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ABSTRACT

The various types of gully cross-sections are deseribed
and shown to be dependent upon the relative importance of
down-scour, side-scour and bank degradation, and it is showm
that fhe type of the mean cross-section is determined by the
dominant one of these three processes. Not only is the rela-
tive importance of the developmental process indicated by the
mean cross-section, but also the stage of development of the
gully., A means by ﬁhieh the stage of development may be
ascertained is important because it is the first step in se-
lecting the best method of treatment.

A discussion of the forces underlying the developmental
processes is given, and the conditions for complete stability
are indicated.

The effects of grade reduction, stream sorting, and sedi-
ment load upon the development of gullies are deduced. The
artificial treatments by man are discussed in the light of
these deductions,

A method for reclaiming major gullies, which are.in the

early stages of development, is given.



SOME ASPECTS OF

GULLY DEVELOPMENT, CLASSIFICATION AND CONTROL

By Nephli A, Christensen

INTRODUCTION

a major problem confronting soil conservetionists is the
control of deep gullies characterized by caving banks. Gullies of
this type often entrench themselves 50 feet or more, end have almost
vertical berks which can not be protected permenently with e cover
of vegetation., Such gullies not only baffle fermers whose land
they traverse, but also present difficult problems to technicel ex-
perts who must devise means for their control. It seems & simple
premise that an adequate method of control must be based upon a
knowledge of the processes at work,

In this paper the various possible types of gully cross-sec-
tions are described and shown to depend uponrn the reletive importance
of the three processes causing gully development. These processes
which eare down-scour, side=scour and bank degradation ere defined
and clearly differentisated. It is shown that the type of the meen
crogs section is determined by that process which is dominent. And
it is further shown thet the mean cross section, in turn, indicates
the stage of development end gives & basis for selecting appropriete
meens of control.

At present the bssie knowledge is too meeger to insure the core
rect answer to such questions as : When is vegetation suiteble for

control? When are structures necessery? Under what conditions
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should the flow be diverted from the gylly? Is reclematicn prac-
tioal, and if so, when? Will present methods rfemein adequate and
prove to be the most economical over a long pericd of time?

It is hoped that the presentetion eand discussion of basic
principles in this peaper will meke gully clessification possible

end help to indicete the best methods of control.
TYPES OF GULLY CROSS=SECTIONS

Three processes affect the development end character of gully
cross-sections: first, scour of the stream bottom; second, scour of
the stream banks ("stream" denotes & concentrated flow of water re-
gardless of size and contimuousness.); and third, washing and slough-
ing of the gully banks caused by rain, frost sction eand drying, ex-
clusive of caving due to undermining by the streem. This third pro-
cess will hereafter be called benk degradation. In eny gully all of
these processes are at work and the charecter of the gully section is
dependent upon which of the three is dominent. The meening of domi-
nence will be more fully developed below. For the present, the general
characteristics of gully crossesections which result when each of these
three processes is dominant will be described.

The first type to be considered is that in which downescour is
dominant. 1In Figure 1, the three general types are represented
idealistically. The following symbols used ir these sketches ere de-

fiped at the bottom of the figure:
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@ represents the caving angle of the barnk meteriel.

DS represents the down-gcour by the stream.

SS represents the side-scour by the streem.

BD represents benk degradation.
Figure le indicates three successive stages in the development of the
gully cross-seotion where down-scour is dominant over side-scour
which, in turn, is dominent over bank degradetion. According to the
concept of dominance presented leter, the width of the flow eross-
section will decrease so long as downegscour dominates side=scour. In
Figure 1b, the case is represented in which down-scour is dominant
over bank degradation snd the latter, in turn, over side-scour. The
cheracter of this cross-gection is the same as represented in Figure
le, and both shell be referred to hereafter as sections of Type 1.
This type is characterized by its V-shape and caving berks.

A second type is produced when side-scour is dominant., Figures
lc end 14 represent the two possible cases of side=scour dominence.
In each the character of the crossesection is the same, and they will
be referred to hereafter as Type 2. These are characterized by their
truncated=V shape, caving banks, eand widening stresmbed.

The third typw results from the dominance of bank degradation.
When benk degreadetion is dominent over side=scour which, in turn,
dominates downe-gcour, the result is represented in Figure le. In this
case the stream-bed will wider, the slopes of the gully banks will
become fletter, and the gully cross-section will be e trunceted V.
The other possible case where the order of dominance is bank degre-

detion, down-gcour, end side=scour, is represented in Figure 1f,
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Here the stream will widen only slightly, the slopes of the banks
will became flatter, and the cross-section will be & V. Because
of the fact that elmost no caving of the benks takes plece, vegeta-
tion will be able to maintein itself on the side slopes providing
moisture is adequate and other conditions favoreble. As indicated
by Figures le and 1f, it is possible to get two shapes for the
cross-section; both of these, however, will be grouped together
and considered as Type 3. Sections of this type are characterized
by the absence of caving due to undermining, and by benk slopes on
which vegetetion is usually found.
DETAILED CONSIDERATION COF DOWN-SCOUR, SIDE-SCOUR, BANK DEGRADATION,
AND WHAT DETERMINES DOMINANCE
Definitions of down-scour end side-scour should be consistent

with the following conditions:

1, On horizontel elements of the bed &ll scour is down-

scoure.
2. On vertical elements all scour is side=scour.
3. On sloping elements the ssour normal to the bed is
compoged partly of downe-scour and partly of side-scour.

In order to satisfy these 3 conditions, we must think of the actual
rete of scour at any point as being normal to the scoured surface
(Sn Figure 2a). Rate of down-scour and side-scour are components of
the ectual rete of scour and gre represented respectively by Sy and

S, in Figure 2a,

X
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On & horizontel element i.e., o< = 0°

On a vertical element i.e,, X = 90°

Sx:Sn
The first 3 conditions are thus fulfilled.
1t seems that a proper defimition of dominance should recognize
the following facts.
1. The streem section will deepen when down-scour is domi-
nant,
2. The streem section will widen when side-scour is dominant.
The conditions of scour necessary to ceuse the stream width tc change
will now be discussed. As scouripg by a constant flow proceeds the
surface of the water must fall, this rate of fell (F) multiplied by
the surface width (b) will be the total rate of scour.

Total rate of scour = Fb (area per unit time)

The total rete of scour can also be expressed as an integration thus:

Total rate of scour = c//‘_syt o e

-4 8
Tk CZL’CoSoL
s0
4 &
Total rate of scour = S, dx - Sn d x
A Cosok Cosck
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Setting these expressions equal gives
)

%
Fb:/ On_ dx o,
A CoSc<
4

if C’—‘%—:‘;‘( is a constant, Equation 2 reduces to

y-3
. B ] =
Fb’COSO‘ dX:CoSo(
S5
2~
or
Fz 8, 3,
CO8 X

By substituting from Equation 3 into Equation 1

- 2
Sy_Fcoso<

Sy = F cosX sinX

}40

Equations L give the relation that exists when the streem ecuts

verticelly. The vertical displacement of the stream-bed will
everywhere be the seme and equal to the disple.cement of the stream
surfece, as shown in Figure 2b. In this case the stream neither
widens nor narrows. In this peper such & condition is considered
as one of belence between down=-scour end sidee=scour.

Now suppose that instead of Sp being constent it decreases
with en inerease in X , i.e. tﬁgs:;te of verticel displecement
of the bed is largest on horizontel elements near the center and
smellest for the elements of greatest slope near the benk. (Figure 2¢)
But by Equation 2 the rete of generation of area by the weter surface
line must be equal to the totel rete of scour. In order for these

two conditions to hold simultenecusly the rate of verticel displace-

ment at the center ( _Sn ) is greater than the rate of fall of the
cO8X
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water surfece while at the sides the reverse is true. (Figure 2¢)
Therefore, the croes section of the flow grows deeper end narrower.

Figure 2d represents & case of side=scour dominance. Here the
scour normel to the surfece (S,) is such as to give greater rates of
vertical displacement neear the streem edges tham at the stream center,
This, in turn, requires thet the bsed displacements at the center end
sides are respectively smeller and greater then the fall of the
water surface. The flow section will therefore widen and become
shallower,

Attention is called specifically to the fact that the above dis-
tinction between these cases of dominance is not consistent with the
meanings commonly given to the terms "down-scouring" and "side-scouring?
For instence, the cgse in which & streem is cutting down without chang-
ing its flow section is usually thought of as being one of downescouring
exclusively, but is considered here es representing a condition of bel-
ance between the two processes, Even though thie concept is somewhat
at verisnce with common usage, it is necessary in order to make possible
a consistent inclusion of all variations of scouring phenomene. By
virtue of this concept, alsc, the gully section type takes on definite
significance in reletion to the developmentel processes which, contrary
to common beliefs, are actually continuous and coexistent end may now
be so recognized,

In order to define the condition under which bank degradetion is
dominent, consider the benk of the gully to be composed of layers separ-

ated by slip planes as in Figure 2e. Bank degradation is dominent



BANK DEGRADATION DOMINANCE
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o~ P
f f ] I

BANKS HAVE LESS SLOPE
THAN PLANES OF SLIPPAGE

SUCCESSIVE POSITIONS 0F WATER SURFACE

B D = RATE OF BANK DEGRADATION
€@ = CAVING ANGLE OF BANKS
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Sy = RATE OF DOWN —SCOUR
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if the number of layers removed by degradation in a given time ex-
ceeds the number of layers cutb thréugh by the stream. When this is
true, the angle of slope is less than the angle of caving and ordi-~

narily there will be no caving due to undermining.
EVOLUTION OF A TYPICAL GULLY

In southern Californie, water courses which a few decades ago were
surface channels, in many ceses are now entrenched to depths of 60 feet
or more, These gullies are impressive because of their size, their rate
of development and the sediment loads in their flows. They are not
only impressive! They become alerming when it is understocd that meny
ere now in Stege 1 end will, if unchecked, continue their destructive
growth until Stage 3 is reached,

Figure 3 illustrates the development of a typieal gully crosse
section. The stream channel in position 1 represents the pre-gully
stage when the water flows in a surface chemnel. Disturbance of the
natural cheanmnel bottom or increasing run-off, or both, may start the
streem to cut and entrench itself. This first break often changes a
wide, slow flowing, none=scouring streem to & narrow, deep and repidly
cutting one. After the first break, the stream soon narrows to & mini-
mum width (Position 2, Figure %), and cuts rapidly down to Position 3,
where side=scour becomes dominant due to the flattening stream grads,
inoreesing silt load, and usually coarsening of the bed materiel.
Meanwhile the average bank slope remains nearly constent as determined

by the angle of caving. The stream continues to cut downward and
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widen, causing the benks to cave until Position 7 is reached. From
this point on, the side slopes flatten because benk degradation is
dominent. After ceving stops, vegeteticm is usually eble to meintein
itself on the sides end, if so, stabilizetion will result.

While this growth in gully cross-section has been taking place,
there has been & corresponding development in the lengitudinal section.
Figure l; shows the latter divided into three reaches. In Stage 1, the
cross=-gsections are principally of Type 1; likewise for Stege 2 and
Stege 3, the majority of the cross=sections are of Type 2 and Type 3
respectively. There are & number of complicating factors discussed
below which will cause overlepping of the stages as well as abnormel
cross=sections within them. Furthermore, under specisl conditions,
certain stages may be entirely lecking, but the gully sections illus=-
trated, represent the normal cnes to be expecteds In this discussicn
the word "Type" is a descriptive term intended to indicate the geo-
metrical shape regardless of the amount of development which may have
teken place. The word "Stege™ has been used to indicate how near the
gully is to the condition when stability will obtain. Gully reaches
of Stage 1, for instence, are far from a state of stebility; whereas
reaches of Stage 3 are epproaching it. The gully represented in
Figure L4 had its point of origin near the junction of Stage 3 with the
alluvial fan. During its eerly development it was very much shorter
and the pert represented in the figure as Stage 3 was then Stage 1.
As time pessed, the reaches, corresponding to each of the stages,
tended to lengthen and migrate upstream. In the reach of Stage 1, the
stream gradient was probably quite steep, but flatter downstream in

the portions indicated as Steges 2 end 3 in Figure L. The mouth of
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the gully may have termineted in another gully, a surfece channel, or

in en alluvial fen as shown in Figure L. Y

FACTORS WHICH COMPLICATE THE CLASSIFICATION OF GULLIES

The more or less idealized gully development discussed above does
not consider meny complicating factors, the influences of which are
minor in comperison to that of the general processes which heve besn
described. Yet they should be enumereted and their effects moted in
order that the observer may be able to recognize them and disregard
their effects in making a determination of the stage of development at
any perticular point,

VARIATIONS IN SHAPE OF CAVING BANKS

The caving surfaces of the banks, represented in Figures 1 end 3%
as plenes, may or not be plenes. If the bank is composed of homogeneous
meterial, end has uniform moisture content, these will be surfaces

concave toward the gnlly(R) .

R‘l‘a.ylor » Doneld W.
'Stebility of Earth Slopes'
Journal of Boston Society of Civil Engineers,
Vol. XXIV, No. 3, ppe 197 = 246, July 1937.

Actually, however, such homogeneity seldom occurs in nature, and non=
uniform earth masses may often cause rather pronounced irregulerities
in surfeces resulting from ceving, which consequently became widely

divergent from those in the idealized ceses represented.
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CONES RESULTING FROM CAVING

The generel appearsnce and shape of & gully of Stage 1 or 2
mey be greatly modified by caving banks. Undermining in deep ones may
releese tons of material at a single time — such quentities, in fact,
thet the stresm sometimes is unable to remove it for severel years.
Thess caved portions mey form cone-shaped messes in the bottom of the
gully end heve been observed to become covered with grasses, brush,
and even small trees. Conos thus protected by vegetation are com-
paretively resistent and, as & result; the stream®s current is deflected
towards the opposite bank where it scours out a horseshoe-sheped cut.
Vegetation on such cones does not signify the condition descrited es
Stege 3 under the heading "Evolution of a Typical Gully". In Stage 3
gullies, the vegetetion on the benks is the general rule end not the
exception, and is found upon uﬁdisturbed rather than upon ceaved
material,

CAVING DUE TO MEANDERING

In the previous paragraph, it has been noted that vegetation
mey exist in gullies of Stage 1 and Stage 2, end it shouldbe pointed
out that caving benks may exist in gullies of Stege 3. Consider the
case represented by Figure 3, No., 8, When development has reached
this stage, there will be a tendency for the stream to meender. At
points where currents are incident to the banks, undermining end caving
will occur. Deposition st times when the streeam is overloaded is one
of the important causes of meandering in Stage 3 gullies. This process
will be discussed in more deteil under the heading "The Effect of

Grade Reduction Upon Down and Side=-scour®,
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EFFECT OF SILT CONTENT
The silt content in the stream heas an effect in determining

whether side-scour or down-scour(R) is dominent. In Stage 2 gullies,

RNational Bureau of Standerds Report
"Scour of a Sandy River Bed by Clear and Muddy Water"
Pe 32, November, 1932.

if the silt content is suddénly reduced by conservetion practices or
for any other ceuse, down-scour may agein become dominent, end they will
teke on the appearsnce of,.or actually revert to Stage 1. On the other
hand, & sudden increese in the stream's silt load mey convert a gully
from Stage 1 to Stage 2. Later onm in the discussion of forces acting
on soil and rock perticles, it will be shown that an increesed silt
load will reduce the rete of down-scour e greater amount than the rate
of side-scour, Thus it may be seen that a variation in silt load com=-
plicates classification.

The character of the flow in gullies chenges from time to time.
Such changes are csused by variations in the amount and distribution
of reinfell end by changing leand use practices, and are accompenied by
corresponding variations in gully cross-sections. Since there are
meny minor factors influencing develomment, it may be difficult to find
en instence in nature which duplicates the ideal sections illustrated
here. In meking a classification, therefore, one must think in terms
of the average section and disregard the irregularities of any per-

ticular one,
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FORCES AND FACTORS WHICH AFFECT DOMINANCE

Definitions of what is meant by dominence of down-scour, side-
scour, and bank degredation heve been given end the genersl chearacter
of the gully cross-gsections corresponding to these three ceses of
dominance have been described, It will be well at this time to in-
vestigate the forces and factors determining which of thess three
processes will be dominant. For this discussion, Figure 5 has been
preparsed. The right side of a stream cross-section is represented and
three particles have been selected for detailed consideration: particle
A on a horizontal element of the bed; particle B on an element sloping
at the angle of reposs of the bank material in water; particle C on an
element which has a slope greater than that at particle Be Three
force groups act on each of these particles; first, cohesive-adhesive;
second, hydraulie; and third, gravity.

COHESIVE=-ADHESIVE FORCE GROUP

The cohesive-adhesive group includes all the forces which hold
the bank material together. 1In uncemented sands and gravels this
group may be considered equal to zero., However, practically ell im-
portant gullies are in earth channels, the earth being composed of
clay, silt, send, and gravel in varying amounts. The clay is largely
responsible for the tenmacity of these mabterials.

Percentage of moisture has a great effect upon the force of co-
hesion. Down to the minimum moisture value below which clay crumbles

the less the moisture content, the greater is the cohesive force.
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It has been explained by Terzaghi(R) that the cohesive forces are

R

"Compressive Strength of Clay"
Engineering News Record,

pp. 796 - 800, November 12, 1925.

due to the surface tension in the mieroscopic films of water which
aurround each clay particle. The less the moisturs, the tighter these
water films become and the greater the forces which hold the clay to-
gether. If clay is exposed to water, it gradually expands due to ab-
sorption, which begins at the surface layers, slowly penetrates to
deeper ones, and thickens the water films surrounding the particles.
Thus the cohesive force bindiag them to the clay mess is reduced.
Therefore the clay which is in contect with water, will always have
some surface particles having practicelly no cohesive force to bind
them to the cley mass. Such particles may be removed easily by flow-
ing water., It is oclear, then, that the rate at which clay may bs en-
trained by & stream will depend upon ths rate at which it will absorbd
water and not on cohesion. For very fine clays this entrainment is
often extremely slow.

On the other hand, complete stability of a stream bank will mnot
obtain until the surface particles remain unmoved by the stream. It
is evident, therefore, that the cohesion of the clay will have an
important effect upon the rate of scour by a streasm in a clayey bed,
but will not determine the shape of a stable chamnel. Complete
stability is probably never realized, but nature mekes an asymptotic

approach to this ideal condition.
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HYDRAULIC FORCE GROUP

The hydrauvlic force group includes all those resulting from
the difference between the velocities of the water and the solid
perticles. The buoyant force of the water upon particles is, therefore,
not included.

The shape of the crossessction has an important effect upon the
velocity distribution within the stream, end hence upon the hydraulic
force exerted upon the solid particles forming the bottom and sides.
An idea of the variation of the tractive force from point to point
across the bed may be obtained from the numerous experiments on bed
load transport., One of the most widely used expressiomns for this
tractive forcs is:

F=wds

where F = tractive force per unit area of bed surface, d = depth of

flow, s = the slope of the energy gradient of the stream, and w is

the unit weight of the fluid.(R)

R
1. Hans Kramer,
"Sand Mixtures and Sand Movements in Fluvial Modele."
A, B¢ C, E, Proceedings,
pp. LL3 - 483, April 1934.
2. "Studies of River Bed Materials and Their Movement with Special
Reference to the Lower Mississippi River."
Paper No. 17, U. S. Waterways Experiment Station, January 1935.
3+ Ce Ho Mac Dougall,
"Bed-Sediment Transportation in Open Chamnels."
Trans. Am. Geophysical Union
pp. 491 - 495, 1934.
lys Hunter Rouss,
"Fluid Mechanics for Hydraulic Engineers."
Chepter 1.
This chapter has a complete discussion and bibliography on
Sediment Movemsnt.
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Some experimenters have developed other expressions for this force
which have a somewhat different form. The one here given is in common
use and the simplest. It is quite satisfactory for use in this quali-
tative discussion gs & formula which, in general, represents all cases.
From it we may draw the conclusions that the unit tractive force along
a oross-section varies approximetely as the product of the depth and
stream slope.

Suppose now that the slope of the stream at a particular section
be reduced; the decreased average veloolty will cause e corresponding
increase in stream section and the water surface consequently must
rise, Two opposite tendencies will affect the tractive force on every
particle in the bed at this particuler section; first, the tendency
to diminish it because of the reduced slope, and second, the tendency
to increase it due to greater stream depth. But the decrease at the
bottom near the center of the stream due to the first tendency will
overshadow the slight increase cuased by the second, while near the
stream margins the reverse is true. It should also be kept in mind

that the decreased slope reduces the total tractive force, and conse-

quently an actual inerease in scouring power will be limited to the
stream's margins. In other words, a reduced gradient will make down-
scour less important and side-scour more so.
GRAVITY FORCE GROUP

The gravity foroe on the particles is equal to the effective at-
traction between them and the earth. This will be equal to the weight
of the particles minus the weight of the water displaced. This force
will act on all particles whether they are in the bed, moving as bed

load, or as suspended load.
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The effect of gravity uéon any one particle in the bed will de-
pend upon its location. The gravity force exerts its greatest stabi-
lizing effect upon horizontal elements (Figure 5 Particle A) which
will usually be near the center of the strsam. .As we proceed from
the center towards the edge along a cross=section, the elements of
the bed will ordinerily heve greater end greabter slopes, eand conse-
quently the component of gravity effective in holding the particle in
place will become less and less. If this slope equals the angle of
repose of the material in water (Figure 5. Particle B), the effect of
gravity will be nil., If the slope is greater than at Particle B
(Figure 5), the forces of gravity will tend to tear the material awsy
from the bank (Figure 5, Particle C). If there is no ecohesive=adhe-
sive foroe present, slopes greater than the angle of reposeare im-
possible. Such slopes can only oecur when the bank material is held
together by cohesion, adhesion, or such forces as may be exerted by
plant roots.

When a stream is carrying maeterial, the force of gravity will
tend to deposit it while hydraulic forees will cause bed material to
be entrained and there will be an exchange between the stream and the
bed. If the rate of deposit exceeds that at which material is being
picked up, the stream becomes a depositing one, the chammel becomes
shallower and the flow is forced out toward the beanks causing exces-
sive side-scour and, if the depositiug is heavy, the entire chanmel
may become filled, cuasing the stream to abandon its former course.
When banks are steeper than the angle of repose of material im water,

side=scour occurs not only because the channel is filling, but slso



because on such slopes there can be no exchange of material. It is
hardly to be expected that material torn away from such banks can be
replaced by deposits from the stream, as is the case along the bottom
of the channel.

In a given flow both the gravity force and the hydraulic force
inerease with an inerease in particle size. The ratio,

gravity foroce component effective in holding particle
hydraulic force component effective in moving particle

, may be ocon=-

sidered as a sort of stability index. Particlesin the bed are com=~
pletely stable when this ratio is greater than 1 and the particle
moves when the ratio is less than 1.

By observing their rate of fall in water, an idea may be obtained
of the velocities of flow required to move particles of various sizes.
Since large particles fall more rapidly through water than small ones,
they can withstand higher velocities of flow, and it follows that, for
a given flow, the stable grade is steeper for coarse than for fine
material. The excellent body of research on the force exerted on
spheres by moving fluids gives only a partial besis for estimates of
the value of this ratio. But future extensions of fundamental know-

ledge will no doubt make this basis oamplete.(R)

R

1. Hunter Rouse,
"Nomogram for the Settling Velocity of Spheres"
National Researeh Council, Division of Geology and Geography,
Washington, D. C.
Exhibit D of the Report of the Committee on Sedimentation,
1936=37, ppe 57 = 6li, October, 1937.

2, For further references see bibliography given in this article.
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THE EFFECT OF GRADE REDUCTION UPON DOWN AND SIDE-SCOUR

By using the concept of the particles lying in a stream channel
being in equilibrium under the action of the three force groups just
described, it is possible to diduce what effects certain changes in
the channel will have upon down-scour and side-scour. Let us con-
sider, for instance, what will be the result of artificially reducing
the gradient in a gully by means of a soilesaving dam.

The velocity of flow will be decreased and if the discharge is the
same, the a area of the stream cross=section must increase and the sur-
face of the water will be raised by a corresponding amount. These
changes will cause a re-distribution of the hydraulie forces from point
to point across the stream bed. As already desoribed under the dis-
cussion headed "Hydraulie Force Group", there will be a reduction in
the hydraulic forces acting on particles forming the bed near the center,
At the very edge of the stream, on the other hand, there will be an
increase in the hydraulic foreces acting on bed particles., This increase
is apt to be confined to the regions close to the edges, and the over-
all effect will be a reduction in carrying capacity which, if the
stream already has a capacity load, will cause deposits near its center.

The totel gravity force on each of the particles will be unchanged
by the artifieial reduction of stream gradient, but the component of
gravity, which is effective in holding the particles in place, will
depend upon the slope of the bed. Near the ecenter of the stream the
effective component of gravity will be increased because of slope re=-

duction due to silting. The extra side-scour induced by the increase
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of hydraulic forces near the edges, and the stream currents which are
forced toward the edge by center deposits will almost invariably

cause en increase in the bank slope near the margins of the stream.

In turn, this increase in the slope of the bank will decrease the com~
ponent of gravity which is tending to hold the bank particles in place.
It is clear, therefore, that a reduction in grade so alters both the
hydraulic and gravity forces as to reduce down-scour and increase
side=socour.

Side=gcour is seldom uniform along & channel. The tendency is to
gouge out the softer spots, forming concgave cuts in the banks. As the
current leaves these cuts, it is deflected across the channel and im-
pinges upon the opposite bank some distance downstream forming & cut
of similar shape, and then continues to zigzag causing heavy scour at
every point where the current is incident to the channel bank. The
curvature of these cuts has a tendency to become sharper and sharper
as this localized side=scour proceeds, and the rate of side-cutting is
accelerated, in turn, by the increase in curvature. There is a further
tendency for all these horseshoe=-shaped cuts to migrate downstream.

By the process here described, it is possible for a stream during a
single flood to increase its width greatly. Also by this process
streams are sable, during flood periods, to cut around the ends of

bridges, dams, or other structures which may span them.
EFFECT OF STREAM SORTING UPON DOWN AND SIDE=SCOUR

Another factor, which may have an important bearing in determin-
ing dominance, is sorting by the stream. Stream sorting will cause

the bottom of & channel to be lined with the coarser partioclss derived
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from its banks., The larger these particles become in relation to
adjacent bank material, the greater will be the tendency of the stream
to side-cut and abandon its channel.

The effects of sorting depend upon the character of the chammel.
In a rock cenyon, for instence, they are very unimportant because
there is solid rock below the gravel end sand bed as well as on the
sides of the stream. During major floods, the gravel and sand may
be almost entirely removed, but the limiting boundaries of the chan-
nel are determined by the rock gorge. A gully channel in earth, on
the other hand, has no hard boundary to limit ultimate scour. If the
stream abandons a bed which has become resistant because of residual
particles left by sorting, it will tend to remain out of it, The
long time tendency then will be always to force the stream to cut
sideways and abandon its chennel, and by this process it may be forced

N

to sweep back and forth across the plane traversed.
THE EFFECT OF SEDIMENT LOAD UPON THE DETERMINATION OF DOMINANCE

The presence of sediment in a stream probably has two effects
which are important to the problem of gully control. First, the stable
grade for a stream is made steeper by sediment in the flow and second,
side~scour becomes more importent relative to downescour. These
effects together will shif't upstream the point of tramsition from
Stage 1 to Stage 2 (See Page 12 ).

In order to develop the argument supporting these conclusions,
consider the balance which exists between a loaded stream and its bed.
If the stream is scouring, it is taking material from the bed faster

than it is supplying material to it. On the other hand, if the stream
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is depositing, the rate of supply to the bed exceeds the rate of en-
traimment., It is balanced if the two are equal. If extra load is add-
ed to such a stream, deposition at certain points must occur causing a
steepened grade which supplies the extra scouring forece necessary to
bring it again into balance, The assumption which has been mede here,
that the absolute rate at which particles pass from the stream to the
bed increases with the number of perticles in suspension, and that
there is not a proportionate increase in the rate of entraimment, is
reasonable for all normal flows. If the concentration becomes high,
both the density and viscosity of the flow increase and the a bove
assumption becames questionable, However, actual observations of mud
flows seem to indicete that e relatively steep grade is one of the ccn-
ditions necessary for their occurrence. Therefore, for this qualite-
tive discussion it is probably safe to conclude that the stable slope

(R)

gets steeper as the lcad of the stream increeses.

R

E. W, Lane,

"Retrogression of Levels in Riverbeds Below Dams"
Engineering News=Record,

Vol. 112, pp. 836 - 838, 193L.

Consider now the argument to support the conclusion thet sediment
load causes side=scour to become more important reletive to down-
scour. The argument rests upon the differential effect which the force
of gravity has upon particles in the bottom of the bed and upon those
in the bank. Suppose there is an increese in the smount of sediment
being transported. Extra particles will be deposited on the bed at

all points across the stream section. The number of these particles
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which will remein on the bed will depend upon the component of gravity
effective in holding the particles. The magnitude of this gravity
component is & maximum for the horizontal elements near the center

and decreases toward the streem margins where the slope of the bed

is greatest, More particles will therefore be deposited and retained
at the center then at the sides, As a result, down-scour will be
decreased and side«scour becomes relatively more importent. This

will be true whether downescouring or sideescouring is dominent. An
addition of silt load, therefore, will force & streem to widen whether
it is scouring or depositing. This is one reason why excessive side-
scour may sometimes be observed in sections where deposits eare accumu-
lating upon the bottom. It is not the intention of this discussion

to include mud flows. In them the great changes in density end vis-

cosity are additional factors which would have to be considered.

TWO POINTS OF VIEW IN MAKING EVALUATIONS OF GULLY CONTROL STRUCTURES

In attempting to eveluate the effectiveness of structures intended
for gully control, either e short or a long time point of view may be
adopted. The first does mot take intc comsideration the eventual
changes which may be expected within a gully, It attempts only to de-
termine whether or not the control structure is the most economic one
which will safely pass the expected floods, assuming that the character
of the gully remains the same as at the time of construction. Such an
eveluation mey be made by model studies or by observing the actual

structures during e maximum flood flow.
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Dams pronounced adequate from a short time point of view may feil
ultimetely due to changes which are constantly ocourring in the chan-
nel, Beceuse of this fact, the long time point of view attempts to
visualize the nature of the channel when complete stebility has been
reached, and on the basis of this picture appreise structures to

see whether they will remain adequate until stebility is eccomplished.

RESPONSE OF GULLIES TO VARIOUS TREATMENTS

The general principles of gully development, which have been de-
scribed, mey now be used to predict the response which a given one
will make to & particular type of treatment. For exemple, a common
procedure for those of Type 1 is to comstruct & series of check dams
which stops deepening and longitudinal development. This treetment has
been widely used. The method is about as follows: By field observe-
tions & meximum nonescouring gredient is selected. Dams asre then
built so that the fell from the toe of one tc the erest of the next
is es much as the selected gradient will allow. The slope of a
stabilized bank is then chosen end the length of the wing walls de-
gigned accordinglye.

The dangerous essumption, which has been made, is that the stresm
will not widen. 1If the foregoing enalysis of the processes end forces
ceusing erosion is correct, we should expect this treatment to change
a gully of Stege 1 to Stage 2. 1In other words, side=scour will be-
come dominant and the chamnel will widen. Shortly revetment protection
will be necessary to prevent the flew from going around wing walls

since the weak points are the channel sides immedistely adjecent to



- 25 -

the struotures. Additional side protection will probebly be necessary
within & few years after construction. Such repairs do not eliminate
weak points. They merely shift them to new locatiocns eand subsequently
other repairs will be needed repeatedly until, in effect, there is a
lined chanrel between the original structures. Only then is camplete
control of the stream obtained,

At this point mention should be made of a second method of pro-
tecting the original structures; i. e, edding soilesaving dams between
them, This treatment will reduce the stream to a series of ponds in
which velocities are lowered, thus causing the chamnel to be partislly
filled with silt end, normally, causing the bed to become wider. The
adventeges of this method over the one already discussed is that
cushion pools of adequate depth may be created and the velocity of
flow controlled along the entire channel by these closely spaced
structures., If this method is properly combired with shaping and
plenting of the banks, it should give complete proteection, slthough it
may be somewhat expensive.

Protection of the chammel by use of vegetation between the origi-
nal structures has been suggested. For gullies of minor size or of
Stage 3, this may serve very well, but for those of major proportions
with ceving beanks, its effectiveness is questionable. In order to
hold the gully where it is, both down-seour and side~scour must be stop-
ped. For mejor ones of Types 1 and 2, this would frequently require
8 ditch lined to withsteand high velocity flows. Even if such a ditoh
is constructed, the gully mey be expected to widen at the top due to

benk degradaticn.
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SUGGESTED METHOD OF CONTROL FOR MAJOR GULLIES

The formuletion of & set of rules for gully control will not be
attempted in this paper. A few suggestions will be mede, however,
which are considered pertinent to control when, as in southern Cali-
fornia, gullies traverse land of high value.

Reeches in Stage 1 may be expscted to cause the greatest future
damege if ellowed to continue without complete or ultimate control.
In the light of the principles set forth in this paper, it would seem
unwise to attempt to stop the develcpment where it is and hold it
there. The two remeining alternatives are; first, let the gully de-
velop; second, recleim it, Upon first consideration reclametion may
seem too costly, but where lend value is high & more careful analysis
will probably show that reclamation will be by far the most economicel
procedure as & long-time policy.

In order to illustrate a possible method for accomplishing this,
consider & gully about 6,000 feet in length with & meaximum depth of
30 feet, Near its head are cross=sections of Type 1 for epproximetely
2,000 feet; in the central portion & similar length in which Type 2
predominates, end finally a sub-equal section of Type 3. Somewhere
near the upper end of this third reach & point is chosen, merking the
downstreem end of the portion to be recleimed. Below this point con-
trol will be effected by means of vegetation without structures.
Above it an attempt will be made to reclaim the gully end restore the
flow to & surface channel.

The first act would be to construct at this selected point a dam

of sufficient height to raise the water surfece in the resulting re-



- 27 -

servoir approximately to the top of the gully benks. When the reser-
voir silts up to the crest of the spillway of this dam, & second
structure will be built at such distence upstream that the drop through
it will be about L feet, This will create & second reservoir which,
being shallow, cuite possibly will silt up in & single wet season.
During the next dry pericd e third dem, similer to the second, will be
located an eppropriate distence upstream creeting enother shallow
reservoir which should silt up in e reasonably short time. In this
manner, step by step, treatment mey be continued upstream throughout
the entire gully leaving behind & series of rather closely spaced,
low, inexpensive dems. It is necessary that the potential supply of
silt be ample to f£ill the gully ultimately. Such repid silting as has
been widely observed in southern California, indicates that in this
region, at least, the supply is ample,

The surface chennel resulting from this method of trestment will
ordinerily be wide when compared with the flow chamnnel before recleme-
tion was initiaeted. In some cases, this width will be excessive, mek-
ing it possible to restore & portion of the reclaimed area to ferm use.
A channel of ample width must alweys be mainteined to take care of
run=off, end mey teke the form of e meadowestrip waterway with banks
shaped to permit farm equipment to cross. In most ceses proper vege-
tation cen and should be established in the surface channel to resist
the erosive action of subsequent flows. The dam orests may be con-
structed to give e series of convenient orossings where ferm mschinery
may be moved from one side of the water course to the other without

damaging the channel.
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It now becomes desirable to comsider more in detail the construc-
tion of the firgt dam. Figure 6 has been prepared in order to illus-
trate a method which is deemed feasible and economical. First, build
en earth dem of suitsble height and shape so as to bring the water
surface in the chennel to be reclaimed to the elevation desired. In-
stall a siphon spillwey and build the riser just high emough to avoid
excegsive pressures and deposit a sediment leyer of desirable thick-
ness, i.e. 2 to 5 feet, during the first segson of run-off. (Silt es-
timates may be based upon field observations.) At the downstream end
of the sloping discharge pipe erect an earth embankment sufficiently
high to avoid danger of overtopping. Silt subssquently deposited will
now reise the floor of the gully to & point even with the top of the
spillway riser. Dry periods following silt deposition will ceuse com-

paction due to eveporetion from the surface.(R) Later, as in the first

R

Charles Terzaghi,

"Phenomense of Cohesion of Clay"
Engineering News-Record,

ppe Th2 = 746, November 5, 1925.

case, teams and machinery may be used in censtructing a second earth
embenkment to be laid on top of the o0ld one as Figure 6 shows. The
height of the riser msy now be increased and it is ready for another
season's run-off. In this way, step by step, one may create a dem of
the desired height. When it is finished and the reservoir filled, the
deposited silt will extend & considerable distance upstream.

During the next dry season a second dem of small heighé should

be erected upon the silt bed which has been deposited by the first dem.
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After the smell shallow reservoir created by this new structure

has been silted up, a third dem may be located upstresm. By this
method as can be seen in Figure 6, the actual emount of fill which
must be pleced by mechanical means is relatively small since filling
by the stream itself is utilized. The expense of this type of treate
ment is proportionately small. In most cases, standard reinforced
concrete pipe may be used for the spillways. Immediestely upstream,
earth for the small embankments may be obtained from the sides and
bottom of the gully itself,

There are several feactors which tend to meke this method of treat-
ment sagfe; first, because each dem in the series is low, at no time
will the hydrostatic pressures be very great, as would be the case if
a single large dem was constructed; second, the lepse of time and the
drying process, which will often teke place after deposition of a
layer of silt, will cause it to be compected; third, in many cases
finer and less permeable meterials will be deposited near the dam,
thus tending to reduce the amount of seepage; fourth, greater protec-
tion against surface wash is provided on the downstreem slopes of
previous fills because vegetetion has had time to become well estab-
lished.

In some ceses where the soils are largely composed of clay, crecks
in the silt bed may develop during the drying season. If this happens,
some provision should be made for compacting the silt layer near the
dam at the time the earth embenkment end spillway inlet are raised.

To work successively from the downstreem point toward the head

of the gully may require too long a period. If this is true, recla-
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mation may be sterted at severael points with properly designed dems
end spillweys. If, however, the total amount of silt which is re-
tained is ncot increased, the time reguired for reclamation will be
the seme. The rate of filling depends upon the amount of silt car-
ried by the streem. It may be desirable to adopt the secomd policy
in order to reduce the thickness of the silt layer and thus obtein
better compeaction. Provision should be made to stop headwerd ercosion
of the gully during the reclemetion pericd.

There is some objection to the use of siphon spillweys on the
ground thet there is danger of clogging. If this be the case, all the
dams after the first mey be provided with chute-drop or other type
spillweys. The siphon spillway, however, lends itself very nicely to
the method described for constructing the composite dem (Figure 6).

If a spillwey of the chute-drop typs is wanted for this dam, it will
have to be added after completion. Of course a dam of the size needed
for complete reclamation may be constructed at the outset snd provid-
ed with such a spillway, but it should be possible to protect the
siphon type sufficiently against clogging so that it may be used end
the benefit of the additionel economy obtained, For canplets reclama-
tion, the potential supply of silt must equal the volume of the gully
reclaimeds It is felt thet this supply usuelly will be adequete, and
in most cases fer in excess of the amount needed. If heavy silt flows
still continue after the gully has filled, additionsl precautions must
be taken to prevent the streem from silting up its restored chamnel
and scouring & new one in some other locetion.

Economic reasons will ordinarily demand a spillway insufficient

to pass unusual peak run-offs. To provide for these an auxiliary
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spillway may be used to by-pass the excess amount of flow around the
dem and into the channel a safe distance downstreeam.

Temporary storage during times of peek run-cff may elsc be de--
sireble as & means to reduce the size of spillways for the soil-
seving dems. Small detention reservoirs mey be created by extending
crests of deams a few feet above the gully banks, and continuing them
along the contours of the surrounding country. Storage thus created
mey substantially reduce peak flows because the drainage areas are
frequently small and the durationd the peek run-off short.

Before these suggestions can be of wide use in gully control,
modifications arising from field conditions will probebly be necessary.
The essential poinmt to be kept in mindris that the method of treatment
should be based upon an understending of the principles of gully de-
velopment. Attention is called to the fgct that the treatment which
hes been suggested is for a special case and is not universelly appli-
cable. It wes assumed that the lower end of the gully was in Stage 3
and thet the potential silt load was sufficiént. It was further as-
sumed that land values were high enough to meke reclemetion economicale
ly feasible. Discussions of many other cases of gullies in verious
stages of development or in other parts of the country have been re-

served for future papers.
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A Stage 1 Gully

The Milligan Barrance near Senta Paula, California, is a
major gully, and at the point illustrated is in Stage 1 of its
development, Note the V-shape cross=-section and caving banks.
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A Stage 2 Gully

Note the truncated V-shape and caving banks of the Milligan
Barrance in this illustration. A soil-saving dam some distance
downstream from this point has caused the gully to silt up to a
depth of about 20 feet. This treatment has changed the gully in
this reach from Stage 1 to an artificial Stage 2. For a time
accelerated side-scour will continue, but as the channel widens,
the rate of side-scour will be so reduced that bank degradation
will become dominent and ultimate stabilization result.

_ A
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A Stage 3 Gully

The Los Posas Barrance near Santa Paula, California. Note
the V-shape and banks covered with vegetation. A natural obstruc-
tion due to & land slide located a short distence downstream from
this point has been recently cut through by the stream, and the
gully is reverting to a Stage 1 gully. Caving banks may be seen
in the lower left hand corner of the picture.
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A Stage 2 Gully With Artificially Sloped Banks
Which Have Been Planted

The banks of this Stage 2 gully were sloped and plented,
but the width of the flow section was not sufficient. Although
side-scour was reduced by the vegetation, it still remained
dominant, and the gully section is reverting to Type 2. The
patches of lighter colored vegetation are regions of old slips
similar to the one in the foreground. The stream grade is sta-
bilized by & soil-saving dam.
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A Stage 1 Gully After Partial Reclamation

Silting, resulting from & soil-saving dam, has practically
reclaimed this gully. The brush covered silt deposits in the
gully indicate that in this case a stable channel can be estab-
lished within the old banks if the entrenched channel is raised
to the surface by silting. '
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