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PREFACE.

Thirty-five years ago the writer made a
study of the work of streams in shaping the
face of the land. The study included a
qualitative and partly deductive investigation
of the laws of transportation of débris by
running water; and the limitations of such
methods inspired a desire for quantitative
data, such as could be obtained only by
experimentation with determinate conditions.
The gratification of this desire was long de-
ferred, but opportunity for experimentation
finally came in connection with an investigation
of problems occasioned by the overloading of
certain California rivers with waste from
hydraulic mines. The physical factors of
those problems involve the transporting capac-
ity of streams as controlled by various condi-
tions. The experiments described in this
report were thus instigated by the common
needs of physiographic geology and hydraulic
engineering.

A laboratory was established at Berkeley,
Cal., and the investigation became the guest
of the University of California, to which it is
indebted not only for space, within doors and
without, but for facilities of many kmds most
generously contributed.

Almost from the beginning Mr. E. C Murphy
has been associated with me in the investigation
and has had direct charge of the experiments.
Before the completion of the investigation I
was compelled by ill health to withdraw from
it, and Mr. Murphy not only made the remain-
ing series of experiments, so far as had been
definitely planned, but prepared a report.
This report did not include a full discussion of
the results but was of a preliminary nature,
it being hoped that the work might be con-
tinued, with enlargement of scale, in the near
future. When afterward I found myself able
to resume the study, there seemed no im-
mediate prospect of resuming experimentation,
and it was thought best to give the material
comparatively full treatment. It will readily
be understood from this account that I am
responsible for the planning of the experimental

work as well as for the discussion of results
here contained, while Mr. Murphy is responsible
for the experimental work. It must not be
understood, however, that in assuming responsi-
bility for the discussion I also claim sole credit
for what is novel in the generalizations. Many
conclusions were reached by us jointly during
our association, and others were developed by
Mr. Murphy in his report. These have been
incorporated in the present report, so far as
they appeared to be sustained by the more
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' ABSTRACT:

Scope.—The finer débris transported by a
stream is borne in suspension. The coarser is
swept along the channel bed. The suspended
load is readily sampled and estimated, and

“much is known as to its quantity. The bed
load is inaccessible and we are without definite
information as to its amount. The primary
purpose of the investigation was to learn the
laws which control the movement of bed load,
and especially to determine how the quantity
of load is related to the stream’s slope and dis-
charge and to the degree of comminution of the

_débris. ' :

Method.—To this end a laboratory was
equipped at Berkeley, Cal., and experiments
were performed in which each of the three con-
ditions mentioned was separately varied and
the resulting variations of load were observed
and measured. Sand and gravel were sorted
by sieves into grades of uniform size. Deter-
minate discharges were used. In each experi-
ment a specific load was fed to a stream of
specific width and discharge, and measurement
was made of the slope to which the stream
automatically adjusted its bed so as to enable
the current to transport the load.

The slope factor—For each combination of
discharge, width, and grade of débris thers is'a
slope, called competent .slope, which limits
transportation. With lower slopes there is no
load, or the stream has no capacity ! for load.
With higher slopes capacity exists; and
increase of slope gives increase of capacity.
The value of capacity is approximately propor-
tional to a power of the excess of slope above
competent slope. If § equal the stream’s slope
and ¢ equal competent slope, then the stream’s
capacity .varies as (§—o)" This is not a de-

" ductive, but an empiric law. The exponent n
has not a fixed ‘value, but an indefinite series
of values depending on conditions. Its range

-of values in the experience of the laboratory

1 Capacity is defined for the purposes of this paper as the maximum
load of a given kind of débris which a given stream can transport. See
page 35.
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is from 0.93 to 2.37, the values being greater
as the discharges are smaller or the débris is
coarser. : _

The discharge factor—For each combination
of width, slope, and grade of débris there is a
competent discharge, x. Calling the stream’s
discharge @, the stream’s capacity varies as
(@—x)°. The observed range of values for o
is from 0.81 to 1.24, the values being greater
as the slopes are smaller or the débris is
coarser. Under like conditions o is less than
n,; or, in other words, capacity is less sensitive
to changes of discharge than to changes of
slope.

The fineness factor—For each combination
of width, slope, and discharge there is a limit-
ing fineness of débris below which no transpor-
tation takes place.  Calling fineness (or degree
of comminution) F'and competent fineness ¢,
the stream’s capacity varies with (F—¢)?,
The observed range of values for p is from 0.50
to 0.62, the values being greater as slopes and
discharges are smaller. Capacity is less sensi-
tive to changes in fineness of débris than to
changes in discharge or slope.

The form factor—Most of the experiments
were with straight channels. A few with
crooked channels yielded nearly the same esti-
mates of capacity. The ratio of depth to width
is a more important factor. For any combi-
nation of slope, discharge, and fineness it is
possible to reduce capacity to zero by making
the stream very wide and shallow or very nar-
row and deep. Between these extremes is a
particular ratio of depth to width, p, corre-
sponding to a maximum capacity. The values
of p range, under laboratory conditions, from
0.5 to 0.04, being greater as slope, discharge,
and fineness are less.

Velocity.—The velocity which determines
capacity for bed load is that near the stream’s
bed, but attempts to measure bed wvelocity
were not successful. Mean velocity was meas-
ured instead. To make a definite comparison
between capacity and mean velocity it is neces-
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sary to postulate constancy in some accessory’

condition. If slope be the constant, in which
case velocity changes with discharge, capacity
varies on the average with the 3.2 power of
velocity. If discharge be the constant, in
which case velocity changes with slope, capacity
varies on the average with the 4.0 power of
velocity. If depth be the constant, in which
case velocity changes with simultaneous
changes of slope and discharge, capacity varies
on the average with the 3.7 power of velocity.
The power expressing the sensitiveness of
capacity to changes of mean velocity has in
each case a wide range of values, being greater
as slope, discharge, and fineness are less.

Miztures—In general, débris composed of
particles of a single size is moved less freely
than débris containing particles of many sizes.
If fine material be added to coarse, not only is
the total load increased but a greater quantity
of the coarse material is carried.

Modes of transportation; movement of par-
ticles.—Somie particles of the bed load slide;
many roll; the multitude make short skips or
leaps, the process being called saltation. Sal-
tation grades into suspension. When particles
of many sizes are moved together the larger
ones are rolled.

 Modes of transportation;  collective move-
ment.—When the conditions are such that the
bed load is small, the bed is molded into hills,
called dunes, which travel downstream. Their
mode of advance is like that of eolian dunes,
the current eroding their upstream faces and
depositing the eroded material on the down-
stream faces. With any progressive change of
conditions tending to increase the load, the
dunes eventually disappear and the débris sur-
face becomes smooth. The smooth phase is in
turn succeeded by a second rhythmic phase, in
which a system of hills travel upstream. These
are called antidunes, and their movement is
accomplished by erosion on the downstream

face and deposition on the upstream face. .

Both rhythms of débris movement are initiated
by rhythms of water movement.

Application of formulas.—While the prin-
ciples discovered in the laboratory are neces-
sarily involved in the work of rivers, the labo-
ratory formulas are not immediately available
for the discussion of river problems. Being
both empiric and complex, they will not bear
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extensive extrapolation. Under some circum-
stances they may be used to compare the work
of one stream with that of another stream of
the same type, but they do not permit an esti-
mate of a river’s capacity to be based on the
determined capacities of laboratory streams.
The investigation made an advance in the
direction of its primary goal, but the goal was.
not reached. _

Load versus energy.—The energy of a stream
is measured by the product of its discharge
(mass per unit time), its slope, and the accel-
eration of gravity. In a stream without load

. the energy is expended in flow resistances,

which are greater as velocity and viscosity are
greater. Load, including that carried in sus-
pension and that dragged along the bed, affects
the energy in three ways. (1) It adds its mass
to the mass of the water and increases the
stock of energy pro rata. (2) Its transporta-
tion involves mechanical work, and that work
is at the expense of the stream’s energy. (3)
Its presence restricts the mobility of the water,
in effect increasing its viscosity, and thus con-
sumes energy. For the finest elements of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>