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ABSTRACT

This report Is & highly generalized overview of problems bearing upon
the relationship of the riverine environment to vehicle stream crossings
In unmapped or poorly mapped areas. Extractions from published works are
used to emphasize (1) the need for reliable methods of predicting the
nature of inland waters and neighboring terrain, from available climatic
and geological data, and (2) the need for continuing and validating the
theoretical study of vehiclie performance in stream crossing and bank
negotiation. It Is made clear that a coordination of all factors into a
comprehensive systems analysis would require a mejor effort, before the

kind of evaluation method envisioned as the long-term goal of the current
study can be achleved,
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FOREWORD TO VOLUMES I, II, AND UI

One of the most Important considerations in the development of
military vehicles has been the recent recoonition that, to achieve true
cross-country mobility, a vehicle must possess the capability of crossing
inland waterways. This fact added a new dimension to the problems
confronting those faced with the responsibility for the design and
development of new military vehicle concepts. In order to incorporate this
new parameter into future designs, it is quite logical to turn for guidance
to the designers and developers of amphibious vehicles, who have for some
time been confronted by similar problems. It is in this context :hat the
studies discussed in these three volumes were undertaken. Although the
purpose of the work was originally intended to ald in the design of 1/l-ton
floating vehicles, the information presented is applicable to land vehicles
In general; hence, this document may be considered as a guide to methods
for evaluating all types of land vehicles relative to their performance in

There are two distinct aspects of vehicle evaluation:

(1) First, it is necessary to determine functional relationships
hetween the vehicle and Its environment so that its performance capabiliting

may be expressed in quantitative form.

(2) Second, to determine the vehicle's actual effectiveness, it is
then nece ;ary to compare these performance capabilities with appropriate
quantitative environmental attributes of the inland waterway population
(or some sub-set thereof of military interest). In view of the present

state of knowledge in vehicle mechanics and environmental scliences, the

attainment of these objectives represents a tiremendous task., The work
presented in this report constitutes a compendiun oV applicable knowledge
in this area, with progress naturally mnre advanced In some areas than
others, and it provides, moreover, a mcaningful conceptual framework for
continued work by indicating the krowledge gaps that exist,

Ix
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Three different mdes cf locomotion will be discussed in connection
»th the general streas-crossing msneuver: fully floating, fully land-borse,
and water-land trens!ition. In additicn, operationai techniques which
recily do not Tall In any of the above thrze categories will bz presented.
Finally, th ‘ocisted environzental factors relevant to all three modes
will be discussed separately.

At iis Ince,zion, tne present program was designed to concentrate mcst
heavily on various aspects of the fully floating mode, and much of the
effor: *~ cate has becn directed toward the development of vehicle-envircnment
relationsulps for the fully floating case. Major consideration has been
given to such ‘actors as hydrodynamlic reslistance, propulsion effectiveness,
freeboard requirenents, and the effects of waves., These are areas in which
a sophisticated technoloqy hss already been developed by the naval architect,
but whcre appilications to the design and evaiuatlon of amphiblous vehicles

or ships having vehicle-like forms have been extremely limited.

Relationships between the fully land-borne vekicle and its environment
(terrain) have been under Intensive investigation for many years, notably
under the auspices of the U. S, Army. The task fur the present study is to
particularize the previously developed models to the bank environment where
the r “ximity of the stream or river is known to affect the soil and

ve .tation.

The aspect of stream-crossing performance about which least Is known
is the water-land transition mode. Analysis of this interface of ''twilight
2one" mode is extremely complicated, involving consideration of both
hydrodynamical and terramechanical factors. Investigation of many actual
field problems has demonstrated that the ¢ransition phase, particularly
egress, is usually the most difficult element of the entire stream-crossing

maneuver; hence thic complication cannot be avoided.

Anoth:r area in which the current efforts represent only a scratch on
the surface of the problem is that assocliated with the determination of
environmental attributes. It has become apparent that comolete quantifica-
tion of world-wide stream properties in sufficient detall for vehicle
performance evaluation cannot possible be achieved by direct measurement

within the scope of any reasonable study, nor is the military really
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interested In the characteristics of every stream in the world. Therefore,
an approach toward categorizing waterways on the basis of available c!imatic,
geological, and other existing environmentai data has been Initiated as

part of the study, so that those of mlilitary interest may be studiod,

It is worth repeating here that the present work Is by nc means - ;_-

regarded as a finlshed product. Many of the relationships which are

presanted shouid be considered as no more than reasonable hypotheses (others, ?1i'f

of course, are advanced with considerably more confidence -- the distinction
i~ always clearly drawn in the accompanying discussion). These hypotheses |
must be validated and, If necessary, modified on the basis of carefully g {f
controlled experiments. Much additional research in the various problem :
areas and a8 major effort to coorcinote the various facets into a compre-

hensive systems analysis is requlred before the kind of evaluation-scheme

envisioned as the long-term goal of this study can be achieved.

This document {(Vol. 11l) represents a part of the entire multi-part
study to which this foreword is an over-all introduction. Volume | Is
devoted mainly to the fully water-borne situation. Volume 1l is concerned

with water-land transition.

xi
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INTRODUCTION TO VOLUME III

The natura) physical environment of a river cystem includes geology,
climate, soils, vegetation, and many other similar elements. Some of these
are whole branches ot sciences such as hydrology and meteorology, and they
cannot be considered fully in a report of this kind. Only an overView, in
the form of material extracted from published works, is attempted, to help
meet thc nced for identifying vehicle mobility problems associated with
riverine areas. Knowledge of the nature, magnitude, and frequency of
stream occurrence, and knowledge of ciimate, is required not only as an aid
to the design of vehicles but also as an aid in determining the ability of

a vehicle to traverse a particular terrain.

implicit in the vehicle stream-crossing problem, of course, is the
need for a method of predicting the nature of inland waters and neighboring
terrain, from avallable climatic and geclogical data. In addition, there
is a need for a properly validated set of vehicle performance equations for
application to water crossing, slope climbing, and other problems related

to the predicted environmental factors,

Needless to say, the available literature on environment is voluminous
~= but deficient in the kind of data that would answer the basic question,
“Can this vehicle cross this waterway?"' This report is therefore precented
from a highly generalized, possibly oversimplified, point of view, to
establish a conceptual framework within which subséquent research needs can
be specifled. The equations that are presented have been checked out in
but the ciudest fashion, In many cases only by the individual who derived
them. Hence they are all open to question un..:| validated by competent

‘recearchers,

For a more detalled explanation of some of the terms utilized in this
report, the reader is directed to Manual No. 43 of the American Society of
Civil Englneers, ""Nomenclature for Hydraulics' (1962), and to the Coast
and Geodetic Survey Paper 1541-A, 'Water Supply" (1960).
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Chapter 1
EVOLUTION AND DELINEATICON OF A RIVER SYSTEM

SOURCES OF SURFACE STREAMS

The waters that eventually become part of a river derive primarily
from the precipitation of atmospheric moisture. Rivers may be fed and
maintained by direct surface runoff of rainfall, springs, or other
ground-water seepage, and snow melt. Surface runoff usually starts aj a
sheet of water, but it does not progress far before obstacles, such as
vegetation and terrain irregularities, divide it into rivulets. The latter
carve out minor gullies and form rills and brooks, which comprise the
"headwaters'' of a river. These tributaries, following the topographic
siope, Join the main streams and ultimately empty Into the ocean. Along
the way, the kinetic energy of the water, aided by chemical and thermal
action, erodes the banks and bottoms of the rivers, transporting the
sediment farther downstream. Upon reaching the ocean, the water is
returned to the atmosphere by evaporation. Maritime air masses carry the
evapo ated moisture back over the land in vapor form, where it is cooled
and precipitated, completing what is known as the '"hydrologic cycle'
(Fig. 1).

On the other hand, should surface runoff encounter rough ground,
forest litter, or topographic basins, water may be trspped temporarily,
creatinc swamps and lakes. Standing water either evaporates into the
atmosphere or percolates into the ground. In the latter case, the ground
water may be brought to the surface by capillary action, where it Is
returned to the atmosphere by evaporation or transpiration by plants, or it
may descend to the water table, eventually emerging at lower elevations
as springs or seepages Into rivers and lakes.

Snow melit is another source of water for surface streams. (n the
mountalis and in the middle and upper latitudes, snowfall comprises a
significant portion of the winter's precipitation. Consequently, the
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moisture in its frozen state is held in storage until the spring thaw
arrives. Release of the snow melt often coincides with the spring rains,
when the upper ground layers are still frozen. This combination of events
usually results in a combined water runoff volume much in excess of the
drainage system's capacity, and causes high water levels, fast stream

currents, and frequent flooding.

STREAM PATTERNS

It has been noted, in the preceding section, that the headwaters of a
river system empty into the major tributaries, and that these, in turn,
join the main stream. Their relative orientation and over-all distribution
typically become arranged in what is referred to as a ''straam pattern."
Stream patterns may be classified into eight principal types (Fig. 2), viz.:
dendritic, trellis, parallel, annular, radial, centripetal, rectangular,
and aimless. The development of a particular pattern is determined more

or less by the underlying geologic structure and climatic regime of the area.

A dendritlic pattern describes a river system in which the relative
position of the main stream and its branches forms a figure very much like
the veins in a tree leaf. This type of pattern develops on horizontally-
lying sedimentary strata or homogeneous bedrock, such as granite, where the
only natural control is the original topographic slope. The master stream
flows down the regioral slope, and its major tributaries tend to take the
downslope direction as they approach from both sides. This kind of drainage
pattern is perkaps the most widespread and may be found on coastal plains,
interior plains, plateaus, certain hill regions, and some mountains.
Glacial drift, which Is non-homogeneous in its component particles but is
broadly hcmogeneous in structure, may also develop a dendritic drainage

pattern.

A very different draincge patt-rn is the trellis type, In whick the
larger streams are roughly paralle.. This pattern develops in an area of
folded or tilted rock strata. Weaker beds yleld rapid!y to erosion and
form the valleys containing the larger streams; stronger beds stand out as
linear ridges between valieys. The main streams have a more or less

e s o e 0 R B, IR
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paralle! orientation, receiving their short, right-angled tributeries froa !
the adjacent ridges. Some streams may break through the ridges in "“ater
geps,' to give a roughly rectangular aspect to the stream pattern. The :
region In the world most notable for its trellis pattern is the Appalachian

Ridge and Valley Province, which stretches from Northeastern Pennsylvania

southward to Alabams. The folded sedimentary formations usually include

shale and limestone (which are weak under the prevailing humi¢ conditicns

and thus form the valleys) and sandstone, conglomerate, and quartzite

{which are strong and form the paralle! ridges).

There are severa! variations or special forms of the trellis pattern.
in areas of homoclinal dips, the streaas fiow in tioughs between layers of
dipping sediments, producing a paraliel dralnage pattern. Where 3 dome has
been uplifted through layers of sediment and has been maturrly dissected,
drainage follows circular courses, cutting into the outcrops of the weaker
sedimentary belts and forming an annuiar drain~ge pattern.

On young Jdome mountains, volcanoes, and prowminert pezks, drainage is
avay from the ceniral point or area. Streams flow downslope in an outward
direction, creating a radial pattern. Structural basins aiso have a radial
drainage pattern, but streams fiow in *he opposite direction, toward the
center. Consequentiy, this type of stream patte}n is called centrijetal.

Somewhat similar in appearance to the trellis network, but evolving
under geologic conditions other than those occurring in ti:e differential
erosion of stratified rocks, is the rectanqular stream pattern. The pattern
develops with the occurrence of structurail joints in rock. Such joints are é
found at rock folds, intrusions, and regions of faulting. They provide
ready-made channels for drainage. The very nature of joint formation (i.e.,
the development of cross joints along longitudinal joints) and the tendency
for fractures in intersecling joint sets to be perpendicular to ore another,

causes the surface drainage to assume a rectangular pattern.

Another drainage pattern, which may be called aimless, :s found ipr
young glaciated plains. The irregular rolling surface of the drift
deposits, as left by the glacier, contains basins and swells in haphazard
arrangement. Raimnwaters first made ponds or swamps in the closed basins,
which then overflowed their low rims into other depressions. The resulting
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streams =2y winder oack and forth, comecting the resaining ponds and
swarps, but showing in their pattarn no evidencs of coatrol elther by
underlying rock structure or regional slope. Nevertheless, the aimless
pattern of the draindje charecteristics reveals Its origin and assoclates

it with glaclat!lon,
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Chapter 2
PHYSIOGRAPHIC CLASSIFICATION

The development of the general stream pattern is controlled by the
underlying bedrock and structure in the area, As stream valleys develop,
the surrounding surface features become the product of interaction between
the local geology and the prevailing climate. The resuitant topog;aphlc
formations are thus directly related to the surrounding set of natural
conditions, In the creation and orderly development of landforms. The
Interrelationship Is part oi a systematic scheme embracing the whole world,
and permits identification, differentiation, and classification of types,
However, if one accepts the premise that only a limited number of landscape
types exist in the world, and that they can be classified, then the basis
for analysis and storage of environmental data become: feasible, and this
makes it possible to ciassify an unknown landscape by matching its

characteristic features with those of the known types.

According to Lobeckz, relief features occur in three different sizes
or orders. Those of the ""first order'" are the continents and the ocean
basins. The continental areas encompass relief features of the ''second
order," e.g., mountains and plains, which are called "physiographic
provinces.'" Finally, physiographic provinces are composed of relief
features of the ''thiid order,'" namely, landscapes that can usually be
comprehended In one glance, |t is cbvious that, because of their somewhat
subjective definition, the size and shape of a relief feature will sometimes
differ in detail, depending upon the authority quoted. Nevertheless, this
scheme can be used to ldentify, on the different contincnts, certain reglons

whose crltical characteristics are similar,

The principal characteristics used for Iden:ification are:

(a) Climate (d) Terrain
(b) Solls (e) Drainage pattern
(c) Vegetation (f) Cultural modiflications
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0f these, only the first three are discussed here in any detail. |In
applying these physiographic characteristics to the study of riverine
environments, it should be pcinted out that, although the fiow of all the
principal rivers of the world is goncrally krown, there is littls detailed
Informatfon availabie for characterization, correlation, and extrapoiation.
Measurements of precipitation, immediate runoff, infiltration, and
evaporation have been made, but only at widely scattered stations. Even
at these locations, the records may not be continuous or cover a8 long

period of time.

CLIMATE

The climatic factor is one of the most Influential, If not the most
important, element in the natural environment. It determines, to a
significant degree, the development of all the other environmental factors.
As 2 consequence of this relationship, the prediction and identification
of many unknown characteristics Is often possible if only a few of these
factors are known. The late Vladimir Koeppen of Austria applied this
principle in 1918, when he presented his famous climatic classification
based on the world's floral (natural vegetation) distribution. Two
important medifications and refinements to Koeppen's system have since been

developed and are described below.

The Holdridge System of Climate Classification

Research being conducted under the auspices of the Advanced Resesrch
Projects Agency (ARPA) and the Army Research Office (ARO) Indicates the
fundamental correctness and unprecedented organizational capabilities of
the Holdridge system of World Life Zones3 for the classification of
climates of the worid (Fig. 3}). This 1ife zone system is basicaliy
related to vegetation, and quaniifies {(with some manipulation) the
long=recognized phenomenon that evapotranspiration (evaporation +
transpiration) varies with rairfall, temperature, and vegetation. Since
this system rela.es vegetation to rainfall and temperature, specification
of only the latter two terms is basically sufficient. Thus, the Holdridge
system permits the first-order identification of climate in guantitative
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terms. Where meteorological data for an area are lacking, the area's
ctimaote may be identified by ground recognition or air-photo Interpretation
of the existing vegetation. Once the vegetation Is known, it bacomes
nossible to use Holdridge's Classification Chart to stipulate the
corresponding climatic conditions in the region.

Of greater Importance to this riverine study is the fact that rain
water not lost by evapuration from free water surfaces, or absorbed by
vegetation (a really significant loss), will form the streams and rivers of
the region. In other words, it should be possible to determine the local
drainage characteristics if the amount of rainfail that runs off the ground
surface and the amount of rainfall that percolates through the soil to
establish the ground-water regime (and, evrntually, the issuiny creeks and
streams) are known.

Once a stream "environment'' has been computed (or observed) for a
particular worid arsa, similarlity can be presucmed for other worid areas
having similiar climate, with suitable local! restraintz on true comparability.
Thus, it is this system which has tlie most potential for forming the basis
of efforts to reiate environment to the nature of streams and other directly

applicable aspects of off-road conditions.

The Thornthwaite Precipltation-Effectiveness Index (P-E)

Another method which would be useful in predicting the nature of
surface dralnage Is the Thornthwaite Precipitation~Etfectiveness [ndex.
This Index Is a measure of the availability of moisture to vegetation, which
deends on the amount and distribution of both precipitation and evaporation,
with the latter, in turn, depending on variations of temperature and wind
movement.l' The exact rational formula for the P-E Index , i . Is

f=10;£-

&

where P Is the average preciplitatiorn for each month and E 1[s the average
evaporation for each month. The P~E index is therefore a dimens!onless
ratio. An empirical formula that is an approximation to iy , when no

10
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evaporation data are avalilable, Is

T = s %(Tf 5)

where T 1Is the monthly average daily temperature.

i.11

Thornthwaite divided the range of values of i as follows:

Characteristic

N
Vegetation I
Rain forest 2 128
Forest 64 - 127
Grass land 32 - 663
Steppe 6 - 31
Desert s 15

Multiple correlation analyses have shown that va'ley-side slopes and
drainage density are related to climate and to properties of mantle and
vegetal cover as measured in the field.” it has been found that as the
climate becomes more humid (all else being equal), the infiltration capacity
increases and also the P-E Index. With greater infiltrati.n and interflow,
the ratio between surface runoff and channel flow decreases, so that the
volume of water available for valley-side erosion is reduced. Channel flow
will deepen tha valley more rapidly, resulting in steeper valley slopes.
Conversely, gentler slopes are prodbced with an increase in surface runoff
frequency-intensity and wet soll strength. As shown by the multiple
correlation analyses, the density of a drainage pattern Is directly affected
by the percentage of bare area and the runoff frequency-intensity, but
varies inversely with the ground's infiltration capacity and, thus, the
P-E Index. These analyses substantiate the theoretical observations of
Gilbert, Davis, and Johnson, as well as Horton's inflltration theory of
eroslon.6 Since the primary contrcls of the topographic texture are
lithology and climate, acting through the agency of secondary surface
properties, any accidenta! changes in the secondary controls {unrelated to
climatic changes) will quickly alter the drainage density to a value other
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than that expected from consideration of ciimate and lithology alone.

SOILS

The classification of soils has received considerable attention in
connectlion with both vehicle and agricultural studies. In such studies,
the term ''soil structure' Is used to refer to the physical arrangement of
the soil particles, which influences the movement of soil water and the
growth of vegetation. Many soil-structure terms are described in detail in
the Soil Survey Manual of the U. S. Department of Agriculture. Blocky, nut,
or crumb structures involve irregular clods of fragments of varying sizes:
platy structure consists of thin sheets with a property of splitting;
granular structures are much like crumbs; prismatic and columnar structures

consist of vertical columns; dune sands have ''single-grain'' structures.

_ The tern ''soll texture' refers to the sizes of the constituent solil
particles, and soil type Is classified on the basis of particie size

distribution (percent by weight), as shown in the following table:7
Soll Type Sand Silt Clay
Clay | i5% 15% 70%
Clay loam 33 33 33
Siity clay loam 10 60 30
Stit 5 90 5
Siit loam 22 63 15
Sandy clay 50 10 Lo
Sandy loam 70 20 10

Perhaps one of ths most Interesting aspects of soll classification,
in the context of thls report, Is ''soil profile," & knowledge of which can
be useful in studies of stream banks (especliallv the banks of gullles, as

we can seo In Flg. 4).

Of all the soll types, only the pcdzols and tropical latosols are
mentioned in the literature as having characteristics which affect river

12
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ldealized Fully

Developed Cross Section

Cross-Section
Erosional Process

COHESIVE CLAYS AND
SILTY CLAYS

(Usually found In lake
beds, marine terraces
and clay shale areas)

Orliginat Surface

—--—‘—‘
——Beve\OPed Gully

Low, uniform gradient

MODERATELY COHES |VL,
WEAKLY CEMENTED
SAND-CLAYS

(Occur In coastal
plains and many
bedrock aress)

Weathered soil profile
with some clay

Loose : $>>
sall or ratten raock

o
o
!
°<\°" /
Developed Gull /
eve lope .__‘_141

—— esew ou=s

Compound Gradient

MODERATELY COHES IVE
SILY

(Primarily loess and
alluvial silt
deposits; also fine
volcanic ash falls)

[

Fins and plnnacles near head-end
Compound Gradient

NON-COHES IVE GRANULAR
MATERIALS

{Often found in
terraces and outwash
plains)

ery steep gradient =
coarse materlal, few
fins

”~

,;f‘?%ort.
o steep,
unitorm,
radient = well-qrodcd mixtures

FIGURE &4,

GULLY PATTERNS,

GULLY FORMS ASSOCIATED WITH SILTY CLAYS AND
CLAYS, SILTS, SAND-CLAYS, AND GRAVELS AND SANDS.

THE COMES IVENESS AND

PARTICLE-SIZE OF THE SOIL INFLUENCE THE PLAN, PROFILE, AND CROSS SECTION OF

A GULLY,

THE SOLID LINE REPRESENTS THE ORIGINAL LAND PROFILE AND THE
DOTTED LINE THE PROFILE AFTER THE GULLY IS FORMED,

FINS AND PINNACLES ARE

RES IDUAL STRUCTURES CONSISTING OF MATERIAL RESISTANT TO EROS ION®

13
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formation. In the case of the podzols, which develop under cool or cool-
huriid conditions, particularly under needle-leaf forests, iron may be
precizitated below the surface, to form hard, rusty crusts. In the case
of the :ropical latoscls, which are found in the humid tropics, water
leaches cu: basic soluble substances and most of the silica, leaving

surface material rich In Iron and aluminum oxides and hydroxides.

While the characteristics of a lateritic soil are changing, the banks
of a stream flowing chrough that soil are undergoing related changes. As
a lateritic soil matures, it Is better able to stand on steep slopes, since
it is conmonly well drained and ultimately low in shrinkage and plasticity.
Therefore the banks of the streem flowing through this soil may be
steeper than those of a stream of simiiar capacity flowing In non-lateritic
solls. In general, the most highly laterized soils exhibit the least

surface-drainage development and the least guily erosion.

Although the soll characteristics of the surface layers do tend to be
relatively uniform in the case of well-advanced laterized materlals, the
various strata (mottled, pallid, cemented, and weathered zones) are
encountered as depth increases, and soll characteristics change greatly.
For intermediate soils where laterization has not gone very far, the change
in soll characteristics at a shallow depth can be even greater. On the
other hand, very young soils have very little soil-profile development;
there Is relatively uniform soil or soi! over rock. This may be taken to
mean that the degree of slipperiness or stickiness on an individual stream
bank-cut can vary accor.ing to the depth of the cut and the type of soil
found at any given vehicle crossing site. Where there are steep bank cuts,
the change in stability from surface to subsoil, and to weathered rock and
bedrock, Is therefore significant.

Many solls in the tropics have not gone through the laterization
proce ss far enough to change their properties significantly. These would
Include most of the soils composed of newer materials transported and
deposited by streams, such as those on flood plains and deltas. They can
be recognized on aerial photos by their characteristic forms.

Poc
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VEGETAT ION

Climate, rather than soil, is considered the strongest factor in the
distribution of vegetation. Temperature, precipitation, suzxlight, humidity,
and wind -~ ail elements of climate -- forn a complex of condlitions within
which the plant must grow. Each plant tyoe gererally grows best at one
temperature level, but will tolerate temperatures within a certaln range
above and below the optimum. S5Sufficient sol) molsture must be avaitable
to the roots during the period when transpiration Is most active. Short
grasses grow during the warm season and nced water, but during the winter
or dry season they require very little moisture. And during the growing
season some decliduous trees transpire large amounts of molsture from their
leaves, yet very little after they shed their leaves. Humidity and wind
affect the rate of transpiratio:, and also evaporation from the soll.
Evapotranspiration decreases as relative hunidity rises, but Increases
directly with Increasirg wind velocity. Tall trees may suffer greater
losses in transpired moisture than grasses and other low plants, because
alr movement increases wi:n height above the ground. Sunlight is also
very important. !n high latitudes, where summer days are of extrasmely long
duration, the growth rate of certaln olants Is very rapld during this short
frost-free period.

It Is pos:iible to recognize certain broad vegetation groupings that
form a pattern of major world belts, some tropical, some in intermediate
latitudes; and some in the cold reglons. Temperature is a major control of
vegetation groups, along with precipitation. For example, rain forest and
deserts are found along the same latitude, because of the differences In
precipitation.

The four major groups of vegetation types are the forests, grassiands,
desert assoclations, and tundras (cold heaths or meadows). The greatest
variety occurs awong the forest types, which include tropical rain forests,
lighter tropical forest and thorn forest, Medlterranean scrub forest,
various temperate broad-leaf forest types (mainly deciduous), varlous
needle-leaf forest types of the middle latitudes (mainly evergreen), and
wet forests such as the mangrove swamp.

15
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Inscrar as plants are concerned, soil is of second importance %o
climaie. Because of this strong climate-plant rciationship, the Koldridge
system (Fig. 3) is a valuable tool In predicting the gross characteristics
of vegetatinn for any specified area.

The character of agquatic plants !s closely related to river-bed
composition and to stream velocity. The ’srger >lants, for example, ce.met
be a&xpacted to thrive in a rocky or pebbly river bed, but they will grom
w2ll in silt. This means that serial photography might be helpful in
determining the composicion Gf a river bed. However, the character of 2
stream bed can be altered by drastic changes in discharge and in fiow
velocity, with accompatyina changes in stream vegetation from year to year
or even from month to mocth.

LITHOLOGY AND YEUTCNIC RISTORY

It is almost meaningless to consider isolated elmments of envirommeat.
The interaction of geologic and climatic elements with prevailing physio-
graphic processes produces corresponding veriations in vegetation grawth,
soil formation, runoff, soll creep, etc. It Is generally agreed that the
underlying bedrock and gecrogic structure form the basis for drainage
density and pattern in a region -- the lithology by providing the potential
amount of clay in the soil and thus affecting infiltration capacity and 4
soil strength, and the structure by prescribing frequency of ocutcrep. It
must be smphasized, however, that the climatic elements prevailing in the
ragion will determine the uitimete drainage characteriscics. ‘n other
words, shou:d the same rock formations be expoted in Jifferent parts of the
world to different climatic influences, the resultant drainage would
undoubtedly vary in esch region.

CULTUML MOD!FICATIONS .

Human activity disturbs the equilibrium of any stream or river,
usually not only along the flood plain {the usual location of towms ard
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cities), but at meny mcre piaces In the drairage basir“t This distuerbance
das two possible effects: flrst, throughk the abuse 3F natural wysistion-
cover in the arainage basin, the production of sediment i~ the area can e
increased, augmenting the scream load and aggradicy the chameis; second,
throwgt s0i! conservation, sediment production a+c strean load car be
decreased, increasing fl-a velocity and degrading inwe stream bdeds. Otiwr
exanp les of haman inter “erence are:

SNy

N AAEIUNL . L TR . ,
(0O I 0kl e e ok ULt (Al et M i b in b <

(a) The modir.cation of river banks (the bmiiding af lewess,
the grading of tanks, and the coastruction oFf roads and
rcad Toundations that rua parallel G river bankss

b by e tps
A

o
w
‘nef

The bu!lding of carais

(c) The comstruction of irrigation syctems
(d) Thw construction of excursicnary channels to bypass ~apids » i
(e) The comstruction of inter-river consections

{(f) The coastruction of dams

WYherever civilized man concentrates his efforts tc build centers of :
population amd to develoy n2tural resources for the use cf these centers,
tive equilibricm of the streaws in the viciai*y wi'' k¢ sifected.

¥ et &

DRA T RAGE ;-]
i

The develoowent of 2 stream and its tributaries usuvaily leads to a

widespread, intercronected Jrainage nctwork. The stages of dewnlogment of ‘3
a river system are listed betow:8 i
(1) Ieitial. A wide, shallow, fast-flowing stream marks the '
deginning of the network. .

{2) Youth. Valleys soon begin 20 develop. There are few y

tributaries, and the gradients are cammonly steep. i

*
Stream equilibrium exists when the consistent changes in stream-b=d :
profile are =0 small that they cancot be measured over a gerlod of ten

years.
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3) Matuce. Erosion has continued to the point where streams
- have nmearly reached baselevel (strictly, the downward
Mmlt of erosion impesed by the sea), where flood plains
tiaye begun U5 levelop, where lend surface is in slope, and
whore tte awvber of sributaries Is at fts meximum.

(&) Ot age. <rosion has brought the tributaries near baselevel,
8 fixad plaln |y dominaent, divides are removed, valleys are
- _mmrging {reducius the number of tributaries), reilsef is
smail, and tha drainage is poor.

Withlr ¢hs dreizas. system,; 3 fine-textured' dralnage &rea is ons

_vhich deveings on Impervicae rock or soll layers, resistant to the movement

of watar thfﬁ::gh thé‘.h, in this zasa, subsurface dralnege !s greatly
retarded. A “coarse-texturad' druinage srza develops on permeable bedrock,
which patmits the pis‘saga of graund wvater with sase. In general, straight,
braidad (interlacing) river chsanels may indicate unstable conditions in
coarse mterials, wheroas mseadaring channetls are usually indicative of
stobie conditiona on fine =oterials. However, both draided and mesndering
petterns may be found toaether, ojpeclially in Alaska.
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Chapter 3
SOME FORMATIVE ELEMENTS IN THFE RIVER SYSTEM

te two rivers are cxactly &}.ke, bezause the behavior of e«ach 13
cantrcfled ﬁy'go many Independent end interdependent factors. Yet the
hehavior of one particular stream may have a significant bearing upon the
success or fallure of a military operation, for 1t can hinder the operation
if its waters are deep enough or turbulent enough to threaten the safety or
the operation of crossirg vehicles, ur If its banks cannot be negotiated by

these vehicles.

To characterize stream types for military purposzs, great effort must
be made to collect and study the open records for all areas of significance,
sslecting available cdata In the form of stream~-flow measurements,
me*eorological observatives, channel surveys, design information on dams.
and reservoirs, scll and sediment characteristics, channel stabll@ty, atc.
The value of stream-flow records cannot be overemphasized; these ffequantly

represent many man-years of obsetvation and analysis.

By combining the kaown facts of iremote environments with filelu

i Se?  geed ! md e e b

measurements and studies of streams in Sompatable but accessible azrieas,
it should be possible to predict the characteristics of these Important
unknown streams. A discussion of some of the physical and hydraﬁlic
factors that must be investigated is presented below.

RUNOFF

Continental water bodies represent sufplus water that accumulsates over
and above (1) the amount used by plants and animals, (2) the amount that
returns to the air as the result of evaporation, and (3) the amount needed
to replenish the empty storage spaces in rocks and solls. Effective runoff
can be considered to be the diff<rence between precipitation and evapo-

transpiration. Figure 5 illustrates the effect of slope, surface materials,

s _ Sarsd , )

and temperature on surface runoff. Figure 6 !llustrates the rclation of

b
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STEEP SLOPE ~RAPID RUNOFF IMPERVIOUS-RAPLD RUNOFF

o ul
a/;“'/r R

PERVIOUS-MCOERATE RUNCHF

[ 1184

LITTLE SLOPE-L'TTLE RUNOFF °

— EXCESSIVELY PERVIOUS-
-— e LITTLE RUNOFE,_ o—
[T G
e [t BTN
‘A'l& SO URPFACE BRRIAALE
(A} SLOFE (B} SURFACE MATERIALS

RQT= R2DI0 TVAPURRTICN

44 f8eiiite
LR

" jonay W

-

COLD - LITTLE EVAPIRAT: O

(C) TERPERATYSE

FIGURE 5. FACTORS INFLUENCING THE MOVEKENT GF SURFACE WATER INTO THE GROUSD

WATER TABLE DURING
/ WET SEASON

wery HILL

. _' SPRING
IETTIIR \g=77}" LAKE 7
o™ ™ e - P e ) - S ATAC NTATATAY, -

| = e ;

v _ ATER TABLE DURING v 4
/ SATURATED ZONE DAY SEASON SATURATED ZONE /‘
J . - .y ,‘,"’/ , : F

(&) POSITION OF "HE WATER TASLE

WATER YABLE IN FINE
TEXTURED MATERIALS

WATER TABLE (N COARSE
TEXTURED MATERIALS

; SATURATED TONE
ML Ll L L Ll bc L L Ll
(8] VATERIALS AND YNE WATER TABLE

STREAM

SATURATED IONE

{C ) INPFLUENT STREAN

FIGGRE 6. DBIAGRAM GF A WATER TABLE AND ITS RELATION TO TOPOGRAPHY AND
SURFACE MATERIALS; IN (C), THE STREA¥ LIZS SOMEWHAT HIGHER THAN THE WATER
YASLE 09 CACH S!DE AND MENCE LOSES VATER TO THE GROUND BELOW
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g

watar table to topography ¢nd surface matertai as it affects runoff.

The Msence of draiiage is significant and may be due to one of the
following condltions:

(1) A small water;had. There io insufficlent surface or the
develcpmert of & runn’f aattarn.

(3} Granular waterial. Surface drainage !s nct well developed
hmcause of parerability of the snil, 35 ir zome gravel
terraces. Tridutaries from adjzcant land cften end abruptly
o~ the border ind find their vey vndsrgreund.

(2) Porous -ocks. Serface weler percolates dan to the water
tabre through cracke. @d cuvitles.

{h) Sorudle rocks. lo ilxestors regions. siskholes are utzen
Ceveloped tnot izad urdergruund to subterranean passages.

i} Water tables. .In ¥locs p!ains, lain heds, and {ower
coastal pleiaxs, the waler %able is cfter kigh and the Jies
Texcl.

Geslvage pattarns are rer2 Jully classitied, and teres are defined
spezivizally, i Tanle b of “Foracaniing Trafficability of S:,\'II."9 Chapter
S of this rvapors: :oalﬁns i anys's of stream size Jistribution and a
grrcus-ion of xl‘t rel_atf:aship of dralnsge o0 tke cepth, width, and

velocity of 2 stree,

VELOCiTY

. Streasm veingcity varies with chinrges In r2inf2il, yroudumte:, discharge,
iod, yradisat. «nwd many other factors. Velocity incrasses when the flow

- entars a narrow “ection of channel. <yt as bunks cave in, the channei

sectien becsae: wideor and shaliovec, and valocitios nesr the sida stopes
irinish until they a7e teo low For further erosion. This riductlon of
velority Is attzined doth throvgh @ lovering of the mean veicelty Tn the

viver decause of 3 lass efficient cross seetion, 83 thrwgh a itwering 07

the ratio of side to man veh:ci.v because of tha rhange in che shape of '

A ——ery

l’cr amalyrical discussion of runof\.’ see Thapter S,
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the cross section. Where the bdank material is coarse sand, the bank will

be uncohesive ard erade casily, and the chwinel wiil tecowe relatively wide.
If the bank meteriai Is a fine send, clay, oc stlt, it will be coheslve

ané wil] retain stesep siopes, and the channe! wiil remain relatively

NATTOM .

It shou'd be remebeceé that the {iow velocity at 3 given station
incregses at 4 greater rate with greater discharge ihan does width, >ecause
of increasing desth. At coeditions greater than baukfeli dischirge, the
trend is reversed and wmiocity aredily decredses wdile the width increascs
greatly. #ith mmxisam diszhargs, 2] the coarser gracdes of debris are in

tracsit. Witk lessenieg Qischarge, the coarssst sedimeri is dropped, chiafly

ic the deers, becivse Mare i3 where the change in bed weiccity is the
greatest. A: tle sems time :Be coarsesi of ihe setoended load esiapes from
the dody of the stremm and joins tae bed lcad. Soon tae srocess Secomes
ssiective; the fisgr par: s cacried on, »hile the coarser remains. Thas
the sak!law chemgis on the bars deccoe pewd with zarticies that tre
enfeshled Crrrerls are mxable 10 move. Thase mOvemtnls 2re imsortant to
stadles of cheenel snadility.

The mixizs speed of a correst wswelly occors ie what is cailed the
savienhle pascage or chiame!l, Wbich is araalty at the deepest part of the
river. Waere thers are capids, this 2assacge is esualiy iz the ceater of the
civer, dct 2t bands tihs pas3age shifts towerd the weshedout tack. The
snift currest Is, of cosrwe, more aOLicedrie (m 2 mBrrOw, Straight river,
or dering flood:. The apgroxioste surface speed of 2 river casrea? s
wsily ssasored witk 3 piece 2 daoxcd alloes o fioat betwese tuo shore
polints 2 reasuved distance spart. I cwrse, there is a3 cheage ic wvelocity
with cth depth and rrawsverse pesilics ia the stream

Yelacity chenges are also disowssed ia cormectios wilh stream depos:ts
(Chyprer &) and wiih ficcluaticas in discharge {Chapter S}. As already
rotes, the irterralaticashiz of welscity, deptk, widtk, ani droinage acea
is presented ia Chapter 5.
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TURBULENCE

Turbulence is a factor in causing the relatively large, coarse
materia: in a river's '"bed load" to roli, bounce, and saitate* near the
bottom of tne river, whiie ke2eping the ''wach load," composed of relatively
fine material, in suspension. The finer particles in a suspended load may
be fairly evenly distributed over a vertical plane, whereas the coarser
particles usually have their largest concentration at the lower levels of

flow.

Rivers with a greater depth of flow than others will have the grecter
turbulence and can be expected to have greater conrcentrations of suspe :ded
sedinent {if we assume that discharge, hydraulic roughness, velocitv, :te.,
ressin the sane). When the load of cediment is smaller than a rive 's
capacity, the civer wili pick up materiai from its bed through turbi et
motion. This mcvemenl of bed load is important to studies of strean-chaane’

stability.

STREA#A PROF:LE

The slope of & river bed is, of course, an importart factor in
temining its behavior. Kot al!l of the significant variztions in sloge
occur along the :pper course of the river where gradients are steep. The
profile of a3 "normal” river from its origir 1o its aouth is concave upward,
chizfiy because, in the iower courses, sinpe is & function of sediment
transport. The factors related to slcpe are listed below.

1} The bed materizi, which mostiy determines the sione of
the river, wears down in size while it is being trarsported.
Due to the sdrasion, an increasizg portion of the bed
saterial b2comes suspended sediment while the rest becomes
ssaller in size. Becavse of the increasec load and greater
deposition. the river sradient will te gentler rarther
downstrean.

2 . .us .
“Ssltation’ ocTurs when miteria! moves with 3 surec in water pressure,
and jueps 10 2 nowe daMSiredm 203itiom.
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i {2) The total fiow of water becomes larger in the downstream
direction. If a tributary adds an equal flow of water

and sadiment, sediment transport becomes more efficient,
and below the junction the river will flow at a gentler

‘ slope than did the two rivers above. (A steady discharge
might increase the width between the banks of an incised
stream, but it would not be the same discharge that could [
produce the breadth of a river's meander or the one that P
could produce the river's slope.)

(3) In some drainage basins, the concentration of sediment i
may decrease in the downstream tributaries (the upper
part of the drainage basin is normally the principal
source of sediment, whereas the whole drainage basin
provides runoff). Thus the concentration of transported

sediment in the main stream becomes smaller downstream,
! and slope increasingiy smaller.

(b) Many rivers are actively aggrading their lower courses, \
that is, continuously depositing sediment over a long '
section of river. This means that there is a gradual
decrease in slope, with this decrease of bed-material
load in the downstream direction.

There are many instances in which some of the above characteristics

44

are hardly noticeable or are non-existent. It may be, for instance, that
tributaries cariy a relatively greater cr coarser sediment load than the
main trunk. As a result, the main river wili fiow with a steeper gradient
below the iunction and the profile may become concave downward. Another
cause for a concave downward shape of the river profile could be active
degradation in a section of river channsl where the discharge remains the -
saxe. The degradation wiil increase the scdiment load downstream, and may

lead 1o an increase in siope in the downstream d rection.

In an ideal channel composed of uniform non-cohesive coarse sand, the
heg profile would have a shape resembling a sine wave while the cross -
section would loox like a parabola. 8ut this is ar ideal situation seidom

provided in naturs. Actually,6 most natural stream channels have trapeznidal

I Mt ool tite Laaidias

cross sections along straight reachss and are asymmetric at the bends. . |

,
Lomsiemenepaeint

{Fig. 7).8’10 A rectangular cross :ection of the river becomes more

!

previient downstream, since width increases faster than depth and the

widta-to-depth ratico tends to increase downstreaa.
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The longitudinal profile of either a straight or meandering channel is
often undulating with deeps and shallows alternating at distances equal to
8 This phenomeron Is more common in streams
which have a greater variety of bed materials; it is caused by a terndency
of larger grains to bunch together owing to the instability of the uniform
flow of the discrete units, Figure 7 shows & cross-section of a meandering
river, with the ma!n current impinging on concave bends and causing an

increase in depth.

Nor is the depth of flow uniform in the straight reaches of an alluvial
river. It is more likely that pools, flow crossings, and sand bars will
alternate in an irregular and ‘ontinuously changing pattern. At places,
the river may be wide and shallow; at other places it may be narrow and
deep. Meander bends may be slowly migrating in a downstream direction.

The discharge may be confined to one main channel, or it may be divided over

several channels with islands in between.

DISCHARGE

Discherge is the rate of water flow through 2 channel expressed in
units such as cubic feet per second or gailons per hour. It is related tc
variations in raintall and runoff, and to variations in channel size and

stream velo:city.

Since iischarge is the product of a waterway's width, avérage depth,
and average velocity, it is possible to construct, quantitatively, the
width-depth--velocity curves which will provide magnitude and frequency
patterns for these parameters at any one point in a stream. If ore relates
field measurements, obtained from a studv of nearby streams, tc slope,
reltief, soll composition, vegetation, and size of the drainage area, it is
usually possible tc determine the time response of a stream, i.e., the
time lag between the start of rainfall and the peak discharge.

Bezause of the variations in seasonal flow and in annual peak flows,
it has been :cemon practice to utilize one constant discharge whick would
produce the :are effects as actual fluctuatirg discharges. This is called
the "dowinan: discharge." At this discharge, equilibrium is most closely

%
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approached and t’'e tendency to change is least. It may be vegarded as the
integrated effect of ali varying conditions over a long period of time.
However, some typical features in river-channei formation would be lost if
the fluctuating river flows were replaced by a steady flow. In the norma!
cycle of flow, during high-water periods, the bed within the bends ‘s
scoured deeper, while at the crossings the level of the bed rises. During
the succeeding lower-water period, the bends are subjected to sediwmentation
and 3 rise in the stream bed, while the crossings are scoured to lower
levels. This causes the route of strongest flcw of a river to alternate
from one bend to another and from one shore back to the other.

An pnalytical discussion of fluctuations in dischzrge appears in
Chapter 5.

STREAM BANKS

No totally acceptable system is available to explain the soil coMpOsition
of river banks.* There is a noticeable lack of research in this area, and
most theory remains unvalidated by field tests. it is probable that the
upper course of a river would have banks constructed of materials {usually
stony or gravelly) basically similar to the surface rock across which the
stream flows. On the other hand, river banks in this regior may contain
some traces of transported matzria}l deposited by floods. In the lower
courses of a river, where aggradaticn has begun, it is more difficult to
predict the composition of bank material, because the character of the
(more or less sandy) material deposited cn the banks would be related to
the velocity of flooding water. As tte velocity decreases, the keavier
particles are the first to be deposited on the banks. The nature of these
deposits would be dependent on the load introduced into the stream by its
tributary system. Leopoid8 concludes that most particle sorting takes place
within the first few miles of a stream, ané proceeds at a markedly slower

rate for the rest of the way, with a neariy uniform rate of decrease in

*
A classification scheme for bank geowetry has been developed and is
presented in Chapter 7.
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patticle size. Tais say de largely explained Ly the reduction i= wvelocity

a5 gradient decreases with an Imrease in materity.

The gereral matare of stregms isdicatel that 3 stieem laree eocwyh tc
require (Y2 swimming of a vekicle will be iw alluviwn. The dark apteriais
will be 2lluvial and composed of clayey silt or very Piae sasd to zlay. !=
both the tropics and in teuperate areas. lacger quemtities a° soe-lateritic
gravel are found in terraces an! alluvial 7ans (see Chapter &) axd "2
river bars. 0Old terrace dr,0sits in the troplcs >flex comlein rottlec

gravels, wsuaily overlain by a layer of siiv.

in & slow sluggisk trepical stresw. the Dottom silt das 3 g ealer
depth and the danks have 2 loner height than streaws of high velocity
(depending wpon erosion character:stics of the predomimact seii at a iven
crossing sitej. This s becavse the degsh of soil o dedrock I3
relatively greater im suck regioas, affecticg the rwaff. the streaw
veloCity, and the lateral streas cross section.

Sank heights are prisar:ly a fumction of the fluctuaticos of water
depth in an aggradatiomal stream. For cohesive materials, ia geaeral, the
highe: the baak, the groater the sloge. Cut damks may de expected te
display » slope celated to their cobesiveaess: sliip-cff 23mks (shoals)
normally are such sore gmtle thae cut basks, decacse mterials are csarser
and thus less cokesive.

‘dher valrerable zaterials are scowred from 2 bask, they cax slide donm
toward the bottow of the chanmel and De tramsported alom3y with material
eroded from the river bed. Deposited fartmer dewms?oean, teey cam inflisesce
not only the shape of the chasme! but aiso the character ¢f damks.

An analvtical discession of the streegth of river bamks is presemted
in Chapter §_
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Chapter 4
STREAM DEFOSITS AND ALLUYVIAL PLIINS

The tramspert and depot *° ¢f sedinens im 2 rives sesler J.-img whizh
Jed MUTiD? i3 W own ir size, i3 of soecial significaexe im arY stwly
concermed with the charazte istics of stresas a5 rrlpted It sehile crossiegs,
Sise Cressieg sites nav dave 2 be choser ia liuvwiat arvas ¥ the wpper
wnses ef the rives systew areses: .csygerable ¢ifficelties ‘atmlaicows ’i
terra’s. ouwlders ia the 3tceam, aec cther castacles). o surd sitoeliaes. ‘
3 nemledge of sedizent factors. 33 ey affect tde Stnicture aod Taterials 4

sf damh3, is ‘eporlacn:.

A3 we dne 3ee0, 3 siTewm's Pess of eaergy. Ikrowgh a3 decrease r¢
elaity er velude, causes it S dxposit the sediwenl or debris it is
traxspactiog. Sech » siteation occwrs nta” the wpper zoxrses of 3 river
where it Tlens froe 2 sowRtaimons regioe and where 2 “Diedmoot 2ilwvial -
plain™ o “7ac™ may be Mrilt. 13 alsc occues along he middle coerses cf .
a river, vhere 3 “fload plain™ wy dovelop. v 32 the terminal area o
soutk of 2 river, where 2 “deita’ wey ®e deiit owt Imto a standing water
doudy _

SIEBMENT ALLOWIAL PLALISS

The picdmont allurial plain, more comontiy called the alluvial fam, is
focraed 2lomg the base Of a mountaia, where cmerging streams deploy omte a
Tlat plaia. The swidex deciease it joadiest, as the somatain stresw esters R
the plaia, casses depotition of mech of the stream's load. A slopime pliin
is yrodually Swilt v, its serface rising to ae aper at the poias wherv the
sivesn isswes from  he sowWmtains; hemce (e name Fa3n.** Such faes way be )
a few feel across, cr meay miles, and are characteristic of 3rié regioes.
The stream cay flow only a short distamce Sovn the sloping Tam Defore it
duindles acd disapprars, drocping ail its tedioent. Bry, steep-wplled
casaels extead part vy azross the Tac; these are wiod by the epheveral
streams in tiwe of flood. If allwvial fams surroomd a clcsed basin, the
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centizl arer mny become 2 haline lake after rainfelf. bul wili dry up at t

other tioes.

The sediment =ceprising alluvial fans (s coarsest near the apex; 2
aiddle slcpes are usually composed of sand and sily; a3 the lover areas
coasist of stit end clay. The distribution <t plant growth on slluvial
fans is related zainiy tc dilferences in »of] sylicity. Other vigrificant _ {
factors are frequancy 2f freezinz ierneratuces and the tise and place of
Joness loge <2ld-2'r srainage. i

FLO0Y PLAINS

As 2 streem erodis {tS chynrel, !t eventually rruitss baselevel, which .
forms 3 limit € further dovacutiing. wWow processes of valley widening
begiz to pravdeoingte. THe streano say swing laterally inzo its banks o the

e (bl

outslee cf carves, ondernining theo ¢nd widenlng ittt valley through “latera?

rohcine.’ Tom wgter fioes fasyast and dzepesk on tus uulside of 8 curve,
slovast and shallomest un e insige. Tepositios of allavwiom {sand, silt,
or and, genecalily) takes place on the Inside of the curve, while (he outsice
is zvoded. a tis zmy the turres Moee wider and wider, and the streae

is s3] to “seauder.t Sw the irdide of 2 curve, alluvial derosits =ay rake
the form oF low sand or wud ders, separated 37 shallow curved channels.

This gattera of curved markings on the inside of 3 stresa meander ix cften
cailad “xeander sciolls.'™ The steep curved biuff vhich is forsed or the
oatside of 3 acander dy wdercetiing is called 3 "“mearder scarp ™

o 4 Ak 28
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Mewmdering is> dasically an exchange 3f sedivent from aa upstreas
coacave bank to a Jvestream convex bank. In other woids, it is 2 mode of

-

ks Lt sl 2%t ks * 2 N it sttt ki ettt i i N b Al S Ol w0030 it

sediment trensport, in snhich every phase represents 2 changina relationskiy
detween three clesely related variahtes: the fiow and the hydraslic
srcperties of the chawe!. the amount of send moving along the bed, and the

rate of bank ercsiom.

As such processes proceed, a2 broad valley just atcve dbaselevel is

A it o " thzenee o by " ol
LT NP e RSO\ PO Sy oty ot 90 WA Y O 1T 44 P & A Vo or

erentually dovelcoed. The meandering stream will swing across every gert
of 1t, lesvimg deansits of alluvium while widening its curves. For a gluen
size of stream, character of stream lcad, etc., chere is & gereral liait to

30
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the radius of the meander curvel that develsp. 1f the manders ars fully
develcped, 3 line can be drawn alana sach side ¢f the 'meander delt, "
which is thut shown tc have a nearly unifors width rouchly eguivalsnt ta
twice the radius of the lgrgest aeanders.? VWhen the wheic flowd piain
becomes wider tlar tie mmander belt, the monder belt iiself zay swine dack
and forth is time goes s, Figure 8 {p. 2%) i5 » graphice) illustration

of rne weander delt.

The develonsent of xeandec; has sevoral conseQuences. fFirst, a5 the
curves widen the strex= isagthens. Therifore, the gradient or slose of the
strezm decreases. |f the streas becoues fyliy louded wilh sediment, soxe
of the load must be dropped, thus fyrider reducing the sicpz and, dence,
the energy of th2 stresa. Chawwnels tend to Fill up, sand bacs develap, and
the streax may owxrflow its danks. sprexding sedieal o the flood pinie.
Such deposits, if continued fons encugh, eventuxliy will busild ve the fiood
plair surface to a slope on which the weandering streza will be able te
carry ¢ll its sedivent. Second. s adjacert meanders et wider and widar,
they approack corplete Circles, aré way cul thewelve: of i, Suskh 2 catedf
cives th: stream a new, shorter course a: tka! goint. The abandoned curved
channel, ics ends closed of ¥ with sand bars, becoses o "oxomd® late of

stagnan® water.

Wher: flood waters, [asan wiih cedimitl, svddenly overtop tie channe!
banks and spreaz in shallow depth on the flarter land oulside, their
velocily i> checked and their transporting poser is suGdenly redwned. Much
of their cedisent is therefore deposited in a3 layer thickest resr the stream
ctonrel and thinning out with increasing distanza. This procsss, repeated
year after year, builds "natural levees. ' which are highest acar the streac
charael and slope gradually away from it into stagnant “dockswsap'’ arezs.
Thess swamps may he consideradly lowe: in »ievation than the normai ¢iver
level. Near the river, the naturi: lewres are cosposed of calarse silts and
sandy silts, pioducing 3 light, weil-drained soil. Along the Mississipp:,
the dry natura®! levaes are often several niles wide. In contras:_ the
backswarps contain the finest siles ana clays, and under lying heavy, wei
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One effect of naturat levres is 16 previat Wwidetzry strewms from
tesily entering the msin river. Seth tcributaries 3oy floe loog drstances
patalle! to thelr saiter stream before they con Lreak thrtegh the levee and

jecin s,

Along che sicdes ol masy ficod plzins are highx - Sexches cr “allwvial
rerracas,” reanants of ¢ hightr floud-plzie lev=l. Some drood river valleys
keve three o7 even four leveis, whizh xgy cecu. Ia pa’ri 2 doth sides of
the valtey. Thelr swrfaces ave conpused ar reak alluviva rather thae

resisiant Fock sirata.

Yariations in vgaatior co+ec on the viood tlein wil e ide
evecflon in different ways, neselline ‘o variations o silsxiation. The
ryde and FICiribeticn f vegelation I R dependt s rr f erwency
ard severlty uf qverflow.

BELTR PLNINS

The ‘della” s zerely the Tiond plulz » (ended imie ihe Lody of
Sanding wates fate ritich the streas aissNarges. =z zost vases he
transitlion from flood pluin SO Sclts is ardiliari iy placed a2 she psiag
ubere ‘Kisiritutaries™ begin to diverge frox the x3in sivean.  in the lower
Rile Aiver plain, Csiro i: locgted jus® above he flrix diztcibelaries and
is thecefore at the begluning Xf the delzz. Thx Rississippi River delia s
very differect; iv projecix far cut inte the Suif of Mexite with as irreqular

”

Srenching shape, sometimes sallsd 3 "crox's foei” form. Mt is apparse
a3t wave action in the Gulf 5 ferdis and is urable to tris off toe

profections of the Missiseinyi deltg as fasi as they are busll foruard.

The opper surfdcc of 3 deltc zlcpes gentiy ot to the izvei of the
standirg water bady, beiow Which it assumes & sterper sicpe. Exnocures of
the silurial body Delrae the Scita surface show that the dulk of the ¢elta
it madq of beus dipping tormrd deep mates. TXese are the “forrset™ beds.
Atove thes are the flat-lying Tropset” deds. ¥Fac cut in deep vater, he
forescts flarsen outl and grade atc horizontat “Hottcosetl™ deds, which later
o3y be covered ve by the foresets &t tire deita advarces. Bottomscts may b2
omposed of Tine clays or silis: foreseis ave coarser, ranging from silt or

32
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: ] = in éeitas iike the Rississipel 1o sand in s<w@s? glaciat lakes. Topsels
3 are wually coerser that furesets; they are cainly ond and sand in th?
B | Bissiselpgt $=olla but vy bde coorse asavel In swali delwas.
: } The scefac: fratures of delias srC much the caze as tinse of fluod
3 pizin: -~ mepneeys 2ad cxdov letes, maitwra! revecs, and BaThswwapt -- with .
the sddition of sicsiridulyry chaame !5, Kear the sea coest, the braxiing
i distridutaries exlend Fonerd »s accretions of wediment beild up he Ielta '
) sursace to sea ixwl £a:h of he sgjoc branches extends Seawerd between ‘
g ] narrom siring of laad. *
! irteral exte :xion Oof ¢eita 4200iils aay enclase steilow parts cof the :
{ sea %0 foirm delca lakes, b as Lake Poarcharteeia in Lauisians. $nother
exaxple is the Jucler Zee, & 233sTa: £2lt2 iake n vhe Nerherlands whice
§ l wye forseriy an er» of the Karth Sea.
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Chapter 5

ANALYTICAL APPROACHES TO THE STUDY
OF STREAM CHARACTERISTICS

in attempting any quantification of the relationships between the
environment and the character of waterways, certain limitations should be

considered,

The statement of the problem should require that the waterway be large
enough to enable a vehicle to float fully. |In turn, streams having average
depths of less than 2-3 feet, although quite Important in a mobility sense,
are more correctly treated as terraln obstacles, hence are not discussed
here. In such a very general conceptual approach, streams having depths
. greater than 2-3 feet will be flowing on bottom deposits in alluvial plains,
where they are not completely dependent on the underlying bedrock (its
erodability, fault llnes, geometry, etc.) for development of their
characteristics. Stream-bed materials are relatively homogeneous in

comparison with the varlous geologlic formations underlying the stream course,

In mountalnous regions, rock structures are complex and varliable, and
it Is difficult to derive simple relationships between prevailing environ-
mental conditions and stream type. The most useful form of relationship is
one which Involves the fewest environmental parameters and, moreover,
Involves ounly those parameters for which data are more-or-less readily
avallable or could be measured without extensive fleld programs. The most
general forms of the desired relatlonships can be cutlined, and the hazards
of possible oversimplification accepted. Since there has been so little
effort to relate climatology and hydrology, mathematically, analytical
treatment may do little more than direct subsequent studies toward this end.
However, the accuracy of a predictive scheme has been checked in one Instance

and was shown to be in fair agreement with the order of the observed value,

Some studies have accepted the assumptlion that any equations used with
the limitations cited above would also hold true for much smaller stream
networks (gullles and small Intermittent streams). Analysls of distribution
by size classes of the latter types'of streams would seem to follow empirical
relationships outlined for waterways In alluvial plains,

35
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COMPUTATION OF RUNOFF

It Is apparent that the absolute quantity fundamental to any stream-
character analysls is runoff. Invariably, the portion of precipitation
which eventually finds its way Into streams and rivers Is Intricately
involved with the amount of water evaporated from free water surfaces and
that which is transpired from vegetation, Because of the complexity of
computing transpliration, previous methods have been unsatlsfactory." The
Holdridge system, however, appears to offer the basic framework -- maybe
even the explicit relationship -- between climatic factors and evapotran-
spiration, 1t Is only because the vegetational component of his Life Zones
System is directly related to the climatic boundaries that quantitative
climatic parameters can be functionally substituted for the hitherto
irreconcilable vegetation Influence. When this substitution is made, the
computation of runoff can be approached with some confidence, but it should
‘be pointed out that runoff, ln‘}he context of this discussion, implies a
steady-state condition for the ground-water regime,

Classically, runoff has been deflned as merely the precipitation which
flows over the surface and terminates in a stream, leaving percolation into
the soil to be computed by other means. |In the present context, the water
which percolates Into the soil-and does not get used by plants (transpiration)
is considered to contribute to the ground water supply, forcing a comparable
quantity of water to manifest Itself eventually in the stream. This Is why
cffective runoff can be considered to be simply the difference between

precipitation and evapotranspiration.

By this definitlon,

(58.9 Tbio ) 0.534
Ro = P «.0,59 Tblo 92-45.5 — - 0.34 (1)
where Ro = runoff , mm®/mm°/year

P = preciplitation , mm/year
1

2
bio = mean blotemperature , = 1%- T
m= |
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T = mean monthly temp2rature (degrees centigrade)
where all temperatures less than 0° are set
equal to 0°c

Ro = Ro . M. (0.174) , mean maximum (wet season) runoff,
ft2/min/sq mile (2)
10.2 Tblo
v + 0.375) rainfall concentration factor for
where M = e = the wet season for normal yearly
rainfall distributions, % (3)
and 0.174 = dimensional conversion constant
Mean maximum (wet season) runoff , Ro' , Is also used In two of the

analyses which follow, because it is during the wet season that the greatest
energy is expended in altering (or forming) channel geometry. By comparison,

dry-season flows usually produce but small changes In channel shape.

The factor M Is the ratio of 12 (the number of months/year) to the
number of wet-season months. Since the number of wet-season months Is a
function of the potential evapotranspiration ratio, it may be expressed In
terms of precipitation , P, and blotemperature, Tpio , as iIn Eq. (3).
Abnormal precipitation distributions, however (specifically monsoonal ones),
should be treated independently, using the basic relation M rather than its
functional relation as expressed by Eq. (3).

If the stream under conslideration Is so large as to draln basins cutting
across widely varying climate types , Ro' must be computed from the sum of
the Individual climate-areas. The distribution of rainfall within each
climate type can also be accounted for with the assistance of adequate clima-
tologlical data to improve further the resolution of the estimate. However,
consistency must be maintained in the degree of refinement of factors
contributing to runoff, with all defined and implied factors brought along

together.

INTERRELATIONSHIP OF DEPTH, WIDTH, VELOCITY, AND DRAINAGE AREA

The precepts governing the general relationships between stream width,
depth, and velocity have been well studied, A few men, like Leopold,
Strahler, and Hack, have devoted much of their time to the problem of

generalizing the nature of streams. The analyses, until recently, have
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been largely of the nature of compilations of detailed observatlons, iIn
which the climatic parameters were frequently neglected or unrecorded.

Some excellent work by J. T, Hack12 produced the data necessary to
determine approximate quantitative relatlionships among stream depth, width,
velocity, and dralnage area, even though his data were not Iintended for
such use, Accepting a very nominal amount of scatter, his data indicate

that

-0.355

u ARO,
il 0.2‘%(%‘.3) (4)

where w = the measured width of the stream channel, taken on
a plane coincident with the alluvium, ft

u = the average channel depth determined by dividing
the crossing sectional area of the stream by its
width, ft :

R = the mean maximum (wet season) runoff from Eq. (2),
ft2/min/sq mile

A = the drainage area for the stream basin, measured

from a topographic map, sq miles

His data also indicate that the corresponding stream width may be computed

by
(ARO,) 0.491
W = 8\5%.3 (5)

Both of the above equations have been generallized by taking into account
the precipitation and biotemperature averaged for three statlons within the
study area, and computing the runcff. By combining Eqs. (4) and (5), the
average channel depth may be computed by

u = 1. 073028 (6)

If a single stream carries the average volume flow of water as
Indicated by R, , AR, must equal the product w: u. v , where

v = average stream veloclty,
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Thus,

AR’ 0.174M AR
v o= —=—, ft/min = ——/——= (7)

Substituting Eqs. (5) and (6) into Eq. (7) , v may be expressed in terms
of mean maximum runoff and drainage area:

v/ = 1135 (R p)0-372 (8)

where v’ = the mean maximum (wet season)

velocity, ft/min

With a slight amount of juggling It Is possible to compute the mean dry-
~ season velocity (or stream width and depth) by spreading the residual

runoff through the dry-season ‘months.

SIZE DISTRIBUTION OF STREAMS

With the foregoing analyses and one further assumption, it is possible

to state the hypothetical relationship between the number of streams in a
particular climatic region and their size. |f It is assumed that the

total runoff in an area is handled by one stream, the geometric division

of that flow will permit computation of the size of streams required to
keep a constant flow volume. 1In other words, it Is assumed that the major
stream In a drainage basin divides Into two smaller streams, and that each
smaller stream divides Into two yet smaller ones, and so on. Thus stated,
Eq. (5) can be used to compute the number of streams (Ng) of a given width
(w) -- or, conversely, the width of steams of a given number required to

maintaln a constant flow volume,
AR/
N = 0.722 2 (9)
s * ZwNSZ.EE

The Ng thus computed is equivalent to the classical frequency term, in

number of water courses per square mile. This term Iindicates the number of
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streams of a given size which must be traversed for each mile of cross-
country travel.

Equation (9) was checked against observations made In Panamal3 dﬁrlng
exercl|se Swamp Fox |l. The agreement between computed and observed Ng Is
generally good. In the Swamp Fox 1l study area of Panama, the following
environmental parameters can be listed (observed Ng = L4 streams per mile

of traverse):

P = 2000 mm
T = 26.5°C

R = 1915 ft3/min/sq mile

M = 1,66

R - ?180 cfm/sq mile

tet A = | sq mile and assume effective nominal stream channel
widths of w = 20 feet.

From Eq. (9) , Ng = 5.1 streams per square mile.

It is implicit In the foregoing analysis that the presence of a large
stream within an area does not materially alter the number of smaller
streams contalned therein. A further Implication Is that the tertiary
streams are the sole collectors of runoff, the water collected directly by
major streams being negligible. An examination of a number of aerial
photographs and stream network sketches, especially In Lueder.'h Iindicates
that this superposition hypothesis s a reasonahle one. However, it remains

to be validated quantitatively.

FLUCTUATIONS IN DISCHARGE

In recognition of the fact that streams are an Important element in

shaping landscape assemblages, some recent investigations In geomorphology

Lo
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have concentrated on studying the properties of stream channels and their
networks. Some of these studies have dealt with the behavior of a stream's
width, depth, and velocity with fluctuations In discharge., in these
Investigations, It has been found that the adjustment of the dependent
variables with changes In discharge at a particular station can be expressed
by the following simple exponential equations:

w = a®, d=caf, and v = k" (10)

where Q represents discharge, and the variables w , d , and v represent
a river's surface width, mean depth, and mean veloclity, respectively. The
coefficients a , ¢ , and k , and the exponents b , f , and m are
derived emplrically and are functions of the units of measure, These

- .equations assumed that the mathematical expressions derived empirically
with data from mnderate and lérge discharges accurately describe the
behavior of the stream for small discharges. That Is, the adjustment of

the dependent variables to changes of discharge was assumed to remain

constant for all river flows less than or equal to bankfull conditions.

But hints of uneasiness concerhing these equations appear in the
literature. Leopold and Maddockls found that widths and depths of streams,
for given discharge values, vary widely from one channel section to another,
with the result that the coefficlents a , ¢, and k must vary from
station to station. In the study of Brandywine Creek,'G data were collected
that appear to Indicate that at discharges approaching the bankfull condition,
the depth-discharge and velocity-discharge relations differ from those at
lower discharges, In this study, the data were not sufficlent to indicate
a change In the adjustment of the river's behavior. Data collected in
three Individual studies, dealing with streams In completely different
environments, further iIndicated that the assumption that the values remain
constant for all discharges less than bankfull Is suspect. Fahnestock‘7
states that the extreme values of width and velocity cannot be entirely
explained by errors introduced through extrapolation, From data complled
on the White River, he believes that the extreme values suggest Instead
that the channel Is unaffectad by the low discharges. Data obtalned for

the Rio Sana Muerto‘8 substantiate Fahnéstock's belief and illustrate how
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for some streams the width, depth, and velocity do adjust to small discharges.

Figure 9 Illustrates the changes that take place for the variables of
viidth, depth, and velocity as discharge varies on the Rio Sana Muerto.
Although this is a small river, It illustrates the relationships that may

be found at one particular station, as follows:

w = 9.7 Q'3h , d = 0,33 Q'23 , and v = 0.31 Q‘bo

The adjustments of the hydraulic variables to discharge take the following
form: velocity Increases with discharge faster than width, while width

Increases faster than depth (m > b > f)., This adjustment of the hydraulic
variables to discharge is of a form that is generally different from their
adjustment in other studies, The adjustments In the other studies usually
take the form m > f > b . The explanation for this different adjustment
of the channel's hydraullic v;rlables'to discharge can be accounted for by
an investigation of the shape of the Sana Muerto channel and the movement

of water within the channel,

Figure 10 is a cross-sectlional diagram of the Sana Muerto channel. It
Is seen that the channel Is slightly entrenched, that the river bed is
situated between two nearly vertical rivei banks, and that the stream bed,
while almost level, slopes toward the right bank., Whenever a slight change
in the discharge occurs, this configuration causes the right edge of the
river to remain practically stationary while the left edge fluctuates. For
the range of data collected, a mean depth range of almost 0.1 foot causes
the Sana Muerto's width to fluctuate 2.7 feet. By extrapolation, an
Increase of less than 0.1 foot over the highest recorded field depth (0.35
foot) causes the width of the wetted surface to increase by approximately
b feet. At this point, the river completely covers the whole river bed.
Any further increase In the water depth will cause very small increases In
width, until flood stage, since the river banks are almost vertical. The
moment that the water in the channel touches both banks at the same time, a
completely new relation among the simultaneous changes of width, depth, and
veloclity to discharge must occur. With the Sana Muerto occupying the whole
stream bed, the width of the wetted surface can no longer increase at the

L2
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same rate as during the smaller discharges. Consequently, the equations
describing the adjustment of the hydraulic variables at the low discharges
will not be valid once the stream impinges on both banks. With the water
surface covering the whole stream bed, the rates of veloclity and depth will
probably increase as the width rate must decrease (Fig. 11). It therefore
appears that numerous extrapolations of the hydraulic variables to low
discharges, which are based on curve-flitting equations derived from data

of moderate and high discharges, most llkely are Invalld. Since it Is
Iimpossible to predict how the decrease in the rate of change for the

width will be absorbed by changes In the rates of change for the velocity
and depth, the new values for b , f, and m are undefined. But as the
channel will become more rectangular with Increases fn the height of the
water surface, It is reasonable to assume that the exponents would take the
common form of m > f >b ¢ It must be emphasized that thls presumption Is
made by assuming that once bedfull conditions are attalned, the hydraulic
variables will continue to adjust to discharge in the identical form. This
assumption is Justified by the fact that all previous results Indicate that
the variables' adjustment to discharge Is exponential when river beds are

completely covered by the stream,

STRENGTH OF STREAM BANKS

It has been noted that in a stream large enough to require swimming
of a vehicle, bank materials will be alluvial, ranging from very fine sand
to clay. Cut banks usually contain the finer solls along the stream and
slip-off banks often consist of an admixture of (1) the coarser fractlon
of the alluvium and (2) bed materlial which is transported by the stream at
high water. '

Generally, then, cut banks will be slightly cohesive on the surface,
The subsurface soil cohesion (cp) Is approximately equal to the surface
sol) cohesion (c,), possibly < 3-4 psi ; the angle of Internal soil
friction in the subsurface (¢p) Is approximately equal to the angle of
Internal soil friction on the surface (9,) and should range between 20 and
30 deg. Shoals are normally composed of purely frictional solls (i.e., cp =
€y =0l 9p =9, = 30 to 35°) near the water line, and grade Into alluvial
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character at the top of the bank. Subsurface cohesion may be quite high
in high banks, but proximity to water wil} reduce surface cohesion.
Therefore, the higher the bank, the greater Its soil strength and the more
critical the surface soil properties become.

By breaking a stream cross-sectional proflile into segments, scme rouch
qQuantification cen be made, consldering two positions along the course of
the stream (see Fig. 12). The listed soll-strength values, taken from
lk:hl’t'm.13 were based not on measuremsnts, but on the eutkor's experience.
The values, however, seem to be consistent with the observations of others.

Case |. Meap water level significantly below the top of the bank (upstream).

A. Alluvial material
Bank surface-layer propertles:

Subsurface soli cchesion (cp) Is high; surface scli cohesion
(cu) 1s low; angle of internal soll friction in the sub-
surface (‘Pp) and surface (9,) are typical of consolidated
mediumr-grain-sized soll, <Critical layer's soil strength
(RC1) ts high enough to provide support for the better
(iower ground pressure) vehlcles.*

For tne surface,

cp =c, v 3-4 psi

G 0
‘Pp P 20" ~ 30

RC! > 89 near the surface

Smooth, relatively firm.

*For cone index (C!), vehicle cone index (VCI), and remolded cone index
(RC1}, sec Ref. 19.
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B. Bed material

This is ccarse by comparison, ranging from 1/2" diameter
gravel to boulders possibly up to 12" in diameter,
transported from far upstream at peak {long-term) ilows.
Stze is related to dip slop=, fracture, cleavage, and
other physical propertlies of the outcrop (coarse materlal).

RCI > 300

Purely frictional; rough; firm.

€. Bed-shoal transition

Coarsest fraction ~f materlal transported In suspension
by the stream, mixed with finer fractions of bed
meterials,

¢ = ¢ = 0

- ¥ °
9, = @, ¥ 30
RCY > 200

Purely frlctional; slightly rough surface; firm,

D. Submerged shoals

Largely the coarse fraction of adjacent alluvial materials.
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RCY > 150

Purely frictional; smooth; firm.

txposed shoals

Miu-range size of adjacent alluvial material; clay
particles largely absent. Very slightly cohesive
(negligible for mobility computations because it is
easily destroyed, especially in the presence of

water washed ashore upon egress of vehicle).

T 8-10 psi
cp P
c ¥ 0
u
~ ~ (0]
0, T 9, T 25
RCI > 80

Smooth; relatively firm,

Ma.imum slopes of the order of 35-4C percent.

Bank materials

Particle size in alluvium decreases directly in
proportion to the distance from the head of the
stream., It is therefore possible to estimate
the approximate texture (i.e., grain size) of
bank materials. This information, together
with sol]l moisture contents, permits reasonable

prediction of bank strength.

Bank materials are normally several orders finer
than stream-bed materials. However, at this time,
there is no good way to estimate surface shearing

strength of banks except through poorly established
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= o+ ———————
ot e o bt i a ot W Nt

? links between texture, moisture content, and _i E%
\ shearing strength. . ‘
i
: A
i Case 1. Mean water level near top of bank {in or near alluvial fans and { :
z river deltas). : i
? ! ?
g A. Alluvial material ! j
Most probabiy silty cloys; molsture content near , .i
saturation jevel; flcoded during the rainy season | ’
1 1.
: in the drainage basin (see below).
| o
; Natura!l levees (oftzn under cultivation) border the ’ \1
| stream on both sides and are composed of fine to ]
{ silty sands. Nearly pure silt may be found ncar ! ,
: the mouth of the river, becoming coarser upstream.
s
% For the surface, _l
| |
€ % 6-12 psi
| P ’ :
|
) = -
| , 1-2 psi (
- & 20° - 9c0 o
¢P P 20" - 25 S .
RCI > 180 -
Smooth; firm, .g e
Back swamps are a common feeture on river deltas, }
associated, In part, with a greater frequency of -
flooding along the lower course of the main stream, l
-1
Dry
¢, ¥ 20-30 psi (brick-1ike) - ,
c, = L-6 psi %
1
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> o 0 _ 40
P, qrp ¥ J2 15

RCI > 200

Smooth unless very dry and cracked; hard.

Inundated or saturated

c ¥ ¢ F 2-3 psi
o, = o F 6 -9

RCI = 20-60

Smocth; soft,

8. Bed material

Nominally sand; purely frictional; firm; smooth,

c = ¢ = 0
u P
a & 26°
_¢p ¢u 25
" RCI > 80

Smooth; relatively firm.

C. Bed-shoal transition

Nominally fine sand to silty sand,

c = ¢ = 0

p u

- o

‘Pp ? ¥ 20
RCI > L0-80

Smooth; relatively soft.
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0. Submerged shos!
Nominally silt to clay, mud.
Uepth of mud: up to approximately two feet.
Mud strength, 0.
lower Iayeri of mud, RCI ~ 10-29,

¢ :nd @ both iow.

Smooth; very soft,

E. Exposed shoal

Small or non-existent,

F. Bank materlals

Unimportant, since banks are small or non-exlstent,

The following table presents Lueder's computations for critical bank
helght.‘u taken directly from classical soil mechanics. They are estimates
at best, but have proven tb be useful approximations. The ce and @,
used by Lueder correspond to Cp and 9p for subsurface soll. Lueder
uses Ng to mean the bank stability factor; but this should not be here

confused with Ng used previously for the number of streams.
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Chapter 6
INDIRECT METHODS FOR OBTAINING QUANTITATIVE STREAM DATA

PROPOSED SYSTEMS OF APPROACH

Leighty20 describes a system which uses indirect methods fur. obtaining
quantitative data for hydrologic features. It begins with the identifi~
cation of a feature from an air photo (e.g., a meander) and yieids
quantitative estimates of bank height, -(resm width, channel depth, and
cross section, based upon previous measurements of analogous structures.
Leighty considers these measurements to be at best approximate and often
Inadequate, because of the small scales used on many aer!al photcs. (It
should be noted that considerable experience is required to interpret air

photos for this purpose.)

LeopoIdZI l.as proposed an approach based upon quantitative geomorphology,
air photos, and maps. For example, it is poss.:'e to begin by making a
measurement of stream width from an aerial photo, With this measurement
and Filg. 13 (p. 47), an investigator can obtain an estimate of the bankfull
discharge to a reasonable degree of accuracy. Having obtained the bankfull
discharge, he can then detzrmine the mean velocity and the mean depth by
using Fig. 14, This technique should yield an estimate accurate to %30

percent for mean velocity and 50 percent for mean depth,

If a topcgraphic map Is available for the area, the margin of error
can be reduced by utilizing slope data. With measurements from an ailr
photo and a topographic map, it is possible to use two equations (one

utilizing the Manning relatlonship):

Q = wdv " (1)

and ;
2/3 . 1/2
v = 1.4ge B3

(12)
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where Q = Jischarge
d = Jgopth
w w width
v = velocity
R = hydrauliz exdies
S = mean s!oﬁe

r o= KGiror's coeffliclent = roughness
parameter '
Examples: Hry srcavated esavth canpis,
n = G 0lg
Canals excavated from rack.
n = 0.033 < 0.0k » '
Comcrete linings, 0.9i10 - 0.013

Depth can tben bc estimated as & function of dlischurge, width, and siope,

Lzopolda ve,. ves that If a rives basin Is gcr:en;”y bomogenéous, the
flow ~ha. acteristics in one part should ciosely appsoxfmate the flow
elscwhere in the basir. Therefore, measurement éf the properties of an
accessible tributary can prcvide adequate data for an inaccessible main
strear:. No comoarison Studies have beer found which deal with the relative
merits of the systems described by Leighty and leopold. It is vecomnended
that the L=opold method be used in conjunction with fleld tests, to improve
indirect methods,

it has been qualitatively determined that stream-channel geometry
tales form largely (almost exclusively) during times of peak flow, when the
greatest energy is encountered. During these tlmes,'stream banks may be
just high enough to contain the flow, but subject to sporadic flooding.
If we can assume that Rol represents the mean maximum (wet season) flow
and that It just fills the banks, the depth may be computed,

The nominal water depth during the dry season may be computed from

(X4

R, , the mean minimum {dry season) flow. |f we let M" be the rainfall

modulation factor for the dry season and equal to % (where M Is as

0
’Cross-sect!onal area of stream divided by wetted linear surface.
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given In Eq. [3]), then a dry-season runoff may be computed as L

R .

R = caaR M e 0174 2 (13) )

o

Since we have assumed that the bank helght Is nearly zerc durlng mean ~$ i'

- vaximm flow, then at meaii minimum €low (Ro"), the bank helghts should be l .
at @ maximum. The difference between the corresponding depths should D

indicate the maximum bank height. ™ 5%

If o' = mean wet-season water depth

! 3
u'' = mean dry-season water depth :

and If hb = maximum bank height \ 3;
3 .
then 3 :
~ ' I A
hb = u ~u (1) g ,
The validity of Eq. (14) has yet to be determined. ';
AERIAL PHOTOGRAPHY hl
Aerial photography has been used as a basic tool in many analytical ‘!
studies. The generai watersaed environment (geology, topography, and
drainage pattern) Is best analyzed from aerlal photographs, and Investi-
gations are now under way to find a means of determining the distributive 5
and quantitative aspects of soi] molsture, evapotranspiration, sedimentation, '

[

and snow cover. Preliminary work has been done on the identification cf

channel characteristics and stream flow (see '"Final Report on Alaska Stream
and Basin Characteristics Pertinent to Military Mobility," by C. W. Slaughter, (
with contributions by P. V. Sellman, 5. L. Dingman, R. H. Hauger, .

E. A. Joering, and J. Brown; Cold Regions kesearch and Engineering Laboratory, 'i
Henover, N. H., July 1968).

The results of the CRREL study are encouraging and suggest that air §
phoio anaiysis, together with topographic map interpretation, can provide
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useful surface-water data (though of a preliminary nature). Aerial |
photographs have already been proven a rellable source of ground-water
information, and it appears that with further development a complete
hydrologlic analysis may be obtainable through interpretation.

Another study, to determine the practicality of such work, Is under

way in the Costa Rica area. The object of the study Is to assess traffic-
abillty cover and concealment, and the Influence of an inaccessible area
upon a communications system. Studies by ground personnel are being
compared with aerial photographs to see if there is a relationship which
has value for military purposes. Preliminary resuits are considered

promising, and future studies are planned.

't Is apparent that aerial photography could be extremely valuable
in the planning of cross-country opera*ions, by determining the speed and
direction of stream flow and supplying informaiion relative to the environ-
ment surrounding the waterway. Drainage channels, wet or dry, are readily
recognizable on infrared photographs, as are certain vegetation, solls,

bedroci. topography, and climatic conditions, In photographs, the extent

of gullying in an area is apparent; and detailed tracirngs of an entire
drainage network can be made. Because certain kinds of gullying are
assoclated with certain soll conditions, pattern analysis can help identify
soil type in the immediate area.

Land surfaces composed of fine-grained silts and clays, which are
relatively impervious, have many gullies; whereas sands and gravels, being
rather permeable, have few or no gullies. In addition to soll, there are
other factors which govern guliying, such as climate, vegetatinn, ground
slope, topography, and iocal land practices. The shapes and gradients of
gullies provide the most Important clues for diaynesing local soll
conditions. A gully erposes the soil profile, sometimes very deeply, and

its sides reveal the character of subsurface materials,

PREDICTION OF STREAM FREQUENCY FROM MAPS

A study by the Cold Regions Research and Engineering Laboratory (CRREL)
showed that torographic maps are useful for rapid determination of magnitude
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and frequency (spacing) of rlvers.22 Rivers with a wetted water width

of 20 feet or more are considered significant for military river crosslngs.2

The frequency of this class of rivers was found to be shown best on maps
with a 1:1,000,000 scale; smaller rivers can be determined from 1:250,000
maps. It was also found, however, that '"channels or streams less than

3 feet in depth cannot be accurately determined without additional
projections from the most detalled map scales.'" The relationship between
river frequency and map scale is shown In Fig. 15.

PR

Stream frequency may be determined by drawing random transects on a
map and counting the number of Intersections with '""blue line'" streams on
the map. The CRREL study aiso included an analysis to establish the number
of transects required to generate eny specified desired degree of accuracy.
For example, a 95-percent probability that the measured mean stream
frequency would be within 0,002 streams/miie would require the averaging of
the results of 60 randomly drawn transects when using a 1:1,000,000 scale
map. The stream frequency in some areas of military interest is 0.1

streams/mile (l.e., one stream every 10 miles).

Another method of estimating stream frequency from maps uses the
following empirical relationship of frequency to drainage density:

N = 0.637 D, (15)

where N = stream frequency (spacing), streams/mile

‘DD = dralnage density (ratio of total length of
streams to drainage basin area), miles/miles?

To employ Eq. (15), the totul '"blue line' channel length is measured with
a map wheel, and the areas must cover the entire drainage basin. A plot
of a number of computed data points, compared with the theoretical line of
€q. (15), is shown in Fig, 16,

The relationship between stream frequency, as determined by this
method, and map scale shows the same general trend (i.e., Increasing
frequency with decreasing scale ratios) as that determined by random
transects, Thus, the 1:1,000,000 map scale is best when determining river
frequencies which are significant for military river crossings (l.e., a

wetted water width greater than 20 ft),
60
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20

FREQUENCY, N (STREAMS/ MILE)

| 1 | l l 5

0 L i0 3 20 23 30
ODRAINAGE DENSITY, D, (MILES/ MILE '

FIGURE 16. COMPARISON OF FIELD DATA WITH
EMPIRICAL FORMULA (EQUATION 15)
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The method is obviously very time-consur’.ia. However, drainage
density is a basic geomorphologic parameter and is frequently available
from published literature. In most drainage-basin studies, though,
geomorphologists zxtend the channels to include depressions other than
blue-line channels. The frequency determined from published drainage-
density data will, therefore, be higher than that which would be measured
by a fleld survey of rivers of military significance,
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Chapter 7
FACTORS AFFECTING ENTRANCE AND EGRESS FROM STREAMS

BANK GEOMETRY

For many years, researchers have been studying the problem of river
crossing by examining the performance of vehicles in water. If the vehicle
could float and proceed at a reasonable speed, it was considered capable
of a river crossing. By hindsight, this assumption was obviously false,
for the most difficult part of any river crossing Is exiting from an
unprepared bank. Thus the single, most important parameter with regard to
a river crossing is the geometric form of the banks.

The significance of the bank slope was further indicated by tests of
the M-113 exiting capability, conducted by Aberdeen Proving Ground, These
tests demonstrated a maximum slope-climbing ability of only 17 degreas
(30 percent) for attempts to exit from water.25 Unpublished test reports
by the Land Locomotion Division, on exiting tests conducted with the M=113
In Alaska, Panama, and Michigan, tend to confire. these results. A survey
of rivers in the United States that found bank slopes greater than 2¢
degrees (47 percent) on 62 percent of the rivers encountered,z6 and a
similar survey in Thailand that found bank slopes greater than 30 degrees
(58 percent) on 76 percent of the rivers measured,27 further underscored
the importance of the bank.

Prior to 1967 there was little "hard' dats avallable on river-bank
geometry.za Since then, however, a few field surveys have been
conducted.26'27'29'3° from which an empirical relationship has been
developed to express the severest of all banks by an equivalent vertical
step helght®™ (£1g. 17). This estimated value hes been called the
“geometric severity factor' (GSF).

GSF = H sin’ B (16)

where H = bank height
B = bank siope angle from the horizontal

65
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Vehicle exiting performance Is est!mated by determining the vehicle's
vertical step~climbing ability on both non-deformable (wood, concrete, etc.)
and deformable (sand, ciay, etc.) steps. The vehicle is then predicted to
have a GO capability on any bank whose GSF is less than the non-deformable
step-climbing ability of the vehicle; the vehicle has a MARGINAL capability
of negotiatina a bank with a GSF which is less than the deformable step-
climbing ability of the vehicle; and it has a NO-GO capability for any bank
with GSF above the deformable step-climbing ability of the vehicle (Fig. 18),

Frequency distributions of geometric severity factors for the Eastern
United States and Thailand, developed from the survey data in References 26
and 27 are given in Table 1, Tests indicate that the M-113 armored personnel
carrier has a GO capability of 2 ft and a MARGINAL capability of between 2
and 4 ft. Using Table 1, Table 2 presents an evaluation of its exiting
capability,

The unpublished results of field tests conductzad with an M-113 to
establish the validity of the GSF indicate the method to be uszful as a
gross estimate of the impediment to exiting that the geometry of a particular
bank represents. |t was evident that the riverine environment is very ssvere
with respect to the M-113's exiting capability, and that any negatively
biased scheme (i.e., one tiat tends to predict NO-GO) will enjoy success.
31,32 33

Several computer prcgfams and one type of scale-model test
heve been developed to predict vehicle exiting performance on a uniform
slope. The results of this work show that bank geometry is important even
if the bank is a uniform slope, because -~

(a) The resisting force developed by the gravity component,

parallel tc the slope, Is a major factor impeding
vehicle exit,

(b) A “bridging" effect between the buoyant portion of the
vehicle and the part of the suspension system which is
In contact with the bank produces nominal ground
pressures as much as twice that developed on level
ground. When this occurs, immobilization usually
results,

The computer simulations were a!so used in a parametric analysis (Part
I} of this study), with some additional study of compound bank angles, steps,

& soil-strength parameters in the simulation. A comprehensive exiting

mode! may be developed in the next few years,
67
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Table 1, ]
FREQUENCY DISTRIBUTIONs OF BANK GEOMETRIC SEVERITY FACTORs2o»27
Eastern Unl'.ed States Thailand
GSF No. of Percent Cumulative No. of Percent Cumulative
{ft) Banks of fotal Percent Banks of Total Percent
[ 29 12.9 12.9 10 8.1 8.1
i B 3.6 16.5 15 i2.1 20,2
2 21 9.4 25.9 b 3.2 23.4
2} 6 7.1 33.0 8 6.5 29.9
3 8 3.6 36.6 1 8.9 38.8
3% 5 2.2 38.8 7 5.6 4h 4
L 6 2.7 Li.s 8 6.5 59.9
b 5 2.2 43.8 10 8.0 58.9
5 7 3.1 46.9 2 1.6 60.5
53 2 0.9 h7.8 L 3.2 63.7
6 9 4.0 51.8 L 3.2 66.9
6% 5 2.2 sk.0 5 4.0 70.9
7 5 2.2 56.3 3 2.4 73.4
7% 12 5.4 61.6 2 1.6 76.¢C
8 13 5.8 67.4 3 2.4 77.b4
84 5 2.2 69.6 2 1.6 79.0
9 7 3.) 2.7 3 2.b 81.4
9% 1 6.4 73.2 1 0.8 82.2
10 6 2.7 75.9 ! 0.8 £3.0
Greater
than 10 54 241 100, 21 17. 100,
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Table 2,
EVALUATION OF M-113 EXITING PERFORMANCE

Percent of Banks

M-113 Capability Eastern U, S. Thailand

GO 25.9% 23.4%
MARGINAL 5.6 27.5
NO-GO 58.5 49,1

SLOPE AND SOIL STRENGTH

Kigh soil strength is of obvious benefit to the exiting vehicle when
the bank approximates a uniform slope. When the bank approximates a step,
the situation is reversed. Vehicles exit or step-type banks by bulldozing
and excavating (with tracks or wheels) untli a ramp is formed. In this
case, there is an optimum condition where the soil strength is low enough
to allow a ramp to be formed and high enough te support the normal and
shear loading of the vehicle,

Tracked vehiclas with blunt, flat, front ends and wheeled vehicles
with long front overhangs or low bumpers have the most difficulty exiting
on step-type banks. For example, consider a vehicle with a front bumper
8-in. high and 6-ft wide, with a net tractive force of 10,000 1b. The

‘buildozing resistance on the bumper -- oniy 15.9 psi (a relatively low

value) == will stop the vehicie. The M-113 has & trastive cffort of
15,000 1b under favorable conditions and & near-vertical frontal area of
approximately ',740 sq in. A bulldozing resistance of less than 9 psi on
this fi .ntal area Is sufficlent to p~~vent this vehicle from exiting.

Vegetation, even light vegetation such as grass, can produce a soil
condition which will prevent exiting. Vegetation also tends to maintain
the bank in a step configuration. For example, when exiting tests were
conducted on the French Canal in the Canal Zone of Panama, it was ohserved
that a step-1ike bank configura:ion had remained relatively unchanged over

70
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& peri-d of sixty years, apparently because of the heavy tropical

vi:getation.

On banks which approximate a uniform slope (as opposed to those which
approximate a step) the ability of the vehicle to exit Is governed by the
net traction that can be developed. Any given soil has a finite soll
strength., When the scil is formed into a sloping surface, part of this
strength is mobilized jusf to maintain the slope. This means that the
soil strength available to support and supply tractive effort to the
exiting vehicle is less than that for the same soil when level.

An unpublished analysis by P, W, Haley shows the following relation-
ship between tractive effort and gross vehicle weight as a function of

slope angle and soil internal friction angle for dry sand:

© Gross Tractive Effort

Gross Vehicle Welght tan @ . cos B - sin B (17
where ¢ = soil internal friction angle

B = bank slope angle

Equation (17) is plotted in Figure 19 for various values of ¢ and B .
It Is emphasized that this relationship was developed for dry sand. Wet
sand, or a cohesive soll, can have appreciasly more strength than would be
predicted from Eq. (17).

RIVER MAGNITUDE

The size of the river to be crossed has an effect on exiting, because
river current and depth generally increase with width, Recent tests at the
U. S. Army Tank~Automotive Command indicate that all existing standard
U, S. Army floating vehicles are uncontrollable In currents which equal
one-half the maximum still-water speed of the vehlcle.* The effect of

L ———

*The only significant exception: the LARC V,
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10 I8 20 2% 30 as
BANK SLOPE ANGLE,S (DEGREES)

FIGURE 19. PLOT OF EQUATION 17, WHICH RELATES
VEHICLE TRACTIVE EFFORT TO BANK SLOPE AWGLE
(B) AND SOIL INTERNAL FRICTION (%)
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current, is, therefore, to force the vehicle to exit at a random point on
the opposite bank, as opposed to a location selected for ease of exit.
River depth Is a factor, in that a vehicle exiting from a floating position
has significantly less traction available, during the initial phase of
egress, than when exiting from a fording situation. As previously noted,
for example, the slope-climbing ability of the M-113 is reduced from
60-percent to 30-percent dry-slope capability when negotiating a water

exit,

An additionai factor Involving a floating vehicle was observed during
tests with the M-113. During swimming, a bow wave is formed in front of
the vehicle. |If the bank is sufficiently steep, this wave is reflected
back from the shore, thus forcing the vehicle away from the shore before
It can develop sufficlent traction to remain in caitact with the bank.
Therefore the vehicle is not able to use its momentum as an aid when
exiting.

2
Tables 3 and 4 show river width-and-depth data from field surveys.26""7

These data show that most of the rivers are less than 100-ft wide and less
than 3-ft deep. However, it should be noted that even small, shallow

rlve[§ frequently pose severe exiting problems,

ENTRANCE AND EGRESS WINDOWS

Two accepted generalizations are (1) that rivers normally meander
back and forth across their own alluvium and (2) that the bank and stream
bottom-surface profiles change predictably throughout a stream meander,

We have seen that the banks on the outside of a meander are typically
steep, and those on the inside of a bend (the shoal) are typically gentle.
Bank slopes on Intervening straight reaches are usually more like cut banks

than shoals, and generaily make poor selections for egress polnts.

An examination of the stereo pairs In Figs. 20 through 22 graphically
t1lustrates these points. All photographs (scale 1:7000) were taken in
the “icinity of El Real in Southeastern Panama. The rivars are confined
to their own flood plains. (Climatically , Tpjo = 26.7°C and P = 1800 mm
with an 8-month wet season.) Figure 20 shows the steepness of cut banks
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- Table 3,
FREQUENCY OF RIVER SURFACE W1DTHZ+27
Eastern U, S, Thal land
River Surface Rivers Rivers
Width Surveyed Percent Surveyed Percent
(ft)
20 - 50 L3 38 27 L3
50 - 100 26 23 13 21
106 - 150 10 9 5 8
150 - 200 6 5 7 11
200 - 250 5 L 2 3
250 - 300 6 5 3 5
300 - 350 3 3 1 2
350 - 90 1 1 } 2
4oo - 450 L L 0 0
450 - 500 3 3 0 0
500 + 6 5 b4 6
Total 113 Total 60

Arithmetic mean width 267 ft 171 ft

Geometric mean width 9l ft 82 ft

Median width 71 ft 60 ft
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Table &,
FREQUENCY OF RIVER DEPTHZS+27

Eastern U, S, Thailand
River Surface Rivers Rivers
(ft) Surveyed Percent Surveyed Percent
0- 1 22 19.5 3 5
1 - 2 29 25.5 10 17
2 -3 21 19 15 25
3- 4 4 12.5 ] 2
b- 5 6 5 7 12
5- 6 2 2 2 3
6 - 7 b 3.5 L 7
7- 8 0 0 2 3
8- 9 2 2 l 7
9 - 10 2 2 4 7
10 - 1) 0 0 2 3
1 -2 1 1 1 2
12 - 13 1 1 1y 0
13 - 14 | 1 0 0
b - 15 1 | 2 3
15 Total ﬁ ’ Total 3% ’
Arithoetic mcan depth L.o2 fe 6.14 ft
seometric mean depth 2,55 ft 4.53 f¢
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FIGURE 20, STERED PAIR OF A RIVER IN AN -
ALLUVIAL PLAIN IN SOUTHEASTERN PANAMA
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FIGURE 21, STEREO PAIR OF A SMALL
RIVER IN SOUTHEASTERN PANAMA
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FIGURE 22,
MEANDER [N SUUTHEASTERN PANAMA

STEREO PAIR OF A LARGE RIVER
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and the complexity of vegetation on them, the gently sloping shoal areas
(typically devold of forest vegetation), and the steep slopes and forest
vegetation lining the banks of the straight reaches. Figure 21 shows that
the same principles apply in an area of undisturbed primary forest. Forest
cannot advance onto these areas. Figure 22 illustrates all the points of

Fig. 21 but for a larger river.
It has been well established that the steeper cut banks are not good
13

egress polints on the upper flood plain of relatively small streams.

Along the same stretches of tliese rivers, shoals are traversed with ease,

In alluvial fan or delta areas, however, it may be desirable to
select the cut bank or one along a straight reach as an egress point.
Here, the alluvium is composed of fine particles, The water level normally
is very close to the top of the channel and frequently overflows its banks.
With a soi] moisture content that is constantly near saturation, delta
areas are characterized by soft banks (particularly shoals), swamps, and
natural levees. The levees consist of coarser, stronger soil particles
and actually form the stream banks. Under these conditions, the shoals
would probably be untenably soft and the cut banks, by comparison,
relatively strong. Because the water level Is usually close to the top of
the bank, bank heights are not as critical a problem as farther upstream.
Furthermore, extensive forest vegetation is not normally assoclated with
these areas (primarily because of cultural Influences), and may therefore

be considered a less likely deterrent to egress,

As a consequence, entrance and egress pcints in the flat, expansive
delta regions should be selected on the outside bank of a meander. Speclal
care is required for negotiation, because this location usually has the
maximum current velocity and possibly an undertow current as well, There
Is 1ittle choice In the matter of selection; the shoals are soft and their

reaches often long.

The problem of defining the number of possible entrance and egress
windows (N,) is "simply" that of determining the number of meanders per
unit of straight-line distance along the nominal river course, Leopold's

10

recent work = Indicates that the degree of stream meandering increases as

the fall of the stream decreases, so the number of windows may be expected
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i
ot

to Increase as the stream approsches the apex of its delta. For a stream A

In an alluvial plain, the increments! fall decreases with distance from

[ -

the source.  The only way & stream can maintain dynamic equilibrium is for

it to develop meanders, anu these, in turn, must become progressively é

closer tegether. g

ok
To approximate a numerical relationship, first let it be assumed
that the rat!o of the wavelength of the stream , A , for one complete ;

meander cycle to the radius of curvature , r. , of the meander loop (see

¢
Fig. 23) is proporticnal to the tooographic :lope; and secondly let It ke
assumed that topographic slope varies from a maximum of S percent, at the
point where the river requires full-floating vehicles, to a minimum of

| percent at the boundary of a tidal delta (ridal waterways thus excluded).

P

From Leopold,‘o freely Interpreted,

indicates a mountain (destructional) stream. A vehicle cannot reasonably

be expected to traverse such an area, streams or no streams,  Also,

_
- 3
¢

indicates tidal deltas. if the ratlio is less than 3, meanders wili close,

forming connecting links and oxbow lakes. i
- :
Let L/A be the ratio of stream channel length to stralght-line
distance travelled by the stream. From Leopold,‘0 L/A varies from 1.3 E ]

*
Hack!2 proves that the fall (or stream-bottom slope) decreases from source ~
areas to the mouth of the stream in a hyperbolic form,

. ;
it must he emphasized that the relationships here presented have not
been fully verified,
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FIGURE 23.

width of channel
wavelength

length of channel

= radlus of curvature

DEFINITION OF TERMS RELATING TO A RIVER MEANDER ¥
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LW :

to 4,0 in nature. At values of

e
i anmanie’ a0 o

%"5:';:"".
c )

and at

A L
_— = 3 , T = 3.6
f'c A

If the curve approximates a sine wave. At two meander curves per wavelength,

and one entrance or egress window at each curve,

Nw = 2(1.4) = 2.8 at 5% terrain slopes
1
and
N, * 2(3.6) = 7.2 at 1% terrain slopes
Therefore,
N w 7.259-586
W
where N = nunber of entrance or egress windows

(shoals) per mile of stralght-line
distance along the stream

S = the nomina! terrain slopo as might be
determined from contours of a
topographic map

It is suspected that the,e may be a scale factor which is not accounted
for In this simplified equation. Ar attempt at refinement might be made by
setting

0.586

N «w = 7,25 ¢s”

w

where C and n are empirical constants, and checking against data which
can be derived from airphotos,
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Chapter 8
RECOMMENDED WATER-EXIT SLOPE REQUIREMENTS

For a number of years, military requirements for new vehicles have
included a section on river crossing. This part of the requirement usually
stated that the vehicle ''must be able to cross inland waterways.'" No

actual performance levels were indlicated,

In the past two years, there has been a significant change. River

crossing has been divided Into three areas of consideration.
(a) Egress
(b) Ingress

ic) Floating and swimming

Of these, egress has recently received the most attention, because of the
severe problem with respect to military-vehicle capability, even when the

river is shallow enough to ford.

A recommended slope requirement has been developed by the Land
Locomotion Division of the U, S. Army Tank-Automotive Command in conjunction
with the Davidson Laboratory of Stevens Institute of Technology. It is
summarized in Tables 5 and 6.* The tables show the type of river banks
different vehicle classes should be capable of negotiating. A limited
arount of soil dava, the soil angle of internal frictior, cohesion, and
grain-size distribution are included. The tables were developed from
field surveys of river526’27 and represent the best available environmental
information at this writing. it is anticipated that these recommended
requiremerts will undergo continual revision and expansion as additional

data become available,

X
’lt must be emphasized that this Is, at present, only a recommended
requirement. No ofticial approval Is implied.
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Table 5, for tropical areas, was developed from river survey data
taken in Thailand. A uniform slope with a relatively high water level is
indicated. Table 6, for temperate areas, was developed from a survey of
rivers in the United States. Lower water levels are indicated, but two
types of banks occur: one is a uniform slope,* the other is a vertical,
or near vertical step. Two banks are shown because the survey indicated
that the step-type bank occurred with about the same frequency as the
slope-type bank. Therefore, if the recommended requirement is to. represent

the environment, both types must be Included.

It is possible to build a vehicle which, without additional assistance,
could negotiate the banks shown for the ''wheeled tactical' and 'tracked
tactical" vehicle classes. The COBRA and MEXA vehicles, which have pitch
control, are examples. The banks shown for ''current combat' and ''future
combat!' will probably require that the vehicle be equipped with an exiting
aid. The amount of force the aid must produce, for the slope-type banks,

can be estimated by using the method shown in Fig. 24,

Ingress performance may be determined by the ability of the vehicle to
enter the water over the banks shown in Tables 5 and 6. The ingress
problems are concerned primarily with swamping and the ability of the
engine and transmitsion to operate on the steeper slopes.** Existing
military engines and transmissions can operate at angles of about 30 degq.
At higher angles, the oil pick-ups on both the engines and converter-type
transmisslons become ineffective. Many gasoline engines also have
carburetion difficulties at the higher angles. Thus, to meet the require-

ments of Tables 5 and 6, basic power-train design changes will be required.

Present floating and swimming performance requirements include the
ability to cross a river with a stated current velocity and a minimum
water speed. These are considered inadequate, hecause they do not relate

properly to the river-crossing problem. The Land Locomotion Division and

A ————————

¥
0f course, actual slopes are not uniform,

ok
These problens are, of course, also present for egress, but they are
usually not controlling.
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ADDITIONAL FORCE

NORMAL FORCE:
GVW x COS ©

WATER LEVEL

p T~ GRADE RESISTANCE:
" 9= SLOPE GVW x SIN ©

e | e—

(1) Vehicle data required, \
(a) Gross vehicle weight (GW), 1b: W
(b) Ground contact area, sq. In.: A

(2) Bank data requlired,
(a) Bank slope, deg: ©
(b) Sol' cohesion, 1b/sq. In.: ¢
(c) Soll friction angle, deg: ¢

(3) Calculate traction achieved from cohesion , Tc .
Tc = ground contact area x soll cohesion
te = Axc

(4) Calculate traction achieved from soll Internal friction , Ty
Te = normal force x tangent of soll friction angle
ty = W xcos 8 x tan ¢

(5) Calculate total traction , Ty .
Tr = traction from cohesion + traction from soll
internail frictlon
(6) Cealculate grade resistance , R .
R « GW xsin 8

(7) Calculate additional force necessary to negotlate slope , F .
F = grade resistance - total traction
F = R-Ty

(8) Calculate percentage of GW that addltlonal force represents,

additional force R
% of GW = oW x 100 o 100

FIGURE 24. SIMPLIFIED METHOD FOR ESTIMATING AUXILIARY FORCE
REQUIRED TO EXIT ON A FIRM, UNIFORM SLOPE
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the Davidson Laboratory are presently conducting tests and analyses with

the objective of improving and quantifying these requirements.
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9
CONCLUSICNS E
~ 4
In the study of rivers, the state of the art as exemplified by the 1

many theories of hydrology is highly deveioped, but its application to

terramechanics is only in the most rudimentary form,

RECOMMENDATIONS

Mathematical models of the terramechanical aspects of river crossing
appear to be the only economical solution to the complex problem of
interrelating the vehicle and the riverine environment. The development

of such models should be incorporated in future mobility research programs,

ACKNOWLEDGEMENTS

The authors wish to express their grateful acknowledgements to
Mr. Jerry Corhon, formerly of WNRE, Inc., Chestertown, Md., for the
considerable background work associated with this program, and to
Mr. Milton Schloss for his fine job of reviewing and amending this report.
Recognition Is also due Mr, P, V, Sellman and Dr. S. L. Dingman of the
U. S. Corps of Engineers Cold Regions Research and Engineering Laboratory,

for their helpful comments and their loan of important reference material.

The authors are also deeply indebted to Mr. Roger Gay of USTACOM, who
concelived this study and sponsored the initial phases of it. His advice
and patience during the preparation of the report were greatly appreclated.

89




w—

PR

10.
(R

12,

13.

4,

R-1285

REFERENCES

ZUMBERGE, Elements of Geology, 1958.

LOBECK, A. K., Geomorphology: An Introduction to the Study of
Landscapes. McGraw-Hi1l Book Co., New York, N. Y., 1939,

HOLDRIDGE, L, R., Life Zones Ecology, July 1964,

THORNTHWAITE, C. W., "The Climates of the Earth,' Geologlcal Rev.,
Vol. 23, 1933.

MILTON, M. A., "An Analysis of the Relations Among Elements of Climate,
Surface Properties and Geomorphology,' Technical Report 11, Office
of Naval Research, 1957,

WILSON, NUTTALL, RAIMOND ENGINEERS, INC. (WNRE), ''Hydrology and Bank
Characteristics of Rivers as Related to Streap Crossing Abilities
of Swimming Vehicles,! Draft Report, Vol. 11, kelatlonshlps Among
Climate, River Characteristics, and the Performance of Swimming
Vehicles on River Banks.' Contract DA-30-069-AMC-689(T), Chestertown,
Md., September 1966.

POWERS, W, E., Physical Geography. Appleton-Century Crofts (Division
of Meredith Publishing Co.), New York, N, Y., 1966; part of '"The
Earth Science Seriles,' edited by K, F, Mather.

LEOPOLD, L. B., WOLMAN, M, G,, and MILLER, J. P., Fluvial Processes In
Geomorphology. W. H. Freeman & Co., San Francisco, 1964,

U. S. Army Corps of Engineers, '"Forecasting Trafficabllity of Soil,"
Waterways Experiment Station, Technical Memorandum 3-331, Vol. It,
Vicksburg, Miss,

LEOPOLD, L. B., ''River Meanders,' Sclientific American, July 1966.

Waterways Experiment Statlon - AEB, unpublished equation for override
work per tree, a function of tree diameter,

HACK, J. T., "Studies of Longitudinal Stream Profile In Virginia and
Maryland," U. S. Geol. Surv. Prof, Paper 294-8, U, S. Gov't Printing
Office, Washington, D. C., 1957,

COHRON, G, T, et al,, "Swamp Fox |l, Republic of Panama; Vol, |11,
Engineering Test,'" USATRLCOM Project 9R98-003-02, April 1964,

LUEDER, D., Aerlial Photographic Interpretations, Principles and
Application. McGraw-Hill Book Co., New York, N. Y., 1959,

91

Preceding Page Blank

T e S stca grouns, ol el



- — o s

R-1285

15. LEUPOLY, L, B. and MADDOCK, T., JR., "The Hydraulic Crometry of Stream
Chanrels and Some Physiographic Implications,” U. §. Geol. Surv.
Prof. Paper 25%, U. S. Gov't Printing Office, Washington, D. C.,
1953.

[V,

16. WOHMAN, M. C., ''The Natural Channe! c¢f Brandywine Creek, Penasylvania,' .
U. S. Geoi. Surv. Prof. Paper 271, 1955. !

17. FAHNESTOCX, R. K., ''Morpghology and Hydrology of a Glacial Stream --
White River, Mount Rainier, Washington,”" U. S. Geol. Surv. Prof.
Paper 422A, U. S. Gov't Printing Office, Washington, D. C., 1G63.

18. LEWIS, L. A., "The Relation of Hydrology and Geororphoiogy in a Humid
Tropical Stream Basin -~ Tae Rio Grande Monati, Puerto Rico,"
Ferelign Field Res. rog., Div. of Earth Sci., Kat. Academy of Sci.,
Nat. Res. Courcil, Gecg. Branch, Office of Chief of Nava! Research,
Julv 1966,

19. U. S. ARRY CORPS OF ENGINEERS, "A Suwmary of Trafficabdility Studies !
Through 1955," Technicsl Memcrandum 3-240, Waterways Experimert
Station, Vicksburg, Miss., Dec. 1956.

20. LEIGHTY, R, D., "Terrain Mapping from Aerial Fhotograpiy ifur Purposes
of Vehicle Kobility," Jocurnai of Terramechanic., Vei. 2, No. 3,

1965.

~vvor 5 X WA
L e i L i e ddae e ne s

2. LEOPOLD, L, B., '"Determinationr of Hydraulic Zlements of a River by
: Indirect Methods,' July 1966,

22. SELLMAN, P, V. and DIMGMAN, %, L.. "Prediction of Strcam Frequency
From Maps,' Cold Regions Research and Engineering Laboratory,
September 1969.

R P TR

23. SL10SS, V. A., BAKER, W, J., LASSALINE, O, M., and HIRANDA, T. X., *'The
Military Water-Crossing Problem," Journal of Terramechanics, Vol. &4,
Nc. &, 1967.

2L, SLOSS, D, A.,BAKER, W, J., LASSALINE, 2. M., and fiRANDA, C. X,
YAnalysis of Estimated River Exiting Performance," U. S. Arwy

= Tank-Automotive Command, Technizal Report No. 9685 (iLiLlig),

' July 1967.

ﬁ 25. FORD, J. 7., “Preduction Eayineering Test of Larrier, Personnel,
i Fuli-Tracked, Armcred, M-113 (Amphibious Caoabilities),' Report
4 Ho. DPS-885 (ASTIA 400 695), April 1963.

26. SLG5S, D. A,, BAKER, W. J., LASSALINE. D. M., AND MIRANDA, C. X.,
“River Magnitude and Frequency in the United States," U, S. Army
Tank-Automot ive Command, Technical Report No. 9784 (LLil8),
November 1967.

32




——

—————

« 4 swrmcry

)

BN P b b

e

g

i~

. .
o [S——

L

barvomn [

[

[ Som— [ SRSt

S

R- 1285

37, S$10S5, D. A. and HANAMOTO, E,, "River Magniivde ant Freaveany i.
Thailand," U, S, Aray Tank-Automotive Command, Tecniical %epurt
No. S917 (LL118}, Maych 1968.

28. ULASSALINE, B, n,, '"'The Availabtlity of Stream Environmental Data,"
prepared for the Land Locomotion Laboratory, U. S, ATAC, Warren,
Mich., March 1966.

29. LASSALINE, 9. M., BAKER, W, J., 5L0SS, D. A,, and MiRANDA, C. X., "A
Pilot Study of River Frequency,' U. S$. Army Tank-Automotive Command
Technical Report No. 9647 (LL14), March 1967.

30. LASSALIHE, D. M., SLOSS, D. A,, BAKER, W. J., and MIRANDA, C, X.,
""Detail Survey of Riverine Environment.,” U, S. Army Vank-Automotive
Command, Technical Report No. 10002 (LL121), March 1687.

1. SL0SS, D. A,, EHRLICH, |. R., and WORDEN, 5., ''Studies of Off-Road
Vehicles in the Riverine Environment (Vol. tl. of "An Analyuica’
Method for Egress Evaluation'), Davidson Laboratory Repcrt 1393;
Cctober 1969.

32. DE SQUZA, ¢. and MUDDAPPA, S. Unpublished report on a "(omput:t
Simulation of Vehicle Exiting,'" University of Detroit, '97C,

33. BAXER, W, J., SLOSS, D. A., and MIRANDA, C. X,, 'Stream t<ivirg S ud’er
of Model Amphibious Vehicles," U. S. Army Tank-Automctive Cumm: 1,
Technical Report No. 9945, March 1968.

UNCITED REFERENCES

"an Analytical Model for Predicting Cross-Country Vehicle Performance,
Appendix D: Performance of Amphibious Vehicles in the Water-Land
Interface (Hydrologic Geometry) by C. A. Blockmon, B. G. Stinson, and
J. X. Stoll. U. S. Army Engineer Waterways Experiment Station,
Technical Regort No. 3-783, February 1970.

Excerpts from Man's Physical Worid, by Joseph E. Van Riper. McGraw-Hill
Book Cc., New York, N. Y., 1962,

“Forecasting Trafficability of Soils -~ Airphoto Approach T-111-F," WES,
Volume 1, June 1963.

"General Analysis, Volume |, Land Form Reports,' Cornell University, Office
of Naval Research, Feb. 1¢51.

""Mobility Environmental Research Study; A Quantitative Method for Describing
Terrain for Ground Mobility," Technical Report 3-726, Volume X111,
Terrain Factor-Family Maps of Selected Areas, Advance Research Projects
Agency, Directorate cf Remote Area Conflict, U. S. Army Material fLommand,




R-1285 =

;i U. S. Army Engineer Waterways Experiment Station, Corps of Engineers,
: Vickshurg, Miss,, Juse 1966,

Physical_Gecqgraphy, by W. £. Powers, Appleton-Century Crofts (Division of
: Meredith Publishing Co.), New York, N. Y., 1966; part of “"The Earth
. Science Series," edited by K. F., Mather. f

"Riverine Warfare -- The U, S. Navy's Operations on Inland Waters,"
U. S. Naval History Division, 1969.

""River Character!stics and Flow Analysis for Military Purposes,' Military
Hydrology Buliletin 2, Research and Development Project 8-97-10-003,
Engineers Research and Development Division, Office of Ergineers,

June 1957.

)

"Studies on a Terrain Classification System,'' Oxford University; U, S.
Department of the Army, European Research Office, Oct, 1964,

"Tropical Solls: Characteristics and Airphoto Interpretation," T. Liang,
$ AD-613-555, 31 August 1964, pp. 69-74.

e

 p—

REFERENCES FOR DEFINITIONS OF HYDROLOGIC TERMS USED IN THIS REPORT

Pt oot daicin ack oo oo isiasius pic Kogrin i d .o Nateaiad Y
" . SLL e .
13

‘w—n»a

""General Introductlon and Hydrologic Definitions -- Manual of Hydrology:
Part 1., General Surface-Watzr Techniques,'' by W. B. Langbein and
K. T. Iseri, Geologicai Survey, Water-Supply Paper 1541-A, 1960.

Nomenc lature For Hydrolics, by C. A. Betts, et al. American Society of
H Civil Engineers, Practice No. 43, 1962,

[ morn

T S S SR,

] fvwewd  inety

9k

Seiat

N o . . . " et i ]
. 2 FIXE Y - AL N L " S ks it S ud i NSO i
b aen e i At e o e



ik

MWMMWMM e i bl ik iteas ‘

UNCLASSIFIED

Securnty Classific ation

DOCUMENT CONTROL PATA - RL& D

Se-urity elassilication of title, body of a3st.act an ., indexm | sanotation must e entered viien the sverall topost Ie elie.sit‘ed)
N “a T S W . SR WP TS TR DM B SO

w— e e -

foma “a—_—— —— . £
' DRIG'NATING AC IvITY (Corporere i..loi) 20, REFORY SECURITY CLASSIFICATION

Unclassified

P Sev g

Davidson Laboratory, Stevens Inst. of Tech. AT
Hoboken, H, J.

i RKEPORY TIILC

STUDIES OF OFF-ROAD VEHICLES IN THE RIVERINE ENVIRONMENT
Vol. lll. Associated Environmental Factors

4. DESCRIPTIVE NOTES (Type of report and, inclusive detes)
Final

5 AUTHOR(S) (First name, middie Initial, last name)

I. R. Ehrlich, R. G. Kelb, D. A. Sloss, and L. M. Corridon

6. REPORT DATE 78, TOTAL NO. OF PAGES 1b. NO. OF REFS
April 1970 94 33
8. CONTRACT OR GRANT NO. 98. ORIGINATOR'S REPORT NUMBER(S)
DA 30-069-AMC-789(T), DAAE-07-69-C-0356 and
b. ProsEeT no.  Otevens Internal Research Fundg R-1285
c. 9b. OTHER REPORT NO(S) (Any other numbers that may be assigned
this report)
d.

10. DISTRIBY . .ON STATEMENT

No. |

1. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U. S. Army Tank-Automotive Center
Warren, Michigan 48090

13, &!TRACI
: This report is a highly generalized overview of problems bearing upon the
relationship of the riverine environment to vehicle stream crossings in unmapped or
poorly mapped areas. Extractions from published works are used to emphasize (1) the
need for reliable methods of predicting the nature of inland waters and neighboring

and validating the theoretical study of vehicle performance in stream crossing and
bank negotiation. !t is made clear that a coordination of all factors into a
comprehensive systems analysis would require a masjor effcrt, before the kind of
evaluation method envisioned as the long-term goal of the current study can be achiev

terrain, from available climatic and geological data, and (2) the need for continuing _

ed.

¥

.t

DD %1473 tpacE 1) UNCLASS I FLED

$/N 0101-807-60811 Securify Clagsificgijon

A=dvaun




PRPEOAL U S

gecmily E‘nn! Hfication

gu KEY wORDS LINK A LINK B Line €
ROLE nr ROLE wT rROLE wT
RIVERINE ENVIRONMENTS
Prediction of Environment
Prediction of Stream Characteristics
OFF-ROAD VEHICLE MOBILITY
Stream Crossing
Bank Negotlation
Environmental Factors
DD 501473 teac) UNCLASS IFIED .
S/N 0101+807-682) Security Classitication A=11409

-1

J




