main is
th at roundness and surface texture may be indices to the abrasive
history of the particle, whereas the other properties reflect the
dynamics of the tran sporting process.
P r o p e r t ie s o p S e d im e n t a r y A gg reg ates

A discussion of particle properties is not complete without some
consideration of new variables introduced when particles occur in
aggregates. The individual particles which comprise a sample are
not all of the same size, shape or composition. Instead, each particle
attrib u te is present as a frequency distribution, and m ust be sum
marized by statistical methods.
Pig. 4 illustrates several frequency distributions which occur
in stream gravel. The graphs are histograms of size, shape (sphe40
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ricity ), roundness, and fabric (axis orientation in space) of the
same sample of flood gravel from San Gabriel Canyon, California
[18], The size distribution indicates a poorly-sorted sandy gravel,
with a marked skewness toward smaller sizes. The shape distribu
tion shows a prom inent maximum between 0.65 and 0.70, whereas
the roundness is relatively low, with a maximum under 0.40. These
two diagrams indicate the confusion which m ay arise unless shape
and roundness are distinguished. The orientation of the pebble
axes is not marked, although there is a preferred orientation to
w ard the northeast-southwest. The proper interpretation of such a
set of diagrams depends upon their relation to adjacent samples
from the same environment. Details are given in the reference
cited.
The statistical treatm ent of sedim entary data is in a much-con
fused state. Most workers develop their own devices, without regard
to statistical theory. As a result, considerable space is devoted to
the relative merits of methods which are questionable in the first
place. The logical approach is to adapt conventional statistical
techniques to the problem. These have already been scrutinized for
th eir reliability by m athematical statisticians. S tandard moment
methods of analysis, fo r example, have stood the test of time, and
they are directly applicable to all sedim entary characteristics.
Logarithmic transform ations are needed to convert size data into a
form for convenient treatm ent, but shape and roundness data may
be treated as they are. A discussion of standard statistical devices
and their sedim entary application is given by Krum bein and
P ettijohn [4], Otto [19] has since developed graphical methods for
the convenient moment analysis of size data.
In addition to new problems introduced by the occurrence of
frequency distributions w ithin sediments, several new properties
are developed by the aggregate itself. Thus the grouping of
particles results in the development of porosity, which is a function
largely of the state of packing. Likewise, the aggregate is perme
able ; the permeability is a function not only of the degree of pack
ing, but also of the size, shape, and orientation distributions. The
aggregate may resist compressional and tangential stresses, thereby
exhibiting crushing and shearing strengths. S trength is a function
of a combination of particle properties, and of such extra factors as

w ater content. All of these properties of the aggregate may be
referred to as “ mass properties.”
In general it is simpler to measure the mass properties directly,
ra th e r th an to attem pt to predict them from the individual particle
properties. This is tru e of porosity, permeability, shearing strength,
plasticity, and so on. Nevertheless, to a large degree the mass
properties are controlled by the individual particle properties, and
a study of the relation between the two would shed considerable
light on the laws of mass-sediment behavior.
Mass properties of sediments are im portant in many engineering
fields. The extensive applications of soil mechanics to construc
tion engineering is a case in point. M any additional applications
can be made in other fields. F o r example, the bulk volume of sedi
ments in a reservoir is a function in p a rt of particle orientation.
In a haphazard arrangem ent the bulk volume is greater than with
preferred orientation. The w riter is not aware th a t the problem of
controlling this factor in reservoirs has been studied. The relation
of orientation to compactibility also affords some interesting
problems.
C o n c l u d in g R e m a r k s

Perhaps the most im portant point in this paper is its insistence
th a t the same fundam ental principles of sediment transportation
and deposition are common to geology and to hydraulic engineering.
Although the two fields approach the subject from different angles
and use their data for different purposes, the foundation is the
same. F o r this reason fu tu re developments can be accelerated by
the m utual exchange of ideas and techniques, and by the develop
ment of a common language for the description and analysis of
sedim entary phenomena.
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