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CHAPTER III.
Erosion, transportation and deposition.

Erosion.

The force with which a running fluid influences its bedding, causing
erosion and transport of any material there, depends upon the qualities and
velocity of the fuid. TFor any certain specified fluid the welocity decides
the erosion and transportation, other conditions being similar in the various
instances. A great number of investigations have also been made in order
to fix quantitative laws for the influence of the velocity.,
results arrived at generally do not agree
According to the various writers the
velocities,

However, the
with each other very well.
same material is eroded at differing
It is thus not surprising that, within the technic for solving
practical hydraulic construction problems, the principle of using the velocity
as an independent variable is being relingquished. An additional reason
for doing this is that the conception velocity is somewhat indefinite, as
surface-, bottom-, or average velocity may be referred to but not speci-
fically mentioned. In the technic, one has instead endeavoured to make
a change to more easily definable factors, such as slope, depth or hydraulic
radius. French and German hydraulic construction technicists have in
troduced the conception »force d'entrainement», »Schleppkraft> or »Stoss-
kralts, tractive force, in which these units are included, a conception which
has been used with success in many cases. — But, not even by using that
conception has it been possible to make any considerable approach to
solving the problem of the bed-load movement. From a survey of most
of the published data on bed-movement O’BRIEN *and RINDLAUE (1934)
have concluded that none of the equations for critical tractive force or

rate of bed-movement is, however, sufficiently reliable to be used for
design. '
From a geological point of view the introduction of the
tractive force mmeans no zidvantage, rather the contrary. The problem of
explaining a certain series of layers or stratification would certainly be
desirably facilitated by a knowledge of the depth, and such information

conception
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may sometimes be obtained by the aid of geologic:-il I'n‘(,jtllf)d:?. 1::(: :iz
slope and the hydraulic radius of the stre.am that has trgms;j)or- e
material concerned are generally of no great mte'rest, aI-]d gan ut_ se 0][,1
be determined. From a geological and geog.rz.lplucal point o_f \'{e\\"ltt wo:};
appear more advantageous to relate the qualities .of th‘c b‘Cd]m,m»tb,;]?u::ical
city rather than to a product of other [actors; this also from a e

point of view.

Relationship between erosion velocity and grain size.

Even though the principle of expressing tht:A force of erosion zm‘(‘l ]tj‘a::i
tion as a function of the velocity has, to a certain degree, beerf cous{u):.ftft
antiquated and . out-of-date, investigatiops have been mac.le dx;]rmig tif_ nilz
few years to make clear this relationship., In the fo]low.fmg t erf_l.';{rc 1t :
tioned some points of view on the erosion, tran.sportatlon and (E_p()h’l'ltl) :
of bedload based on old and new invt:s.stigiltl.ons. They are .m‘.l:l.}
caused by an endeavour to give a graPllical ptct.ure of th.e relations 1;1;
between the kind of material and the minimum Braston \.fe10c1ty, iu;d(wcc)iuic]
appear to be confirmed by the writer's observations in the field and it
laborilto:)}ry{‘ler to express the relationship mentioned it.is nccessary.‘f;rst io
more clearly define the variables, the veloc%ty and kmd~ of matrf‘:rm.wrl:
far as the speed is concerned it would certainly, to ob’tm.n an efdlet .rc_suO,F
be necessary to have a whole curve or formula stating t[?ﬁ lva'n;{m:x‘am
the velocity according to the height above the bottom. As such a lld{t_,t:
is never obtainable it would certainly bs: Preferable to use the‘ )’o ([)m
velocity. But this is only stated in a limited number o.f case?, _dl’l}c)‘lb)
more difficult to decide than the surface- and averagc vel'ocuty. IFor dt 1;:L
reasons the awerage welocity has been made ’use of, Tt being presumed t :iit
this is 40 % greater than the bottom velocity. This percel?:tasfz ,cl(;p-en s
inter alia upon the depth, but it has been presumed tl.lat this u.ccle— ';.101‘1‘&.
meter. In shallower water the velocities stated here will be sc}mew' 1¢1t' e;si
roughly about 10—20 cm./sec. less. — Greater demands as to exactitude

isfied at present. .
Cann?[‘thgfjgss;ainateial is, of course, characterized by the‘speeiﬁc grz.lwt}.r,
the shape and grain size of the partic[es._ The last ment1oned’ quality 15
undoubtedly of paramount importance, seeing that the shape. hdsrr‘m. VC]‘)/‘
great effect, which is shown by experience, anf:l t_hc spemﬁc gr;x)ntyi:.
subject to but slight variations, 2.6—2.7. As 1?‘dlcaTtec?‘by~ mno ;nand
vestigations, for inst. GILBERT's in 1914, SCHAAI‘PERI\AJ\&, 1.n 1? :_-, g
KRrAMER's in 1932, the composition of the rnatem.al as to grain Sl}.:f;(. 1510
very great ir.nportance. For different relative relat}ons of _quanulty ‘t.etw;eiﬁ
the grain sizes in various materials the corresponding erosion velocities
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vary, also in cases when these sizes are the same. It may be this com-
plicated influence of the composition of the material that causes the results
of all investigations of the relation between the velocity of erosion, trans-
port and the grain size to become so inconsistent, as mentioned above.
For a graphical picture the least complex case has been selected, i. e. when
the material is uniform, monodispersed.

But also in such cases varying
results

were obtained. A body is put in motion at varying velocities,
dependent upon whether it is on a rough or a smooth bedding. A severely
defined and practical starting point is obtained by presuming that a -
Jorm  material moves over a bedding of loose material of the same grain
size.  Table 7 gives the values stated in the literature to correspond
to erosion, i. e. a spontaneous starting of quiescent material under
these conditions. This velocity will in the following be called erosion
velocity.

The difficulties encountered when making such a comparison are firstly
that it is not always possible definitely to decide whether the erosion velo-
city in question under the conditions stated really is that concerned, and
secondly that the statements of velocity, depth and grain size occasion
certain questions. The information selected and contained in the table is
not all equally reliable, LAPPARENT'S might be questioned seeing that in
his observations the eroded material was not always moved over a bedding
consisting of the same material. The same lack is the most common cause
for other observations having to be excluded, and it mostly occurs when
studies of natural rivers have been made. On the other hand laboratory
tests must also be excluded for highly dispersed systems such as clays,
as the stratification may have been changed due to silting. In cases where
the surface-velocity has been stated, it has been reduced 20 % to obtain
the average velocity, and — as already mentioned — the bottom-velocity
has been increased by 40 %. '

The question of varying velocities is connected with that of varying
depths.  The difference between the bottom-velocity, important with regard
to erosion, and the average velocity used in practice, is increased with
the depth. THRUPP (1908) has made a graph of the scouring \power in
relation to velocity and depth, Fig, 16 being an extract showing the course
of a curve. It is, however, reproduced very reluctantly as it appears to be
founded upon a rather limited amount of abservation material, and as it

is not for uniform material. Generally speaking, it might, however, be said .

to give a correct idea of the conditions, at least for limited depths when
the material for observation is more comprehensive.  The curve in the
figure states the velocity for which coarse sand is moved. — The velocities
given in Table 7 and in Figures 17 and 18 are for slightly varying depths,
but in most cases a correction has been inserted when the figures stated

have been for such limited deptbs as 1 foot by adding 0.2 m./sec. The
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Table 7.

205

Erosion wvelocities for a monodisperse material on a bed of loose material

of the same size of particles.

Characteristics of the material | Size of

Erosion
Fhuthore (by the resp. author) i particles | velocity
| mm I cmy/sec,
. Etcheverry (Fortier and Scobey p. 951) Stff clay soil 1(0.0015) 137
Fortier and Scobey Suff clay (very colloidal) (0.cor5) 130
v v e Alluvial silts, when colloidal {{0.005) 130
» » » » » » non-colloidalf{o.005) 76
:Umpfenbach (Penck, 1894, p. 283) Feiner Lehm und Schlamm (0.05—0.1)| 26
Etcheverry (Fortier and Scobey) Very light pure sand of quick-|(0.13) 27
sand character |
1Gilbert, 1914, p. 69 Grade B ‘0.38 24 |
~|Lapparent (Schoklitsch, 1914, p. 25) Schlamm, grob }0.40 15.0
J E {0.45) 15.2
Telford ¢ » ; ,onow) Feiner s‘dnd }(0 45) q;
iGilbert, 1914, p. 6g Grade C |o.51 2
!Lapparent (Schoklitsch. 1914, p. 25) Sand, fein jo.70 20
;Gilbert, 1914, p. 69 Grade ID 0.79 34.1
Lo, 2 e 70 Grade E 1.71 34.4 |
jEtcheverry (Fortier and Scobey, p. 951)| Coarse sand (2) 45 4 Go.
}Schaﬁ'ernak, 1922, p. 14 2 i 2
}Sainjon (Schoklitsch, 1914, p. 24) Kiesel 2.50 ‘ 50
iGilbert, I9I4, p. 70 Grade I’ 3.17 | 54
: 5
Schaffernak, 1922, p. 14 :4 49
" Gilbert 1914 i Grade G | 4.94 64
' ' 61
" Schaffernak, 1922, p. 14 6 ! :
: Gilbert, 1914, p. 70 - Grade H ’;.o[ I 85
| 81
"Schaffernnk, 1922, p. 14
E » 1o 104
’ 12 120—125§
» 4 : 1 14 125—150
: | |16 130—180
: l I 20 189 —197
, 25 203—210
i ’ 30 218—221
! » ‘- 50 238 .
! | 70 i 266—280,



velocity statements may thus be said to cover depths of at least one meter.
FORTIER and Scopey (1926) state this correction to be suitable. But the
greatest difficulties have been encountered when the size of particle should
be defined. The literature often contains such very indefinite statements
as for inst. :large stones:. The Table has therefore been made to include

both the information supplied by the writer in question and the numerical

10 ) value of the size of particle stated
H ‘;" in the Diagram. This has been put
' s / in brackets in Column 4 in case
g 3 ,'F it was not given in the original. The
« g / valuation then made has, of course,
g / occasioned a certain subjectivity due
£ ff' to thd existing . confusion in the
T " =] terminology in this sphere.

l

These are the reasons why the
o

o o curve in Figures 17 and 18 has not
' been shaped as a simple curve but
@ as a zone. It must of course only
be considered as an endeavour to
Qes make a preliminary comparison of the
00y results obtained up to date, and may
on later be replaced by a more exact
relation.  But this will require much

G0

\ ' additional work.

. In Figures 17 and 18 the values
Jear - 2 . A
‘ \ of the Table have been made the basis

L e & ¢ 1 1 35 s 1o ofagraph. (Note the upper curve.)
— Velecity in m“sec. The TFigures show the same thing,

Fig. 16. The scouring power for coarse sand g4 i Figure 18 the values have been
in relation to velocity and depth, according A i ) -
to THRUPP (1908). dotted in a logarithmic scale in

order to more clearly illustrate the

interesting conditions connected with a small size of particl

e in a better
manner than is possible in an ordinary scale.

The most noticeable deviations of the erosion curve in these illustra-
tions from older accounts, for inst.

SCHAFFERNAK's (1022, p. 14) and
S. A, ANDERSEN's (1931, p. 33), is tt

1t it has a minimum and does not
go down to the origin of the coordinate system.  The minimum is not at

the size of particle o but within the range 0.1—o0.5 mm. This thus indi-
cates that loose, fine sand, for inst. of quicksand character is the easiest
to erode, whereas silty loam and clay as well as coarser sand and gravel,
etc. demand greater velocities.

The great resistance of the clay to erosion was first strongly empha-
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sized by the American hydraulic engineers FORTIER and SCOBEY in a paper
on permissible canal velocities 1926. .

This quality in clay of course depends upon the influence of eohesion
and adhesion, which powers tend to unite the particles. The effect in-
creases in line with an increased degree of dispersion, inter alia due to
the number of contact points between the particles of a certain weight
quantity thus being increased. It is therefore only when the size of par-
ticle is small that they become noticeable in the erosion. See for inst.
DenscH in Handbuch d. Bodenlehre, Vol. VI and BRENNER 1931I.

In hydraulics it must certainly be counsidered of great importance to
be able to calculate with these great erosion velocities for clay, for con-
sequently the cross-section of for inst. a projected irrigation canal may ol
course be made correspondingly smaller and the cost of construction be
reduced. Even though this condition was but recently pointed out, it is
an old observation. FORBES (1857, p. 475) gives the following result of
experiments tried inter alia on brick-clay from Portobello: »The brick clay
in its natural moist state, had a specific gravity of 2.05; and water passing
over it flor hall an hour at a rate of 128 feet in the minute, which was
the greatest velocity 1 could conveniently obtain, made no visible impres-
sion on the clay. When this clay was mixed with water, and allowed fo
settle for hall an hour, it required a velocity ol fifteen feet in the minute
to disturb it. This mud sank in water at a rate of 0.566 feet in one mi-
nute, but the very fine particles were very much longer in subsiding.» In
a work by ETCHEVERRY®, not obtainable in Sweden, quoted by FORTIER
and SCOBEY, it is also mentioned that stiff clay soil and ordinary gravel
soil have the same maximum mean velocity safe against crosion, namely
4.00—5.00 feet per second (121.9—152.4 cmjsec.). When engaged on
engineering work for irrigation in India already in 1874—75, also KENNEDY
(quoted from GIBSON 19109, p. 345), when publishing his oft-used formula
for the critical velocity at which a long canal will maintain its channel in
silty equilibrium, stated that this velocity is greater for loam and silt than

for light or coarse sandy soil.

TFinally,.also CHATLEY (1921) in his silt-studies in China arrived at the
canclusion that silty and clay beds will bear very much higher velocity
than sandy beds. He has made the formula

0.02 ;
y v = — - centimetres per second,
v being = the erosion velocity and & = the size of particle. It is valid
for grains held in place only by mutual cohesion, thus for the ascending
branch in Figures 17 and':i&l and agrees very well with these. CHATLEY

! ETCHEVERRY: Irrigation Practice and Engineering. Vol. II: The Conveyance
of Water. New York 19106,

N
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states that the actual

limits of velocity (200 cmisec.) and grain-size
{(0.0001 em.) in the Huangpu and Yangtze also agree with the formula.
A qualitative graph of the variation of eroding velocity with size of par-
ticles also exists, ‘in the main corresponding  with the curves made by
the writer.

Mixed materials,

As already mentioned these reflections are valid for uniform material.

Certainly such material is not unusual, but generally, the tractional load of a
natural stream includes particles with great range in size. Erosion velocity
in this case means the velocity for which also the greatest size, that a
great number of particles attain (i. e. wormal mavimum acc. to NEISON
1910, p. 21), is loosened from the bedding and removed. In his monu-
mental work on the transportation of débris by running water (1914)
GILBERT has shown how the erosion velocity* varies with mixed grades
_of the particles. He compnsed inter alia mixtures of two different grain-
sizes with differing mutual relations of the weight quantities, The results
of his experiments show that the mixture is easier eroded when an addi-
tion of finc material is made to coarser, and most easy when the mixture
contains an average of 75 % of the finer sand. The tractability of the
mixture then decreases to the value valid for the finer Jsort.

GILBERT (1914, p. 178) points out that when a finer grade of débris
is added to a coarser the finer grains occupy interspaces between the coarser
and thereby make the surface of the stream bed smoother. One of the
coarser grains resting on a surface composed of its fellows, may sink so
far into a hollow as not to be casily dislodged by the current, but when
such hollows are partly filled by the smaller grains its position is higher
and it can withstand less force of current. The larger particles are moved
more rapidly than the smaller, a condition which the writer has always
found correct when the velocity is not too violent and the particles roll
or slide over the bottom. The traction then usually occurs in the shape
of small stream ripples or dunes (»Transportkérpers ace. to AHLMANN, 19144).
When the velocity is increased saltation and suspension are added. In
these kinds of transportation the velocity of the coarser particles is less
than that of the finer ones — a condition which may thus occur occa-
stonally but not generally as Runcy (1933 b, p- 498) appears to have inter-
preted DAUBREE's and GILBERT's statements. In the Karlsruhe laboratory
the writer observed in 1931 in a testing channel, whose bottom consisted
of natural sand from the Rhine transported in the shape of stream ripples,
the following approximate velocities for the movement of the sand particles
when the velocity of the water was about 50 cmfsec.:

* Certainly, GILBERTS investigations concern the lowest transportation velocity, but

the accordance with the results of other writers shows that they are valid also for the
erosion velacity, ’

e

P
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L e S & 5
~ : )
- 5 mm.’s grain size 30 cm/sec.
2 » » » 25
I » » » 1§

When the velocity is increased so that the water can transport also larger
particles these will roll faster than the others, if once started. Nor do the
larger particles stop now and then but roll incessantly. The small par-
ticles have a comparatively greater [riction to surmount in the crowd of
particles of the same size and will have a short moment of rest now and
then, calculated in the velocity figures above. ‘

According to GILBERT (1914, p. 173} the amount of increase in the
transportation of the coarser débris appears to be greater as the contrast
in fineness of components is greater, and in the extreme case the transporta-
tion of the coarser is multiplied by 3.5,

KRAMER's investigation (1932) of erosion and traction of three dif-
ferent kinds of sand -completely confirm these observations. Sand com-
posed of grain sizes 0.385 to 5.0 mm. is eroded at a lower velocity thjdn
sand of o0 to 5.0 mm.'s grain size. An addition of fine-grained material
to a certain mixture increases the coarser material's tractability in the be-
ginning, but at last a condition is arrived at when the added material
cements the mixture and prevents the transport of the originally loose but
now cemented grains. The reduction of the pore volume decreases the
tractability of the material.

SCHAFFERNAK's curves {1922) also show the same thing. They clearly
indicate the increased transportation due to a limited addition of fine ma-
tarial (Mischungstype II) compared with the reduction when an ample
quantity of -the fine material is added (Mischungstype IV) (see his Figs
10 and 12). "

According to the works of various writers quoted above there is th.us
a tendency to decrease the tractability if a mixture of a sufficient quantity
of the finer material is added, and this even il it is not so fine that cohe-
' The particles
being very fine, their influence will of course be great also with a fauly
limited concentration. As stated by FORTIER and SCOBEY the greatest
effect is exercised by the finest particles, the colloids.

To this must be added that also the nature of the water affects the
erosion: velocity.

sion and adhesion may be considered of great importance.

Material carried along with the water has a purely
mechanical effect, which may cause the bed-load to be stirred and thus
make it an easy prey to erosion. PFORTIER and SCOBEY report inter-
‘resting  experiences also in this respect. With the aid of all sources at
their dispdsal, inter alia an inquiry to all hydraulic technicists, they have
made a comparison of the maximum permissible mean canal velocities for
varying nature of water, which Table is reproduced below (Table 8). The
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Table & ~

Maximuwun permissible mean canal velocities.,
SCOBEY 1926),

(From Fortier and

! | Velocity in feet per second after agil-l-g
of canals carrying: :

| e B

| Original material excavated for canal i !W’aiﬁ_r trans-l‘
! ’ "Water trans.| POrting non |

| : Clear V\z_tter,‘ i Icolloidal silté'
| no detritus | POTUE col- T ) O el

| [ loidal silts ‘aan EVAVEL

or rock frag,

% | i ments
Fine loam (non-colloidal) | i |
' : CEE EREe e 1.50 i 2.50 i 1.50
J|:.ﬁ:?dy» G ™ d 4 6 S mme v o« 1.75 250 2.00
1 » » o » 3 . -
o ( ) ' 2.00 | 3.00 2.00
‘Alluvra[ silts when non-coll, ' | I N
‘ : 25 ] 2.00 | 3.50 | 2.00
Ordinary firm loam . . 2.50 ! : N
[anczmic ash . ’ . | "~ o
|v . | 2.50 ' i
I}-mc gravel . . . ., | | ; I o o
| & e R | 2.50 € 3.7%
| Stlf clay (very colloidal) | 3.75 I ; . e
o S 3 .00 35
;foddt‘d, loam to cobbles, when non-colloidal 3.75 | 5.00 o
| Alluvial silts, when colloidal . . . | 3-75 ! ‘ : o
. S N 3 .00 3
‘Graded, silt to cobbles, coll. ! o | ; o
iCOarse ravel ( : - ’ e I Pl >0
. gravel (non-colloidal) . ., , . . oo 4.00 I 6.00
Cobbles and shingles . . ‘ 5.00 . i Ped
I Shales and hard-pans . , . | | éloo | ;'SO I o
S H 5 0o
; 5.00

velocities are valid for straight courses.  »At sinous alignement a reducti
of about 25 % is recommended. Likewise the figures are for depth ~UC ;On
feet or less. For greater depths a mean veIocit; greater by o.sp ertopei
Ztoé;:l.mclll;‘;y "lljte al]owed..r» It is seen from the table that water transporting
silts may  generally be allowed to have a much greater velocit
than clear water and water transporting non-colloidal silts, sand. or rel d
rock .fragments. The colloids »>will make the bed all the’rr.lore‘lég ar;L d
terl.a(:lous, increasing its resistance to erosion.» ForTier and SC(())II:]Z(?X: 'alnd
point out that »all experienced canal operators know the trick of h‘o](;l’ o
ml_'lddy water above one chick structure after another until the mud I”'lg‘?Y
pallntcd over. the sides and bottom of a new canal, reducing seepageul(osézz
S?Sccu:;izzl:ng the bed of the canal less susceptible to scour.»

: In the
—— Clznstilz]zr’t;z;lpe{‘quoted, R H. H_ART states (p. g61) that an
! atton 15 the position of the ground-water table with
respect tg the water surface of the canal. As long as the latter is high
seepage is 9[]1 of the canal, and there is a tendency for the finer matfr'clrl
to be carried into the interstices between coarser particles, thereby plzf
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mitting a silting-up process. On the other hand, if the ground-water table
is higher, as frequently happens, scepage into the canal takes place and
the whole process is reversed.

Itisalso evident [rom the Table that the difference between erosion velocity
for water transporting non colloidal silts, sand, gravel or rock fragments
and clear water with no detritus is not so great except for codrse gravel,
The first-mentioned water in this case fills the inter-

cobbles and shingles.
As regards finer material it

stices and the erosion velocity is increased.
has been observed that in the case that it is colloidal, it is less able to resist

water with detritus than clear water. Conditions will be reversed for non-

colloidal material.
These accounts show how complex natural erosion really is.

not to be wondered at that the determinations of the erosion velocity have
given such varying results. The deviations {rom the erosion curve in Figures
17,.and 18 for non-monodispersed material may, however, be expressed in
such a manner that values lying above the curve depend upon cementa-
tion with fine material, whereas values below the curve denote a less
comprehensive mixture of finer components which smooth the surlace.

Of the formulas that have been made and which do not agree very
well, there is one by OWEN (1908, p. 418), which when re-expressed to
be valid for a specific gravity of 2.7 and for cm. as a unit of length, reads

It is

d = 0.0011 2%,

@ being = the diameter of the particle in cm., and
» » = the erosion velocity in a special case, for the transport of
coarser material over fine sand or clay.

This formula agrees remarkably well with the one obtained by JEFFREVS
(1929) in -a theoretical manner, see p. 268, which with the same designa-
tions as above reads

d = 0.0010 *.

In the curves, TIigs 17 and 18, OWEN's formula is graphically expressed
as a fine line. The velocity in the formula in quedtion is for the
surface-velocity of a stream with a depth of water of 2.5 to 152 cm. It
may be presumed to be approximately equal to the average velocity of
a greater depth.

In this connection an interesting observation by-\fV. W. RUBEY (1933 a)
is worth mentioning, namely, that the current required to move a particle
along the bottom ol a stream (after OWEN's formula) is approximately the
same as the settling velocity of the same particle in still water.

The déscription of the velocity as given here is certainly very approxi-
mate. It is not the average velocity that is decisive for the erosion but
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the velocity in the bottom-layer, where the incr

ease in velpeity in propor-
tion

to the height over the bottom is great, and where particles of diffe-
rent sizes are thus affected by different velocities.

In a laboratory investi
gation M. WELIKANOFF (1932) aimed at a

physical expansion of the erosion
theory. He investigated the connection between velocity and grain size,
AIRY's law, and found that the said law is not fully correct. The

must not be put proportional to the square of the velocity,
should read

grain size
:
The formula

v

—=uqug-d+
v B

where g = the acceleration due to gravity and ¢ and § are constants, £

being dependent upon the depth. WELIKANOFF also found that for

a
smal

I grain size other conditions occur, so that from a grain size of from
0.4 or 0.5 mm. the constants ¢ and 3 have other values. According to

I ; ; .
WELIKANOFF the »= potential function cannot be made the basis of a
"

more exact théory,

Though it is thus impossible to mathematically formulate a theory ex-

plaining the particulars of erosion the process would, however, appear to
be fairly well explained in its main features. The active powers are the
pressure of the water in the direction of movement and further the hydro-
dynamic upthrust and the effect of turbulence. The latter affects the
water's direction of movement which becomes greatly variable. The ver-
tical velocities of the turbulence become also of importance, When ob-
serving the movements of the individual patticles the question soon arises
as to what degree of effect may be attributed to the turblilcnce in this
respect. The grains of sand appear to be lifted; this is also seen from the
film made at the Karlsruhe River Hydraulics Laboratory. See also ScHar-
FERNAK's (1922, p. 12—13) expressive deseription,

The pulsations of the water will be of very great importance for the
erosion.  When the velocity fluctuates the erosion will be by fits and
starts. In addition to the value for the average
frequency of the Auctuations are also of very
page 252).

The material loosened by the erosion is easily
in motion. The coarsest material which the stream

velocity the force and
great importance (sce

transported when once
can transport is tracted
as bed-load and the finer particles are carried in suspension. Saltation is
4 transition state between these two modes of transportation.

Erosion may occur when the water with constant velocity comes across
material that the stream is capable of eroding. It may also occur due to
increased velocity. If the eroded material cannot be transported in suspen-

sion it will in the former case only result in an increase of the bed-load.

P P T

s o 2 o S o
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In the latter case, it may, on the other hand happen that part of the b;dCi
load is put into suspension. The process of this change. of new-erode
material or of bed-load to suspension bas been treated above.

Erosion by running water in solid rocks.

The mechanical erosion by running water in solid rocks is generally
3 - ake place -
ai’su“;;dsz :i:lvor;on», that is to say by the wearinc;g of excavations by
eddying water with or without the help .of stones, an‘—ltl —
2) by the direct wearing of the SO].ld rocks b'y silt-lade .edally
The forms caused by the firstmentioned 'erosxon pr‘ocess are ‘esph =
characteristic pot holes, while, of course, the direct wearlng’proc?sst tfr\?ie;zw
its own nature becomes less noticeable [rom a morphologlca‘l'pou.l Omsmn:
MauricE LUCEON (10914—1915) has shown that under certain bcu;cu -
ces, a marked »striage» is called forth in those parts of tl:)e 0 ‘ltaotm and
thc; shores which are especially exposed to th? current. "‘Ihe-ydo :]li;h‘_,d
appearance which makes them clecedptively similar to those wind p
. ions which are found in deserts. . -
o f;frlr;af'lecl}zsive importance of the two types;of mechamca.l erosion is
difficult to estimate and certainly Varie%, to a high degree \i\r’lt}'l ﬂﬁhc?}?{;
sistency of the solid rock, with the velocity of the ﬁowmﬁg w(atr.r,6m ke
mass of transported silt, etc. CHAMBERLAIN an.d SALISBURY Ego f,i-tui:»
describe pot holes as »a peculiar rathe-r than\zmp_ortantleroslotr} t};s : é
which certainly implies an underestimation. The 1mportarTce g dytie
of erosion has especially been emphasized by J. BRUNHES, w ()Lus,er LR
name »érosion tourbillonnitrer, also by AIIL}IANN (1914) 11111(1> jUE:nical
(1930). There can be no doubt as to the great importance of the Izecﬂ .
erosion caused by transported solid particles in eddying or dlre.zc Iy.‘otv\: bi
water. K. G. GILBERT (1875, p. 73) even goes 50 far as to say: » t[l:, (ical
doubted whether pure water, or water with no nulnerzl m];l(t:tif l(jxfx:tcii;anfs e
51 any appreciable erosive power. In the
zljfret;il;;, hc?iZinteéraiZn, if not due entirely to solution,‘at {east def;ntc)ls
so largely upon it, that the surfaces o.f calcareous pcbbl;:slarc czx;e;ombl};
spony films marking the depth to which the removal of the mo
< ed».,
mattei; h;?ee?:)?lt)(iving, the writer will point out-or attempt to show thitr
another, hitherto unobserved, mode of me_chamcal erOSlf?n 1:37 mii:jnce
running water also exists. In the case o—f this type of eromor; 1::; per e
of suspended matter is not necessary; 1t can only appeaf, d)oz\m:as;on v
very high velocities, and occurs by means of corrosion an
connection with cavitation.

A mimn Rull  af el Vol XXV,
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Briefly, cavitdtion implies that, with high vel
- the water which are
sion»,

¥ ocities, hollows are formed
pater re able to collapse with great violence
tile developing a very high pressure
matter close to the place of l

» a8 a »implo-
iy Marked erosion of solid
fose #Implosion» is thereby caus
' Cavitation or the formation oy
simple sic s
; Iz y physical laws and has been known for a long time
eated only very slightly in the fie :
observed within the field of technics
surfaces w

of hollows is a phenomenon based on

¥ . It has been
d of ‘physws, but it has been highly
alter its destructive influence on metal
y flowing water, as, for example, ship's
| . : ‘ efficiency in hydraulic
ngland in 1894. During the last 20 years

hich are exposed to rapidl
propellors and  turbines

5, and  its lowering  of
: . of the
machinery was discovered in T

Fig. 19. Cast iron destroyed by

cavitation-erosion.
cavitation has been the object of intense

Many important points have
the following account

study in the field of engineering

! Inot as )'zct been made clear as is found from
iR Rl ‘o the most important papers aboyt cavitation re-
s . E1 (1930, 1931 and 1932), WEINIG (1931), FOTTIGE

926 and 1932) and Cook (1928). s S

Origin of cavitation.

C vitat 10 _—— 1€ T i 5 — g N .
a < fO mation Of hOH Ay nes e, vV
) ) ows g 3
i l - l ) T PPoses ID\’ pressures
W th 1 c 1 l ( as to 10W b[lC]l pl'(."‘hSL]I'C'I'eduC“
ll([uid,

: Now the question arises
tlousl can be brought about in a flowing
SERNOULLL'S ¢ i ! \
-I's equation for stationary p 1 i

; otential fl i Ticti

or ecmnowt : e : VI owing without frieti
apPrOXiy o ations which, for {further discussion, may be considered "
mate id i 15 5 i e omeres

ately wvalid in this case, According to this formula the ene
=OETgY:

of the li uid is 3 € i V
q 15 C(J[lhta[]t, tlldt 1s to sdy, the sum of the kinetic pOtCDti’ll
1 tly

d P S £ V ne value
g S not h Ilge lLl
@ :l 3 s d ae . ¥ t 3 j l aa l 9 ’ N
1 ressure cnerg o¢ ot ¢cna W 1 thme an 148 the sai
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at all points along the flowing-line (see for instance W, KAUFMANN, 1, 1931,
p. 48 or LamB, p. 19): T
)

p:constant-g'g'g_if

2

where p = the pressure

¢ = the density

¢ = the wvelocity

2 = the geometric height over a certain zero-plane.
g =the acceleration of gravity.

As is seen the pressure becomes low il the sum of the potential and
kinetic energy is large. Thus when the velocity is increased the pressure
is decrcased.

In natural water courses are always found gases, dissolved in larger
or smaller quantities, above all gases of the air, especially oxygen, nitro-
gen, argon and carbonic acid. Their volume relation in solution is not
the same as in atmospheric air. It should be especially observed that
the volume relation between oxygen and nitrogen in water-absorbed air
is 1:2, while in atmospheric air it-is about 1:4. (KRUMMEL, I, p. 293).
Oxygen’s absorption-coefficient is, namely, twice as large as nitrogen's.
Thus air dissolved in water contains twice as much oxygen as atmospheric
air. According to HENRY's law the amount of gas absorbed by the water
is proportional to the pressure of the gas. If the pressure in the liguid is
below the pressure which corresponds to the saturation at the temperature
and the gas-content in question, the gas surplus is liberated in the form
of bubbles. In water which at 760 mm's atmospheric pressure contains a

b4

7_6;)‘! of the previous absorbed air volume will

volume percent of a gas,

remain at the absolute pressure of » mm. Hg. Lvery volume of water has
therefore delivered the gas volume

a ( Vs —p"') 760
Tl el [ oo
760 | p— pua

measured at the existing pressure. This gas volume is indeed rather small;

— water contains about 3 volume-percent of the air's gases — but can
be imagined as playing quite an important role. — It ought at the same

time to be pointed out that the conditions are somewhat complicated by
the evaporation from the liquid by these gas bubbles.

This separation of gasés which can often be observed in swift streams
(air bubbles behind stones) causes no erosion. The actual cavitation appears
only when the absolute pressure p on a water patticle sinks nearly to or
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below the waters vapour tension Pa at the temperature

present, that is
to say:

P = pa

The vapour tension g, depends on the composition of the liquid and on
the temperature, 7. For water Pa 18t

o

1° 0" 5 10° 15° 20°

12

57 30"
Fa 00063 0.0089 0.012% 0.0173 0.0236 0.0320 0.0429 kg. per cm?

As soon as the pressure sinks below these values hollo

ws and cavities are
formed in the water,

Cavitation always appears at those points in the

liquid which have
the lowest pressure, that is to say,

close to the restricting walls, above all
at cross-section reductions, where the velocity is great. When eddies are
formed the lowest pressure prevails at the centre of the eddy, and their
cavitation appears often in connection with the forming

The water is no longer a continuous medium —
litary air bubbles — but is composed- of
as il the water is boiling
(OsBORNE REYNOLDS, 1804)

It is easy to calculate at which \}clocity this st
of BERNOULLI's formula.

If one disregards the effect of gravity and assumes that the working
pressure powers are formed only by the air pressure B, one will find that
cavitation in a gas-free liquid appears, when the velocity reaches the value of

pes ]/573’—@.
e

From this it can be calculated that for a pressure of 760 mun. and a tem-
perature of o the welocity becomes 143 w. per sec.
very high value.

of whirl-pools,

possibly with so-
a gas- and a waterface. It appears
in an open vessel at a medium temperature

ate appears by means

— that is to say, a

However, this velocity decreases with the air pressure, that
with the height over the sea.
founded on it may give

Is to say,
The following Table g and the Fig. 20
an idea of the velocities in question.

In column 2 the height above sea-
selected barometer-pressures correspond to fairly well (according to Hann—
KNocH). It is found that the decrease of the boundary velocity with
height is at first almost constant, 0.8 m. per 1000 m., but that it after
wards diminishes. Even at the height of 6000 m. the boundary velocity’s
9.8 m. per sec., that is to say, “2 of its amount at sea-level, The tem-
perature’s influence by the changing of the water's vapour tension and
density is noticeable only at high atmospheric pressure; however, this factor
vanishes completely when compared with the atmospheric pressure,

level has been given which the

< o 30t
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Table 0.

Limiting velocity for beginning of cavitation at different temperature
and pressure.

N | ¥ - . - -
s Height | Velocity for beginning of cavitation l )
Vi | above | — — - s ‘%
oM cealevel | o0 | 16° 20 | 30 I
; ; ! .
| : : .
l | | 1 |
!- 760 om.: 14.3 14.3 P14 ! 14.1 \
714 | soo | 139 139 | 139 139 |
673 | 1.000 | 135 0 135 | 135 13.5 |
l .
632 1.500 i 13.1 | 13.1 | 13.1 ri [
504 | zo00 | 127 ' orzy 0 12y 127 |
557 ‘ 2500 | 123 | 123 o123 12.3 ‘
523 3.000 e 1Ly 11.9 I1.9 |
459 | 4.000 SN SN S [ IS i
| 4o | 5.000 lo4 104 | 104 | 10.4
[ | ‘
| 351 ‘ 6.000 i 9.8 | 9.8 9.8 9.8
k:
-
%nua
E
6.000

T

5.000 \
4,000 \
5,000 \
2000
-
1000 \
n e }

Fig. 20. Velocity for beginning of cavitation.
g. 20

velocily

These values for the velocity are valid only if a liquid is eddy-{ree and
as-free. However, for turbulent streams with which we are here Tncemed,
fcghe pressure is changed very rapidly in an irregular matter. Therefore,
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if > . 2 1
one calculates with the average for

. these SSUTES ;
the fowing, one se pressures which characterize

does i

deciding  for cavit"ttiox?mboijtzjll-n /the absolutely lowest pressures which are

e ¢ ’ ut Jugher, as ACKERET .

The values oive % RET (1930) has pointe

1 alues given above for the velocity are therefore t h'[ pred JHe

1owever, be assumed that the . oo high., It may

previously  menti ’ '¢ error s probably lower than 10%. Tl :

Crats / L]:l 1{)End gas percentage in the water also contributes .t ‘qlL
g of the boundary veloc] e ; s to the

b ocity. This may therefor
I2 n. per sec. ’ ¥ Is may therefore be set at about

30

28 /
2
24 :

20

— height of fall (m.)
R

| /
%

o
10 20 30
po, fafh'n_g -velocity (m/sec )

Fig. 21, The falling velocity.

It T 1ay l)(.' C hreclf (] eve 2 reduction ‘Ih 1t
9] 9] d’ v 5 ¢ veloc

1 alter tlleSL d Y
remains so 1]1 )h tllat 1t 15 encounter ed ()[lly ve Y S¢ re elo-

{, T ldo[ll 1n nat . V ]
O . & . a ly not Cry comin ¢ aver: e

L es 2 T el sec are pl Ob b oL v OImino l v
ag

velocity in currents remai ithin r
e, 0 L Giesnl H:(c);r;nt:ll]sauwlthm lil‘tllfil' narrc.nv ‘limits and attains in
cHems B e 3 m. per sec., while in the wild mountain
T, Fusetm L] e m. per sec. (PENCK, 1894, Band I, p. 26g).
it s P L %n)ren this . ma.tter a special investigation in
e ity o e et fhat the mountain 1‘1\f§rs in Southern Bavaria as a
ten Wasserstindens), It3 is DthTt:eEE; S[:; naot e et Lhohen und hochs
iy ‘ means unjusti 5
z;tos:e:al:;w; t::t ctawtaltion boundary within thejse ﬁi’liie cjf zbsr?:flli
greatest. In rapids and (Jx:ate?'?}"tllz,attlfz f:li?tﬁ 'Where el
alls ities in question should appear
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However, any dircct measurements of the velocity
In a water-fall with a freely falling water-jet &
he elementary
(TORRICELLI'S

rather (requently.
have not been published.
fallingheight, /4 meters, is, however, required according to t
laws for uniformly accelerated motion without air-resistance

theorem)
7
a2
2g

in order to obtain the falling-velocity, » m. per scc. (&= 9.81). Fig. 21
shows graphically the relation between falling-height and falling-velocity.
It is then found that at a falling-height of 11.5 m. the falling-velocity is
15 m. per sec, at 20. 4 m. the falling-velocity is 20 m. per sec., at
100 m., 44.3 m. per sec. etc. These falling-velocities are transformed, in
the case of a horizontal surface, into horizontal velocities, and according
to the results obtained within technics this transformation takes place
without great loss of energy.
From this analysis it is found, without further explanation, that the
velocities required for cavitation appear in water-falls quite often. Even
in rapids they may occur when the water-mass is pressed together between
obstacles on the river bed. But in rapids may also occur the previously
mentioned (p. 257) maximum velocity which the water cannot surpass.

Disappearing of cavitation.
It is, however, the collapse of the formed holes, which in this con-
nection is of the greatest interest.

If now no increase in pressure occurs, the hollow
tinue their course until they vanish at the surface. But
the pressure is increased and the hollows collapse. Tig. 22
duction of very sharp noises anc

s and bubbles con
when the velocity

decreases,
This collapse takes place with the pro
violent impacts because of the almost complete absence of elastic buffe
influence. The increase in pressure always takes place very rapidly, (»Ver
FoOTTIGER 1926 p. 20 and [ollowing, ACKERET 1032, |
. 468 and following). The pressure-condition
which arise by contraction in a tube are shown by Fig. 23 (according t
ACKERET, 1031). Cavitation at the narrowest portion of the tube whet
the velocity is the greatest is apparent by the formation of a whil
non-transparent foam. 'The pressure has there decreased to the vapou
tension of the water at the prevailing temperature. W}Nhen then, due !
oss section {or some sort of daming-up) the veloci
increases and cavitation ceases at a sharp
liqui

dichtungsstoss»,
234 and following, 1931, p

an increase of the cr

is decreased, the pressure
marked line. Fig. 23 shows this sudden pressure-increase in the
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This sudden pressure-increase
of the cross-section corresponds,
tioned (pp. 255—256) hydraulic jump (Wassersprung)
at the transition from streaming to shooting state of

The absolute amount of the (
cording to ACKERET (1930, 1931)

motion.

at its highest:

the water

Fig. z2. Cavitation at a contraction of 2 tube

smallest cross-section of the
tube.

P
P A bubble, containing

water-vapour and possibly
even some of the water's
dissolved gases, which pas-
ses, with great velocity, the
place at which the pressure
suddenly increases, is com-
_pressed very rapidly. Rapid
Instantaneous  photographs
show that the bubbles are
thereby  pressed together
along the longitudinal line
so that the back wall boun-
. ces against the front wall,
g ove-mentioned high pressures arise. A cal.
T i st is ‘very di‘fhcu]t to 11}ake without a close
o pt; slzaooprocess. hPARbON and Coox (CooK, 1928) calculate the
000 atmospheres while assuming 2 1 g

FOTTIGER (1926), assuming isothermal compresio; ‘;lf;u:tliallzs t;]'crlhonlows-
a.bOut 1,400 atmospheres, However, it is necessar;f to take int o V‘l era.
tion the gas contained in the bubbles and al i
ture. The hollows contain water-
other gases. Water may, at o°
sudden compression of the bubbles

.which may be quite important.
its turn,

¢

]

Fig. 23. The variations of pressure
of a tube.

at a contraction

It is at this blow that the abov

culation of their size k
r knowledge

so the increase in tempera-
vapour and — to a smaller extent —
contain 30 ccm. air per liter. At the
» 40 1ncrease in temperature takes place
The increase i H i
ase In temperature causes, in

thﬁ water to (.V:.lp b [ B
a n € the b lb es
. orate a (_[ th steam )Ll’CCIltage n } U bl

in a liquid .at the increase of the area
In a natural stream, to the earlier men-

which often appears

Increase in pressure is not great — gac-

where g, = the density of

#, = the velocity of
the water at the
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ACKERET (1930) has made a thorough calculation of the appearing
pressure while giving special regard to the gas content and the increase
in temperature, and has obtained values from several hundreds to thousands
of atmospheres. But he points out that there is little probability that by
means of theoretical procedure one could proceed further without experi-
ments. :

Direct measurements have not as yet been successfully carried out.
However, also water-drops which move in the air with great velocity, for
example, 40 m. per sec., have an influence similar to that of these bubbles
in the water. The pressure, which is produced when a drop bounces
against a solid surface and attacks it (see p. 229 above), has been success-
fully measured. P. DE HALLER (1933) has, by means of a pietzo-quartz-
cell, shown that the arising pressures have a size of some hundred at-
mospheres. Because of the absolutely similar influence of corrasion it may
be assumed that, at the ceasing of cavitation, pressures of the same size
appear.

For the arising temperatures no measurements have been obtained.
But H. SCHROTER’s (1934) observation seems to be of importance in this
regard, namely that rubber, which was exposed to cavitation, already after
3 min. was so heated that it partially melted away and was deformed.
Since this is the fact with flowing water at room-temperature (or below
room-temperature), the temperature must, of course, be very considerable
at those points where, for very short moments, it is increased with lightning-
speed. The heat conduction power is also small.

Finally, it should be pointed out that other than the above-mentioned
pressure forces are at work, namely the capillary and electric forces. The
bubbles become electrically charged by the presence of an electric dubble-
layer. These capillary- and electric forces, which are also highly dependant
upon each other, disappear at the collapse of a bubble, and contribute to
the increase in temperature. The ozone odour which can be noticed near
water-falls, indicates the presence of strong electric fields.

The destructing influence of cavitation.

These pressure-blows similar to hammer strokes cause a corrosive in-
fluence which is extremely feared. within technics. Metal surfaces are eaten
away with unparallelled speed. Above all, propellors, turbines and pumps
are exposed to this type of corrosion. The time in which these attacked
parts are practically unfit varies in certain cases between 1—2 hours’ and
a month’s activity, (FOTTIGER, 1926, p. 27.)

Parts of a metal surface corroded by cavitation show a rather typical
appearance (see Fig. 19). Thus is formed a highly gorged, porous surface
which has the appearance of having been fretted; it is in rather sharp
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chtrast to the polished appearance which is ¢
by sand. If the water contains sand, the sur
be polished and evened. ’ L
Now it must be noti ese 'Tosi [

places where the Ilollotvgeioﬁilzf;siil;i:t j](:)ltro\f[mji m‘le e fon
the surface which they pass before collapsing s,
a§ an evidence of the correctness of the conbc;
nical phenomenon causes corrasion, .
of the surface must naturally have a

of these pressure ies
festigkeitf gl blows lies below the hardness of the matter » Ermiidun
ot .to his ?ﬂy morcover be completely different in river wat .
o AT er as
s I](,]]CO}lrd&[OIl of glass, the dependance of high velocities
-t€. — all these experiences indie i ‘
; 3 inditate, accord
e ' ! : 5 ording to the
{WEH\P:IGOD' that the mechanical influence has a decidir%g i g:“eral
oo : mportance,
- Overlooigd, :ndgz&) But the physical-chemical influence should not
ety e e rrile.rt;ly regarded as secondary. In the hollows gase,
g esent, t high pressures and hj e
. . high ten e a s i
chemical influence must be considered, e : L -

o specially tha.t fo Lygen I reher

more, a (11‘ ‘atl 1 i o ¥ g 4% _
3 smtegl ation of carbomc acid gas il]t() carbonid oxid d ) ytlgl

Xlde and ox CIl

may be assumed: ox i
foraiin OXid:Seti,tc ox’)ﬁ::en m.a?f combine with nitrogen and form oxygen-
el s pm.sgur) gnl\ture of these chemically active gases now
- Compre;ion beco.me; r;m a l?lgher tem_perature in the same degree as
clfy: o e g Decomes HKLIYIOIGM’ \\"h‘lCh usually depends on the velo-
koL theb rcacti{;ll l:1 ngh v.elo'cmes the chemical activity is highly
Theratore, the. 1ot )fve[oc:lt.y is mcr-eased rapidly with temperature.
e o e th-{ t-le Increase in velocity can hardly be inter-
of the stenmmerss o * e (ioll’rec.tncss of a purely mechanical explanation
s, Do apg)arem lx;vna cening of the m.atter caused by the pressure
Y, among other things, the formation of micro-
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i placfnz: l‘:\;ﬂlh ]c;ee]m(?[eased enorl:ﬂously. The collapse of the hollows
S o recei‘,j N OC”): A part:cl'e which is close to the collapsing
. [s o ;c}cc eration which is of very short duration, it is
oo g ‘,Vith ,}t, other E?aud, very strong, against the soli(,i sur-
celitreg of o é,-reat veloc.1ty. In accordance to an above quoted
o of th p‘.Lssme, according to PARSQN and CooK (Cook, 1¢ 28)
collapsing hollow should, in their example, have at a‘ccitain,
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moment a velocity of 730 m. per sec., that is to say, double the velocity
of a rifle bullet, It is certainly too high a value, but Soine ten m. per
sec. may be considered to correspond to the force of the measured pres-
sure blows, It is, thercfore, evident that the particles in suspension are
accelerated up to very considerable velocities just at the moment- of  their
being thrown against the solid surface and must contribute to the hamme-
ring of the solid surface in an effective manner.

The importance of the material. What power ol resistance do the
different types of matter have against the influence of cavitation?

This question has been the object of an especially intensive study
within industry and technics of what concerns the permanence of different
types of metal. According to SPRINGORUM (Hydraulische Probleme, Seite
231) it has been shown that the structure is of deciding importance. A
rough cristalline alloy, for example, is attacked violently in a short time
even if it is extremely hard, while a structure, as far as possible fine-grained,
with a velvety appearance resists all attacks incomparably better.

No investigation of the resistance-power of diflerent types of rock
against crosion in connection with cavitation has been made either directly
There is no doubt that solid rocks

or relatively in relation to metals.
According

are corroded as an example exists of the corrosion of quartz.
to FOTTIGER (1932) quartz used in a membrane for under-water signalling

was rapidly destroyed. This has in this case, of course, taken place under

very special conditions, but the phenomenon is quite the same.

The above mentioned example is the only one the writer has been
able to find mentioned in connection with cavitation-erosion of a mineral,
and as this is applicable just to hard quartz one is justified in assuming
that erosion can take place much more markedly in the case of other
minerals and even hard rocks.

What forms may now be expected to appear through the above de-

scribed corrosion-influence? The literature on cavitation offers no informa-

tion on this question which is important from the geographic and geologic

point of view. The conditions for its appcarance indicate that a great

many varying forms are to be expected.

The collapse of the bubbles at the sudden increase in pressurc can,
naturally, occur directly in the liquid without any influence on the solid
surfaces which confine the current — this may be expected to be the most
frequently occuring case. In order that any corrosion and corrasion may
occur, the local Howing conditions must be such as to force the bubbles
very close to a solid surface at the instant of the collapse. The occuring
erosion form, therefore, depends on the appearance of the section between
the limiting solid surface and the surface — or rather the disk — at which
the collapse takes place. DBut the section between two surfaces is, of course,

a line and one might therefore expect a groove, straight or curved. If the
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limitin: surface has (o] 1 r T
as the o tact
é’” form f a rotation-su LICC, the surface of contac
may assume the SIlE;l[)C of all kinds of conic sections, as
S, i

: for instance
ellipses, hyperbolas, parabolas, or straight lines, ,

In the experimental in-

Fig. 24. Forms caused by cavitation-erosion,

The direction of
According to I’. pE HALLER.

the water is upward,

v_estxgatlons it has been shown that the limit at which t
disappear does not have an altogethe
an average position.

1€ gas bubbles
r constant position but oscillates about
. . [n laboratory tests with small water-masses the oscil-
lating remains within 1 em, In natural water courses it may be expected
to be larger. Moreover, the limiting surface may change its 5

be displaced forwards or backwards and

gradient with

position and
AT . change its
; variations in the velocity of the water.
The corrosion therefore takes place along a zone, the
breadth of which varies with the angle between the
back limiting surface of the cavitation field and the
solid limiting surface. The breadth of the zone also
incrfeascs with‘thc length of the time of the cavitation
as SCHROTER (1933) has convincingly shown. Experi.
ments by SCHROTER show that erosion by cavitation
may also work along a surface (op. cit. Fig. 22)

A very common form of cavitation-erosion influe
is shown in Fig. 24 (
[t shows the appearance of a
cavitation

Fig. 25. A usual

form caused by cavi-
tation-erosion. :

nce

P.LE HALLER, 1933, Abb, I, p. 260).

metal plate which has been exposed to

I a special test arrangement, consisting of a rectangular tube
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with rapidly flowing water. Cavitation is produced by a bolt fastened in
the lower hole, and the water flows, in the picture, from -below upwards.
The bolt mentioned, which thus rises above the plate, probably causes
cross movements in the water which influence the appearing forms. These
arc therefore shallow hollows in the metal surface and have forms which
in their appearance vary greatly. But they may all be imagined as included
in the heart-shaped figure which is shown in Fig. zg5. It is drawn after
the pictures given by ACKERET, SCHROTER and DE HALLER.

SCHROTER also shows how a hole in a metal surface (1933, Fig. 10)
causes cavitation-erosion in the shape of a ribbon in the direction of the
stream.

Erosion of solid rocks by cavitation.

In a natural current, cavitation may be thought of as occuring at some
obstacle. There the currents are [orced together, the velocity increased,
and the pressure decreased so that cavities in the water appear, The bubbles
continue with the current, and when the velocity decreases, they collapse.

Glacio-fluvial erosion by cavitation.

The most favourable conditions for the occurance of cavitation are
found where the greatest velocities are found. These, in their turn, appear,
as has been mentioned, in water-falls and in water under hydrostatic pres-
sure, for instance under a glacier. When the great ice-caps during the
quaternary glaciation reached the period in their recessive state when their
temperature was no longer too low for the existence of running water in
their interior, a very high hydrostatic pressure must have been prevalent
there, Water was then flowing along the bottom, at a very }1igzlvelocity,
more or less concentrated to tunnels. That the hydrographic pressure
must have been very important is apparent {rom the fact that the flowing
direction of the water is independant of topographical irregularities (LjuNG-
NER, 1930, p. 399). The velocity of the water has certainly at many points
been above the cavitation-velocity.

Do then forms ol erosion within the ice-capped areas appear which
may be taken as having been caused by cevitation-cvosion?

In the most detailed deseription which exists ol glacial and fluvio-
glacial forms of erosion in solid rock, namely LJUNGNER’s (1930), is found
a thorough description of several such forms. The most important of these
is the peculiar formation which LJUNGNER describes under the name »Sichel-
wanne» (the sickle-trough). As Fig. 26 shows® it consists of a hollow in
the solid rock of a groove- or bow-shaped appearance.® As is seen it is

* The photograph has been kindly put at my disposal by Dr. LJUNGNER.
2 The writer has observed them in the fjord of Oslo and in Bohuslan.
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.lnghly similar to those forms obtained t

IL s easy to assume that it has bee

Fasy: | n formed
The  similarity ¢

. s quite striking in spite
tions during its formation. The erosion m
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5 have, as has been mentioned before, been formed by cavit
£

. g somewhat from the co
case with the sickle-trough
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e rroded surface which
»Sichelwannes).
been formed,

i ) Fota Erif Liungner,
o according to LJUNGNER,
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1¢ ice, which is i : /i i
oot il | ch is in contact with the solid

. NER mentions the presence of »
out n - the longitudinal direction.
tion can here be thought of as
ment of the ice. The

LIUNGNER's example of
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The obstacle which caused the ‘cavita-
having been removed, following

i the move-
formations

mentioned often appear in
- : their spreading in
water s especially interesting. 7
be thought of as having cause
been transported. Here
movement of a block
ledge of the influence
results,

groups;
! the flowing direction of the
Several blocks, one after the
d cavitation — or the obstac]
_miy perbaps lic a possibility of
in the lowest layer of the ice

of cavitation here may

other, may
e may have
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A closer know-
perhaps lead to important

hrough erosion by cavitation, and
in the manner mentioned,
of the somewhat different condi-
arks, sho»’rn in Fig. 24 and Fig.
ation behind
& was not the
This may, on the other hand,
for example, behind a morain-bloc}
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Erosion by cavitation in natural streams.

The writer has not been able to make investigations into the appearance
of the erosion forms in question. In the Fyris the conditions for their
appearance are not present, and consequently the forms do not_exist there.

However, in the foregoing it has been pointed out that the necessary
and sufficient conditions are present in many water courses. The know-
ledge of the nature of the thus formed erosion forms is, however, as yet
so negligible that a pointing out of the influence of cavitation-erosion at
the formation of present forms may cause difficuities. IFurthermore, the
fQllowing condition should be taken into consideration. The forms caused
by the type of erosion in question have little resistance against the attack
of other kinds of erosion. If, therefore, an erosion form 1is caused
mostly by cavitation-erosion, a further small erosion, for example, wearing

away by transported mineral matter, may alter its appearance so that the

impression is obtained of the latter erosion type being the only type
prevailing.

If a river passes through a large lake in which all its matter is de-
posited and thereafter flows over a water-fall or a rapid, no erosion should

" take place there other than that by direct solution of the rooks, according

to the current theory as it has been formulated, for example, by GILBERT
(sece p. 305 above).

The complicated appearance of the erosion forms in a natural stream
running through solid rock indicates a rather varied influence on the solid
rock. JEAN BRUNHES (1902) has in his treatise: Le travail des eaux cou-
rantes: La tactique des tourbillons, taken his examples partly from granite
islands in the Nile at the first cataract, and partly from the north slope of the
Swiss Alps. He presents interesting pictures {rom both territories. In these
pictures phenomena are found which might easily be interpreted as marks
from cavitation-erosion.

An erosion form at which cavitation-erosion may have been at work
is shown in the facetted surfaces which GILBERT (1875) pictures in WIIEL-
LER's Report. No acceptable explanation of these phenomena has been
presented. However, in order to be able to present complete evidence
it would be necessary to make an experimental investigation.

From the geographic and geologic view-point it is to be regretted
that in earlier laboratory investigations attention has not been directed to
these appearing forms., However, [rom what has been done in this field,
for example by SCHROTER, DE HALLER and ACKERET, it has been found
that the erosion forms have a rather varied appearance. But they all
consist of hollows and cavities.

These may possibly serve as the frst beginning of pot-holes. In
natural streams a cooperation always exists between the three types ol
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erosion; crosion by cavitation,

evorsion and wearing by transported mineral
matter, —

However, the large principal difference which exists between
the first mentioned type of erosion and the other two should be observed:
the former does not require the presence of mineral matter in the water
and works very effectively without it. On the other hand, the last two
types can hardly come into action if such is the case.

The relative effectivity of the three processes certainly varies greatly
with different types of rock. But it must be regarded as being probable that

erosion by cavitation plays a rather important part in the forming of canyons.

Deposition.

It has long been known that the velocity for which a certain trans.
ported material is deposited is another —— and lower — one than the
erosion velocity. This is evident\from SUCHIER'S surveys as early as 1883.
PeNCK (1804, p. 284) has on that basis arrived at the approximate value

I.4 for the relation between the erosion velocity and the lowest velocity

for transport only, which latter velc\city coincides with the velocity when
deposition begins. This border velocity will in the following be called the
lowest transportation velocity to avoid th@ expression sedimentation velocity
which is used to denote the velocity with which a body falls in water.

In the literature there is considerably less information to assist in
determining the lowest transportation velocity than for the erosion velacity.
The wvery severe condition that the deposition is to be on a material of
the same kind as the deposit itself can scarcely be fulfilled by any other
than SCHAFFERNAK's investigation. In that investigation the relation be-
tween the two velocities was found to be rather near 1.50. The lower
transportation velocity is thus 2/3 of the erosion velocity.  In Figures 17
and 18 this velocity curve has been inserted after SCHAFFERNAK's Figure
p. 14.

This curve differs from the erosion curve in the manner that it makes
no bend upwards for the smallest grain sizes but falls to very low velocity
values for the grain size o, (WELIKANOYF 1932), indicating that fine material
is deposited at these low velocities.

But here the curve is extrapolated;
SCHAFFERNAK's small

est particles had a diameter of 5 mm. One is in-
clined to presume that the curve in this instance approaches OWEN's curve,
That is nearly identical to JEFFREY's formula for the upthrust. It is that
power that is decisive for the deposition of these fine particles. The tur-
bulence has generally discontinued at these low velocities; the
have sedimented to the bottom layer and it is the value of the upthrust
that decides whether they are to remain inert on the bottom or not,

The lowest transportation velocities for mixed materials are difficult
to define, as there are very few direct measurements to decide

particles

the matter.

e
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Table 10,

Difference between erosion velocity and lowest transportation velocity in
percent of the erosion velocity. (After KRAMER.)

. ‘ Velocity-difference |

| Material \ Slope | Depth (cm.) | g - L
! \ i :
I "
' ! ‘ !
| Sand L. ‘ 1: 800 ‘ 357412 | 14
} o—§5 mm, | I: 1,000 4.73—5.30 307 )
T | e =il - o
! | 1! 400 1.60—1.64 | 26
‘ s I | 1: 600 o 204—2.50 ! 28
i 0—1.77 mim. | . s 580, | | 307 B
O | SN e
‘ { 1: 600 l 2.88—z2.93 9 l
| Sand 111, | kon i 422—375 | 5 1
| 585 —5 Ml | 1: 1.000 | 5.20—4.83 | I B
i R _ .
KRrAMER has made observations »bei fallenden Wasserstinden — um das

Aufhéren der Geschiecbebewegung festzulegen». ‘Unfortunately ‘1t 1: ;(:)I':
quite clear whether his lower limit for the starting of the .transip-:or a o
due to increased water velocity correspond§ to the c-:c?ncep'txon ob e:ﬁ;de
velocity used here, which is also necessary if com:pa’nsousi arc; to b:en ca]:
But presumably that is the case. From KraMER's tables fas en e
culated the proportional amount of the.necessary ‘decrease..r.om erosion
velocity to the lower transportation velocity, for which dcp-omtlc');l) s com
menced. The decrease varies for varying slope or flepth, as Wlu e
from Table 10 below. Sand I there dgngtes a mixture of.we ilpo 1&1,%[—
quartz-particles of the sizes 0—j5 mm. Similar to the follc?w‘mgf, ]f:rcthan,
it contained no colloids; according to the curve no grains o c? an
0.1 mm. In sand II the coarser components wele r_em-oveds(,giamns:n)
o—1.77 mm.), and in sand III the finer o‘ncs (gralr} sizes 9.3 5 ti 1ca.st.
As will be seen from the table the difference in velocity is the s
for sand III, from which the finer grains \w.ere removed, and ?}\1(3 grea ;1:
for sand 11, consisting of fine particles. '1}1}5 probably depends u‘p_ml] e
great increase of the erosion velocity required f?r the finer _m‘z.L'tL:m f(t;le
to cohesion. Sand III covers a more comp.rel.lenswe range o! bildt_b )(;Dd;
sand particles; the result may be that a limited decrez}se‘r (:f tuwth\:. ,rai);
may cause the largest particles to stfop. Sa.nd L, f:onFairl;m;D ’a‘ thes(g;two
sizes, has a value for the difference in \;elomty which is between
rer that for the finer sand. .
Valuef\::iid?ﬁ; to other investigators (Krary and KREUTERQ th? trac}:zl(i
force causing the bed-load to move is 30 % greater than that for wo‘{i-
deposition occurs (KRaMER 1932). This would correspond to an appro:
AT — auman Rull. of Geol. Vol. XXV,
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11111:1‘“: difference in velocity of about 12 % in the case as above. This i
" = £ I a , : ; s is,
wttaver,F.dmputcd by SCHOKLITSCH's (1914} p. 34) unauthenticated stat
ment: »Eigene Messungen im Vers i i o ter
: rsuchsgerinne zeigten dass di
schied vom Gehalt der S i . e e
ohle an feinem Zwiscl i :
gt Bl ' o ' chenmaterial abhingt, un
ass et fir feines gleichmassiges, rein gewaschenes Geschiebe ohne Z ¢ ;
material nahezu gleich Null ist.» e frschen
Keepi ishe i
- eepfmg to published measurements it would, however, appear that
a uniform material af the same co iti ; ,
. a mposition as that of the b
velocity may be reduced t i i o e
o the curve in Fi 5 :
i F gures 17 and 18, as SCHAF
. : £ : per SCHAF-
! R_l\AI\f,\mthout deposition occurring. For a mixed materiai the depositi
egins for ‘greatly varying velocit iy
y-decreases, dependent i
of fine material and u i : o e e
pon the size of the largest ticles i i
of fine matchal anc gest particles in the mixture.
. probably a very complicated co-activi
e g . -activity between several
. quently, the results differ so i i
‘ . greatly that according to diffi
investigators the velocit ¢ ot
y may be reduced from the figure fq i
54.5 % (acc. to DUB{T‘\\T) or il e
. only 1 % (acc. to SCHOKLITS g
5 to ; : Sc LITSCH and KRAMER
- ret cieposmon commences. Another cause that contributes to the var)}
statements is that the erosion i ;
! velocity may have b i
i sl . y have been calculated in
s, 1. e. either as the velocit ing
: y causing the finest n i
. ’ : naterial to
g tt Cllnot:'mgfor, as the velocity when not only the finest material is trans
rte ut for which all grain siz i
: . izes up to the normal-maxi
in motion. THowever, it is s e Hner
i . enerally the i
Pl g v latter conception that has been
OwWEN's fixati i i
e EN's fixation of the erosion velocity for comparatively large par
S : -
oo on a srr_mooth‘ surface lacks parallels for the lower transportation V[;]()
0 ies, excepting SUCHIER's results above mentioned. According to th
\ : : b ’ em
<1: r~elat10n between  the two velocities was 1.4. But SUCHIER's erosi
velo i "85 4 ; Fislon
vel Cltfj{ is rath'er much above OWEN's; it agrees very well with the erosion
t}u Vt;i-f?r a uniform material as shown in Figures 17 and 18. In thisc
o . ase
fhe ifference undoubtedly depends upon a whole layer of loose mate
moving over a smooth surface i —
: , whereas in OWEN’s expeti i
fu mov Bl xperiment single
gl ?s.er‘e pllaced on the bottom. In the former case, there was a fﬁcf
on gd.lln!:t I:ulac1 neighbouring particles too, the friction thus possibly -at
ining almost five times the value i ;
: § as compared with the latt
spherical particle may hav 1 e
e seven contact-points i g
P e points in the former case and
Better vz ing avai
e ter v.a[ues not being available, we shall use SUCHIER's 1.4 for the
velos rff—ciuotc;ent, corresponding to a proportional decrease of the velocity"{'rorn
sion to deposition of 29 %, which is
, W is also a good average “hi
erosi o de : ‘ ge value. This
: lu k.Jemg introduced into OWEN's formula, it is found, seing that (1.4)°
ro s =9 39 s o ' ') ) .
1pp };rx;dt;’ly equals 2, that 7z the welocity for which a certain grain size
s erode cposition occurs of grar " twi :
grans of twice that grain siz i
b : ; & grain size.  This thus
s good, approximately, for the transportation of coarse particles (> 7 mm,)
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over a smooth sandy bedding, but according to Figures 17 and 18 also
approximately for a aniform material moving over a bottom of the same
material on condition that the grain size of the material is between 8 and
30 mm. It would thus appear to be a fairly common condition. The above
term is independent of the validity of OWEN's formula, and only provides
for the grain size being in proportion to the square of the velocity (acc.
to NEWTON, AIRY, and others; see SCIOKLITSCH 1914, P. 200, 40—435),
and that the relation between erosion velocity and lower transportation

velocity is 1.4

Problems concerning the stratigraphy of the deposit.

L]
save been expressed here concerning erosion
lain some of the peculiar stratification
inst. glacifluvial strata.

The viewpoints that 1
and deposition may assist o €Xp
conditions and irregularities often found in for
One remarkable observation s that coarse glacio-fluvial material and
whole eskers, rest on clay. See for inst. NELSON, 1910, P. 145 and 146,
HORNER, 1027, and SANDEGREN, 1929, with a discussion by ASKLUND,
CrLarssoN and RUDEBERG. Considering the old conception that the
erosion velocity depended upon the size of the particles it appears pe-
culiar that the clay was not eroded away by the considerable velocity that
must have occurred when the superposed coarser material was trans-
ported.

A look at Figures 17 and 18, however,

portation and super-deposition is rather easy to ex
The question as to how the increase in velocity, noticeable
d involves a special

will show that such a trans-
plain from a dynamic

point of view.
from the character of the sediments, can have occurre

series of problems, which must be solved separately.
The transportation of a certain kind of material over a bedding
of loose material of another mechanical composition is of rather great

interest.

The deposition pre-supposes trans
And this transportation in turn must
velocity. In the event of the materia
velocity may be so great that there is a risk of the beddin
In other cases this will not be the case.

Let us first examine the case of erosion.
material as expressed by crosion causes a mixture of the coarser trans:
ported material with the finer, croded material. This mixed material now
acquires another — and usually greater — mobility than the materia
originally transported. GILBERT's experiments, mentioned on page 300— 30"
above, show that the mobility of a mixture increases up to the point when
the finer material (i.e. what has been eroded, in this case) amounts t

portation of the material concerned.
be the work of a certain water-
1 not being too small-grained, this
g being eroded.

The loosening of the
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approx. 75 %. The material is thus rapidly rgmoved and the bedding is
quickly eroded — as long as the composition remains the same. Unless
the layer affected by the erosion is very considerable it will thus be re.
moved rather quickly. We can, therefore, not expect very often to strike
deposits of the coarser material on a finer bedding of such a kind as may
casily be eroded. When this occurs, there will be a transition zone, con-
taining a mixture of the two kinds of material and no clearly defined
contact\-surface. The thickness of the transition zone may be expected to
increase\s\{)mewhat downstream.

In the“cases when #o erosion occurs a closer study reveals that there
are two diﬁ'erih“g---sgries of combination possibilities. A given material, with
a grain size of for inst. 1 cm., may first of all be transported and ndeposited
over a bottom consistiﬁé“\of‘_,l_oose material from blocks down to a certain
smaller grain than the material itself.  On the other hand a bottom con-
sisting of smaller grain would be eroded. Not until the grains are con-
siderably smaller than o.1 to 0.5 mm., for inst. clay, may transportation
without erosion again be possible, this material not being so easily
eroded.

Fig. 27 illustrates and defines these conditions. The Figure is a sche-
dule on the basis of Fig. 18, @ denotes the erosion curve, & the curve for
the lowest transportation velocity, both for a uniform material, ¢ is the
curve for the lowest transportation velocities of coarser grains on a smooth
bedding.  We examine which material a grain size characterized by
the abscissa 1 can be transported  without erosion. The ordinate I—2z
is drawn till it reaches the curve & at 2. The lowest velocity has then
been determined for which transportation may still occur and deposition
just begins on a bottom consisting of loose material of the same grain size,
Transportation and deposition of the given material may of course take
place on a coarser bedding but also on the same material, seeing that this
iIs not eroded until the velocity is greater, as denoted by point 3, and
even on finer material, For the velocity for which deposition commences,
erosion of a considerably finer grained material takes place; the size of
the particles for this material is obtained by drawing the line 2—4 parallel
to the axis of the abscissa. It is thus denoted by grain size s, According
to what has previously (p. 322) been explicated this is approximately half
of grain size 1. [Here it may, however, be pointed out that in this case
it will undoubtedly be somewhat smaller, the transportation being easier
on the slightly finer material. Curve & should be a little lower. In the
lower part of the figure a coarse striation denotes the range within which
transportation and deposition of material may occur without eroding the
bedding.

Another similar range is also shown by the figure in the smallest

grain size groups. Transportation and deposition of fairly coarse material

. ‘R 2
THE MORPHOLOGICAL ACTIVITY (JE_.RIYPE.& __3_5

: s e P ioned
perhaps also over silty loam and clay. Here again, as has been mentioned,
we find a higher erosion velocity due to cohesion forces.- The tmnspor;a—
tion of coarser material over a bed consisting of clay must however be

looked mpon as il it were over a smooth surface, To decide the lower

transportation velocity we must therefore not start from GUEE Z)asm the
Point 6 denotes that velocity. “This is the

se but from curve c. -
pormer o Smaller sizes of

erosion velocity for the grain size denoted by abscissa 8.

5ied:menl‘af!ron

| |

|

|

\

\

L

|

\ \
| |
| I |
l !
| \
)

5; # 5 — fog d
- Transportation
Transportgtion g ..~ s e T A e e
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llgule 1]1U5tr-lt1ﬂg the deductions about the transportation and de 0
bed-load

Fig. 27.
particles have a greater ecrosion velocity. The transported n?aterlal men.
1 F: :r
tioned may thus be transported and deposited on a fine material of a grain
i abscissa 8.
size up to the value denoted by a ‘ . o
BI'I)lt this grain size cannot yet be decided with any great d(.g[.'(.(. ot.
exactness, curve ¢ being so indefinite as to position. The quantity of
) ’ . . i
material transported is probably of a certain [mportdncg s values
even exceed those expressed by curve &, whereas in OWEN's tests
i clocities st be below curve ¢
lower transportation velocities mus ; ne ! :
a whole stratum was transported, in the latter single particles. Judging
from this we might be inclined to believe that the velocity (points 6 and 7)

SUCHIER's values

In the former case
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\fvould be higher, and grain size 8 displaced towards lower values. Another
factor with the same effect is the material contents of the water. The
coarse material transported must, of course, endeavour to erode the clay.
This effect is also evident from Table 8. FORTIER and SCOBEY there
state that the erosion velocity for water tldnspottmg non-colloidal silts,
sand, gravel or rock fragments as compared with that of clear water
without detritus is subject to a decrease rom 114 to 91 cm./sec. The
decrease is thus not very considerable but the curve branch to the left of
the minimum, point 9, is lowered a little and point 8 is somewhat displaced
towards a smaller grain size. We must also presume that the coarser
material easily sticks in the clay, which will, so to say, be paved and will
thus be protected from erosion,
From point 8 up towards point § there is, however, a series of grain sizes
over which the material mentioned cannot be transpotted by running water
without erosion occurring. That interval encompasses the most easily eroded
material, fine sand and similar material, which is removed at these velocities.

The curves for the\Lower transportation velocities being examined to
find the grain sizes that ccmeapond to the minimum velocity for erosion
of a uniform material (draw a hne from point g parallel to the axis of the
abscissa until it intersects curve % at 10 and then find the correspondin
grain size 11), we obtain the 111a§1mu1n grain size transportable w1thougt
crosion and depositable over every kind- -of material. A comparison with
Fig. 17 and 18 indicates that this grain size is 2 to 3 mim.

Very coarse sand or fine granule can thus, as all finer material be
transported without erosion over every kind of other material, finer as ]well
as coarser. A fluvially transported sediment of particles coarser than fine
gravel can, however, not be transported without erosion over a material
of a mechanical composition of grain sizes from clay up to a figure
approximately expressed in the following Table, the last column. It is there.
fore seldom found as a super-stratum on such material.

Table 11,

Cmnposnmn of de omted Composition of bottom material
p

material - T T e
may be I is but seldom
10 cm, partic silt clay ‘
! p les silt clay, 3—4 cm. and greater | 0.0001—3—4 cm, -
5 » | » o » » » i 0.0001—2 cm
» > g
| 3 » %, LS r a 0.0001—1.5 »
| 2 » » » S ¢ » u » ! 0.0001—1 »
| 1 » » » ) :
| , 0.5 » o » 0.0001—0.§ =»
0‘5 » » » n
| ; Ol »
e ‘ » » 0.0001—0.2 »
| 02> and smaller . all kinds of material !
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When the grain size of the suspended material is increased there will
simultaneously be an increase in the grain size group of the lying material
that is eroded when the suspended material is transported.

The values stated in Table 11 have been taken from Fig. 17 and 18,
They are not more exact than are those figures, and are likewise valid for

material of a uniform composition,

Conclusions.

Finding in a deposit material on top of a finer one it is unusual for
their respective grain sizes to appear in the combination shown in columns
1 and 3, Table 11. Should this be the case, 2 alternatives appear.

1. The coarser material was not brought there by running water.
In this case there may be a clearly defined contact surface.

2. The coarser material was brought there by a stream which eroded
the finer material, but had no time to erode it away entirely before the
velocity of the water diminished and deposition occurred. There is a border
zone where the two kinds of material are mixed.

It would be of interest to get these conclusions, based on empirical

data, verified by direct tests.

Transportation.

The area above the erosion curve in Figures 17 and 18 indicates
erosion, and ‘the area below the curve for the lowest transportation velocity
deposition. Between these two curves there is evidently a field indicating
transportation. For bigger grain sizes this field is of a considerable width
as also for the very smallest sizes (see Figures 17 and 18). Thus for a
uniform material of these sizes there is rather a wide range of velocities,
within which a material in motion is transported further before deposition
occurs. Under the supposition mentioned there is then a kind of equili-
brium without either erosion or sedimentation. The total quantity of ma-
tarial transported neither increases nor decreases. For a mixed material
containing all grain sizes up to the largest which the river is able to carry,
circumstances are more complicated to the above. The erosion velocity
meaning the velocity for which all grain sizes up to the normal maximum
are put in motion, and the lowest transportation velocity the velocity at
which the material starts to deposit, the transportation interval still be-
comes shorter than for a uniform material. If the velocity is kept con-
stant to any certain value within the transportation interval mentioned,
there exists neither -erosion nor sedimentation; we have a kind of equili-
brium. If the velocity changes to another lower value within the trans-
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portation field, there is no change in the total quantity ol material trans-
ported, but the relation between the bed-load and the suspended material
is displaced. Part of the latter material is deposited in the bed-load. If
on the contrary the velocity increases, the quantity of the suspended ma-

terial increases and at the same time an erosion of finer particles of the
bed may take place.

The motion of the bottom-layer.

The current- and o!ther physical conditions prevailing in the lowest
zone of a river are extreﬁ‘nely complicated, and have defied every effort to
make a fairly exact description. They are presumably very variable,

This boundary-layer lwhere the transportation of the bed-load takes
place, gets a high specific gravity due to the pressure of solid material,

this of course influencing the current. The turbulence is of course strongly

affected thereby, and it ‘Yust be impeded in the same manner as when
stable stratification occurs in the atmosphere, for inst. at ter;lperature in-
version, Water with a heavy load of sediment, and therefore heavy, should
be raised and substituted by lighter water thanks to the exchange-process.
If the increase of the silt percentage is sufficient, the turbulence will, there-
fore, have to cease or become very diminished. At least,
there is, therefore, along the bottom a bonndary-layer
slightly turbulent motion,

in certain cases
with a lameinary or a

This problem is analogous to the problem of the stability of a fluid
in which the density and velocity vary with height above the ground, a
problem studied in hydrodynamics and meteorology. It has been treated
by inter alia: LEwls F. RICHARDSON (1920) PRANDTL (for inst. 1932),
TAYLOR (1931), and GOLDSTEIN (1931).  As a criterium for the appearance
of turbulence the following expression has been stated: ‘

. 1
where ¢ = the density (Zg. (1 +0.63 5), where §= the sediment can-

tents, if the specific gravity = 2.7)

# = the velocity
&= the acceleration of gravity:
s =the height above the bottom.
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If this expression is < I the motion is turbulent according to RICITARD-
soN; if it is > 1 the motion is laminary. But »a theory.like this one,
which supposes the mean velocities to be horizontal straight lines, can
only fit in with observations at a height above the ground which is large
compared with the irregularities of the surface.» (RICI—IARDSON_op: cit,
p. 365).

If the expression i% is greater than the square of the change of
the velocity the motion is laminary. Consequently, the decrease of the silt
percentage towards the surface is, as mentioned above, of fundamental
importance. The decrease must not be too inconsiderable if a laminary
motion is to prevail. The decrease has its greatest value in erosion, when
the bottom-layer is enriched and the equilibrium distribution of the silt
percentage has not yet occurred.

However, erosion must not necessarily occur exactly at the place in-
tended; the main object is that the lower layers be greatly enriched with
silt compared with higher layers. This may also be the case below an
erosion place in the river, which, however, must not be so far below that
the silt distribution has already been stabilized. It is of decisive im-
portance that an increase in the quantity ol material suspended and in the
saltation zone takes place. The transportation of material in contact with
the bottom has no, or in any case minor importance; a deposition of this
material may even occur. Therefore, it is not easy to relate the presence
of this laminating bottom-layer to the conditions on the spot. But generally
the following rules may be stated. The prospects are greatest for the
appearance of a bottom-layer with laminary motion when there is a risag
water-level accompanied by erosion. The water-level fa/ling, accompanied
by deposition, the decrease upwards ol the silt percentage has its lowest value,
and the prospects for the appearance ol such a bottom-layer are the swma/-
lest. To obtain a starting point in order to judge the conditions when
there is only transportation without erosion or sedimentation, the values
previously mentioned for the variations of the velocity and the silt per-
centage with the height above the bottom have been inserted in the above
expression, by way of trial (pp. 272 and 273). After derivation one finally
gets the condition for laminary motion:

I 0.63 ¢ ;"%‘,f’ ; 7‘37 Aty
Hy va® I 063 S ¥
A, here indicates the Austausch-coefficient at a height of 1 cm.
above the bottom, which would cause the silt distribution present if the
motion was turbulent. .
If ¢=6.6 — equivalent to a grain size of 1 mm. at + 15° C, p = 8§,
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&=0981, 4, =10, and », =5, it is found that in order to get a boundary-
layer of 10 cm. density, a silt percentage exceeding 109 gr.fliter is ne-
cessary there.” This must be considered an extremely high value which
should be rare at the low values indicated for turbulence and velocity. 1If
we instead estimate the density of the boundary-layer this is found to be
7 mm., the silt percentage being put at 10 gr.fliter, Consequently, the
layer would be extremely thin — so thin that it may be completely dis-
regarded.  And then the formula would scarcely be valid.

The example chosen refers to a river running rather slowly with
limited turbulence, where the silt percentage strongly decreases upwards,
and where there are thus great prospects for the formation of boundary-
layers. A boundary-layer nevertheless not appearing here, this indicates
that no laminating boundary-layers occur or are at least very rare in a
state of stability without erosion or sedimentation.

Thus, laminating boundary-layers along the bottom of the river are
principally found in connection with erosion.

However, this cannot be anticipated in all rivers. The first condition
is, that a solid material really is transported in a greatly enriched layer
along the bottom, the bed-load. Such a layer does not appear in all rivers,
If the bed consists of fine clay and erosion occurs, the small particles are
immediately brought in suspension and spread in the water. This is the
case in the Iyris, the writer thus having had no opportunity to study these
bottom-layers. — Nor is it probable that they will appear in rapid moun-
tain streams with great turbulence. On the other band, rivers with a sand
bottom and a slow calm course afford great possibilities for the formation
of such bottom-layers, especially if the grain size of the bottom material
is not too limited,

What may the effect be of such a bottom-layer?

First of all, the erosion must of course decrease, when the water above
the bottom has a laminary motion or diminished turbulence. This need
not stop the erosion but it is less active, as already explained (Chapter 1I).

Another important effect is that the velocity changes. For a turbulent
current, the increase in the velocity and the velocity itself close to the
bottom are greater than were the ecurrent laminary, other conditions
being similar. See formulae p. 231 and 246 and Figure 28. Higher above
the bottom the conditions are reversed; the velocity is greater for a lami-
nary motion than for a turbulent one. The effect of a boundary-layer
appears in an increase in the velocity, which is greater the thicker the
laminating boundary-layer is. The turbulent velocity-curve now does not
start from the bottom but from a velocity-value already existing, namely
from the velocity prevailing in the contact surface between the laminary

L

All the formulac presuppose cm., gr., and sec. as units.
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boundary-layer and the turbulent current above it. The laminary bcp);l;l-
dary-layer serves as a lubricant between the bottom and 1.;hc; watex_‘. he
friction decreases and the hydraulic formulae fm" the Ye%omtyr as a iunctllon
of hydraulic radius and slope ov the like loses .HZS validity. . The formulae
of KUTTER, BAZIN and MANNING pertain to this. i B

As mentioned above no observations could be made of this laminary

boundary-layer, since transportation of bedload is non-existent in the Fyris.
. L

However, there is an interesting investigation fl'Ol"fl the Ni1‘c made. by
A. B. BUCKLEY (1923, see also the discussion which is n‘ot less mtAercstmg):
It is based on material which is partly incomplete and dilficult to mterprc_:t,
for instance the investigation at Beleida, 1921, showi-:. only a gener-al in-
fluence on the velocity by the silt transportatiou‘. From the dES(I:I‘lp)tIO‘n
it is not possible to definitely ascertain when erosion and when scdﬁmcntd—
tion or transportation prevails. BUCKLEY l’.laS also expressed.the- silt p‘er-
centage as a factor influencing the velocity and ml)t the c?ntL.’rium ITK-[;
tioned. The examinations at Menufia give a better illustration; the rapi

1 i 5 rds
Fig. 28. Distribution of velocity for laminar and turbulent flow. g‘}]cl'ﬁli;‘x‘:;rullr)z‘;?ion
inéjl.ined. to the left is valid for turbulent, the other, parabolic curve for lan g

decrease in slope, the silt percentage rising, signifies a decrease in the f[’lCthtIl-

against the bottom (10—z27 August 1919). However, these}neasurem;.n s

: - . g

are not completely conclusive owing to the lack of observations regarding

the changes in the river-bed. ‘ A o

The study of the formation and effect of the laminary boundary-layer
would be a ‘proﬁtable task for a laboratory investigation.

Modes of transportation.

A {actor that renders it more difficult to understand the conditions
in the bottom-ayer and also the velocity distribution as well as the whole
transportation of solid material, is the imperfect knowledge of transporta-
o ;_nl?:hz:lrl;; has previously made a difference betwcen the .ttjansporta-
tion of bed-load and suspended material, and in Chapter I transition stage,
saltation, “has beer” mentioned. The transportation of the bed-load may,
however, be effected in still more ways. GILBERT (1914)- has furil:};e}' E;)X—
plained these ways in his admirable book on transportation ol débris by
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running water. He at first makes a
vidual particles and collective movement.
particles »sliding» is a negligible factor,
particles that retain contact to roll. — Rolling is the mere prelude to
saltation». (op. cit. p- 26). Saltation or jumping was caused by the hydro.
dynamic upthrust, but of course the vertical velocities of the turbulence
are also rather important, at least in the toplayer of the saltation zone,
where a transition to suspended matter exists.

Individual particles in the bed-load thus move
ways:

The roughness of the bed causes

in one of the following

L. sliding;
2. rolling;
3. saltation.

Transportation by rolling
especially of mixed débris.
usual otherwise than in con

may easily be effected without saltation,
On the other hand saltation would not appear
nection with the transition state, rolling.
There is perhaps more of a graduation difference than a species dif-
ference between the transportation states mentioned. And also when sliding
and rolling the grains are forced to lose contact with the bed for very
short distances; these little jumps increasing in length, we get a transition
to saltation.

When several individual particles move
in one of the above mentioned ways, their m
ranged in an extraordinary manner, by which
gets its structure at the bottom.

GILBERT writes:

forwards over a river-bed
ovements sometimes are gr-
the morphology in miniature

»In another experiment a bed of sand was fir
pared with the surface level and smooth.
water was run with

st pre-
Over this a deep stream of
a current so gentle that the bed was not disturbed.
The strength of current was gradually increased until a few grains of sand
began to move and then was kept steady. Soon it was seen that the
feeble traction did not effect the whole bed, but only certain tracts, and
after a time a regular pattern developed and the bed exhibited a system
of waves and hollows. As the waves grew the amount of transportation
increased, showing that, under the given conditions, the undulating surface
was better adopted to traction than the plane>, (op. cit. p. 30). The velo-
ity being increased a state gradually developes, when the dune’ motion
ceases, and the sand surface becomes comparatively even, salthough some-

"'In the following the writer, in agreement with GILBERT
dunes for these small submerged ribbons of sand an the be
versally to the direction of the stream. CORNISH (1
They must not be confused with the gre
follow other laws,

. will often use the term
d of streams, arranged trans-
914) employs the term current-marks.

at continental dunes, which in many respects

difference between movement of indji-
In the movement of individual

S

4 ATE )
L‘ '3 ] LS TR R ada OLe. aANn DT oT
ue| SEERREEBBE ddrtiry bP Boedd L U-PIUTET | 535
— (=« renoble S
b i {owi disappearance of dupes».
what ruffled in the ru xmmedlg‘;?_lly fOI‘I?;WlE- @%(ﬁ;glrr? ”ﬁ-‘f{% SE N
The velocity being [ur her FREMASET tifer deve pes another ol mgtion,
rac i i t instead of wi
i i s which travel against the curren .
acterized by antidunes w : . ;
'Cbar »Their downstream slopes are eroded and their upstream s.lopesﬁliecewe
) Y] 1 3 r
g osit. They travel much faster than the dunes, and their profiles a
eposit. ) ! ‘

e symmetric» (op. cit. p. 31). . ‘ e
o Tl?us GILBERT also distinguishes between three dl-ﬁcrent kinds On::es.
lective movement, in which the bed is characterized by different appeara ;
ectiv ;

raction;
I. the dune mode of trac P - B
2. the traction without waves uniformly over a plane bed;
3. the antidune mode of traction.

ile i > does
The two frst of these three ways are most usual while the third one do
e two
ot appear so often. — ‘ e
' P[lf'haps to these three different kinds of movement there maydbcﬂf e
e kind more. This sort of movement resembles the dune mo Ie ol ac
fion : i : >, Inste:
tion but the forms of transportation are not exactly the same, Insteac o
arallel transverse dunes there appear, when the state of n:joven L, b
pater i shooting, a pattern of tonguelike waves of sa;lb, S?IDHBLASIUS
f ; 1 igated by H. :
is ki ement has been investiga
irrows.  This kind of mov : ves! asios
?1910) Any detailed explanation of these forms is, however, not y
th. - ‘ S
o There is a very extensive literature about these dunes or curre_;lt md( <
; i i e, (see
No details as to their appearance or occurrence will k.)e gwlen blcrb,iblio‘
AHLMANN (1914), and HENNING KAUFMANN (1929) with valuable
: ] r ERR) =% |'
graphy). Only some points of view will be expressed herc

The origin of the dune mode of traction.

i > rks the
To understand the conditions of existence of these current ma : the
i i i ’ ! t appearance
i ssential to study their firs
writer would consider it e — s peerts o 2
i i -channel with a
‘ is is easily done in a laboratory-c
smooth surface. This is e . : o sanc
bottom. In one case the writer observed in such a channel how o
indication ol the dunes on a smooth sand surface suddenly occurred. -
\ i ildi -construc-
water poured down on the sand from a model building .of abvlelr ccihe ue
he erosion below
i ith ¢ i : t 30 cm. Due to t
tion with a height of abou : N
excavation was formed and the material was transported dowrlstt :
T : i ‘ 3 H ortation
SN C and thus the transp
g i ook place at the excavation
Y il 5 sition. At first the movement
occurred over a material of the same compo it e
21
was approximately uniform on the smooth surface, butksuh utlybdow
‘ i t marks shortly
: tarily, one or two curren .
were formed, almost momen ; i ks sho o
tl cavati;n This sudden forming must give the observer the impres
1e ex :
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that it has something to do with the pulsations of the water., The motion of
the sand grains does not take place with a quite constant velocity but with
minor variations around an average value — in the same way as the water.
The grains also make short stops owing to the roughness. It seemed as
il the formation of the current marks in the smooth surface took place
due to an especially strong increase in the momentary velocity value, an
extremely strong pulsation. On the occasion in question the sand grains
were swept over the bottom with considerably greater velocity than on
the average. It is difficult to observe if superficial inequalities play any
greater part in the localisation of these first current marks. They may
surely form a core for them but they are not necessary. Even if the
bottom is quite smooth current marks may anyhow be formed. HENNING
KAUFMANN's (1929 p. o) theory of an accelérating effect of small obstacles
on the formation of current marks seem to be plausible.

The observation showed that the appearance of these current marks is
connected with the pulsations of the water, an observation which must seem
both clear and unavoidable to every examiner. In his observations on trans.
portation of bed-load in the Indalsilven AIILMANN (1914 p. 24) has arrived
at the same result. »Das Transportdelta bildet sich auch auf einer unge-
storten, ganz cbenen und homogenen Oberfliche durch die Pulsationen des
Wassers». ANLMANN seems to be the first to mention this fact. To a certain
degree it also agrees with H. JEFFREY's statement®, that »the beginning of
any sand-wave seems to depend on turbulencer. The effect of the pulsations
may, however, occur in several ways. One might possibly expect, that it
simply consists of a direct sand aggregate caused by pulsation following
cach other. When the first formed dunes have moved on a bit, a new
pulsation comes sweeping sand forward to a new dune. In this case, the
distance between the crests of the dunes divided by the rate of advance
of the dunes should indicate the time-interval between two pulsations of
such a force as to form dunes in the sand bottom of the stream. However,
this theory is contradicted by the observation that pulsations of equal
force appear much more oflten. They have, however, not the same effect
until earlier formed dunes have had time to move on a short distance.
Not until then is a new dune formed on the spot where the previous one
was formed. Further, it is difficult to understand how several dunes of
this type can simultaneously appear when the erosion suddenly begins on
a whole surface, as in the above cited experiment by GILBERT. It would
appear reasonable to expect the movable sand to be transported in an

even layer over the battom, almest in the same way as a carpet is dragged
over a floor.

 Additional notes (pp. 121—159) by HAROLD JEFFREY's to Vaughan Cornish :
Ocean waves and kindred geophysical phenomena. Cambridge 1934,

r———
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This not being the case there must be some other factor r_naking the
motion rhythmica! and creating the extraordinary morphological phfzno-
menon. I[ there is in\the motion itsell any tendency towards -non-umfotj-
mity, this must further be accentuated by the pulsations. .IFor .mstan.ce, if
there is a tendency towards wave formation a powerful pulsatlon. Y\T_l]l re-
sult in it, so to say, being conserved in a smooth surface CQ]IIS[Stll’]g of
movable material. The current marks then formed move on owing to fhe
general transportation, and new pulsations only influence the transportation
but do not change the general appearance of the bottom. -

It is evident from the lack of correspondence in dimension as well as
sometimes in the moving direction too, that the waves of the surface are
of no decisive importance — at least not generally. The waves of the
surface generally have a much greater wave-length ‘than the dunes, usu_ally‘
5 to 20 times greater. However, they are able to influence the pulsations
at a low depth of water.

Several scientists V. Cornisyu, O. Bascrin (18g9), DL CANDOLLE,
SOLGER, MAYER (1928) and others, have expressed the opinion that a wave
formation of the "kind that appears in the boundary-surface between two
mediae of differing densities and moving conditions (HELMHOL’I‘Z-wayes)
might have a certain influence. F. EXNER (1920} also r.efers to some kAmd
of Huctuations in the boundary-surface. As the question of the possible
occurrence of a wave formation in the boundary-surface, movable'sal.nd—
flowing water, does not seem to have been the sub]f-:ct f)f a quantltatlv.e
investigation but in EXNER's special case, an examination of f[he appli-
cability of the theory might not be unjust;ﬁed: In th_e following, G L
TAVLOR’s investigation of the effect of variation in det.}suy. on tl?e st.ablhty
of superposed streams of fluid (1931) as well as a s.xmllar .mvestlganon by

3. HAURWITZ (1031) are used tentatively as a starting point,

Transportation by rolling. TAYLOR points out that the wave system
and stability of the surface of separation of two superposed homogeneous
fluids which move with relative velocity are well known. Such a sys.tem
is always unstable, but with a given relative velocity {, — U, and a given

ratio of densities & only waves whose wavelength is less than

1

27 - ¢ 0\U. — U)
glet — @)

are unstable. Longer waves are propagated at a constant speed and with

constant amplitude. o .
If one tries to apply this on an inhomogeneous liquid such as sand in

water the density should apply to the whole mixture. At first let us con-
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sider the case of the velocity slowly increasing up to the value when the
finer particles are put in motion. There is then a laxcr of sand rolling
over the bottom, and above that pure water. In the boundary-layer between
these two layers there is then a tendency towards wave formation which
seems to increase due to the influence of the pulsations. If the density
of the water is considered = 1, and in the movable sand layer = 1.1, and
the difference in speed between the latter and the former (i. e. between
the sand and the water above it) equal to 20 cm./sec. we find that waves
whose wave-length is less than 13 cm. are unstable, while longer wave-
lengths subsist. The stabilising effect of the density distribution is also
at very small relative speeds of the two fluids insufficient to stabilise short-
length waves which have the greatest effect on the motion, It might be
expected that out of the waves for which the motion is stable the shortest
ones should be of the greatest importance with regard to the influence on
the bottom. A tendency towards wave formation being at hand, the shortest
possible waves should in this case first of all be observed, i. e. the limiting
wave-length.

Consequently, the decisive factor for this wave-length is the velocity dif-
ference in the boundary-layer as well as the density inside the two layers,
The limiting wavelength increases with the square of the velocity diffe-
rence. If in our example 0/, — (/, = 25 cm., the wave-length is = 21 cm.
The rules for this velocity difference are not known however. (See p. 301).
No systematic study of the motion velocity of the sand grains exists. But
PENCK (1894 p. 281) cites an investigation made by T. E. BLACKWELL which
gives some illustrations. The velocity of the grains increases rapidly when
the speed of the water is increased over the value at which the grains are
put in motion. When the velocity has reached a certain value, the increase
is less rapid. After that it finally makes a new rapid increase, upon transi-
tion to saltation or suspension. However, this is only the case for coarser
grains, minimum weight 42 grams. In all these cases, the velocity diffe-
rence was greater than 40 cm./sec. and often considerably higher (except
for light picces of coal with a specific gravity of 1.26). However, it does
not appear under which circumstances BLACKWELL's tests were performed.
This is really a pity considering the great importance of the bedding. In
a homogencous material the velocity difference and thus also the wave-
length is, of course, greater than after the addition of a fine-grained material.
— P. HAHMANN (1912) has, however, by experiment found that the distance
between the crests of the dunes is directly proportional to the velocity of
the water. This should mean that the velocity of the sand, {7, is con-
nected with the water’s, {/,, by .the relation:

.
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k, = the proporti\onality factor in a relation between wave-length 4
and velocity of water, U/,

L=k, U, .
L. increases with the grain size and decreases with rising viscosity of the
water; probably it also depends on other factors. — However, it would

be a kind of argument i a circle to use this relation to decide the limiting
wave-length.  So we return to our example.

Frosion causing more material to be brought to the bottom-layer, the
density of same is increased; the stream grows more stable and shorter
wave-lengths can now appear. If the density should increase from 1.1 to
1.3, the limiting wavelength is decreased from 21 cm. to about § cm.

— {/, = 28 cm.fsec.). ‘
f (Sj':nce UerosiOSn genera)]ly occurs more easily in a ﬁnc_er sand than in
a coarser one, this.agrees with the observation that t}{e' distance b_etwecn
the dunes increases with the grain-size. — The suppositions regarding the
density are, of course, very hypothetical and not easy to c.heck .by obser-
vationls. However, they seem to be very plausible in consideration of the
fact that the specific gravity of the sand generally is about ~2.6 to 2.7.

However, it has followed from the example that these estimated VB.]'L‘le.S‘,
especially when a minimum deusity difference betwia‘en the two layers is
assumed, very well agree with the values observed. The theory of a wave-
formation according to HELMHOLTZ would, therefore, seem successfully
usable, though not strictly valid near a boundary.

Transportation by rolling and saltation.

In this case there are three layers, as a transition layer has b(?en

formed, which brings about the transition of the water and the rolling
ial.

bOtto'E)emitsgéa of ‘:hree superposed fluids has also been so.lved fmd one
special case been worked out by TAYLOR.. He says: >>Tht:_re isa dlﬂj(.‘l;.‘ﬂge
in regard to the type of condition of stability betw.een ﬂFuds in whxfc lt e
velocity and density vary continuously and th?se in which both o tll.em
are discontinuous». If the velocity and density of the layer of rol ing
material is /, and g, of the water {/, and g. as before, and'of the in-
termediate transition' layer (height &) resp. U, and ¢, i1.1 TAYLOR's example
0.:0,:0,=1:1.5:2; thus very high concentration.svm the lower laye.rs,
indicating erosion and sinall grain sizes. In the transition layntr the velomtyf
increases linearly from U/, to (/. »It appears that for. any gwen value (?‘
/. — U, there is always a range of wave-lengths in which t}lle' flow is
ur:staﬁle, but as the wave-length diminishes the effect of the transition layer

P wr v wrvTr
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is to make the flow stable again for very short waves, whith in the
discontinuous case become more and more unstable the shorter the wave.
length>. (TAYLOR p. 500). With the prevailing indication system the

.27 .
wave-length is " and x thus the number of wave-lengths on the distance

2z units of length (cm.). The thickness of the layer of transition has an
important effect on the limiting wave-length. If /% is low, so that - # can

I
1.78

47t P )2 47T ( Vo2 w [ \®

— ) for x-h=16 T | ——]), x-h=gz0: Y. (1Y, ;

= (1_53 or % 1 i for % -/ = 3.0: 4 (1.3)! and
47‘5.( c

1.67
is put = 30 cm. the limiting wave-lengths will be respectively 3.8, 4.9, 5.3,
6.8, and 8.4 cm. Greater wavelengths may thus occur, but not shorter
ones, without causing the movement to become turbulent. Only if the
thickness of the layer exceeds a value corresponding to x/ between 1.0
and 1.6 a [urther series of wavelengths is possible, namely, very short
waves. (For (, — .= 30’ cm/sec. and %-/4= 1.6 the upper limit will
be only 1.1 c¢m., and for x4 = 3.0 it will be 3.2 cm.).

Owing to the strong concentration chosen for the example, which
concentration will not be so usual in nature, the wave-lengths estimated
are shorter than those usually seen. As far as the magnitude is concerned
the result is, however, correct, and an estimate of another example with
less density downwards, will give the wavelength a higher value, in better
agreement with reality. It is thus evident that the theory is applicable
also in this case.

The example calculated by TavLOR shows, amongst other things, the
influence of the thickness of the saltation-zone. When this increases the
wave-length grows at the same time. The thickness of the saltation-zone

in its turn depends upon the velocity of the water; it grows as the velo-
city increases.

be = o, the limiting wave-length is s ( ) v for z-Ak=1 it will be

for very high x- /4 ) - If the velocity difference (= /. — (7))

&

The actual work of a river as shown by the forms.

The special manner of transportation caused by the dune mode of
traction is to a very high degree rhythmic. The movement is rhythmic
not only in time, in that the particles have a certain changing between
rest and movement, but also in space, in that the mass of transported
matter changes in a regular manner in the dune.

For a closer analysis® of transportation of this type, for example a

* The examination was caused by the attempts to find a method for the deter-
mination of bed-load.
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series of stream ripples, according to Fig. 29, the following simple rea-
soning which, however, does not seem to have been used earlier, is taken
as the starting-point: ff #he form of the dunes is to be maintained wichanged
the same amount of matter wmust be carvied away pev fine unit from cvery
surface wiil of the windward sides of the dupes. 1f this is not the case a
change in the form of the dune takes place immediately.

Transporiation by rolling. TFirst of all the case will be examined when
transportation takes place exclusively through rolling, and saltation and
suspension are not present as forms of transportation. In the case as shown
by Fig. 29 the mass of rolled matter must increase from o at the point @
up to its maximum value at the point 4. The longitudinal section, Fig. 29,
can therefore at the same time be regarded as a diagram, where the or-
dinate gives the intensity ol the transportation and the abscissa the distance.
For the distal declivity this description is highly approximative; here the
eddies, described by many authors, are at work to the leeward of the
crests of the dunes.

If the dunes maintain their forue unchanged, this kind of transporiation
wmust fmply equilibrium. Neither evosion nor deposifion (akes place, only

e W /L\\ ........... S s W et WO et W

Fig. 2g. Current-marks.

transportation. Erosion would imply an increase in the mass of transported

matter, With the maintainance of the distance between the crests an in-
crease of the intensity of the transportation must go hand in hand with
an increase of the height of the dune. An increase of the travelling velo-
city instead of an increase of the volume should in its turn imply ao in-
crease of the distance' between the crests of the dunes within the area
where the acceleration takes place. Only if the erosion takes place above
the place observed where’ the dune mode of traction exists, and only if the
acceleration takes place simultaneously over the whole of this area, can an
increase of the mass of the transported matter take place without changing
the appearance of the dunes. Therefore, within the area considered, only
transportation takes place. In the above-mentioned laboratory observations
it was always found that movement in form of dunes occured below the
places of erosion, the ‘excavations, but never at the places where the
erosion took place. There the matter moved with the same intensity over
the whole area as a uniformly thick layer.

Deposition of a portion of the transported matter would, provided that
the form of the dunes is maintained unchanged, cause a decrease of their
height. A decrease in velocity must cause a compression of the dunes.

Another form of dunes corresponding to a smaller transport of matter
also exists, In Fig. 29 all the matter above line 1 takes part in the move-
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ment, in that the whole sand-mass is'transported. Lrosion implies a lower-
ing of this level line and deposition, a heightening. If the above-mentioned
line is raised to level 2 and the surface in the meanwhile is levelled out,
it may happen that the dunes become separated and move independantly
of each other. This type of dune for a smaller transport of matter appears
when the bottom layer has a different quality than the transported matter,
and is solid or less moveable than this. In a laboratory it can easily be
produced, for instance, by means of placing a sand-layer on a smooth
metallic surface. By means of the effect of flowing water this dune-forma-
tion can appear, and if the existing mass of matter is not very large, the

dunes become separated in the manner indicated above. This form ol

movement is, however, rather unstable. A very slight difference in the
height of the dunes causes a change in their'travelling velocity, According
to EXNER's excellent paper on his studies of dunes on »Kurische Nehrung»
(1928) the travelling velocity is reversely proportional to the height of the
crest; therefore, the small dunes overtake the larger ones and combine with
them. Moreover, these dunes most often have the form of barchans, that
1s to say, their sides are curved in the direction of the movement.

From these observations it is found, therefore, that the dune mode of
traction signifies a state of equilibrium if the form of the dune remains un-
changed; there is neither erosion nor deposition,

This rule is a corroboration, under previously stated conditions, of
AHLMANN's more extensive proposition: »dass nihmlich die Furche die
Form ist, in welcher das Geschiebe transportiert wird, und ihre Bewegung
die Art, in welcher der Transport vorsichgeht» (1914a, p. 22).

An assumption [or the propositions above is, that the matter is present
in abundance — preferably the whole river bed should have the same
consistency. AHLMANN (op. cit. p. 31) makes the [ollowing important
observation:

»In dem obenerwihnten Arpojokibach war dies mit grosser Deut-
lichkeit zu beobachten: Der Bach floss nihmlich erst iiber Mordnenboden,
wo alles feine Material wegerodiert, und der Boden gleichsam mit mittel-
grossen Steinen gepflastert war; die kleine hier vorkommende Sandquantitit
wurde kontinuierlich einen langen Weg entlang gefiiirt.  An einer Stelle
berithrte das Wasser aber einen Sandriicken, der die Sandlast sehr ver-
mehrte, was zu Folge hatte, dass sofort Transportdeltas entstande, obschon
sowohl die Form des Bodens wie die Stromgeschwindigkeit dieselbe war.
Die  Vorwdrtsschaffung des Geschitebes wittels Transporthivper setzst somif
eine gewisse wminimale Materialguantitit vorqus.»

Transportation by rolling and saltation.

When the velocity increases so that the finer ingredients of a mixed
matter are transportated through saltation, the movement becomes more

-
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complicated. The dunes still remain, but above is found a layer with
sand in saltation. The exchange between the layer of the rolling matter
and the zone of saltation varies naturally with the velocity and the com-
position of the matter. If both of these remain unchanged the mass of
matter which is transported in cach of these modes of transportation is
also constant. Then the form of the dunes is constant as well.

If erosion appears because of an increase in velocity, new matter passes
at the same time, over into saltation or suspension. The form of the dune
can not thereby be held constant; the dunes are swept away and the
transportation occurs in a uniform layer. The opposite process, deposition,
can hardly either happen without changes in the form of the dunes.

Transportation through rolling and saltation follows mainly the same
laws as transportation through rolling alone. The kind of movement in
question is a transition form to transportation of the moving bed-load as
a uniformly extended layer.

Transportation of the bed:load as a uniform layer.

As has been mentioned earlier the coming into existence of the dune
mode of traction is always connected with the influence of pulsations.
They occur always, almost without exception, in running water, which,
on the contrary, is not the case with the dune mode of traction of the
bed-load. Why do then, under certain conditions, dunes appear, while in
other cases, the bed-load moves as a uniform layer?

The answer is that a certain connection must exist between the pul-
sations and the nature of the matter, in order that the formation of these
small submerged dunes may appear. If this condition is not filled, the
movement takes plac® in a uniform layer.

At the formation ol the dunes the sand was set in rapid motion over
the bottom, by means of a pulsation. A gathering of sand took place at
certain places with regular intervals, according to the waves in the boundary
layer between the sand in movement and the water. A condition for the
gathering together of the sand is, however, that the particles in the bed-
load have resting-pauses in their movement. A pulsation increases the
movement of the matter by means ol an increase in its own velocity; when
the velocity then decreases under its average value shortly afterwards, the
grains must stop or else a dune will not be formed at all. If this is not
the case the movement continues the whole time and will take place in
the form of a uniform layer. It is easy to understand that existing obstacles
can have an accelerated influence on the formation of these dunes.

Il the resting pauses in question are to appear, the [ollowing condi-
tions must be fulfilled:

1) The matter must not be too light, or else it follows the movements
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of the water. Because of this, these dunes do not appear in running water
over a bottom of clay.

2) The matter must not be too heavy either, or else it continues its
movement because of its own momentum of inertia. Dunes of very coarse
matter are not often to be found.

Thus it is essential for the appearance of dunes that the mean velo-
city is low enough so that the lowest instantaneous values fall below the
lowest transportation velocity. The range of velocities between the value
where the particles are set in motion by water and by other particles in
motion, and deposition, must not be too great. It must not surpass the
fluctuations in the velocity caused by the pulsations. It is shown by Fig.
17 that the velocity-interval in question is smallest for the grain-dimension
groups 0.1 mm. It is also with this matter that the dune mode of trans-.
portation is most common.

According to KRAMER (1932, p. 27) KREY has in a hitherto unpublished
investigation of the Elbe found that »die Reffelbildung sowoh! von der
Gleichmissigkeit der Korngrossen (Mischungsverhiltnis) als auch von der
absoluten Grésse der stirkeren Sandkérner abhiingtr. According to the
observations of the writer the existance of rougher grains has a levelling
effect upon the bottom. At the earlier mentioned (p. 301) observations of
the velocity of the sand grains it was found that the rougher grains rolled
continuously without pauses. They were influenced by the water even in
lee of the crests of the dunes. But it was shown that it was not necessary
to increase the velocity much over the velocity of the erosion in order
that the dunes should disappear. The rougher matter put the finer matter
in the crests in movement and the dunes were corroded away. In this way
a zone was effected in the middle of the hydraulic channel with transporta-
tion of the material in a uniform layer, while on both sides the dune mode
of traction occured. However, it was found that the bottom in the middle
got lower and lower; the bed was eroded at that part of the chamwnel where
the Ifransportation in «a uniform layer occured. The other parts of the
channel retained the same level; erosion was not present there. If stones
or other obstacles which the water could not displace were placed on the
bottom within the eroded area, some of the material was deposited behind
these obstacles. There occurred, therefore, a longitudinal dune. At the sides
and in front of the obstacles excavation occurred. All the forms of the
bed were elongated in the direction of the stream. It is not always easy
to decide if they are formed by accumulation or crosion. However, when
the velocity is great, it seems as il these longitudinal forms were more
often the result of erosion than of accumulation. The writer has made
the same observations concerning the form-system of snow.

Similar observations can be made in natural streams when the water
is sufficiently shallow or transparent. If the velocity is increased in an
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artificial way it is found that the dunes disappear, fnhe matter ‘passcd. over
more and more into suspension, and the bed-load soon moves in 3 uniform
layer. Pl VI shows dunes in fine sand (0.2—0.4 rnrn.).for.med in the S[T.J?“
delta which the »Prostgirdsilven» builds where it empties into the Borssjon
at Molkom, Virmland. The distance between the crests was on the average
15 cm., the water's velocity 30 cm. per sec. and that of the dunes about
3 cm. per minute. By damming up a little outlet-branf.‘h of the stream,
the water-mass could be increased, whereby the velocity rose to about
70 cm. per sec. At this velocity erosion appeared at that place_z, 1]]ust_rated
by PL. VI, the dunes vanished away, the sand was transported in a uniform
layer and the bottom was lowered.* . o
These and other similar observations seem to the writer to justify the

following conclusion: ; o
At places wiere the water is eroding ils bed the material is transported

i a wuniforn layer.

The word »aniform>» signifies the opposite to the dune mode of. trans-
portation, where the transportation has rhythmic variations :J..ccordmg to
the form of the dunes; however, it should not be taken too lltierally. ' In
the boundary surface is even here found a tendency [or wave-bilding, which,
however, only expresses itsell in variations with the thickness of the move-
able layer.‘ Tllustrating figures are offered by BUTCHER (1919, p. 1933).
This thickness can, indeed, be quite considerable.

This wave-formation in the saltation zone's upper boundary surface can
be backward-moving (sce TAYLOR, 1931, p. 500 and 516). Consequently
the anti-dune motion appears, as described by GILBERT, CORNISH and others.

Conclusions.

A summary of the conclusions of the preceding pages may be for-
mulated in the following manner. .

The dune mode of traction with unaltered form of the duncs signifies
equilibrium, without erosion or deposition. At plz}ces where th’e‘ water i_s
eroding its bed the material is transported in a uniform layer. The lo.n'gl‘
tudinal forms seem to indicate erosion; they are — at greater veloc{tles
— caused by erosion and no such [orms characterizing transportation exm:ts.

If the mechanical’ composition of the material is uniform and the size
of the particles is 0.5—4 mm. the presence of tranS\IJersal d'unes generally
signifies a state of equilibrium without erosion or sedimentation; transporta-
tion of the sand as a uniform layer signifies erosion. — The process ol
deposition has no other form of its own than that of a delta.

* The figure is interesting because the surface-waves of the water are also visible.
The dunes are, however, not caused by these waves, as they appear e.ven when the w'a‘ler
is calm, and exist even in the other outlet-branch, not exposed to \\«mdAor waves. (The
system of white lines in the foreground is caused by refraction of sun-light,)
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The capacity of a stream.

When a river deposites a part of its matter, this depends upon the
fact that the actual velocity sinks below the lowest transportation velocity.,
If the material consists of particles of uniform size, all the quantity of
material carried is deposited. But if there are particles of a wide range
of sizes only a part of the load (load = »the actual quantity of material
carried at any one time», TWENHOFEL, P- 42) may be deposited. This
part 'then is most often the group of greatest grain-dimension; only in
certain rare cases may the finer particles be deposited at first, while the
greater particles still roll over the smooth surface.

One sometimes meets the more or less clearly formulated supposition
that the deposition depends upon the fact that the stream is sefurated
(»gesittigt»). Energy is spent for transportation. In a river with a maxi-
mum load all the available energy is consumed for the transportation of
mineral matter.

The writer has earlier pointed out (HJULSTROM, 1932, p. 252) that
the expression »saturated»> must be regarded as very unsuitable; this leads
to the conception that the stream should besaturated with mineral matter
in the same manner as a solution of salt can be saturated. Thus, it should
T10t be able to carry a greater quantity of mineral matter. However, this
!s erroneous  especially for the matter in suspension. A supply of matter
lowers the velocity somewhat, it is true, (see JAKUSCHOFLF, 1932 b, p. 18)
and causes a sedimentation of the coarsest particles. 'We assume that
these are found in a small quantity, while the matter on the whole is very
fine-grained. As a result, an increase of the load may then be obtained.
And if only a sufficiently fine-grained matter is selected, this increase in
weight may be imagined to be of any magnitude whatever, It seems to
be difficult to indicate an upper limit. At the same time, the water be.
comes more and more sluggish-moving. In nature all transitions between
silt-carrying streams and mud flow (»Erdfliessen ») should occur, RavMmMoND
C. PiERCE (1916) mentiones, from the San Juan River, that during a sudden
heavy flood 75 per cent of the original volume of a sample was silt and
red sand.” But whilst in such cases water is mixed with silt and sand, the
mud flow has [rom the beginning an opposite origin: that is to say, the
soil has absorbed water. ,

According to GLUSCHKOFK (quoted from JAKUSCHOFF, 1932 b, p.-18)
the river Murgab in Turkestan uses only 1 to 3% of its total power of
work for the transportation of suspended matter.

. W. W. RuUBEY, (1933 b) calculates that the energy consumed in suppor-
ting débris is closely (measured in ergs):
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where / = mass of debris passing a cross-section per unit time (in gr.
per sec.). '
& = acceleration of gravity.
o = density ol débris-particles.
/== time in sec. : -
¢ = the settling-velocities of both large and small particles.

RUBEY caleulates that in 22 experiments by GILEERT, g7.5 %, on the
average, of the total stream-energy appears to have been lost in friction
and only 2.5 % spent in transporting débris. Unpublished data for the
Colorado River indicate values of the same magnitude (RUBEY, op. cit. p.
503). The three cases for which calculations exist thus show unanimously
an especially low energy consumption for silt-transportation.

A saturation of the stream should indicate that, because of a high
percentage of transported matter, it bas becomme so sluggish that its velocity
approaches 0. Any such phenomenon has not been mentioned in geolo-
gical or geographical literature. — When rivers carry very small quantities
of matter and in spite of this do not erode, it is due to the fact that
the velocity is too low in comparison to the size of the particles in the
matter,

In connection with the term »saturated: there is
also another term, namely, the capacity of a stream,
By this term is meant the maximum load a stream
can carry. According to the above this is a term
which does not hold in case one imagines that
the river has access to all kinds of grain-dimensions.

The term »capacity» has been brought forward by K. G. GILBERY
in connection with his investigations concerning the transportation of débris
by running water. These investigations concerned almost exclusively the
transportation of the bed-load. It should now be noticed that for this kind

of transp‘ortation — especially of coarse matter — a maximum load should
exist. If the transportation consists only of rolling, the water can work
upon the top-layer only, and only this layer can then move. A movement
in layers lying one above the other as DU Bovs assumes, (see [or instance
SCHOKLITSCLE, 1914) should be possible only in fine material, where a sheet
of water round the parficles plays some réle. The existance of a move-
ment of the indicated type has moreover been disproved by SCIIOKLITSCH
(1914, p. 16—17) concerning sand.

Fig. 30. Arrangement
of spheric particles.

Under the condition that the particles are spheric (diameter;d,

; 7w . :
weight — - @3- o) and arranged as in fig. 30, the maximum matter-transport

6 ¢
per length unit of the dross-section becomes:
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where (/, = the velocity of the grains,

If, besides, the matter exists in saltation it becomes more difficult to
explain the occurrence of a maximum limit for transportation. But accor-
ding to GILBERT's observations the velocity at the bottom is greatly lowered
at. the transportation of bed-load and, perhaps, because of this only a cer-
tain n.laximum mass may exist within the zone of saltation: this maximum
mass ncreases with the size of the particles (GILBERT, p. 150—154).

Conclusion.

According to the above it appears that a river which has access to
matter of all grain-dimensions down to clay and which possesses such a

large velocity that even the clay may be eroded, lacks a maximum limit

for its capacity of transportation. However, a stream which transports

rolling matter without access to anything else can only transport a certain
mass of this matter.

CHAPTER 1V.

The degradation of the Fyris river basin.

Extent and plan of the investigation.

The previous chapters have treated the question of erosion and trans-
portation from mainly a theoretical standpoint. The above-mentioned pro-
cesses have, as a rule, been placed in connection with the velocity of the
water. The velocity has been considered as the most important trait of
character as to erosion, transportation and sedimentation of a river. The
treatise has, however, shown the impossibility of making direct calculations
of the erosion of a river without direct measurements. Important general
laws can be laid down, and the physical explanation of several of the
observed phenomena can be given. But the velocity depends upon many
indeterminable factors, most important the water-mass which, in its turn,
is determined by the hydrographical and climatological elements. Lven il
the velocity is presumed to be known, many unknown links in the chain
of calculations for the obtaining of the extent of erosion remain. Among
these incalculable factors the nature of the material should be mentioned.
In Ch. III the difficulty of calculating the velocity of erosion for a given
material was pointed out., If this is not altogether uniform, with the same
size of the particles, the velocity of erosion cannot be regarded as known.
Even after a determining of the velocity of erosion the difficulty still remains
of determining how much material the river will transport. As has been
pointed out in the preceeding pages this calculation cannot be carried out
under certain conditions.

The knowledge of the eroding influence on the earth's surface of
running water, must, therefore, be based on direct measurements according
to one of the two methods — or both — which have been described on
p. 225.. Such measurements must be made for as many rivers as possible
of different types and in different parts of the world. Every river has its
own individuality in certain respects, and experiences concerning erosion
in a river basin may be used as a basis for conclusions concerning other
river systems only after very careful consideration. Furthermore, such
measurements ought to be stretched over as long a time as possible in
order that fluctuations in the climate will not have too great an effect.



